The Chemistry
of the Actinide and

Transactinide Elements
Third Edition

Edited by

Lester R. Morss,
Norman M. Edelstein &
Jean Fuger




THE CHEMISTRY OF THE
ACTINIDE AND
TRANSACTINIDE ELEMENTS



Joseph ). Katz Glenn T. Seaborg

This work is dedicated to
Joseph ). Katz and Glenn T. Seaborg,
authors of the first and second editions of
The Chemistry of the Actinide Elements
and leaders in the field of actinide chemistry.



THE CHEMISTRY OF THE

ACTINIDE AND
TRANSACTINIDE ELEMENTS

THIRD EDITION

Volume 1

EDITED BY

Lester R. Morss

Argonne National Laboratory,
Argonne, lllinois, USA

Norman M. Edelstein

Lawrence Berkeley National Laboratory,
Berkeley, California, USA

Jean Fuger

University of Liege,
Liége, Belgium

Honorary Editor
Joseph J. Katz

Argonne National Laboratory

@ Springer



Library of Congress Control Number: 2008922620

ISBN-10 1-4020-3555-1 (HB)
ISBN-10 1-4020-3598-5 (e-book)
ISBN-13 978-1-4020-3555-5 (HB)
ISBN-13 978-1-4020-3598-2 (e-book)

Published by Springer,
P.O. Box 17, 3300 AA Dordrecht, The Netherlands.

www.springer.com

Printed on acid-free paper

All Rights Reserved
First published in 2006
Reprinted 2006
Reprinted with corrections in 2008

© 2006 and 2008 Springer Science + Business Media B.V.
No part of this work may be reproduced, stored in a retrieval system, or transmitted
in any form or by any means, electronic, mechanical, photocopying, microfilming, recording
or otherwise, without written permission from the Publisher, with the exception
of any material supplied specifically for the purpose of being entered
and executed on a computer system, for exclusive use by the purchaser of the work.



CONTENTS

Volume 1

Contributors 1X

Preface XV
1. Introduction 1

Joseph J. Katz, Lester R. Morss, Norman M. Edelstein,
and Jean Fuger

2. Actinium 18
H. W. Kirby and L. R. Morss

3. Thorium 52
Mathias S. Wickleder, Blandine Fourest, and Peter K. Dorhout

4. Protactinium 161
Boris F. Myasoedov, H. W. Kirby, and Ivan G. Tananaev

5. Uranium 253

Ingmar Grenthe, Janusz Drozdzynski, Takeo Fujino,
Edgar C. Buck, Thomas E. Albrecht-Schmitt, and Stephen F. Wolf

Subject Index (Volume 1) I-1

Author Index (Volume 1) I-31

Volume 2

Contributors X

Preface XV
6. Neptunium 699

Zenko Yoshida, Stephen G. Johnson, Takaumi Kimura, and
John R. Krsul

7. Plutonium 813
David L. Clark, Siegfried S. Hecker, Gordon D. Jarvinen, and
Mary P. Neu

8. Americium 1265

Wolfgang H. Runde and Wallace W. Schulz

Subject Index (Volume 2) I-1
Author Index (Volume 2) 1-27



vi Contents

Volume 3

Contributors iX

Preface xv

9. Curium 1397

Gregg J. Lumetta, Major C. Thompson,
Robert A. Penneman, and P. Gary Eller

10. Berkelium 1444
David E. Hobart and Joseph R. Peterson

11. Californium 1499
Richard G. Haire

12. Einsteinium 1577
Richard G. Haire

13. Fermium, Mendelevium, Nobelium, and Lawrencium 1621
Robert J. Silva

14. Transactinide Elements and Future Elements 1652
Darleane C. Hoffman, Diana M. Lee, and Valeria Pershina

15. Summary and Comparison of Properties of the Actinide and
Transactinide Elements 1753
Norman M. Edelstein, Jean Fuger, Joseph J. Katz, and
Lester R. Morss

16. Spectra and Electronic Structures of Free Actinide
Atoms and Ions 1836
Earl F. Worden, Jean Blaise, Mark Fred, Norbert Trautmann,
and Jean-Frangois Wyart

17. Theoretical Studies of the Electronic Structure of Compounds
of the Actinide Elements 1893
Nikolas Kaltsoyannis, P. Jeffrey Hay, Jun Li, Jean-Philippe Blaudeau,
and Bruce E. Bursten

18. Optical Spectra and Electronic Structure 2013
Guokui Liu and James V. Beitz

Subject Index (Volume 3) I-1

Author Index (Volume 3) 1-39

Volume 4

Contributors iX

Preface XV

19. Thermodynamic Properties of Actinides and Actinide Compounds 2113
Rudy J. M. Konings, Lester R. Morss, and Jean Fuger

20. Magnetic Properties 2225

Norman M. Edelstein and Gerard H. Lander



21.

22,

23.

24.

Contents

5f-Electron Phenomena in the Metallic State

A.J. Arko, John J. Joyce, and Ladia Havela

Actinide Structural Chemistry

Keith E. Gutowski, Nicholas J. Bridges, and Robin D. Rogers
Actinides in Solution: Complexation and Kinetics

Gregory R. Choppin and Mark P. Jensen

Actinide Separation Science and Technology

Kenneth L. Nash, Charles Madic, Jagdish N. Mathur,

and Jérome Lacquement

Subject Index (Volume 4)
Author Index (Volume 4)

Volume 5

Contributors
Preface

25.

26.

27.

28.

29.

30.

31.

Organoactinide Chemistry: Synthesis and Characterization
Carol J. Burns and Moris S. Eisen

Homogeneous and Heterogeneous Catalytic Processes
Promoted by Organoactinides

Carol J. Burns and Moris S. Eisen

Identification and Speciation of Actinides in the Environment
Claude Degueldre

X-ray Absorption Spectroscopy of the Actinides

Mark R. Antonio and Lynda Soderholm

Handling, Storage, and Disposition of Plutonium and Uranium
John M. Haschke and Jerry L. Stakebake

Trace Analysis of Actinides in Geological, Environmental,
and Biological Matrices

Stephen F. Wolf

Actinides in Animals and Man

Patricia W. Durbin

Appendix 1
Nuclear Spins and Moments of the Actinides
Irshad Ahmad

Appendix 1T
Nuclear Properties of Actinide and Transactinide Nuclides
Irshad Ahmad

Cumulative Subject Index (Volumes 1, 2, 3, 4 and 5)
Cumulative Author Index (Volumes 1, 2, 3, 4 and 5)

vil

2307

2380

2524

2622

I-1
I-35

X
XV

2799

2911

3013

3086

3199

3273

3339

3441

3442

I-1
I-141



CONTRIBUTORS

Irshad Ahmad
Argonne National Laboratory, USA

Thomas E. Albrecht-Schmitt
Auburn University, Alabama, USA

Mark R. Antonio
Argonne National Laboratory, USA

A.J. Arko
Los Alamos National Laboratory, USA (retired)

James V. Beitz
Argonne National Laboratory, USA (retired)

Jean Blaise
Laboratoire Aimé Cotton, Orsay, France

Jean-Philippe Blaudeau
High Performance Technologies, Inc., Wright-Patterson Air Force Base, Ohio, USA

Nicholas J. Bridges
The University of Alabama, USA

Edgar C. Buck
Pacific Northwest National Laboratory, Richland, Washington, USA

Carol J. Burns
Los Alamos National Laboratory, USA

Bruce E. Bursten
The University of Tennessee, USA

Gregory R. Choppin
Florida State University, USA

David L. Clark
Los Alamos National Laboratory, USA

X



X Contributors

Claude Degueldre
Paul Scherrer Institute, Switzerland

Peter K. Dorhout
Colorado State University, USA

Janusz Drozdzynski
University of Wroclaw, Poland

Patricia W. Durbin
Lawrence Berkeley National Laboratory, USA

Norman M. Edelstein
Lawrence Berkeley National Laboratory, USA

Moris S. Eisen
Technion -Israel Institute of Technology, Israel

P. Gary Eller
Los Alamos National Laboratory, USA (retired)

Mark Fred
Argonne National Laboratory, USA (deceased)

Blandine Fourest
Institut de Physique Nucléaire, Orsay, France

Jean Fuger
University of Liége, Belgium

Takeo Fujino
Tohoku University, Japan (retired)

Ingmar Grenthe
Royal Institute of Technology, Stockholm, Sweden

Keith E. Gutowski
The University of Alabama, USA

Richard G. Haire
Oak Ridge National Laboratory, USA

John M. Haschke
Actinide Science Consulting, Harwood, TX, USA



Contributors

Ladia Havela
Charles University, Czech Republic

P. Jeffrey Hay
Los Alamos National Laboratory, USA

Siegfried S. Hecker
Los Alamos National Laboratory, USA

David E. Hobart
Los Alamos National Laboratory, USA

Darleane C. Hoffman
Lawrence Berkeley National Laboratory, USA

Gordon D. Jarvinen
Los Alamos National Laboratory, USA

Mark P. Jensen
Argonne National Laboratory, USA

Stephen G. Johnson
Idaho National Laboratory, USA

John J. Joyce
Los Alamos National Laboratory, USA

Nikolas Kaltsoyannis
University College London, UK

Joseph J. Katz
Argonne National Laboratory, USA (retired)

Takaumi Kimura
Japan Atomic Energy Agency, Japan

Harold W. Kirby (deceased)
Mound Laboratory, Miamisburg, Ohio, USA

Rudy J. M. Konings
FEuropean Commission, Joint Research Centre

Institute for Transuranium Elements, Karlsruhe, Germany

John R. Krsul
Argonne National Laboratory, USA (retired)

xi



xil Contributors

Jérome Lacquement
CEA-Valrho, Marcoule, France

Gerard H. Lander
European Commission, Joint Research Centre
Institute for Transuranium Elements, Karlsruhe, Germany

Diana M. Lee
Lawrence Berkeley National Laboratory, USA

Jun Li
Pacific Northwest National Laboratory, Richland, Washington, USA

Guokui Liu
Argonne National Laboratory, USA

Gregg J. Lumetta
Pacific Northwest National Laboratory, Richland, Washington, USA

Charles Madic
CEA-Saclay, Gif-sur-Yvette, France

Jagdish N. Mathur
Bhabha Atomic Research Centre, Mumbai, India

Lester R. Morss
Argonne National Laboratory (retired) and
U.S. Department of Energy, Washington DC, USA

Boris F. Myasoedov
Russian Academy of Sciences, Moscow, Russia

Kenneth L. Nash
Washington State University, USA

Mary P. Neu
Los Alamos National Laboratory, USA

Robert A. Penneman
Los Alamos National Laboratory, USA (retired)

Valeria Pershina
Gesellschaft fiir Schwerionenforschung, Darmstadt, Germany



Contributors Xiil

Joseph R. Peterson
The University of Tennessee, USA and
Oalk Ridge National Laboratory, USA (retired)

Robin D. Rogers
The University of Alabama, USA

Wolfgang Runde
Los Alamos National Laboratory, USA

Wallace W. Schulz
Albugquerque, New Mexico, USA

Robert J. Silva
Lawrence Livermore National Laboratory, USA (retired)

Lynda Soderholm
Argonne National Laboratory, USA

Jerry L. Stakebake
Boulder, Colorado, USA

Ivan G. Tananaev
Russian Academy of Sciences, Moscow, Russia

Major C. Thompson
Savannah River National Laboratory, USA (retired)

Norbert Trautmann
Universitit Mainz, Germany

Mathias S. Wickleder
Carl von Ossietzky Universitdt, Oldenburg, Germany

Stephen F. Wolf
Indiana State University, Terre Haute, Indiana, USA

Earl F. Worden, Jr.
Lawrence Livermore National Laboratory, USA (retired)

Jean-Frangois Wyart
Laboratoire Aimé Cotton, Orsay, France

Zenko Yoshida
Japan Atomic Energy Agency, Japan



PREFACE

The first edition of this work (The Chemistry of the Actinide Elements by J. J.
Katz and G. T. Seaborg) was published in 1957, nearly a half century ago.
Although the chemical properties of thorium and uranium had been studied for
over a century, and those of actinium and protactinium for over fifty years, all
of the chemical properties of neptunium and heavier elements as well as a great
deal of uranium chemistry had been discovered since 1940. In fact, the concept
that these elements were members of an “actinide” series was first enunciated in
1944. In this book of 500 pages the chemical properties of the first transuranium
elements (neptunium, plutonium, and americium) were described in great detail
but the last two actinide elements (nobelium and lawrencium) remained to be
discovered. It is not an exaggeration to say that The Chemistry of the Actinide
Elements expounded a relatively new branch of chemistry.

The second edition was published in 1986, by which time all of the actinide
elements had been synthesized and chemically characterized, at least to some
extent. At this time the chemistry of the actinide elements had reached maturity.
The second edition filled two volumes, with a chapter for each of the elements
(the elements beyond einsteinium were combined in one chapter) and systematic
treatment of various aspects of the chemical and electronic properties of the
actinide elements, ions, and compounds due to the filling of the 5f subshell. Six
transactinide elements had been synthesized by 1986 but their experimentally
determined chemical properties occupied only 1.5 pages of text in the second
edition.

This edition was initiated by the editors of the second edition (J. J. Katz, G. T.
Seaborg, and L. R. Morss) in 1997. They realized that the study of the chemical
properties of the actinide elements had advanced to produce distinct subdisci-
plines of actinide chemistry, for example actinide coordination chemistry,
actinide X-ray absorption spectroscopy, itinerancy in actinide intermetallics,
organoactinide chemistry, and actinide environmental chemistry. These fields
had sufficiently matured so that scientists could make more substantial con-
tributions to predicting and controlling the fate of actinides in the laboratory, in
technology, and in the environment. We now understand and are able to predict
with some degree of confidence the chemical bonding and reactivity of actinides
in actinide materials, in actual environmental matrices and in proposed nuclear
waste repositories. Most of the unique properties of the actinides are caused by
their accessible and partly filled 5f orbitals. In addition to advances with the
actinides, there have been research groups at nuclear research centers in several
countries that have dedicated themselves to carry out significant and systematic
experimental studies on the transactinide elements for several decades. For
these reasons the editors initiated the writing of a third edition, with the

XV
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enlarged title The Chemistry of the Actinide and Transactinide Elements that is
both broader and deeper than the second edition.

The third edition follows the plan enunciated by the authors of the first
edition: “This book is intended to provide a comprehensive and uniform treat-
ment of the chemistry of the actinide [and transactinide] elements for both the
nuclear technologist and the inorganic and physical chemist.” To fulfill this plan
consistent with the maturity of the field, the third edition is organized in three
parts.

The first group of chapters follows the format of the first and second editions
by beginning with chapters on individual elements or groups of elements that
describe and interpret their chemical properties. A chapter on the chemical
properties of the transactinide elements is included.

The second group, chapters 15-26, summarizes and correlates physical and
chemical properties that are in general unique to the actinide elements, because
most of these elements contain partially-filled shells of 5f electrons whether
present as isolated atoms or ions, as metals, as compounds, or as ions in
solution.

The third group of chapters (chapters 27-31) focuses on specialized topics that
encompass contemporary fields related to actinide species in the environment, in
the human body, and in storage or wastes. There are also two appendices that
tabulate important nuclear properties of all actinide and transactinide isotopes.

Each chapter has been written to provide sufficient background for the
substantial parts of the readership that are not specialists in actinide science,
nuclear-science-related areas (nuclear physics, health physics, nuclear engineer-
ing), spectroscopy, or solid-state science (metallurgy, solid state physics). The
editors hope that this work educates and informs those readers who are scien-
tists and engineers that are unfamiliar with the field and wish to learn how to
deal with actinides in their research or technology.

The editors are deeply indebted to the contributors of each chapter, all of
whom agreed enthusiastically to write their chapters and all of whom did so as a
labor of love as well as a long-term professional responsibility. We take special
pleasure in thanking Dr. Emma Roberts, Senior Publishing Editor of Springer,
who provided the resources to turn more than thirty manuscripts into this
attractive and useful professional series of volumes. We also thank Roger
Wayman and Aaliya Jetha of Springer and all the other professional staff at
Springer and SPI Publisher Services who brought this work to completion.

The editors dedicate this work to Joseph J. Katz and Glenn T. Seaborg, the
first authors of the first edition and second editions of The Chemistry of the
Actinide Elements. They provided inspiration for the generations of scientists
who followed them and they set high standards in their research. Dr. Katz
guided and motivated the editors and authors of the third edition to produce a
work that followed the model of the first and second editions and provided
leadership as this edition was unfolding. Because of his insights and leadership
as an inorganic, physical, and actinide chemist, we have asked Dr. Katz to be
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listed on the title page as honorary editor, and he has agreed to accept this role.
The editors also dedicate this work to the memory of Professor Seaborg, the co-
discover of plutonium and many other actinide and transactinide elements, and
pioneer in actinide chemistry. We note with sadness that he participated in
planning this edition but passed away before any of the chapters had been
written. We believe that he would have been pleased to see how productive
has been the research of the authors and many other actinide and transactinide
scientists who follow his leadership.

All of us who have participated in the writing, editing, and publishing The
Chemistry of the Actinide and Transactinide Elements express our hope that this
new edition will make a substantive contribution to research in actinide and
transactinide science, and that it will be an appropriate source of factual
information on these elements for teachers, researchers, and students and for
those who have the responsibility for utilizing the actinide elements to serve
humankind and to control and mitigate their environmental hazards.

Lester R. Morss
Norman M. Edelstein
Jean Fuger



CHAPTER ONE

INTRODUCTION

Joseph J. Katz, Lester R. Morss,
Norman M. Edelstein, and Jean Fuger

References 15 Additional suggested readings 15

The actinide elements are the 15 chemical elements with atomic numbers 89
through 103, the first member of which is actinium and the last member is
lawrencium (Fig. 1.1). The transactinide elements (those beyond the actinides)
are the heaviest known chemical elements. Both the actinide and the transacti-
nide elements have chemical properties that are governed by their outermost
electronic subshells. Each of these groups of elements is a unique transition
series (a group of elements in which d or f electronic subshells are being filled).

The actinides are the transition elements that fill the 5f subshell. The actinide
series is unique in several respects:

Most of the elements (those heavier than uranium) were first discovered by
synthetic methods: bombardment of heavy atoms with neutrons in nuclear
reactors, bombardment with other particles in accelerators, or as the result
of nuclear detonations.

All actinide isotopes are radioactive, with a wide range of nuclear proper-
ties, especially that of spontaneous and induced nuclear fission.

They are all metals with very large radii, and exist in chemical compounds
and in solution as cations with very large ionic radii.

The metals exhibit an unusual range of physical properties. Plutonium,
with six allotropes, is the most unusual of all metals.

Many of the actinide elements have a large number of oxidation states. In
this respect plutonium is unique, being able to exist in aqueous solution
simultaneously in four oxidation states.

In metallic materials and in some other compounds with elements lighter
than plutonium, the 5f orbitals are sufficiently diffuse that the electrons in
these orbitals are ““itinerant” (delocalized, chemically bonding, often with
unique magnetic moments and electrical conductivity). In metallic materi-
als and in most compounds with elements heavier than plutonium the 5f
electrons are ““localized” (not contributing significantly to electrical con-
ductivity or to chemical bonds). Materials with plutonium and adjacent



2 Introduction

elements can exhibit both itinerant and localized behavior, depending on
conditions such as temperature and applied pressure.

e Actinium (which has no 5f electrons in the metal, free atom, or in any of its
ions) and the elements americium through lawrencium are similar in many
respects to the lanthanide elements (the elements that fill the 4f electron
subshell). The elements thorium through neptunium have some properties
similar to those of the d transition elements.

¢ Relativistic contributions to electronic properties and spin—orbit effects are
important in the chemical properties of actinides.

The transactinide elements are at the frontier of both the periodic table
(Fig. 1.1) and the chart of the nuclides. Transactinide chemistry has been in
existence since 1970. Although these elements have unique properties, they are
very difficult to study because their synthesis and identification require unique
nuclear reactions and rapid separations. The heaviest transactinide element for
which chemical properties have been identified (at the time of writing of this
work) is hassium (atomic number 108). Experimental evidence and theoretical
studies to date indicate that the elements through 112 are part of a 6d transition
series of elements.

1 18
1 2
H 2 13 14 15 16 17 | He
3 4 5 6 7 8 |9 10
Li | Be B |C N O | F |Ne
1 |12 13 (14 [15 | 16 | 17 |18

Na |Mg | 3 4 5 6 7 8 9 10 11 12 |Al Si P S Cl |Ar
19 | 20| 21| 22 |1 23 | 24| 25|26 | 27 | 28 | 29| 30| 31 |32 |33 | 34 | 35| 36
K |Ca |Sc [Ti |V |Cr [Mn |Fe [Co |Ni [Cu|Zn |Ga |Ge |As |Se | Br |Kr
37| 38| 39|40 | 41| 42 | 43 |44 | 45 | 46 | 47 | 48 [ 49 | 50 | 51 | 52 | 63 | 54
Rb |[Sr |Y |Zr [Nb |[Mo |Tc |Ru |Rh [Pd |Ag |Cd |In |Sn | Sb |Te I Xe
55 |56 |57 |72 |73 |74 |75 |76 |77 |78 |79 |80 |81 |82 | 83 | 84| 85| 86
Cs |Ba [La JHf |[Ta |W |Re |Os | Ir Pt |Au |Hg [ TI [Pb |Bi [ Po|At |Rn
87 |88 |89 |104 |105 (106 | 107|108 |109 | 110 | 111
Fr |Ra |Ac | Rf [R5 [Sg [Bh [Hs | Mt | Ds | Rg

112 13114 {115 i 116 ((117)i (118)

(119)i(120)} (121)} (154)

58 |59 |60 | 6162 |63 |64 |65 |66 |67 |68 |69 [70 |77
LANTHANIDES | co 1 pr [ Nd [ Pm |Sm |Eu |Gd [Tb |Dy |Ho | Er [Tm |Yb |Lu

90 |91 [92 [93 [94 |95 [96 |97 |98 [99 (100 [101 [102 103

ACTINIDES
Th |Pa | U |Np |Pu |Am |[Cm |Bk |[Cf |Es |[Fm [Md |[No | Lr

(153)

SUPERACTINIDES ((122) {(123){(124)}(125)i (126)

Fig. 1.1  The periodic table of the elements, showing placement of transactinides and
superactinides through element 154 (see Chapter 14). (Italics indicate elements reported but
not yet confirmed as of 2005. Undiscovered elements are shown in parentheses.)
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The transactinides are also unique in several respects:

e One-atom-at-a-time chemistry is required to compensate for low nuclear
yields and short isotopic half-lives. Ingenious techniques have been devel-
oped to study their chemical properties in both gas phase and solution.

o Relativistic effects cause substantial contraction of the 7s (occupied), 7p
(empty), and 6d (partially filled) orbitals. (Many electronic configurations
have been calculated; see Chapter 14.) The contraction of the 7s orbitals
stabilizes the 7s* electron pair. The contraction of the 7p orbitals makes 7p
terms accessible, e.g., the first excited multiplet of rutherfordium (element
104) outside the [Xe 5f'*] core is calculated to be 6d7s*7p.

e The first part of the transactinides constitutes a 6d transition series, with
the calculated ionic radii intermediate between those of the 5d ions and
actinide ions of the same charge. Relativistic effects decrease the polariz-
ability of transactinide ions.

¢ Fundamental properties — electronic configurations, ionization energies of
atoms and ions, oxidation-reduction potentials in solution — remain to be
calculated theoretically and measured experimentally.

In the six decades that have elapsed since the ““actinide concept” was enun-
ciated by G. T. Seaborg, great advances have taken place in actinide and
transactinide chemistry. As in many other important areas of science, new
information and new concepts have accumulated to an extraordinary extent.
This, in itself, would be ample justification for a comprehensive examination of
the scientific aspects of the actinide elements. Of equal, or perhaps even greater,
importance in the preparation of this third edition are the contributions that its
many authors have made to provide the foundations for the solution of some of
the most urgent technological and environmental problems that face humanity
worldwide. We refer, of course, to the problems created by nuclear reactors used
for electricity production; nuclear weapons production and dismantlement; the
treatment and storage of nuclear wastes; and the cleanup of Cold War nuclear
material sites. These are sources of acute global concern, in all of which the
actinide elements are intimately involved.

In 1957, when the first edition of this work was published, the chemistry of the
actinide elements was remarkably well developed, considering that the actinide
concept itself had first been publicly described in 1945. (See Chapter 15, section
1.2, of this book) The elements thorium and uranium had already been studied
by chemists for more than 100 years. Uranium enjoyed some small distinction as
the heaviest element in nature, and as the terminus of the classical periodic table.
In 1895 Becquerel had discovered that uranium undergoes radioactive decay, a
discovery that permanently divested uranium of its obscurity, and that inaugu-
rated the era of the Curies, Rutherford, Soddy, Hahn and Meitner, Fajans, and
others who mapped the very complex radioactive transformations of the natu-
rally occurring elements. The crucial importance of uranium, however, became
fully apparent only after Fermi and his colleagues irradiated many of the
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elements, including uranium, with neutrons in the 1930s. They produced new
radioactive species with chemical properties that were not identical with any of
the known heavy elements. The Fermi group believed that they had created new
elements heavier than uranium. In 1938 Hahn, Meitner, and Strassmann con-
ducted definitive chemical experiments showing that the radioactive species
produced by neutron irradiation of uranium were in fact fission fragments
resulting from the cleavage of the uranium nucleus into smaller nuclei. Their
experiments constituted the discovery of nuclear fission. The earlier formation
of transuranium elements had been disproved, but the way to their synthesis
was now open.

The first transuranium element, neptunium, was nevertheless the by-product
of an investigation by McMillan and Abelson into the details of the fission
process. While fission fragments recoil with enormous energy from a uranium
nucleus undergoing fission, a radioactive species with a half-life of 2.3 days was
observed to be formed with insufficient energy to escape from a thin film of
irradiated uranium. Chemical investigation confirmed that a new element,
neptunium, unknown in nature, with atomic number 93 and mass number
239, had been formed by neutron capture in ***U.

BU+n— U5 BWNp (1), = 236 days) (L.1)
The new prospects opened up by the discovery of the first transuranium
element were rapidly explored, and soon the trickle became a flood. Table 1.1
lists the transuranium elements, the discoverers and the date of discovery, and
the date of first isolation in weighable amount. The first of the transuranium
elements to be synthesized on purpose, so to speak, was element 94 as the
isotope of mass number 238. In 1940, Seaborg, McMillan, Kennedy, and
Wahl at the University of California in Berkeley bombarded uranium oxide
with 16 MeV deuterons produced in the 60 in. cyclotron and succeeded in
isolating a long-lived alpha-particle emitter, chemically separable from both
uranium and neptunium, which was identified as an isotope of element 94 and
later given the name plutonium:

28U +3H — 25Np + 2)n (1.2)
28Np % %34Pu (112 = 87.7 years) (1.3)

Twenty isotopes of plutonium are now known. The plutonium isotope of major
importance has always been the isotope of mass number 239. Research with ***Pu
has been strongly motivated by the fact that it was shown to be fissile by slow
neutrons in the same way as >°U, and would thus be able to sustain a neutron
chain reaction. The isotope **’Pu can thus be used for both military and nuclear
energy purposes. To separate >>>U from >**U requires an isotope separation of
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8 Introduction

formidable proportions, but separating *’Pu in pure form requires only a
chemical separation from other elements, likewise an intimidating problem,
but one that is in principle a considerably simpler undertaking.

In 1941, Kennedy, Seaborg, Segré, and Wahl successfully obtained 3%y by
radioactive decay from **’Np, which was first produced by irradiating natural
238U with cyclotron-generated neutrons:

52U +on — 53U + v (1.4)
239 B~ 239 B 939
N P —2411 L
2U 5 NP 236 days 04 (112 0 years) (1.5)

The isotope plutonium-239 indeed turned out to be fissionable, with a slow
neutron cross section 1.7 times that of uranium-235. Later work at the wartime
Los Alamos Laboratory established conclusively that sufficient neutrons were
emitted in the act of fission to sustain a nuclear chain reaction. The exigencies of
World War II soon made available the massive resources necessary to convert
the scientific possibilities of the transuranium elements into actuality, and the
nuclear age was truly upon us. Seaborg (1982, 1992) has given a vivid eyewitness
account of the discovery and early experiments with plutonium. This chronicle
describes in unusual detail the problems that confronted the investigators in this
strange and intimidating new field of research, and how they were solved.

Twelve transplutonium elements were added to the periodic table in the 30 years
between 1944 and 1974. The syntheses of the elements with atomic number 95
through 106 required the development of new and ingenious experimental techni-
ques as well as new conceptual frameworks, and these were elaborated with
remarkable speed. Elements 95 and 96, named americium and curium, respective-
ly, were first prepared in 1944 by bombardment of *’Pu; curium was synthesized
by irradiation of plutonium with helium ions (alpha particles), and soon there-
after americium was synthesized by multiple neutron capture in plutonium in
a nuclear reactor. As was the case for neptunium and plutonium, chemical
identification was essential; it was not until these elements were predicted to
be part of an actinide (5f) transition series with +3 oxidation states that they
were isolated and identified. By 1946 the chemical properties of americium and
curium were already well defined, and by 1949 sufficient amounts of americium-
241 and curium-242 had been accumulated to make it possible to undertake a
search for the next members of the actinide series. Bombardment of elements 95
and 96 by helium ions accelerated in the 60 in. Berkeley cyclotron produced
alpha-particle-emitting species that could be identified as isotopes of elements
97 and 98. These in turn were named berkelium and californium after their place
of discovery. Again, prediction of their behavior as +3 ions in aqueous solution
was essential. During this same period of time, magnetic and spectroscopic
evidence confirmed that the transuranium elements were indeed members of a
5f series of elements; see the review by Gruen (1992).
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The detonation of a thermonuclear device is capable of producing enor-
mously high fluxes of neutrons. The first test thermonuclear explosion was set
off at Eniwetok Atoll by the United States at the end of 1952. The huge numbers
of neutrons produced by the explosion resulted in multineutron captures in the
uranium-238 that was a part of the device. The capture of no fewer than 15
neutrons by a >**U nucleus yielded an isotope of element 98:

ZSSU n 15(1)11 - ZggU multiple B~ decays 295§Cf (16)
Capture of the 15 neutrons must have been accomplished in a fraction of a
microsecond, and the subsequent radioactive decay of uranium-253 via a series
of beta-particle emissions to form californium-253 must have been completed
in a short time. Californium-253 then undergoes decay by beta-particle
emission (with a half-life of 17.8 days) to form einsteinium-253. Close examina-
tion of the debris from the nuclear explosion revealed another alpha-particle-
emitting radioactive species that was identified as an isotope of element 100 with
the mass number 255. The new elements were named einsteinium and fermium
in honor of two of the most important progenitors of the nuclear age. The
unexpected consequences of the vast numbers of neutrons released by the
nuclear chain reaction thus led to the synthesis of two new elements and
revealed the potential utility of high-flux nuclear reactors in the production of
transplutonium elements. Following the earlier use of other reactors in the
1950s, the High-Flux Isotope Reactor (HFIR) and the transuranium processing
facility, currently named Radiochemical Engineering Development Center
(REDC) were built at Oak Ridge National Laboratory in the 1960s for the
production of transcurium elements. The HFIR starting material is highly
irradiated plutonium-239 already containing substantial amounts of heavier
isotopes of plutonium. Prolonged exposure to the intense neutron flux of
HFIR produces considerable amounts of plutonium-242, americium-243, and
curium-244, which have been isolated and refabricated into new targets for
irradiation in the HFIR. Work-up of these targets, a task of no mean propor-
tions because of the intense radioactivity from fission products and the newly
formed transcurium elements, yields heavy isotopes of curium, berkelium, and
californium plus smaller quantities of einsteinium and fermium.

The discovery of elements 99 and 100 in a sense was a watershed in the search
for elements of ever higher atomic number. The experimental methods devel-
oped to isolate and identify neptunium and plutonium, refined and elaborated,
were adequate for the task of isolation and characterization of the transpluto-
nium elements up to element 100. With the transfermium elements, matters
became much more difficult. Among the isotopes of the elements uranium,
neptunium, plutonium, and curium, there is at least one that has a half-life of
10° years or more. For americium and berkelium, the longest-lived isotopes,
produced by neutron irradiation, have half-lives of the order of 10* years and
1 year, respectively. The most stable californium isotope has a half-life less than
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1000 years, einsteinium a half-life less than a year, and fermium a half-life of
about 3 months. The elements of atomic number greater than 100 have isotopes
with lifetimes measured in days, hours, minutes, seconds, and fractions of a
second. The short half-lives severely limit the amount of a heavier isotope that
can be made. Whereas the elements up to atomic number 100 could be char-
acterized with amazingly small amounts of material, these, nevertheless, still
contained large numbers of atoms. All of the actinides with atomic numbers up
to 99 have been studied with weighable amounts (Table 1.1) but there is no
prospect for producing weighable amounts of heavier elements. The elements of
higher atomic number had to be identified with as little as one atom of a new
element. That this feat was achievable was a result of the rapid developments in
nuclear systematics, which made it possible to predict the nuclear properties of
new isotopes; the actinide concept, which predicted the chemical properties
of transuranium elements; and the development of new experimental techni-
ques, which made it possible to isolate a single atom of a new isotope almost
simultaneously with its formation in a nuclear reaction, and to measure
half-lives in the millisecond range.

On the complex subject of nuclear systematics, it will be sufficient here to
mention that the great progress made in the theoretical understanding of the
behavior of atomic nuclei allowed predictions about lifetimes and the nature of
radioactive emissions and their energetics to be made with considerable confi-
dence, and this played a major role in the search for new elements. The actinide
concept similarly played a crucial part. When the first transuranium elements
were studied in the laboratory, it soon became apparent that the new members
of the periodic table did not have the chemical properties that might be expected
of them if they were placed in traditional sequence after uranium. Neptunium
did not behave like rhenium, and in no way did plutonium resemble osmium,
which would have been positioned directly above plutonium had the first two
transuranium elements merely been inserted in the next vacant positions in the
periodic table directly after uranium. Because similarities in chemical behavior
arise in the periodic table from similarities in electronic configuration of the ions
of homologous elements, simple insertion of the transuranium elements into the
periodic table would have precluded its use as a reliable guide to the chemistry
of the new elements.

The actinide hypothesis advanced by Seaborg systematized the chemistry of
the transuranium elements, and thus greatly facilitated the search for new
elements. From the vantage point of the actinide concept, the transuranium
elements are considered to constitute a second inner transition series of elements
similar to the rare-earth elements. In the rare-earth series, successive electrons
are added to the inner 4f shell beginning with cerium and ending with lutetium.
In the actinide series, fourteen 5f electrons are added beginning, formally, with
thorium (atomic number 90) and ending with lawrencium (atomic number 103).
Although the regularities are not as pronounced in the actinide as in the
lanthanide series, the concept of the actinide elements as members of a 5f
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transition series is now accepted and has served as a unifying principle in the
evolution of the chemistry of the actinide elements. A more detailed discussion
of the actinide hypothesis can be found in Chapter 15.

The first chemical studies on neptunium and plutonium were made using
classical radiochemical techniques in the 1940s. Amounts far too small to be
weighed were studied by tracer methods, where solutions are handled in
ordinary-sized laboratory vessels. Concentrations of the order of 107! mol L™
or less are not unusual in tracer work, and valuable information could be acquired
on solutions containing only a few million atoms. The radioactive element is
detected by its radioactivity, and the chemistry is inferred from its behavior relative
to that of an element of known chemistry present in macro amounts. When
weighable amounts were available, ultramicrochemical methods were used.
These manipulations were and still are carried out with microgram or even lesser
amounts of material in volumes of solution too small to be seen by the naked eye at
concentrations normally encountered in the laboratory. Ultramicro methods make
possible the isolation of small samples of pure chemical compounds, which can
then be identified by X-ray crystallography or electron diffraction in a transmis-
sion electron microscope. All of the actinide elements are radioactive, and, except
for thorium and uranium, special containment and shielded facilities are manda-
tory for safe handling of these substances. Gloved boxes are required (Fig. 1.2)

Fig. 1.2 A modern laboratory with a bank of gloved boxes for carrying out experimental
chemistry of transuranium elements. (Reproduced by permission of Los Alamos National
Laboratory.)
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Fig. 1.3 A hot-cell facility for remote synthesis and characterization of gram-scale
transuranium materials. (Reproduced by permission of Institute for Transuranium Ele-
ments, Karlsruhe, part of the Joint Research Centre, European Commission.)

and, where high levels of penetrating radiation (gamma rays or neutrons) are
encountered, which is not infrequent, all manipulations may need to be per-
formed by remote control (Figs. 1.3 and 1.4). Even when radiation can easily be
shielded, as is the case with alpha-particle emitters, containment to prevent inhala-
tion is still essential because of the toxicity of the transuranium elements. Inhaled
transuranium isotopes may be deposited in the lungs and ingested isotopes may be
translocated to the bone, where the intense alpha radioactivity over a period of time
can give rise to neoplasms. The shorter the half-life, i.e., the higher the specific
activity of the radioactive isotope, the more serious are the difficulties of experi-
ments with macro amounts of material. Consequently, every effort has been made
to produce long-lived isotopes. There are available isotopes of neptunium, pluto-
nium, and curium with half-lives longer than 10° years, and isotopes of americium
and californium that have half-lives of the order of 1000 years can be used in
chemical studies. These long-lived isotopes greatly reduce the extent of radioly-
sis of water or other solvents for experiments in the liquid phase, they minimize
radiation damage in the solid phase, and they also considerably reduce the
health hazards in the experiment. Even with the longest-lived isotopes, most
laboratory research with transuranium elements is carried out on the milligram
or smaller scale.

The syntheses of the transfermium elements presented an even more challeng-
ing set of problems. Because of the short lifetimes of these isotopes, production
by successive neutron capture in a high-flux reactor was not possible. Methods
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Fig. 1.4  Example of an experimental setup within a hot-cell facility. (Reproduced by
permission of Institute for Transuranium Elements, Karlsruhe, part of the Joint Research
Centre, European Commission.)

for the rapid collection of the newly formed isotopes had to be developed and
very rapid separation procedures were required to isolate a pure product for
identification. Ghiorso (1982) described in fascinating detail how these prob-
lems were surmounted. A newly formed nucleus contains sufficient energy to
eject it from a target undergoing bombardment; the atom that recoils can be
caught on a clean foil placed in close proximity to the target. The catcher foil
can then be dissolved and the solution examined. For identification, ion-ex-
change chromatography proved to be ideal. Elution from an ion-exchange
column can be carried out very rapidly. The order of elution is very specific
and provides an unmistakable fingerprint for identification. In this way, it was
possible to synthesize and identify element 101, subsequently named mendele-
vium, in experiments in which it was made one atom at a time. Even more highly
refined collection procedures were evolved to complete the actinide series of
elements by the discovery of nobelium (atomic number 102) and lawrencium
(atomic number 103).

The transactinide elements 104 through 112 have been discovered at Berkeley
and Darmstadt (see Table 1.1). Scientists at the Dubna Laboratory in Russia
also made claims for the discovery of a number of these elements, but their
evidence did not meet the accepted criteria for the discovery of new elements
(Wilkinson et al., 1991, 1993). No names have been suggested for elements
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heavier than 111, in conformity with the [IUPAC rules for the naming of new
elements (Koppenol, 2002). A surprising amount of information has accumu-
lated about the oxidation states of the transfermium and transactinide ions in
solution even though only a few atoms of any of these were available at any one
time. Evidence for isotopes of elements heavier than 112 has been published by a
consortium of scientists from Dubna and Livermore (Table 1.1). The chemistry
of transactinide elements, and predicted chemical properties of these elements,
is presented in Chapter 14.

One frontier is the synthesis of longer-lived isotopes and determination of
chemical properties of additional transactinide elements (Chapter 14 of this
work; Schédel, 2003). Numerous theoretical calculations have been made that
indicate that there may be more than one ““island” of relatively stable nuclei
near the presently defined limits of the periodic table. In addition to the island of
spherical stability originally predicted to be around atomic number Z = 114 and
neutron number N = 184, other islands of spherical nuclei have been predicted
at Z=120 or 126 and N = 184 and at Z = 120 and N = 172. A predicted island
of deformed nuclei at Z = 108 and N = 162 has already been confirmed
experimentally. Because of the relatively long half-lives of isotopes conferred
by closed nuclear shells, the goal of carrying out chemical studies with the
elements at or near these islands is considered to be attainable by some scien-
tists. The new techniques and theoretical understanding required to attain this
goal will undoubtedly have profound consequences for nuclear and inorganic
chemistry.

There are outstanding questions in actinide chemistry. One is the understand-
ing of the bonding and electronic structure of the 5f electrons in condensed
phases containing plutonium and adjacent elements. Another is the bonding
and chemical behavior of actinides that may be released into the environment.
To advance both of these frontiers, heavy-element chemists utilize modern
instrumental techniques — X-ray absorption spectroscopy, laser fluorescence
spectroscopy, electron microscopy, mass spectroscopy, neutron scattering, to
name only a few — that make it possible to study the elements described in the
subsequent chapters as pure materials, at extremely low concentrations, and
under many unique conditions. Theoretical actinide and transactinide chemistry
is advancing rapidly. Relativistic contributions to electronic properties that
incorporate spin—orbit interactions are being calculated for bulk actinide solids,
actinide metal surfaces, actinide complexes in solution, and transactinide atoms.
Relativistic electronic structure theory utilizes time-dependent density function-
al theory and relativistic effective core potentials.

The actinide and transactinide elements in the last 65 years have played an
important role in inorganic chemistry, in nuclear chemistry and physics, and in
many other branches of science and technology. The actinide elements are also
of crucial importance in energy resource development and, regrettably, in
warfare. These elements are destined to continue to occupy the attention of
scientists, engineers, environmentalists, and statesmen. We hope that these
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volumes will help provide the factual basis so necessary for the important
research breakthroughs and technical decisions that will have to be made in
future years.
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2.1 INTRODUCTION

The actinide series of elements encompasses all the 15 chemical elements that
have properties attributable to the presence of low-lying 7p, 6d, and 5f orbitals
such that their tripositive ions have electronic configurations 7p°6d°5f”, where
n =0,1,2,...,14. According to this definition, actinium, element 89, is the first
member of the actinide series of elements, although it has no 5f electrons in its
metallic, gaseous, or ionic forms. As such, its position in group 3 (in current
IUPAC terminology) or group 3B (commonly used in some American text-
books) of the periodic table is analogous to that of its homolog, lanthanum, in
the lanthanide series. This definition, which includes actinium as the first of
the actinides (Seaborg, 1994), parallels the accepted inclusion of lanthanum as
the first member of the lanthanide series (Moeller, 1963).

The chemistry of actinium closely follows that of lanthanum. There are no
qualitative differences between them; the only quantitative differences are those
attributable to the difference in their ionic radii (1.12 A for Ac** and 1.032 A for
La*" in six-fold coordination) (Shannon, 1976 and Chapter 15, section 7.5, of
this book). Because of this similarity, lanthanum is a nearly ideal surrogate for
actinium in the development of preparative or analytical procedures. As a
carrier for trace amounts of actinium, lanthanum suffers from only one disad-
vantage: Once mixed, the two elements behave like any pair of adjacent rare
earths and can be separated only by ion-exchange chromatography, solvent
extraction, or fractional crystallization.

The most important isotope of actinium is *>’Ac, a member of the naturally
occurring uranium-actinium (4n + 3) family of radioelements. Its applications
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are derived from its unique radioactive properties. Although **’Ac itself is
essentially (>98%) a weak B~ emitter, with a moderately long half-life (21.773
years), its decay chain includes five short-lived o emitters. The net effect is one
of high specific power and long service life, a combination that makes **’Ac
suitable as a heat source in thermoelectric generators on space missions to the
outer planets and beyond. Recently **>Ac and ***Ac have found applications
(see Section 2.9).

The early actinium literature (up to January 1940) was comprehensively
reviewed by the staff of the Gmelin Institute, and an English translation is
available (Gmelin, 1942). Later reviews and bibliographies have appeared
with the waxing and waning of interest in possible applications of actinium
(Clarke, 1954, 1958; Hagemann, 1954; Bagnall, 1957; Katz and Seaborg, 1957,
Bouissieres, 1960; Stevenson and Nervik, 1961; Salutsky, 1962; Sedlet, 1964;
Kirby, 1967; Keller, 1977). The most recent monograph on actinium chemistry
is the Gmelin Handbook supplement (Gmelin, 1981).

2.1.1 Historical

In 1899, André Debierne, in the laboratory of Pierre and Marie Curie, reported
that he had found a new radioactive substance, whose chemistry closely fol-
lowed that of titanium (Debierne, 1899). Six months later, he said that the
titanium fraction was no longer very active, but that the radioactive material
he was now recovering exhibited the same chemical behavior as thorium
(Debierne, 1900). Debierne claimed the right of discovery and named the new
substance actinium (aktis, ray). His claim was accepted uncritically at the time,
but, in the light of what we now know of the chemical and nuclear properties of
actinium, it is clear that his 1899 preparation contained no actinium at all and
that his 1900 preparation was a mixture of several radioelements, possibly
including actinium as a minor constituent (Kirby, 1971; Adloff, 2000).

In 1902, Friedrich Giesel reported a new ‘emanation-producing’ substance
among the impurities he had separated with radium from pitchblende residues
(Giesel, 1902). He correctly established many of its chemical properties, includ-
ing the important fact that it followed the chemistry of the cerium group of rare
earths. By 1903, he had concentrated and purified it to a point where lanthanum
was the chief impurity and thorium was spectroscopically undetectable (Giesel,
1903). A year later, he proposed the name, emanium, for what was clearly a new
radioelement (Giesel, 1904a).

Giesel’s claim was vigorously attacked by Debierne (1904), who now had an
emanation-producing substance of his own, which, he insisted, was the same as
the substance he had originally named actinium, although the 1900 preparation
had titanium- or thorium-like properties (Adloff, 2000). Debierne’s claim pre-
vailed, and has been propagated by historians (Ihde, 1964; Partington, 1964;
Weeks and Leicester, 1968), largely because of the prestige of the Curies and
the support of Rutherford (1904). The latter based his conclusion solely on
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the similarity in the decay characteristics of the “emanations” (i.e. *'Rn) and
the “active deposits” (*!'Pb) given off by the samples supplied to him by the two
claimants. Although some historical studies (Weeks and Leicester, 1968; Adloff,
2000) give both Debierne and Giesel credit for the discovery, Kirby (1971),
Keller (1977), and the second author of this chapter believe that it is more
appropriate to give credit for discovery of actinium to Giesel.

The actinium decay chain was sorted out rather quickly. In 1905, Godlewski
(1904-5, 1905) and Giesel (1904b, 1905) independently reported the existence of
actinium X (also referred to as “emanium X”), now known as “**Ra, and
showed it to be the direct source of the actinium emanation and its active
deposit. The following year, Hahn (1906a,b) discovered radioactinium
(**’Th), the immediate descendant of actinium and the parent of actinium X.
Z1pa, the parent of actinium, was discovered independently in 1918 by Soddy
and Cranston (1918a,b) and by Hahn and Meitner (1918). The primordial
origin of the actinium series (4n + 3 or uranium-actinium series, Fig. 2.1) was
not finally resolved until 1935, when Dempster (1935) detected the uranium
isotope of atomic weight 235 by mass spectroscopy.

2.2 NUCLEAR PROPERTIES

Of the 29 known isotopes of actinium (Table 2.1) only three are of particular
significance to chemists. Two of these isotopes are the naturally occurring
isotopes, **’Ac (Fig. 2.1, 4n + 3 or uranium-actinium series) and **®Ac
(mesothorium II, Fig. 2.2, 4n or thorium series). The third is ***Ac, a descendant
of reactor-produced **U (Fig. 2.3, 4n + 1 or neptunium series).

2.2.1 Actinium-227

The isotope *’Ac, a P~ emitter, is a member of the naturally occurring >>U
(AcU) decay series (Fig. 2.1). It is the daughter of >*'Pa and the parent of >*’Th
(RdAc). 1t is also the parent, by a 1.38% o branch (Kirby, 1970; Monsecour
et al., 1974), of ***Fr, which was discovered in 1939 by Perey (1939a,b). The
half-life of **’Ac is (21.772 + 0.003) years (Jordan and Blanke, 1967; Browne,
2001), as determined by calorimetric measurements made over a period of 14
years. The thermal-neutron-capture cross section g, and the resonance integral
are (762 % 29) barn and (1017 * 103) barn, respectively (1 barn = 10-2* m?)
(Monsecour and De Regge, 1975).

The B~ radiation of **’Ac is so weak (0.045 MeV maximum) (Beckmann,
1955; Novikova et al., 1960) that the nuclide was once thought to be ‘rayless’
(Marckwald, 1909; Rutherford, 1911). Even with modern nuclear spectro-
meters, neither the B~ nor the y radiation is useful for analytical purposes
because of interference from the rapidly growing decay products. On the
other hand, **” Ac is readily identified, even in the presence of its decay products,
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Table 2.1

Nuclear properties of actinium isotopes.*

Mass Mode of Main radiations Method of
number Half-life decay (MeV) production
206 33 ms o o 7.750 175 u(**Ar,9n)
22 ms o o 7.790
207 22 ms o 0 7.712 751 u(*°Ar,8n)
208 95 ms o o 7.572 5Lu(*Ar,7n)
25 ms o o 7.758
209 0.10s o o 7.59 197 Au(**Ne,8n)
210 0.35s o o 7.46 197 Au(**Ne,7n)
203T1(16O,91’l)
211 0.25s o o 7.48 197 Au(**Ne,6n)
203T1(16058n)
212 0.93 s o o 7.38 fngl(lzg)jn)
Au(“"Ne,5n)
213 0.80 s o o 7.36 197 Au(**Ne,4n)
203T1(16O,6n)
214 82s o > 86% o 7.214 (52%) 20311190, 5n)
EC < 14% 7.082 (44%) 197 Au(**Ne,3n)
215 0.17 s ® 99.91% o 7.604 20371160 4n)
EC 0.09% 20984(12C, 6n)
216 ~0.33 ms o ©9.072 2098i(12C, 5n)
216 m 0.33 ms o o 9.108 (46%)
9.030 (50%)
217 69 ns o ® 9.650 298pp(14N, 5n)
218 1.08 ps o 0 9.20 222p3 daughter
219 11.8 us o a 8.66 223pa daughter
220 26.4 ms o o 7.85 (24%) 208pp (13N, 3n)
7.68 (21%) 224pa daughter
7.61 (23%)
221 52 ms o o 7.65 (70%) 205T1(22Ne,02n)
7.44 (20%) 208p (180, p4n)
222 50s o o 7.00 if)ZRa(%Sn)
Pb("°0O,p3n)
222 m 63's o > 90% o 7.00 (15%) ZOSqusO,p3n)
EC ~ 1% 6.81 (27%) 29Bi(*%0,0m)
IT < 10%
223 2.10 min o 99% o 6.662 (32%) 227Pa daughter
EC 1% 6.647 (45%)
224 278 h EC ~ 90% o 6.211 (20%) 228pa daughter
o~ 10% 6.139 (26%)
225 10.0d o o 5.830 (51%) 225Ra daughter
5.794 (24%)
7 0.100 (1.7%)
226 29.37 h B~ 83% o 5.399 22°Ra(d,2n)
EC 17% B~ 1.10
o6 x 107% ¥ 0.230 (27%)
227 21.772 yr B~ 98.62% o 4.950 (47%) Nature
o 1.38% 4.938 (40%)
B~ 0.045

v 0.086
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Table 2.1 (Contd.)

23

Mass Mode of Main radiations Method of
number Half-life decay (MeV) production
228 6.15h B~ B~ 2.18 Nature
v 0.991
229 62.7 min B~ B~ 1.09 229Ra daughter
v 0.165 Z2Th(y,p2n)
230 122 s i B~ 1.4 Z2Th(y,pn)
v 0.455
231 7.5 min B~ B~ 2.1 Z2Th(y,p)
v 0.282 22Th(n,pn)
232 119 s B~ 28U + Ta
233 145 s B~ 28U 4 Ta
234 44 s B~ 280 4+ Ta
& Appendix II.
232Th
1.4x10"0yr B 228Tp
o ¢ 1.91yr
B 228p¢ (x¢
2283, || 615h
5.75yr 224Ra
3.66d
“y
220Rn
55.6 s
|
216Po
0.15s
y
212pp B/_ 212p; ﬁ/_ 212pq
10.64 h 60.55 min 0.298 s
i o
v ) v
208T| B 208Pb
3.053 min stable

Fig. 2.2  Thorium series (4n).

by a spectrometry (Fig. 2.4), and a computational technique has been described
for its quantitative determination by this method (Kirby, 1970).

The v spectrum of **’Ac in equilibrium with its decay products is shown in
Fig. 2.5. The 235.9-keV y-ray, which has an intensity of (12.3 * 1.3)% of **’Th
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U
1.59 X 105 yr
o
229
7340 yr
225
a¢ goAC
10.0d
225
sgRa o
14.8d
221
a7Fr
4.8 min
“y
217
gsAt
0.032s
oy
213,
83Bi 2B
46 min >1.9 X 109 yr
o |
o (2.2%) + oy
209
ol 208,
2.2 min stable

Fig. 2.3  Neptunium series (4n + 1).

o decay, can be used for quantitative analysis of *?’Ac. For a detailed level
scheme, see the most recent critical compilation (Firestone and Shirley, 1996).

2.2.2 Actinium-228 (MsTh II or MsTh,)

The isotope *®Ac (mesothorium II or MsTh,) is a member of the naturally
occurring ***Th decay chain. It is the daughter of 5.77-year ***Ra (mesothorium
I or MsTh;) and the parent of 1.9116-year ***Th (radiothorium).

All three nuclides were discovered by Otto Hahn (1905, 1907, 1908). The
long-accepted half-life of **®*Ac (6.13 * 0.03) h, reported in 1926 (Hahn and
Erbacher, 1926), was redetermined to be (6.15 + 0.02) h in 1985 (Skarnemark
and Skalberg, 1985).

228Ac has a complex B~ spectrum (Bjornholm et al., 1957; Arnoux and
Giaon, 1969; Dalmasso et al., 1974), but, unlike 227 Ac, more than 99% of the
B~ particles have maximum energies greater than 0.5 MeV so that its y-ray
spectrum (Novikova et al., 1960) is a useful analytical tool. By contrast, the
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Fig. 2.4  Alpha spectrum of **’ Ac in equilibrium with its decay products (Kirby, 1970).

B~ and vy radiations from *?®Ra are too weak for routine detection; con-
sequently, nearly all methods for the determination of **Ra are based on the
isolation and counting of **®Ac (Hahn and Erbacher, 1926). >*®Ac is frequently
used as a tracer for other actinium isotopes (Bhatki and Adloff, 1964;
Chayawattanangkur et al., 1973).

A level scheme and a critical compilation of y-ray energies for >**Ac have
been published (Horen, 1973).

2.2.3 Actinium-225

The isotope *’Ac is an o emitter. It is a member of the 4n + 1 decay series, of
which #*’Np is the longest-lived member and progenitor (Fig. 2.3). In practice,
however, **Ac is most easily obtained by milking a sample of **Th that was
previously separated from aged ***U (Valli, 1964). The latter isotope is itself
produced by neutron bombardment of natural thorium (St. John and Toops,
1958; Hyde et al., 1964):

L, ampy B, my (2.1)

232 233
Th(n Th
(n,7) 22.3 min 26.967d
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Fig. 2.5 Gamma spectrum of **’ Ac in equilibrium with its decay products (I. Ahmad,
2002).

Unfortunately, >?°Th is always more or less contaminated with >**Th because of
side reactions during the production of ***U:

22Th(n,2n) ' Th 1 2py (2.2)
25521
21py(n, 7)?2Pa P ooy 2, 28y (2.3)
131d 689y

To obtain pure samples of ***Ac, the presence of **Th in *°Th is not a serious
problem, because the ***Ra daughter of ***Th can be chemically separated from
he *>Ac, together with >**Ra, after its milking from thorium. The ***Ra must be
removed to ensure the absence of its progeny 2**T1, which emits a 2.6-MeV vy-ray.

The complex fine structure of the ***Ac a spectrum was thoroughly investi-
gated by Dzhelepov et al. (1967) and by Bastin-Scoffier (1967). A level scheme is
given in a critical compilation (Maples, 1973).

2.3 OCCURRENCE IN NATURE
The natural occurrence of **’Ac is proportional to that of its primordial

ancestor, 22>U, which is widely distributed in the Earth’s crust (Kirby, 1974).
The average crustal abundance of uranium is 2.7 ppm (Taylor, 1964), of which
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0.720 mass% is >>°U (Holden, 1977). Therefore, the natural abundance of **’Ac
(calculated from its half-life and that of *°U) is 5.7 x 10~ '° ppm. Based upon a
crustal mass of 2.5 x 10% g (to a depth of 36 km) (Heydemann, 1969), the global
inventory of *’Ac is estimated to be 1.4 x 10* metric tons.

Although the 4n + 1 family is not ordinarily considered to be ‘naturally
occurring’ because its primordial ancestor has become extinct, both *’Np and
225 A¢ have been detected in uranium refinery wastes and >>Ac has been found
in >*’Th isolated from Brazilian monazite (Peppard et al., 1952). These nuclides
are believed to be formed continually in nature by the bombardment of natural
thorium and uranium with neutrons arising from spontaneous fission of ***U
and from neutrons produced by (a,n) reactions on light elements:

238 23777 B 237
2 N 2.4
Un, 20) 70 L 27np 24)
2Th(n,y) Th 2y (2.5)
22.3min

2.4 PREPARATION AND PURIFICATION

Uranium ores always contain large amounts of rare earths, and were thus
generally unsatisfactory as sources of actinium before modern methods of
rare earth separations were developed. The most concentrated actinium sample
ever prepared from a natural raw material consisted of 0.5 mCi (~7 pg) of **’Ac
in less than 0.1 mg of La,O5 (Lecoin et al., 1950).
In 1949, Peterson reported that **’Ac could be synthesized by irradiating
22°Ra with thermal neutrons (Peterson, 1949):
26Ra(n,v) *'Ra B—> 2TAc  (oy 2220 barn) (2.6)
42.2 min

This reaction greatly simplified the chemical separations required to prepare
macroscopic amounts of pure **’Ac and, in 1950, Hagemann reported the
isolation of 1.27 mg of ?*’Ac from 1 g of neutron-irradiated **°Ra (Hagemann,
1950).

Later work (Kirby et al., 1956; Cabell, 1959; Monsecour and De Regge, 1975)
showed that the neutron-capture cross section of *’Ac is many times greater
than that of **’Ra (Fig. 2.6). A new problem is introduced, namely that of
separating **’Ac from the large amounts of 1.9-year ***Th produced by the
second-order reactions:

27T Ac(n, y) > Ac 6%h 2Th (o, = 762 barn) (2.7)
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Fig. 2.6 Growth of 2" Ac in neutron-irradiated **°Ra at various thermal-neutron fluxes
@ (in cm™2 s7Y). The calculations assume o(***Ra) = 20 barn and c,(**’ Ac) = 795 barn
(Gomm and Eakins, 1968).

Nevertheless, neutron irradiation of >>’Ra remains the method of choice for the
preparation of >*’Ac at either the tracer or the macroscopic level.

The isotope ***Ac is best generated by separating it from the generator **Th
(Geerlings et al.,1993; Tsoupko-Sitnikov et al., 1996; Khalkin et al., 1997). The
22Th generator must be separated from **U. The isotope ***U is synthesized
by neutron irradiation of *>*Th, which contaminates the **Th with some ***Th
and its daughters.

The isotope *?®Ac can be generated by separating it from the generator ***Ra,
which can be isolated from natural >**Th (Gmelin, 1981). Detailed procedures
were given by Sekine et al. (1967). Sani (1970) and Mikheev et al. (1995)
removed ***Ra from aged ***Th by cocrystallization with Ba(NOs),. The
228 A¢ that grew into **®Ra was removed by extraction or by adding GdCls to
an aqueous solution of the ***Ra in Ba(NOs), and coprecipitating Ac** with Gd
(OH); using NH;(g).

2.4.1 Purification by liquid-liquid extraction

Hagemann (1950, 1954) isolated the first milligram of **’Ac from neutron-
irradiated **°Ra by liquid-liquid extraction with 2-thenoyltrifluoroacetone
(TTA). Experience has shown (Engle, 1950; Stevenson and Nervik, 1961;
Kirby, 1967), however, that TTA is not a suitable reagent for quantitative
extraction of actinium because a relatively high pH (>5.5, Fig. 2.7) is required



Preparation and purification 29

100

/// //’—
90 Region of /’
80 lanthanide /
i extraction /
< I /
= 70 /
B ™\
60 . i /
.-‘?3 Heavy}l !
g 50 /i !
%2 0 /
o 40 /. Light
c / 4 [}
8 30 ]
o I
& 20 /P ] ~~-
)
10 /
/
/
0 £ 1 I

pH

Fig. 2.7 Extraction of various elements with thenoyltrifluoroacetone (TTA). (After
Stevenson and Nervik, 1961).

for efficient chelation but Ac** hydrolyzes above pH 7 and forms inextractable
polymeric species when the pH is in the ‘desirable’ range, 6-7. The recovery of
actinium requires tight pH control and speed of operation for satisfactory yields
(Allison et al., 1954; Tousset, 1961) that are usually not quantitative. The most
effective application of TTA in the purification of **’Ac is to remove **'Th,
which can be selectively and quantitatively extracted from moderately acid
solutions. For this extraction, the pHs, (the pH at which 50% of the Th*" is
extracted or partitioned equally between the phases, i.e. D = 1) is 0.48
(Poskanzer and Foreman, 1961).

On the other hand, Sekine ez al. (1967) found that, while the extraction of
228 Ac with TTA alone was not quantitative, a mixture of 0.1 m TTA and 0.1 M
tri(n-butyl)phosphate (TBP) in CCl, gave reproducible distribution ratios and
quantitative extraction of Ac*™ at pH > 4.

Solvent extraction systems that have been applied to other actinide and lantha-
nide separations have also been applied to actinium separations from thorium and
radium. Thus, Karalova et al. (1977a) studied the extraction of Ac(11) in aqueous
nitrate solution by trioctylphosphine oxide dissolved in cyclohexane, o-xylene,
carbon tetrachloride, octyl alcohol, or chloroform. Optimum extraction
conditions were: [NaNO3z] > 2 M, pH 2, and cyclohexane as the partition
solvent. Making the aqueous phase 8 M in lithium chloride appears to facilitate
extraction with 0.1 M trioctylphosphine oxide (Karalova et al., 1977b).

Trialkylphosphine oxide in aliphatic hydrocarbon solvents was used by Xu
et al. (1983) for the solvent extraction separation of Ac(ir) from La(im) in nitric
acid solution. Amines and quaternary ammonium bases have also been used in
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solvent extraction systems for the separation of Ac(i) from rare earths and
Am(m). Karalova et al. (1979a) examined the separation of Ac(in) from Eu(1)
by extraction from aqueous solutions containing lithium nitrate at pH 2.5-3
with tri-n-octylamine in cyclohexane, and concluded that this partition system
shows promise for the separation of Ac(1r) from rare earths. A 0.5 m solution of
the quaternary ammonium base Aliquat 336 (methyltrioctylammonium
chloride) in xylene extracts Ac, Am, and Eu efficiently from aqueous alkaline
(pH > 11) solutions containing ethylenediaminetetraacetic acid (EDTA) or
2-hydroxydiaminopropanetetraacetic acid; separation factors for Ac(u)/Am(iir)
and Ac(m)/Eu(i) greater than 100 were attained (Karalova et al., 1978a,
1979b). A mixture of trialkylmethylammonium nitrate and TBP was reported
by Mikhailichenko et al. (1982) to exert a weak synergistic effect on La(i)
extraction and an antagonistic effect on Ac(i) extraction. Bis(2-ethylhexyl)
phosphoric acid (HDEHP) has been successfully employed in the sol-
vent extraction separation of **’Ac(m), **’Th(rv), ***Ra(u), and *?*Fr(1)
(Mitsugashira et al., 1977). Karalova et al. (1978b) established that the acti-
nium species extracted from 1 M perchloric acid is AcX3-2HX, and at higher
perchloric acid concentrations is HAc(C104),-2HX.

The use of bis(2-ethylhexyl)phosphoric acid (HDEHP) as an extractant for
Ac®™ has been little explored. Two studies have explored the fundamental
mechanism of this extractant with Ac>™ (Szeglowski and Kubica, 1991) and
the influence of colloidal rare earth particles on this extraction (Szeglowski and
Kubica, 1990).

An unusual purification procedure is one in which actinium must be removed
from rare earths on a commercial scale to minimize the level of radioactive
contamination of the rare earth products (Kosynkin et al., 1995). Uranium-rare
earth phosphorites [fibrous apatites, generic formula Cas(PO,4);(OH,F,Cl)] have
been processed commercially to remove both uranium and rare earths. After
uranium was extracted from the dissolved phosphorite, cerium was removed by
oxidation and precipitation from dilute acid. The trivalent rare earths and
actinium remained in the aqueous phase and the actinium was removed from
the rare earth fraction using mixer-settlers with mixtures of TBP and trialkyl
amine (TAA) extractants in kerosene. Decontamination from a level of ~107%
Ci/(g rare earth oxides) to a level of ~2 x 10~'! Ci/(g rare earth oxides) has been
achieved on an industrial scale.

2.4.2 Purification by ion-exchange chromatography

Cation-exchange chromatography is the simplest and most consistently effec-
tive method of separating sub-milligram amounts of *’Ac from its principal
decay products, 18.68-day **’Th and 11.43-day ***Ra (Gmelin, 1981). The resin
most commonly employed is a strong cation-exchange resin such as Dowex 50
(Andrews and Hagemann, 1948; Cabell, 1959; Farr et al., 1961; Eichelberger
et al., 1964; Nelson, 1964; De Troyer and Dejonghe, 1966; Baetslé et al., 1967,
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Baetslé and Droissart, 1973; Kraus, 1979; Boll et al., 2005), but inorganic ion
exchangers have also been used successfully (Huys and Baetslé, 1967
Monsecour and De Regge, 1975). The method is applicable to milking of
228 A¢ tracer from its parent, 5.76 year 22%Ra (Bjornholm et al., 1956, 1957,
Duyckaerts and Lejeune, 1960; Bryukher, 1963; Bhatki and Adloff, 1964;
Gomm and Eakins, 1966; Arnoux and Giaon, 1969; Monsecour et al., 1973).
A typical separation is illustrated in Fig. 2.8.

Anion-exchange chromatography is now used for bulk separation of ***Ac
and ***Ra from **°Th. The ***Ac and ***Ra are eluted in 2-4 bed volumes of 8 M
HNO; and then **’Th is stripped from the resin in 0.1 m HNOj3, after which the
229Th can be recycled (Boll ez al., 2004).

Partition chromatography by reverse-phase and ion-exchange chromatogra-
phy has been explored (Sinitsyna et al., 1977, 1979). The radioisotopes of
actinium were separated from other elements using trioctylamine, bis(2-ethyl-
hexyl)phosphoric acid, and TBP as stationary phases on Teflon. Chromato-
graphy on a Teflon support was also investigated by Korotkin (1981). He used a
mixture of TTA and TBP impregnated in Teflon to sorb the metal ions. Elution
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Fig. 2.8 Separation of **’ Ac from its decay products by cation-exchange chromatography
on Dowex 50, hydrogen form, 200-400 mesh, 60°C (Cabell, 1959).
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was by oxalate in a phthalate buffer. The procedure appears to have
general utility for the rapid separation of actinides, lanthanides, and other
metal ions. **’Ac was separated from irradiated radium samples containing
Pb, Tl, Bi, Po, and Th, and ***Ac was separated from B3y containing the
same elements.

The inorganic cation exchanger, cryptomelane MnO, [a sorbent for large
cations related to the mineral cryptomelane, K(Mn*",Mn”>")30;4] is highly
radiation-resistant and has distribution ratios (Ky values) for trivalent lantha-
nides and actinides that are orders of magnitude smaller than for Ra*". This ion
exchanger has been used to separate 2’Ac®* or **Ac®™ from **Ra’*" or
22Ra*" in radioisotope generators (Wtodzimirska et al., 2003).

2.4.3 Isolation of gram quantities of actinium

The history of large-scale actinium production is littered with the mutilated
corpses of carefully designed processes, developed at the laboratory scale, which
failed utterly, or required innumerable ad hoc modifications, when they were
applied to the recovery of multi-Curie amounts of **’Ac and ***Th from multi-
gram quantities of neutron-irradiated **°Ra (Andrews and Hagemann, 1948;
Engle, 1950; Kirby, 1951, 1952; Eichelberger et al., 1964, 1965; De Troyer and
Dejonghe, 1966; Foster, 1966; Baetsl¢ et al., 1967; Huys and Baetsl¢é, 1967;
Baetslé and Droissart, 1973).

Not the least of the problems is that posed by 3.824-day *’Rn, a noble gas,
which is evolved copiously and continuously by the decay of **Ra. The radio-
active gaseous exhaust from the facility must be trapped and immobilized for
several weeks while it decays to levels at which it can safely be released to the
environment. (The maximum permissible concentration [inhalation derived
air concentration (DAC)] of **Rn and its progeny in air in the workplace
is very low, 3 x 107® puCi mL™") (U.S. Nuclear Regulatory Commission,
2005) Until now, this low level has been achieved by adsorbing the radon on
activated charcoal at —75 to —180°C (Baetslé et al., 1972), or by replacing the
air at a sufficiently high rate, but chemical methods for removing radon and its
daughters from the air by reaction with powerful fluorination reagents were
also shown to bear promise for the removal of radon from air (Stein and
Hohorst, 1982).

At the Belgian Nuclear Research Center (SCK-CEN, Mol), the irradiated
RaCOj; was dissolved in dilute nitric acid, and then precipitated as Ra(NO3),
from 80% HNOs, leaving nearly all the *’Ac and ***Th in solution. This step
made the ?*°Ra immediately available for recycling to the reactor; it also
eliminated many of the severe radiolytic problems that develop when organic
solvents or ion-exchange resins are in contact with large amounts of *°Ra for
extended periods of time.

The solution was then filtered, adjusted to 5 M HNO;, and passed through a
column of Dowex AG | x 8, an anion-exchange resin. >>*Th was quantitatively
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adsorbed (Danon, 1956, 1958), while the non-complexing cations (Fe, Ni, Cr)
passed through the column unimpeded. ?*’Ac, which appeared to be
adsorbed to a slight extent by the resin, followed after a brief delay. The
actinium was finally purified by oxalate precipitation (Salutsky and Kirby,
1956) and ignited to Ac,05 at 700°C. The process gave excellent Ac/Th separa-
tions (<0.01% *?*Th) and ‘reasonable’ Ac purifications (Baetslé er al., 1972;
Baetslé, 1973).

The production capacity at Mol was about 20 g >*’Ac and 4 g ***Th per year.
As of the end of 1972, 2 g of Ac,O5 had been encapsulated as a prototype 30 W
heat source and about 700 mg had been purified for the preparation of Ac—Be
neutron sources. The **’Ac production and separation facility at Mol was
dismantled a few years later (Deworm et al., 1979).

2.5 ATOMIC PROPERTIES

Meggers, Fred, and Tomkins (Meggers et al., 1951, 1957; Meggers, 1957; Sugar,
1984) examined the emission spectra of actinium excited in a hollow cathode
and in arcs and sparks between copper or silver electrodes. They reported some
500 lines characteristic of actinium in the spectral range 2062.00-7886.82 A.of
these about 140 lines were assigned to the neutral atom, Ac I, more than 300
to singly ionized actinium, Ac II, and eight to doubly ionized actinium,
Ac III. The lowest energy levels for identified configurations are given in
Chapter 16 of this work (Table 16.1). The electron configuration of the Ac I
(neutral Ac) ground state was found to be [Rn](6d7s%) 2Ds,»; that of Ac II (Ac™),
(75%) 'Sy; and that of Ac ITI (Ac*™), (7s) %Sy ,». The first two ionization potentials
were estimated to be 5.17 and 11.87 eV (Sugar, 1973, 1984). Similar values were
calculated by Eliav et al. (1998), who also calculated the third ionization
potential to be 17.518 or 17.512 eV by relativistic coupled-cluster methods.
The first ionization potential was recently measured to be 5.3807(3) eV by
resonant excitation of **’Ac by laser spectroscopy in an external electric field
(Backe et al., 2002).

Analysis of interference spectrograms of the >’ Ac nucleus yielded the nuclear
spin I = 3/2 (Tomkins et al., 1951), and values of u = (1.1 £ 0.1) nuclear
magnetons and Q = +1.7 barns for the magnetic and electric quadrupole
moments, respectively (Fred ez al., 1955).

The foregoing comprises essentially all the experimentally determined data
presently available on the properties of isolated actinium atoms and ions in the
gas phase (see also Chapters 16 and 19). Theoretical calculations on such
properties as energy levels (Brewer, 1971a,b; Nugent and Vander Sluis, 1971;
Vander Sluis and Nugent, 1972, 1974; Nugent et al., 1973b), ionization poten-
tials (Carlson et al., 1970; Sugar, 1973; Eliav et al., 1998), and electron affinities
(Eliav et al., 1998) of actinium atoms and its free ions have also been made.
There remain some discrepancies among some of these calculations or estimates
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that will only be resolved by better theoretical treatments and experimental
measurements.

Consistent with the difference between the ionic radii of La** and Ac** (0.088
A=8.38 pm) (Shannon, 1976 and Section 15.7.5, Chapter 15), ab initio
nonrelativistic and quasi-relativistic calculations of the bond lengths in mono-
hydrides, monoxides, and monofluorides of all the lanthanide and actinide
elements indicated a difference between La—X and Ac—X bond lengths of 10
pm (Kiichle ez al., 1997). Another set of fully relativistic ab initio calculations of
the bond lengths in monofluorides, monohydrides, and trihydrides revealed
similar La-X and Ac-X bond-length differences; for LaH; and AcH; the
bond-length difference calculated was also 10 pm (Laerdahl ez al., 1998).

2.6 THE METALLIC STATE

In 1953, Farr er al. (1953, 1961) prepared 10 pg of **’Ac metal in an X-ray
capillary by reduction of AcCl; with potassium vapor at 350°C. The diffrac-
tion pattern yielded two face-centered cubic (fcc) structures, which were attrib-
uted (by analogy to a parallel experiment with lanthanum) to actinium metal
(ap = 5.311 £ 0.010 A) and actinium hydride (ag = 5.670 + 0.006 A) The
calculated densities were 10.07 and 8.35 g cm ™', respectively. (The hydrogen in
the ‘actinium hydride’ was of unknown origin.)

Milligram amounts of actinium metal were prepared by reduction of AcFj
with lithium vapor in a molybdenum crucible (Stites et al., 1955). The tempera-
ture range, 1100-1275°C, was critical for the reduction of AcFj;; at lower
temperatures reduction was incomplete because the product metal did not
melt, whereas at higher temperatures the yield was low because some of the
AcF; was lost by volatilization.

The metal was reported to be silvery white in color, sometimes with a golden
cast. It oxidizes rapidly in moist air to form a white coating of Ac,O3, which is
somewhat effective in preventing further oxidation. Stites et al. (1955) estimated
the melting point to be (1050 = 50)°C. This melting point has been criticized as
‘unreasonably low’ (Matthias et al., 1967) but is accepted in this work. A
melting point of 1227°C has been estimated more recently (Arblaster, 1995).
Based upon bonding contributions to the cohesive energy by 7s, 7p, and 6d
electrons, Fournier (1976) estimated the melting point to be 1430°C and the
enthalpy of sublimation (ArH®, Ac, g, 298 K) to be 396 kJ mol~'. Other
estimates of the enthalpy of sublimation are 406 kJ mol™' (Wagman er al.,
1982) and 418 kJ mol~' (David er al., 1978; Ward et al., 1986). The boiling
point, estimated by extrapolation from vapor pressure measurements, is (3200 +
300)°C (Foster and Fauble, 1960).

Subsequently, two metal preparations were made by the reduction of Ac,03
with metallic thorium in high vacuum at 1750°C (Baybarz et al., 1976), sublim-
ing the metal onto a tantalum condenser, and resubliming the metal to further
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purify it. X-ray data on these preparations of Ac metal suggest an fcc lattice
with ag parameter of (5.317 £ 0.009) and (5.314 £ 0.001) A in the two prepara-
tions (Baybarz et al., 1976). Arblaster (1995) predicted that actinium metal
should parallel metallic lanthanum and americium, with a double close-packed
hexagonal allotrope at lower temperature and a body-centered cubic (bcc)
allotrope at higher temperature. .

Farr et al. (1953, 1961) reported that the metallic radius of actinium is 1.88 A,
but Zachariasen (1961, 1973) regarded this value as unreasonably similar to that
of lanthanum (1.87 A), because, in all isostructural compounds, the bond
distances for actinium compounds are approximately 0.1 A greater than those
for the corresponding lanthanum compounds. By interpolation between the
metallic radii of Ra and Th (2.293 and 1.798 A, respectively), he predicted a
value of 1.977 A for Ac. On the other hand, Hill (1972) suggested that the lack
of an appreciable increase in the metallic radius is a manifestation of a pro-
nounced relativistic shrinkage in the 7s orbital of the neutral Ac atom, relative
to such an effect on the 6s orbital of lanthanum. The fcc Ac prepared by
Baybarz et al. (1976) corresponded to a metallic radius of 1.878 A, supporting
Hill’s argument.

2.7 COMPOUNDS

With the sole exception of the questionable hydride mentioned in Section 2.6,
almost all the compounds of actinium that have been positively identified by
X-ray diffraction analysis are the result of a single study by Fried, Hagemann,
and Zachariasen (Fried et al., 1950). Each of the compounds was prepared from
10 pg of actinium or less, which was purified by TTA extraction (Hagemann,
1950) immediately before the start of the preparation. The small sample size was
chosen to minimize the radiation health hazard and to reduce the fogging of the
X-ray film by vy radiation from the rapidly growing actinium decay products.
Even, so, it was necessary to prepare and photograph the compound within 24 h
after purification. After purification of actinium from neutron-irradiated >*°Ra
(Baetslé and Droissart, 1973) by ion exchange, Weigel and Hauske (1977)
precipitated actinium oxalate on the 10 pg scale and identified it as the decahy-
drate from its X-ray powder pattern. It is isomorphous with similar compounds
of the rare earths, plutonium, and americium.

Table 2.2 summarizes the preparative work and some of the properties of the
ten known compounds of actinium. In addition, compounds thought to be the
1odide, hydroxide, oxalate, oxyiodide, phosphate, and double salt with potassi-
um sulfate were prepared but could not be identified (Fried et al., 1950). Other
unidentified compounds, suggested by chemical or thermogravimetric evidence,
include the basic carbonate (Butterfield and Woollatt, 1968), the 8-hydroxyqui-
nolate (Mosdzelewski, 1966; Keller and Mosdzelewski, 1967), and a double salt
with ammonium nitrate (Kirby, 1969).
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2.8 SOLUTION AND ANALYTICAL CHEMISTRY

All available evidence supports the conclusion (Moeller and Kremers, 1945),
derived primarily from tracer and coprecipitation studies, that actinium is a
homolog of lanthanum, fitting into the 7th period in the periodic table. The
Ac*"(aq) ion is more basic (less subject to hydrolysis) than the La*"(aq) ion. As
such, Ac®" is the most basic tripositive ion known.

Aqueous solutions of actinium are colorless. In the only reported spectro-
photometric study (Hagemann, 1954), no absorption was observed over the
range 400-1000 nm. There was a slight amount of absorption between 300 and
400 nm, and a pronounced absorption maximum at 250 nm.

There has been limited work on the fundamental properties of Ac’'(aq).
Abramov et al. (1998) calculated the hydration Gibbs energy of Ac*t to be
~3034.7 kJ mol .

2.8.1 Redox behavior

The only stable oxidation state of actinium in aqueous solution is 3+. A
transitory Ac(i1) ion has been postulated by Bouissieres, David, and coworkers
(Bouissieres et al., 1961; Bouissiéres and Legoux, 1965; David and Bouissieres,
1965, 1968; David, 1970a) to account for the amalgamation behavior of actini-
um, which resembled that of Eu(i1) and Sm(i1) more than that of La(i). This
hypothesis was reinforced by polarographic evidence: David (1970b,¢) reported
two waves in the polarogram of > Ac in HC1O, at pH 1.9-3.1. He attributed the
first wave to the reversible reaction:

Ac*™ + 2e” + Hg S Ac(Hg) (2.8)
and the second to the irreversible reaction:
Ac®™ + 3e” + Hg — Ac(Hg) (2.9)

From the half-wave potentials, he estimated the formal potential of the Ac(iir)/
Ac(11) couple to be —1.6 V and that of the Ac(11)/Ac(0) couple to be —2.62 V. A
later estimate was E°(Ac’/Ac)=—2.13 V (David et al., 1978). However, Maly
(1969) performed extractions of actinium and other elements from sodium
amalgam in sodium acetate solutions as a function of pH and found that
actinium extraction behavior was similar to that of the elements thorium to
berkelium, i.e. that actinium reduction did not show evidence of the Ac(ir) ion.

Yamana et al. (1983) attempted to increase the stability of Ac*"(aq) by
complexing it with 18-crown-6. They noted a shift of the half-wave potential
of about 0.15 V due to a complex, which they attributed to formation of an
Ac*"—crown complex and an Ac*"(aq) ion with electronic configuration
[Rn]6d! and ionic radius 1.25 A. The [Rn]6d' configuration lies only 801 cm ™"
above the [Rn]7s state in the free ion, so that the change of configuration is
plausible.
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However, Mikheev et al. (1995) noted that Nugent et al. (1973a) and Bratsch
and Lagowski (1986) had calculated E°(Ac*"/Ac*") to be —4.9 and —3.3 V,
respectively; the value E°(Ac*t/Ac®")=—4.9 V is adopted in Chapter 19 of this
work. Either of these much more negative £° values would preclude the obser-
vation of Ac*"(aq). Mikheev et al. (1994) found no evidence for Ac*" in co-
crystallization experiments with Gd,Cl; clusters or with Sm*" in aqueous
ethanol solution, a medium that should enhance the stability of Ac**. They
recommended that the polarographic reduction of Ac**(aq) (David, 1970b,c)
was actually reduction of water but they recommended further research on the
Ac*T/ACT couple.

The electrolysis of actinium at a mercury cathode has been used to separate
tracer amounts of ***Ac and 1.24 pg of *’Ac from 3.10 mg of **'Pa and an
equilibrium amount of **’Th. After 50 min of electrolysis in 0.17 m lithium
citrate solution at a current density of 15 mA cm~? the actinium was recovered
by washing the amalgam with 0.1 m HCI. The overall yield was 85% and the
decontamination factor was greater than 10® with respect to protactinium and
thorium (David and Bouissiéres, 1966; Monsecour et al., 1973).

2.8.2  Solubility

At the tracer level, actinium is carried quantitatively by any quantitative
lanthanum precipitate, as well as by a wide variety of isomorphous and non-
isomorphous carriers. The coprecipitation behavior of actinium was summar-
ized in a useful table by Kahn (1951) and was exhaustively discussed in reviews
(Bouissieres, 1960; Sedlet, 1964; Kirby, 1967; Gmelin, 1981).

The relative amounts of actinium in partial precipitations of actinium tracer
with lanthanum or other carriers are consistent with the relative solubilities of
the compounds precipitated, where these are known or predictable. Unfortu-
nately, however, with only two exceptions, quantitative solubility information is
generally unavailable, because the dissolutions and precipitations that have
been reported were usually incidental to some other objective, e.g. the prepara-
tion of compounds for crystallographic analysis (Table 2.2) (Weigel and
Hauske, 1977).

Salutsky and Kirby (1956) precipitated tens of milligrams of **’Ac from
homogeneous solution with dimethyl oxalate and estimated the solubility of
Acy(C504)31n 0.25 M H,C,O4 (pH 1.2) to be 24 mg L~'. That result is consistent
with a more detailed study by Ziv and Shestakova (1965a), which shows, as
expected, that the solubility of Acy(C,04); varies with both the acidity and the
oxalate concentration (Table 2.3). In a parallel study, the authors found that the
solubility of Lay(C>04);in 0.01 M HNO; (pH 2.2) was 4.28 x 10~> m, about half
that of Ac,(C,04); under the same conditions. This unusual solubility of
Acy(C,04)3 may be due to radiolysis.

Ziv and Shestakova (1965b) also studied the solubility of Ac(OH); in
NH4NOj; solutions (¢ = 0.001 m). They observed a pronounced aging effect
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Table 2.3  Solubility of actinium oxalate in aqueous media at 25°C (Ziv and Shestakova,
1965a).

Solubility

Activity
Solvent pH At (mg LY Acy(Cr04)5 (M) product
0.01 M HNO; 1.85 41.0 9.0 x 107> 7.5 %107
0.01 Mm HNO; 2.00 40.0 8.8 x 107° 6.7 x 107%7
0.01 M HNO; 2.00 34.0 7.5 x 1073 2.1 x 107
0.01 M HNO; 2.00 30.0 6.5%x 107° 1.5 x 10727
H,0 - 0.86 1.9 x 107¢ 2.7 x 1077
H,0 - 1.5 33x10°° 42 x 107%¢
H,O - 1.7 3.7 x 107° 8.0 x 1072¢
5 x 107> M H,C,0, 3.4 2.5 55x107° -
5 x 107 M H,C,0, 3.0 1.2 2.6 x 107°¢ -
5 x 1073 M H,C,04 23 0.96 2.1 x 1076 -
5 x 107" M H,C,0, 0.9 7.85 1.73 x 1073 -

on both its solubility and the pH of its saturated solutions. For example, 1 h
after precipitation the solubility was 3.6 x 1075 ¢ L™! (1.59 x 10~® m) and
the pH was 10.4; 15 h later, the solubility had increased to 1.73 x 107% g L™!
and the pH had decreased to 9.1. After 27 days, the pH was 4.2. The authors
attributed this decrease in pH to radiolysis of the solution by adsorbed **’Th.
Gamma radiation of aerated water also causes the pH to decrease: radiolysis by
v-rays produces nitric acid from dissolved O, and N, (Barkatt ez al., 1982).
Another reason for the decrease of pH is that radiolysis of air by a particles at
an air—water interface (Burns ez al., 1982) oxidizes nitrogen to acidic nitrogen
oxides, which slowly acidifies the adjacent aqueous solution.

When *?’Ac was radiochemically purified before precipitation, the pH
declined from 10.4 to only 8.3 in 166 days. From the activity product in
various concentrations of NHyNOj, the solubility of aged Ac(OH); was
calculated to be 0.74 mg L~', which is higher than that for La(OH);. The
corresponding equilibrium constants

M(OH),(s) 4+ 3H" (aq) — M*"(aq) + 3H,0 *K (2.10)

(see Chapter 19, section 9, this book, for further discussion of *Kj ) at ionic
strength 0.1 are (1.26 + 0.04) x 10** for Ac(OH); and 2.0 x 10?° for La(OH)s.
The higher solubility of Ac(OH); can be attributed to the more basic character
of the large Ac®" ion, radiation damage of the crystallites, and/or to the
tendency of radiolysis to produce more acidic conditions (Barkatt ez al., 1982;
Burns et al., 1982). A comparison of some solubility products for rare earth and
actinide hydroxides is given in Chapter 19. The above evidence that Ac(OH); is
the most soluble of all f-element trihydroxides is consistent with Ac®>" being the
most basic tripositive cation.
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More recently, Kulikov et al. (1992) used electromigration to determine that
225 Ac is unhydrolyzed in aqueous solution of ionic strength 0.1 at 298 K until
pH > 10. They determined the *K

Ac(OH);(s) + 3H* (aq) — Ac’"(aq) + 3H,0 *K; (2.11)

to be 7.9 x 10*'. This value is much higher than that derived by Ziv and
Shestakova or that expected by extrapolating from trivalent rare earths
and actinide hydroxides.

2.8.3 Complexation

As in all its reactions, actinium closely resembles lanthanum in its behavior
toward complexing agents. To the extent that they have been determined
experimentally, the stability constants of actinium complexes (a selection is
given in Table 2.4) are the same as, or slightly smaller than, those of the
corresponding lanthanum complexes (Rao et al., 1968, 1970; Shahani et al.,
1968; Sekine et al., 1969; Sekine and Sakairi, 1969; Gmelin, 1981), in agreement
with prediction from the similarity in their electronic configurations and their
ionic radii (Kirby, 1967; Section 15.7.5). There is a linear dependence of log
(formation constant) upon ionic radius, with Ac*" always having the extreme
position of largest ionic radius (Gmelin, 1981 and Section 15.7.5).

The hydrolysis of Ac*"(aq) is the smallest of all 3+ ions. Moutte and
Guillaumont (1969) determined the equilibrium constant for the reaction

AcOH?"(aq) + H0 — Ac(OH); (aq) + H (aq) (2.12)

to be 3.5 x 107 mol L™'. Using the isotope **®Ac, they determined that, at pH
8, 74% of the actinium in solution exists as Ac(OH)*" and 26% exists as
Ac(OH);.

The Ac*'—citrate complexes are sufficiently strong that citrate complexes
almost all Ac*" in 0.001 M citrate even at pH 8.1 (Moutte and Guillaumont,
1969). In addition to the complexes listed in Table 2.4, Ac®* complexes have
been studied with trans-1,2-diaminocyclohexanetetraacetic acid (DCTA), TTA
and other diketones, arsenazo 111, and other organic ligands (Gmelin, 1981).

Fukusawa et al. (1982) determined stability constants for chloro and bromo
complexes of Ac(ii1), among many others, by a solvent extraction procedure.
A much larger contribution from inner-sphere complex formation was observed
in chloro than in bromo complexes for tripositive actinide ions. An empirical
approach for predicting the stability of metal-ion complexes has been applied to
actinium (Kumok, 1978).

On the basis of known and estimated ionic radii, Abramov et al. (1998)
calculated the extraction constant K., of Ac*" with bis(2-ethylhexyl)phosphoric
acid (HDEHP) into toluene. The calculated K, value for Ac*" is nearly an
order of magnitude smaller than that for La®".
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Table 2.4  Cumulative stability constants of selected actinium complexes.

Ionic [H] Stability

Ligand  strength (u) (M) constant® Reference

F~ 0.5 0.00025  p;=529+8 Aziz and Lyle (1970)
B=(1.67 £ 0.09) x 10°
ﬁ3:8 X ]07

F~ 0.1 0.016 B1=885 Makarova et al. (1973)

Cl- 1.0 1.0 $1=0.80 + 0.09 Shahani ez al. (1968)
$>=0.24 + 0.08

cl- 4.0 0.01 $1=0.9 Sekine and Sakairi (1969)
$>,=0.09
$3=0.05

Br~ 1.0 1.0 B1=0.56 + 0.07 Shahani e7 al. (1968)
$>=0.30 + 0.06

NO; 1.0 1.0 Bi=1.31+0.12 Shahani ef al. (1968)
Br=1.02+0.12

SOz~ 1.0-1.16 1.0 pi=159+1.3 Shahani ez al. (1968)
Pr=71.4%173

SOf1 1.0 pH 3-3.5 =229 Sekine and Sakairi (1969)
Br=479

SCN™ 1.0 pH 2 Bi=1.11+0.07 Rao et al. (1968)
$>,=0.82 + 0.08

SCN™ 5.0 pH 3-3.5 f,=0.18 Sekine and Sakairi (1969)
$>=0.35

C,0;" 1.0 pH 3-3.5 p,=3.63 x 10° Sekine and Sakairi (1969)
Br=1.45 x 10°

H,PO; 0.5 pH2-3  p,=388*5 Rao et al. (1970)

Citrate 0.1 pH 2-3 B1=9.55 x 10° Makarova et al. (1974)

NTA™® 0.1 pH~5  p3=43 x 10" Keller and Schreck (1969)

EDTA® 0.1 pH28  B,=1.66 x 10'* Makarova et al. (1972)

* By = [MLn]/[M][L]".

° HNTA, 2-naphthoyltrifluoroacetone.
¢ EDTA, ethylenediaminetetraacetic acid.

2.8.4 Radiocolloid formation

Kirby (1969) noted that when acidic aqueous solutions containing tracer
amounts of Ac®>" and its progeny **’Th*" and **’Ra*" are dried on platinum
disks, the actinium can be separated by redissolution in dilute NH4;NO;(aq) and
the radium by redissolution in dilute HF(aq), leaving the thorium on the disk.
He described this separation as an application of ‘residue adsorption’; it may
represent radiocolloid formation and selective redissolution at the metal
surface.

Rao and Gupta (1961) studied the adsorption of *®Ra and **®Ac onto
sintered glass and paper, and found that the adsorption of **Ac onto the
glass increased with pH and time of aging. They studied the phenomenon by
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centrifugation; the **®Ac fraction could be centrifuged at pH > 5. Paper chro-
matography showed that the ®Ac was immobile at a pH of 3 and higher,
whereas Ba remained in solution. They concluded that the **®Ac formed
radiocolloids at pH > 5.

2.8.5 Analytical chemistry of actinium

Sedlet (1964) published a complete set of procedures for analytical chemistry of
actinium, primarily radiochemical procedures for **’Ac. Kirby (1967) published
a review that selected published and unpublished procedures that “will be of
most value to the modern analytical chemist.” Kirby also wrote the section on
analytical chemistry in Gmelin (1981). Karalova (1979) reviewed the analytical
chemistry of actinium. The analytical procedures that they described were based
upon separation of actinium from other radioelements and then determination
by measurement of the a, B, or y radioactivity of a sample that has reached
secular equilibrium with its daughters. The techniques suitable for tracer-level
determination of ?*’Ac are neutron activation analysis, by which **’Ac can be
determined at the level of 10~'7 g, and total a, B, and y radioactivity of a sample
that has reached secular equilibrium with its daughters, by which ?>’Ac can be
determined at the level of 1072° g. Recently a procedure for determination of
227A¢ in environmental samples by coprecipitation with lead sulfate, ion ex-
change, and o spectrometry after allowing the daughter isotopes **’Th and ***Ra
to reach secular equilibrium (2-3 months) has been published (Martin et al.,
1995). The method requires the use of a short-lived actinium yield tracer, ***Ac
or 2®Ac. The lower limit of detection is ~0.2 mBq per sample (7.5 x 107'¢ g) at
95% confidence level.

The isotope *>>Ac, which is useful for tumor radiotherapy (see below), can be
determined by o-spectrometric measurement of its a-emitting progeny >'’At
(Martin et al., 1995) or by vy spectrometry of the progeny **'Fr and *"’Bi
(McDevitt et al., 2001).

2.9 APPLICATIONS OF ACTINIUM

2.9.1 Heat sources for radioisotope thermoelectric generators

The first practical use of actinium was to produce multi-Curie amounts of >*’Ac
in order to take advantage of the energy released from the five o particles that
are generated during its decay (Fig. 2.1) to produce electrical power for space-
craft and other devices that must operate for long periods of time in remote
locations. An ambitious radioisotope thermoelectric generator (RTG) program
was undertaken in Belgium to produce a 250 Wy, thermoelectric generator
fueled with 18 g of 2>’ Ac (Baetslé and Droissart, 1973). A prototype heat source
that contained 2 g of **’Ac was prepared but was not put into use (Baetslé and
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Droissart, 1973). Kirby (Gmelin, 1981) listed the radioisotopes that can be used
as thermoelectric heat sources. Of these, 2>*Pu has been the most suitable; it has
been used in almost all U.S. spacecrafts that utilized RTGs, beginning with 2.7-
W SNAP-3B (Space Nuclear Auxiliary Power) generators for Transit 4A and
4B satellites in 1961 (Lange and Mastal, 1994; U.S. Department of Energy, 1987)
and continuing to the three 276-W general purpose heat source (GPHS) RTGs in
the Cassini probe, which was launched in 1997 and reached Saturn in 2004. (See
also relevant sections in Chapter 7 and Chapter 15, section 11.2, this book.)

2.9.2 Neutron sources

Isotopes of elements with Z < 20 emit neutrons when they are bombarded by
~5 MeV o particles. Kirby (Gmelin, 1981) listed the properties of important
(o,n) generators. The advantages of 22’Ac as a heat source are also those that
make it attractive as an (o,n) generator. A few *>’Ac (o,,n) generators have been
constructed and used (Gmelin, 1981).

2.9.3 Alpha-particle generators for tumor radiotherapy

The 10-day o emitter **>Ac has desirable properties for destroying rapidly
growing cancer cells. After decay of ***Ac to **'Fr, four additional high-energy
a decays and two B~ decays occur rapidly (Fig. 2.3), delivering ~40 MeV of high
linear-energy-transfer radiation over a range of less than 100 um. None of the
decay events emits hard y-rays, so that >*>Ac can deliver large doses to a tumor
cell and negligible doses to surrounding healthy tissue (Tsoupko-Sitnikov et al.,
1996; Khalkin et al., 1997; Boll et al., 2005). To utilize this isotope for therapy,
the principal challenges are to generate the isotope free of other radioisotopes,
to deliver it to the cancer cell for a long enough period of time, to bind it firmly
to the target call, and to retain the daughter radioisotopes (especially the **'Fr"
ion) at the target site. The in vivo stability of several macrocyclic complexes of
25 Ac have been evaluated. Deal et al. (1999) found the most promising complex
to be that with 1,4,7,10,13,16-hexaazacyclohexadecane-N,N',N”’ ,N"',N""-hexa-
acetic acid (HEHA); Ouadi er al. (2000) bifunctionalized an isothiocyanate
derivative of HEHA for good covalent bonding to biomolecules. A procedure
for delivering **>Ac to tumors via bifunctional chelators related to the ligand
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) has been de-
scribed (McDevitt et al., 2001). Kennel et al. (2000, 2002) evaluated radio-
immunotherapy of mice with lung and other tumors using **>Ac-HEHA
conjugates with monoclonal antibodies; their studies concluded that the radio-
toxicity of ?>>Ac can only be controlled if conjugates that bind strongly with the
daughters as well as with Ac™ can be discovered.

As described in the earlier paragraph and in Section 2.2.3, 229Th (o, t1,=7340
years) is an appropriate generator from which **>Ac can be removed periodi-
cally. At the time of writing, Oak Ridge National Laboratory is producing
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50-60 mCi of **Ac from ***Th every 8 weeks. Additional shipments of 5-20
mCi of >*>Ac are produced by ORNL every 2 weeks from the decay of the >**Ra
parent. The **Ac is shipped to hospitals and other research facilities (Boll
et al., 2005).

The isotope **’Ac can also serve as a >'°Bi generator, which decays with a
45.6-min half-life (97.8% B, 2.2% o). The decay is accompanied by a 440-keV
y-ray, so that 2'*Bi can be delivered to tumors with a bifunctional chelating
agent for radioimmunotherapy as well as for imaging (Pippin et al., 1995;
Nikula et al., 1999). Generators have been delivered to hospitals, where radio-
isotopically pure, chemically active 2'*Bi can be eluted for radiotherapy, with
minimum shielding every 5-6 h for at least 10 days. At the time of writing, the
Institute for Transuranium Elements (Joint Research Centre of the European
Commission, located at Karlsruhe, Germany) is producing and distributing
225 A¢/*13Bi generators.

2.9.4 Actinium-227 as a geochemical tracer

Nozaki (1984) demonstrated that the concentration of **’Ac is higher than that
of its progenitor 2*'Pa in deep seawater; he proposed the use of natural >’ Ac as
a tracer for circulation and mixing of seawater in deep ocean basins. Geibert
et al. (2002) confirmed this phenomenon in several other oceanic locations and
proposed that *?’Ac be used as a tracer for deep seawater circulation (diapycnal
mixing, i.e. mixing across lines of equal density).
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3.1 HISTORICAL

In 1815 Berzelius analyzed a rare mineral from the Falun district. He assumed
that the mineral contained a new element, which he named thorium after the
ancient Scandinavian god of thunder and weather, Thor (Weeks and Leicester,
1968).

Unfortunately, 10 years later the mineral turned out to be simply xenotime,
e.g. yttrium phosphate. However, in 1828, Berzelius was given a mineral by the
Reverend Hans Morten Thrane Esmark. In that mineral Berzelius really dis-
covered a new element and gave it the same name (Berzelius, 1829; Gmelin,
1955, 1986a; Weeks and Leicester, 1968). Consequently, he called the mineral
from which he isolated the new element thorite. It is a silicate that contains
significant amounts of uranium and should therefore be written as (Th,U)SiOy.
Although thorium was discovered in 1828, it virtually had no application until
the invention of the incandescent gas mantle in 1885 by C. Auer von Welsbach.
Thereafter the application of thorium developed into a wide array of products
and processes (Gmelin, 1988b). Besides the above-mentioned incandescent gas
mantles, the production of ceramics, carbon arc lamps, and strong alloys may
serve as examples. To be mentioned is also its use as coating for tungsten
welding rods, because it provides a hotter arc. Furthermore, when added to
refractive glass, it allows for smaller and more accurate camera lenses. As minor
important applications, the use of ThO, in producing more heat-resistant
laboratory crucibles and its occasional use as a catalyst for the oxidation
of ammonia to nitric acid and other industrial chemical reactions can be
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mentioned. Nevertheless, during the last decade the demand for thorium in non-
nuclear applications has sharply decreased due to environmental concerns
related to its radioactivity. The radioactivity of thorium is helpful for the dating
of very old materials, e.g. seabeds or mountain ranges. Maybe the largest
potential for thorium is its usage in nuclear energy. This is because >*Th can
be converted by thermal (slow) neutrons to the fissionable uranium isotope **>U
via the following reaction sequence:

22Th(n,) — 23 Th P amp, P oy

Fission of the **U can provide neutrons to start the cycle again. This cycle of
reactions is known as the thorium cycle (Seaborg et al., 1947; Katzin, 1952).

Conversion of *Th into ***U provides the possibility to gain large amounts
of slow-neutron-fissile material, several times the amount of uranium naturally
present on Earth, and several hundred times the amount of the naturally
occurring fissile uranium isotope **>U (Seaborg and Katzin, 1951).

A number of advantages of thorium-based nuclear fuels exist in comparison
with the presently utilized uranium—plutonium fuels (Rand ez a/., 1975; Trauger,
1978). These include the inherent detectability of >**U, its higher neutron yield,
the fact that 2**U, unlike >*°Pu, can be mixed with 2*%U so that it cannot directly
be used in weapons manufacture, and the superior physical properties of thori-
um-based fuels that enhance reactor core safety and performance. The disad-
vantage of the use of thorium-based fuels is that thorium must be irradiated and
reprocessed before the advantages of **Th can be realized. This reprocessing
step, requiring more advanced technology than that needed for uranium fuels,
and other factors have projected greater costs for thorium fuels. The nuclear
technology has nevertheless matured with the development of high-temperature
gas-cooled reactors.

3.2 NUCLEAR PROPERTIES

Thorium refined from ores free of uranium would be almost monoisotopic
232Th, with less than one part in 10'° of >*Th (radiothorium) produced by its
own radioactivity decay chain (4n family). If the ore contains uranium, as is
usually the case, practically undetectable concentrations of *'Th (uranium Y)
and **’Th (radioactinium) are present, products of the (4n + 3) decay chain that
starts with >*°U. Also present are greater quantities of >°Th (ionium), as well as
lesser amounts of ***Th (uranium X,), which originate from the (4n + 2) decay
chain whose progenitor is ***U. ***Th is the first product in the (4n + 1) decay
series (English er al., 1947; Hagemann et al., 1947, 1950) derived from
man-made ***U formed as indicated in Section 3.1. The remaining thorium
isotopes listed in Table 3.1 (see also Appendix II) are also synthetic, being
formed directly by bombardment of lead or bismuth targets with energetic



Table 3.1 Nuclear properties of thorium isotopes.*
Main
Mass Mode of radiations Method of
number Half-life decay (MeV) production
209 3.8 ms o o 8.080 329 4 182y
210 9 ms o o 7.899 3Cl + *¥!'Ta
211 37 ms o o 7.792 3C1 + ¥1Ta
212 30 ms o o 7.82 7SHf(*Ar,4n)
213 140 ms o o 7.691 206pp(160,9n)
214 100 ms o o 7.686 206pp(160,8n)
215 125 o o 7.52 (40%) 206pp (10, 7n)
7.39 (52%)
216 28 ms o ®7.92 206pp(160,6n)
217 0.237 ms o 0 9.261 206pp(160, 5n)
218 0.109 ps o o 9.665 2°6Pbg160,4n)
209B;(1%N, 5n)
219 1.05 ps o ®9.34 206pp(160,3n)
220 9.7 us o o 8.79 208pp(160,4n)
221 1.68 ms o o 8.472 (32%) 208pp (10, 3n)
8.146 (62%)
222 2.8 ms o o 7.98 208pp(160,2n)
223 0.60 s o o 7.32 (40%) 208pp('80,3n)
7.29 (60%)
224 1.05s o o 7.17 (81%) 228U daughter
7.00 (19%) 208ph(2Ne,02n)
v 0.177
225 8.0 min o~ 90% o 6.478 (43%) 229U daughter
EC ~ 10% 6.441 (15%) Z1pa(p,a3n)
v 0.321
226 30.57 min o o 6.335 (79%) 230U daughter
6.225 (19%)
v 0.1113
227 18.68 d o o, 6.038 (25%) nature
5.978 (23%)
v 0.236
228 1.9116 yr o o 5.423 (72.7%) nature
5.341 (26.7%)
v 0.084
229 7.340 x 10° yr o o 4.901 (11%) 233U daughter
4.845 (56%)
v 0.194
230 7.538 x 10* yr o o 4.687 (76.3%) nature
4.621 (23.4%)
v 0.068
231 25.52h B B 0.302 nature
v 0.084 Z0Th(n,y)
232 1.405 x 10'% yr o o 4.016 (77%) nature
>1x10% yr SF 3.957 (23%)
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Table 3.1 (Contd.)

Main
Mass Mode of radiations Method of
number Half-life decay (MeV) production
233 22.3 min B~ B 1.23 B2Th(n,y)
v 0.086
234 24.10d B B 0.198 nature
v 0.093
235 7.1 min B~ 28U (n,a)
236 37.5 min B y0.111 Z8U(y,2p)
>*U(p.3p)
237 5.0 min B~ 180 4+ 238y
238 9.4 min B %0 + U

# Appendix II.

multi-nucleon projectiles, by decay of lightweight uranium isotopes, which
are themselves synthetic and formed by nuclear bombardment, or by other
miscellaneous nuclear reactions. Uranium ores that are relatively thorium-free
can be processed to prepare multigram amounts of material with significant
proportions of ionium, 2*°Th. From one unselected ore residue, after removal of
uranium, thorium was obtained (Hyde, 1952, 1960) that was 26.4% ionium and
73.6% **Th (Roll and Dempster, 1952).

3.3 OCCURRENCE OF THORIUM

Two volumes of the Gmelin Handbook of Inorganic Chemistry deal with the
natural occurrence of thorium and give a comprehensive review of known
thorium minerals (Gmelin, 1990a, 1991a). So only the most important features
will be emphasized here. Thorium has a much wider distribution than is gener-
ally thought. In the Earth’s crust it is three times as abundant as Sn, twice as
abundant as As, and nearly as abundant as Pb and Mo. It occurs in the
tetravalent state in nature and is frequently associated with U(1v), Zr(1v),
Hf(1v), and Ce(1iv) but also with the trivalent rare earth elements that are
relatively close in ionic radii (Cuthbert, 1958; Frondel, 1958; Shannon, 1976).
Due to the isotypism of ThO, and UO, solid state solutions can be formed
and depending on the uranium content the mixtures are named thorianite (75—
100 mol% ThQO,), uranothorianite (25-75 mol% ThO,), thorian uraninite (15—
25 mol% ThO,) and uraninite (0-15 mol% ThO,). A second mineral with a high
thorium content is thorite, ThSiOy, from which the element has originally been
discovered. Thorite has the tetragonal zircon-type of structure but also a
monoclinic variant of ThSiO4 is known, which is called huttonite (Taylor and
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Table 3.2  Thorium content of various minerals.

Accessory mineral Th (ppm)
monazite 25000 to 2 x 10°
allanite 1000 to 20000
zircon 50 to 4000
titanite 100 to 600
epidote 50 to 500

apatite 20 to 150
magnetite 0.3 to 20
xenotime Low

Ewing, 1978). In both modifications of ThSiO,, substitution of PO]~ for SiO;~
is frequently observed with additional replacement of Th*" by trivalent rare earth
ions for charge compensation. SiOif ions may be also replaced by OH™ groups
according to Th(SiOy4);_(OH)4, leading to a new mineral, thorogummite.

However, in all the minerals given in Table 3.2, Th occurs as the minor
constituent. From these minerals, monazite is of significant commercial interest
because it is distributed throughout the world, and some of the deposits are very
large. Monazite is a phosphate of high specific gravity that is found in the form
of yellow to brown sand in nature (monazite sand). The chemical inertness of
monazite makes it hard to process.

3.4 THORIUM ORE PROCESSING AND SEPARATION

Monazite can be only attacked by strong acid, which essentially transforms the
phosphate ion to H,PO, and H;PO, and leaves the metal ions as water-soluble
salts, or by strong alkali, which transforms the insoluble phosphates to insolu-
ble metal hydroxides that can easily be dissolved in acid after removal from the
supernatant solution of alkali phosphates.

Thorium in monazite follows the rare earths in either the acid or the alkali
processes. Thorium can be separated from the rare earths in strong sulfuric acid
solution (Fig. 3.1) by partial dilution and reduction of acidity (by ammonia
addition) to about pH 1.0, at which point hydrated thorium phosphates, con-
taining only small amounts of entrained rare earths, precipitate (Fig. 3.2). The
acidity must be reduced to about pH 2.3 to ensure precipitation of the bulk of
the rare earths. (Any uranium present in the process solution is separated from
the rare earths at this step.) The crude precipitate of thorium phosphate is then
treated with alkali to remove undesired sulfate and phosphate anions, and the
thorium hydroxide residue may then be dissolved in nitric acid for subsequent
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Fig. 3.1 Simplified schematic diagram of sulfuric acid digestion of monazite sand and
recovery of thorium, uranium, and the rare earths.

purification. Purification is achieved efficiently by solvent extraction of the
thorium with tri(n-butyl)phosphate (TBP) dissolved in kerosene, a procedure
that separates thorium nitrate from rare earths and other non-extractable
species. Numerous further extractants have been employed as pointed out in
the Gmelin Handbook (Gmelin, 1985a).

The solid reaction product of the alkaline digestion of monazite (Fig. 3.3)
may be dissolved in acid after separation from the supernatant solution. The
solubility of the thorium-containing fraction, however, is a function of the
conditions under which the alkaline digestion is performed. Too prolonged
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Fig. 3.2 Effect of acidity on precipitation of thorium, rare earths, and uranium from a
monazite-sulfuric acid solution of Idaho and Indian monazite sands. agitation time 5 min;
dilution ratio, 45 to 50 parts water per one part monazite sand; digestion ratio of 93%
sulfuric acid to digestion sands, 1.77; neutralizing agent, 3.1%% ammonium hydroxide
(Cuthbert, 1958).

digestion at too high temperature may produce a product in which a large
fraction of the thorium will not react readily with the acid used to dissolve the
hydroxide cake. Presumably this is a consequence of the formation of ThO,.
Depending on whether hydrochloric, nitric, or sulfuric acid is used to dissolve
the hydroxide cake, different procedures may be used in subsequent purifica-
tion. Assuming the use of hydrochloric acid, which involves the fewest
complications, a solution of thorium and rare earth chlorides is obtained.
Differential precipitation of thorium from this solution again offers several
choices: hydroxide (preferred), peroxide, or phosphate may be used to precipi-
tate the thorium, or precipitation by carbonate may be used to separate the rare
earths from thorium (and uranium), which form soluble anionic complexes. Final
purification of thorium, again, is preferably made by solvent extraction (Marcus
and Kertes, 1969; Gmelin, 1985a), but also chromatographic methods are
applied (Kiriyama and Kuroda, 1978; Mayankutty et al., 1982; Gmelin,
1990c, 1991b).

Thorium may also be recovered as a by-product from the treatment of urani-
nite or uranothorianite to obtain uranium. The thorium remaining in the solu-
tion of sulfuric acid after removal of the uranium is extracted into kerosene with
the aid of long-chain amines. The thorium is part of a complex sulfate anion,
which accompanies the protonated cationic amine into the organic phase.
Neutralization of the quaternary ammonium cation precipitates the thorium
from the organic phase or allows it to be back-extracted into an aqueous phase.
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3.5 ATOMIC SPECTROSCOPY OF THORIUM

The atomic spectroscopy of thorium provides not only information about the
electronic states of thorium but also clues to the properties expected for ele-
ments of higher atomic number. The electronic structure of thorium and the
related spectra will be discussed in more detail in Chapter 16 and are only
summarized briefly here. Further details are also given in a volume of Gmelin’s
Handbook (Gmelin, 1989).

The four valence electrons of the neutral atom have available to them, in
principle, the 5f, 6d, 7s, and 7p orbitals. The stable ground state configuration
of the neutral thorium atom turns out to be 6d°7s* °F») (Giacchetti ez al., 1974).
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The 6d°7s (°F,) level is at higher energy by 5563.143 cm ™' and it is only at
7795.270 cm ! that one encounters 5f6d7s> (*Hy). Still higher lie 6d7s*7p
(10783.153 cm™ ), 6d*7s7p (14465.220 cm '), and 5f6d*7s (15618.98 cm™ ')
(Zalubas, 1968).

The ionization potential of neutral Th was recently measured by resonance
ionization mass spectrometry (RIMS) (Ko6hler ez al., 1997) as 6.3067(2) eV. The
value obtained earlier (Sugar, 1974; Ackermann and Rauh, 1972) by extrapola-
tion of spectroscopic data was 6.08 eV. The ground level of singly ionized Th is
d?s, followed by ds” (1859. 938 cm™ "), fs (4490.256 cm ™), fds (6168.351 cm™ "),
d?(7001.425 cm™), and fd* (12485.688 cm ') (Zalubas and Corliss, 1974). Itis a
major step up in energy to configurations with either p contribution or to
configurations that contain paired f-electrons: dsp is at 23372.582 cm ', fol-
lowed by 7s (24381.802 cm ™), fsp (26488.644 cm ™), d*p (28243.812 cm '), fdp
(30452.723 cm™ ), s%p (31625.680 cm ™), and f°d (32620.859 cm™}).

The ground state of doubly ionized thorium is 5f6d but the 6d* configuration
isonly 63.267cm ! and the 5f7s is 2527.095 cm™ ! higher (Racah, 1950). These are
followed by 6d7s (5523.881 cm '), 7s* (11961.133 cm '), 5f> (15148.519 cm ™),
5f7p (33562. 349 cm ™), 6d7p (37280.229 cm '), and 7s7p (42259.714 cm V).
These trends are continued in the triply ionized form (Klinkenberg and
Lang, 1949), in which the ground level is 5f, and 6d is at 9193.245 cm !, 7s at
23130.75 cm™ !, and 7p at 60239.10 cm .

Thus, with increasing ionic charge, configurations that include 5f electrons
are stabilized with respect to others and the configurations containing 7p
electrons become grossly destabilized. Effects in 7s and 6d systems are less but
are still significant. The stabilization of the 5f electron in the triply charged ion is
not sufficient however to make triply charged thorium a stable chemical species.
The stable form is tetrapositive Th**, in which only the radon core of electrons
is present.

Solid metallic thorium with the ground state configuration d’s®> has the
5f electrons in a reasonably broad energy band (Koelling and Freeman,
1971), about 5 eV above the Fermi level of 7.5-8.0 eV. This presumably is because
the fds” level lies so low and interacts with the d’s” level. Electron-binding
energies for the various core levels of the atom have been determined (Nordling
and Hagstrom, 1964), and the X-ray transitions have been determined with
precision (Bearden, 1967; Bearden and Burr, 1967; Murthy and Redhead, 1974).

3.6 THORIUM METAL

A comprehensive treatment of the physical and chemical properties of thorium
metal is given in the Gmelin Handbook (Gmelin, 1989, 1997). A brief summary
on the most important properties shall be given here.

The preparation of thorium has been done by reducing halides or double
halides by sodium, potassium, or calcium (Berzelius, 1829; Chydenius, 1863;
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Nilson, 1876; Chauvenet, 1911). Furthermore, ThCl, can be reduced by sodium
or electrolysis can be applied to a melt of thorium chloride or fluoride in sodium
chloride or potassium chloride (Matignon and Delepine, 1901; Moissan and
Honigschmid, 1906; von Bolton, 1908; von Wartenberg, 1909; Chauvenet, 1911;
Kaplan, 1956). Also, ThO, can be used as starting material and various reduc-
tants may be used (Ruff and Brintzinger, 1923; Marden and Rentschler, 1927).
Care has to be taken when carbon or silicon is used because the formation of
carbides and silicides may occur (Berzelius, 1829; Moissan and Etard, 1896,
1897; Honigschmid, 1906a,b). In the so-called ‘Sylvania process’ calcium is used
as the reducing agent (Dean, 1957; Smith et al., 1975). Other reduction processes
involve ThO, and aluminum or magnesium (Winkler, 1891; Leber, 1927). Both
reactions are preferably carried out in the presence of zinc, making the reduc-
tion process thermodynamically favorable due to the formation of the interme-
tallic compound Th,Zn;7 (Spedding et al., 1952). Zinc can easily be removed by
vacuum distillation and leaves the metal mainly as a powder (Meyerson, 1956;
Fuhrman et al., 1957). Zinc is usually introduced as chloride or fluoride in the
process (Briggs and Cavendish, 1971), but attempts have been made to use a
zinc—-magnesium alloy as reductant (Capocchi, 1971).

Unusual reductions include, for example, the reaction of ThCly with DyCl,
(Mikheev et al., 1993). A method leading to high-purity thorium is the thermal
decomposition of Thl, on a hot tungsten filament, known as the van Arkel-de
Boer process (van Arkel and de Boer, 1925). This reaction is also used for
the purification of thorium because the iodine formed in the reaction can be
used to transport the crude metal from the low-temperature source to the hot
wire. Another method to gain very pure thorium is the electrotransport
that refines the high-grade thorium from the van Arkel-de Boer process further
to a material containing less than 50 ppm impurities in total (Peterson and
Schmidt, 1971).

Thorium appears as a bright silvery metal that has the highest melting point
among the actinide elements while its density is the lowest one in the series
except for Ac. Under ambient conditions, Th adopts the face-centered cubic
(fcc) structure of copper that transforms to the body-centered cubic (bcc)
structure of tungsten above 1360°C. Under high pressure, a third modification
with a body-centered tetragonal lattice has been observed (Bridgman, 1935;
Vohra, 1991, 1993; Vohra and Akella, 1991, 1992). Note that the transition
conditions between the modifications depend remarkably on the amount of
impurities in the metal (Smith ez al., 1975; Oetting et al., 1976). The same is
true for the properties like melting point, density (James and Straumanis, 1956),
resistance, and others shown in Table 3.3, which summarizes selected properties
of thorium as reported in two monographs (Smith ez al., 1975; Oetting et al.,
1976), and in the Gmelin Handbook (Gmelin, 1997).

Thorium metal is paramagnetic (ground state 6d°7s*) and shows a specific
magnetic susceptibility of 0.412 x 4n x 10~ m® kg' at room tempera-
ture (Greiner and Smith, 1971). The magnetic susceptibility is nearly
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Table 3.3 Some physical properties of thorium metal.

melting point
crystal structure
face-centered cubic up to 1633 K
body-centered cubic from
1633-2023 K
body-centered tetragonal at
high pressure
atomic radius (from fcc structure )
density
from X-ray lattice parameters
bomb reduced, as-cast
arc melted, van Arkel metal
enthalpy of sublimation (298 K)*
vapor pressure of the solid
(1757-1956 K)
vapor pressure of the liquid
(2020-2500 K)
enthalpy of fusion
elastic constants
Young’s modulus
shear modulus
Poisson’s ratio
compressibility
coefficient of thermal expansion
(298-1273 K)
electric resistivity
electrorefined metal (298 K)
temperature coefficient
of resistance
thermal conductivity (298 K)
work function
Hall coefficient (297 K)
emissivity (solid, 1600 K)

2023 K

a=50842 A (298 K)
a=411A (1723 K)

a=2282A,c=4411A (102 GPa)
1.798 A

11.724 gem ™

11.5-11.6 gem >

11.66 gcm °

602 + 6 kJ mol ™!

log p(atm) = —28780 (T/K) ' + 5.991

log p(atm) = —(29770 * 218)
(T/K) ' = (6.024 + 0.098)
14 kJ mol™

7.2 x 107 kPa

2.8 x 107 kPa
0.265

173 x 108 ecm®> N™!
125 x 10°K™!

157 x 10°°Q cm
3.6 x 103 K™!

0.6 Wem ' K!

3.49 eV

112 x10% em’® C!
0.31

* Cox et al. (1989).

temperature-independent but it depends on the amount of impurities or
dopants, respectively (Sereni et al., 1987). Thorium is superconducting at low
temperature (Meissner, 1929; de Haas and van Alphen, 1931). The transition
temperature 7 is between 1.35 and 1.40 K, the critical magnetic field H, has been
found to be (159.22 £ 0.10) G for a high-purity sample (Decker and Finnemore,
1968). Thorium is an excellent example of a weakly coupled type-I supercon-
ductor that exhibits a complete Meissner effect and whose critical field curve
H(T) has a parabolic temperature dependence and is in good agreement with
the predictions of the theory of Bardeen, Cooper, and Schrieffer (Bardeen et al.,
1957). The pressure dependence of H_ has been determined (Fertig et al., 1972)
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and the specific heat discontinuity at T has been reported by several authors to
be around 8.4 mJ mol ! K™! (Gordon et al., 1966; Satoh and Kumagai, 1971,
1973; Luengo et al., 1972a,b). Calculations on electron—phonon coupling have
been also reported (Winter, 1978; Skriver and Mertig, 1985; Allen, 1987;
Skriver et al., 1988). The pressure dependence of the critical temperature
has been followed up to 20 GPa (Palmy et al., 1971; Rothwarf and Dubeck,
1973). Below 2.5 GPa T, decreases linearly with pressure. The decrease flattens
to a minimum around 7.4 GPa, increases slightly up to 10 GPa, before it
smoothly decreases again. The pressure dependence of T, has also been recently
examined theoretically (Rosengren et al., 1975; Mahalingham et al., 1993).
Furthermore, the dependence of T, on impurities has been investigated (Guertin
et al., 1980).

The chemical reactivity of thorium is high. It is easily attacked by oxygen,
hydrogen (Winkler, 1891; Matignon and Delepine, 1901; Sieverts and Roell,
1926; Nottorf et al., 1952), nitrogen (Matignon, 1900; Kohlschiitter, 1901;
Matignon and Delepine, 1901), the halogens (Nilson, 1876; Moissan and
Etard, 1896, 1897; von Wartenberg, 1909), and sulfur (Berzelius, 1829; Nilson,
1876; von Wartenberg, 1909) at elevated temperatures. Also carbon and phos-
phorus are known to form binary compounds with thorium (Strotzer et al.,
1938; Meisel, 1939; Wilhelm and Chiotti, 1950). Finely divided thorium is even
pyrophoric (Raub and Engles, 1947). The reaction of bulky thorium with air
under ambient conditions is low, but nevertheless corrosion is observed accord-
ing to the investigations of several authors. Thorium reacts vigorously with
hydrochloric acid. The reaction with hydrochloric acid always leaves a certain
amount of a black residue (12 to 15%) behind, which was first thought to be
ThO, that was originally present in the metal (Matignon and Delepine, 1901;
Meyer, 1908; von Wartenberg, 1909). As discussed in Section 3.7.3, other
studies have suggested that a lower-valent thorium oxide hydrate, ThO-H,O,
is formed but it is much more likely that this compound is in fact an oxide
hydride containing hydroxide and chloride ions according to ThO(X)H (X =
combination of OH and CI") (von Bolton, 1908; Karstens, 1909, Katzin, 1944,
1958; Karabash, 1958; Katzin et al., 1962). This assumption is also supported by
mass spectroscopic investigations that show Cl™ to be present in the residue
(Ackermann and Rauh, 1973a). The reaction of thorium with other acids occurs
slowly, with nitric acid even passivation is observed (Smithells, 1922; Schuler
et al., 1952). The latter can be overcome by adding small amounts of fluoride or
fluorosilicate ions.

A great number of thorium alloys are known, including those with iron,
cobalt, nickel, copper, gold, silver, platinum, molybdenum, tungsten, tantalum,
zinc, bismuth, lead, mercury, sodium, beryllium, magnesium, and aluminum.
Other systems, like Th/Cr and Th/U, are simply eutectics, and complete mis-
cibility is found in the liquid and solid states with cerium. An overview of
thorium alloys with main group metals can be found in the Gmelin Handbook
(Gmelin, 1992a, 1997).
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3.7 IMPORTANT COMPOUNDS

As Chapter 19 is devoted to the thermodynamic properties of the actinides and
their compounds, data such as enthalpies of formation or entropies will not be
given here, except when needed for the clarity of the discussion.

3.7.1 Hydrides

Reaction of thorium with hydrogen, and formation of two hydrides, ThH, and
ThyH;s, has been known for more than a century (Winkler, 1891). A substoi-
chiometric dihydride with the fluorite-type of structure was observed by X-ray
diffraction (XRD) along with the tetragonal ThH,_, in a preparation of overall
composition ThH; 73 (Korst, 1962) as well as in dihydrides containing some
ThO, (Peterson et al., 1959). The well-known dihydride, which can be signifi-
cantly substoichiometric, has a tetragonal structure (Nottorf et al., 1952;
Rundle ef al., 1952; Flotow and Osborne, 1978). The compound contains two
metal atoms in the unit cell and is isotypic with ZrH, (Rundle et al., 1948a;
Nottorf et al., 1952). The higher hydride (Matignon and Delepine, 1901;
Sieverts and Roell, 1926; Rundle et al., 1948a, 1952; Nottorf et al., 1952;
Zachariasen, 1953; Mueller et al., 1977), ThyH,5 (= ThH; 75), has a unique
cubic structure, with the Th atom in 12-fold coordination of hydrogen atoms.
The hydrogen atoms are coordinated by three and four thorium atoms as may
be expressed by the formula ThHy,3H3,4 according to Niggli’s formalism. The
structure has also been determined for the deuterated analog ThyD;s (Mueller
et al., 1977). ThyH, 5 was the first metal hydride to be found to show supercon-
ductivity (Satterthwaite and Toepke, 1970; Satterthwaite and Peterson, 1972;
Dietrich et al., 1974). The transition temperature for superconductivity is
7.5-8 K, which is narrow, but not isothermal. Metallic conduction is exhibited
at room temperature. Both the hydride and the deuteride are superconducting,
with no apparent isotope effect. The existence of another crystalline form, with
a 1% tetragonal distortion, that is non-superconducting has been suggested
(Caton and Satterthwaite, 1977). The transition temperature is reversibly
pressure-sensitive, with a slope of about 42 mK kbar ', up to a pressure of
about 28 kbar. The heat capacities of ThH, and ThyH;5 have been measured
from 5 to 350 K (Schmidt and Wolf, 1975; Miller et al., 1976; Flotow and
Osborne, 1978). As pointed out in more detail in Chapter 19, experimental
values have been extrapolated to 800 K by Flotow et al. (1984).

The electronic structure of these binary thorium hydrides has been investi-
gated by photoelectron spectroscopy (Weaver et al., 1977) and nuclear magnetic
resonance (NMR) spectroscopy (Schreiber, 1974; Lau et al., 1977; Peretz et al.,
1978; Maxim et al., 1979).

Powdered or sintered thorium metal reacts immediately and exothermically
with hydrogen at room temperature, whereas massive metal may require heat-
ing to 300-400°C before reaction takes place. For the reaction with massive
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metal, an induction period that is a function of the impurity content of the metal
was found (Nottorf et al., 1952). In general, it is taken for granted that a
consequence of the reaction of hydrogen on massive metal is a crumbling and
powdering of the mass. However, it has been found (Satterwaithe and Peterson,
1972) that, at temperatures around 850°C, massive metal yields massive ThH,,
and then massive ThyH;s, whereas even at 500°C the reaction fractures and
cracks the massive metal. It is assumed that at high temperature, there is a
sufficiently close match between the crystal structures of the metal and the
hydride formed at that temperature that the incorporation of hydrogen can
proceed without causing disruption of the solid.

At 900°C, in high vacuum, thorium hydride is completely decomposed to its
elements. The decomposition product is grey to black, powdered, or in the form
of an easily disintegrated mass. When it is desired to prepare thorium metal for
some subsequent reaction, formation and decomposition of the hydride is
generally used to accomplish this goal. The dissociation pressures of the two
hydrides have been reported as (Nottorf ez al., 1952):

log p(mmHg) = —7700 (T/K) ' +9.54 (Th/ThH, system)

log p(mmHg) = —4220 (T/K)"' +9.50 (ThH,/ThsH,s system)

Flotow et al. (1984) discuss in greater detail the hydrogen pressures associated
with the Th—H, system as a function of the hydrogen composition of the solid
phases and the temperatures.

Thorium hydride reacts readily with oxygen to form ThO,. Many hydride
preparations are in fact pyrophoric. ThO, can also be formed smoothly by
reaction of thorium hydride with steam at 100°C. The reactions with oxygen
and with steam are typical for the procedures commonly used for the synthesis
of binary compounds of thorium. Pure thorium is necessary to prepare thorium
hydride that is free of oxygen or moisture. Subsequent manipulation in the
absence of air or moisture then assures the formation of pure binary com-
pounds. Thus, in the range of 250-350°C, the hydride reacts smoothly with
halogens as well as with hydrogen compounds of the halogens, sulfur, phospho-
rus, or nitrogen to give the corresponding binary compounds of thorium
(Foster, 1945, 1950; Lipkind and Newton, 1952). Methane or carbon dioxide
does not react with thorium hydride.

A number of ternary hydrides and deuterides has been reported (Table 3.4).
The iron compounds Th,Fe ;D, are structurally related to the respective alloy
Th,Fe;; and show interesting magnetic properties (Isnard et al., 1993). The
deuterides ThZr,D, can be described as stuffed variant of the cubic Laves
phases as it has been shown by neutron diffraction (van Houten and Bartram,
1971; Bartscher et al., 1986). ThZr,H;, . (and also the hexagonal ThTi,Hg, )
combine an extremely large amount of hydrogen per unit volume with relatively
low equilibrium vapor pressures of hydrogen at elevated temperatures. Both of
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Table 3.4 Crystallographic data of thorium hydrides and deuterides.

Lattice parameters

Compound Space group a (A) b (A) c (A) References

ThH, 14/mmm 4.055 4.965 Flotow and Osborne, 1978%
ThsH 5 143d 9.11 Mueller et al. (1977)
ThyDys 143d 9.11 Mueller et al. (1977)
ThyFe;7D4956  R3m 8.7116 12.624  Isnard et al. (1993)
ThyFe;7;Ds66s R3m 8.682 12.56 Isnard et al. (1993)
ThgMny3D16>, Fm3m 12.922 Hardman et al. (1980)
TheMny;Dy 6 Fm3m 12.921 Hardman et al. (1980)
TheMny3Dj¢  P4/mmm 9.076 12.961 Hardman-Rhyne et al. (1984)
TheMn,3Dzg s Fm3m 13.203 Hardman-Rhyne et al. (1984)
ThZr,Dg Fd3m 9.151 Bartscher et al. (1986)
ThZr,Ds ¢ ngm 9.042 Bartscher et al. (1986)
ThZr;Dy g Fd3m 9.112 Bartscher et al. (1986)
ThZr,Dg 5 Fd3m 9.154 Bartscher et al. (1986)
ThNi,D, P6/mmm 3.87 3.951 Andresen et al. (1984)
ThNi,D, ¢ P6/mmm 4.405 4.360  Andresen et al. (1984)
Th,AID, I4/mcm 7.702 6.23 Bergsma et al. (1961)
Th,AlD; I14/mcm 7.676 6.383  Bergsma et al. (1961)
Th,AlD, I4/mcm 7.629 6.517 Bergsma et al. (1961)
Th,AlD;3 7 14/mecm 7.6260 6.5150 Sorby et al. (2000)
Th,AlID, 75 P42m 7.6796 19.073  Sorby et al. (2000)
Thy,AlD; 59 14/mcm 7.7014 6.2816 Sorby et al. (2000)

# These authors use the F4/mmm setting with a = 5.734 A. The F-centered cell has the diagonal of
the ab-plane as axis, i.e. square root of twice the a axis of the I-centered cell.

these ternary hydrides are apparently stable in air. Unlike thorium hydride
itself, the Th—Zr hydride is not superconducting (Satterthwaite and Peterson,
1972). Also the nickel phases ThNi,D, are derived from the alloy ThNi, and
show the deuterium atom in tetrahdral interstices of the metal atom network
(Andresen et al., 1984). The thorium manganese compounds ThgMn,3D, have
been investigated frequently with respect to the D atom distribution in the
lattice (Hardman er al., 1980, 1982; Jacob, 1981; Carter, 1982; Hardman-
Rhyne et al., 1984). Furthermore, the ternary aluminum hydrides Th,AlD,
have been reported in great detail (Bergsma et al., 1961; Sorby et al., 2000).
Other hydrides, for example with cobalt and palladium are known, however not
very well characterized in the most cases (Buschow et al., 1975; Oesterreicher
et al., 1976).

3.7.2 Borides, carbides, and silicides

Three binary thorium borides are well characterized (du Jassonneix, 1905;
Allard, 1932; Stackelberg and Neumann, 1932; Lafferty, 1951; Post et al.,
1956; Konrad et al., 1996). ThB¢ contains a network of linked [B¢] octahedra;
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in ThBy, [B>] dumbbells accompany the octahedra (Brewer et al., 1951; Zalkin
and Templeton, 1951; Blum and Bertaut, 1954). Investigations of the thorium—
boron system at low boron concentrations showed that non-stoichiometric
varieties of ThB,4 can be prepared (Rand et al., 1975; Chiotti et al., 1981). On
the other hand, certain impurities (for example ThO,) have been suggested to be
accountable for the non-stoichiometry (Brewer et al., 1951). The third boride,
ThB,, is isotypic with UB;, (Cannon and Hall, 1977; Cannon and Farnsworth,
1983). Furthermore, the borides ThBg and ThB-;s have been reported
(Naslain et al., 1971; Schwetz et al., 1972), but it was not clear whether they
are truly thorium-boron phases or if they are a metal-stabilized form of a boron
allotrope.

Various ternary thorium borides have been prepared, especially those con-
taining transition metals. The orthorhombic borides Th,MB;, were obtained
from the elements by arc melting and show a structure that is closely related to
that of ThB¢ (Konrad and Jeitschko, 1995). Borides of the composition ThM By
have been recognized for M = V, Mo, W, Re, Cr, and Mo (Pitman and Das,
1960; Rogl and Nowotny, 1974; Konrad et al., 1996). The crystal structures
have been determined for M = Cr and Mo, in which the boron atoms form
infinite layers with the metal atoms in between similar to MgB,. The chromium
compound ThCr,Bg is isotypic with CeCr;Bg and shows metallic conduction
and Pauli paramagnetism (Konrad and Jeitschko, 1995). The hexagonal borides
Thir;B, and ThRu;B, have been characterized magnetically and structurally.
They contain discrete boride ions in prismatic coordination of the platin metal
atoms (Hiebl et al., 1980; Ku et al., 1980). The magnetic properties have also
been also determined for the rather complicated borides R,_, Th . Fe;sB(R =Y,
Dy, Er) (Pedziwiatr et al., 1986).

Further boron-containing thorium compounds are the borohydrides Th(BHy),4,
LiTh(BHy)s, and Li,Th(BH4)s (Ehemann and No6th, 1971). They contain the
tetrahedral BH, ion.

Carbides of thorium have been discussed in great detail in the Gmelin Hand-
book (Gmelin, 1992b). Thus only the most important items shall be given here
briefly. Binary thorium carbides were obtained by the reaction of ThO, with
carbon or the direct fusion of the elements (Troost, 1883; Moissan and Etard,
1896, 1897, Wilhelm and Chiotti, 1949, 1950). Three compositions, ThC,,
Th,C3, and ThC, are known (Fig. 3.4). ThC, occurs in three different modifica-
tions. At room temperature, a monoclinic unit cell is found (Jones et al., 1987).
Between 1430 and 1480°C, a rotation of the C, dumbbells starts, leading to a
tetragonal structure that changes to cubic above 1480°C with complete rota-
tional disorder of the C, units (Hunt and Rundle, 1951; Gantzel and Baldwin,
1964; Hill and Cavin, 1964; Langer et al., 1964; Bowman et al., 1968). The
monocarbide, ThC, has the cubic NaCl structure. Both ThC, and ThC are
refractory solids with high melting points (2655 + 25 and 2625 + 25, respec-
tively). For ThC, the specific heat has been measured from 1.5 to 300 K (Danan,
1975). The third binary thorium carbide, Th,C5, has been observed at pressures
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Fig. 3.4  Phase diagram of the thorium—carbon system (Chiotti et al., 1981).

above 33 kbar in the region of 1200°C (Krupka, 1970). It has the cubic structure
of Pu,C; and is a superconductor with 7, decreasing with increasing pressure
(Giorgi et al., 1976). Besides these three carbides, several non-stoichiometric
phases have been found that can be seen as solid state solutions between o-Th
and y-ThC, (Chiotti et al., 1967; Storms, 1967) that have cubic symmetry.
Upon heating ThC, to high temperature on a graphite filament, ThCJ ions
were observed (Asano et al., 1974). ThC, burns in the air to form ThO, and
reacts with sulfur or selenium vapor (Moissan and Etard, 1896, 1897). Halogens
react with the carbide to give anhydrous halides. According to an early study
(Lebeau and Damiens, 1913) the hydrolysis of the carbide produces a mixture
of almost 60% hydrogen, 3.16% methane, 10.7% ethane, ~15% acetylene, ~3%
ethylene, ~8% propylene and propane, and higher products. Other studies on
the hydrolysis of ThC and ThC, report the formation of methane in the ThC
case and the formation of ethane and hydrogen in the ThC, case (Kemper and
Krikorian, 1962). It seems evident that not only the composition and purity of
the carbide but also the actual hydrolysis conditions may be important factors.
A number of ternary carbides have been reported (Table 3.5). The boride
carbides have the compositions ThBC, Th3;B,C3, and ThB,C (Rogl, 1978, 1979;
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Rogl and Fischer, 1989). ThBC and Th3B,C; contain CBBC units; in Th3;B,Cs
additional C atoms are found (Fig. 3.5). For ThB,C extended layers of
connected B and C atoms are found with the thorium atoms located between
the layers. In the nitride carbide ThCN (Benz, 1969; Benz and Troxel, 1971),
dumbbell-shaped C, units and nitride ions are present (Benz et al., 1972).

Several ternary carbide systems have been investigated, Th-M-C, with M
being a transition metal element or a lanthanide, and a huge number of com-
pounds are believed to exist (Gmelin, 1992b). However, only a few of them are
structurally characterized. Specifically, for ruthenium and nickel, several struc-
ture determinations have been performed. In the former case, the compounds
Th;;Ru;,Cg, ThoRugCs, and ThRu;C were investigated (Aksel’'rud et al.,
1990a,b; Wachtmann et al., 1995). The carbon-rich species contain both C,
units and single C atoms while ThRu;C can be regarded as a cubic closest
packing of metal atoms with the carbon atoms in octahedral interstices.
Two series of thorium iron carbides have been structutrally and magnetically
investigated recently. They have the composition ThFe;C; , (0 < x < 1) and
ThyFe;;C, (0 < x < 1), respectively (Isnard et al., 1992a,b; Singh Mudher et al.,
1995). In the nickel system, three compounds were found: Th,NiC,, Th3NisCs,
and ThyNi3Cg. According to the structure determination the latter two should
be more correctly described as Th3Nig96Cy79 and ThyNi, gsCg, respectively
(Moss and Jeitschko, 1991a,b). Two carbides have been prepared in the system
Th-Al-C, namely Th,Al,C; and ThAl4,C, (Gesing and Jeitschko, 1996). They
are both methanides in the sense that they contain isolated carbon atoms. One
lanthanide compound that has been structurally characterized is CeThC,
(Stecher et al., 1964).

According to the phase diagram Th-Si (Fig. 3.6) four binary thorium silicides
exist (Stecher et al., 1963; Chiotti et al., 1981; Gmelin, 1993b): Th;Sis, Th3Si,,
ThSi, and ThSi,. The latter three are structurally known (Brauer and Mitius,
1942; Jacobson et al., 1956; Brown, 1961). ThSi, is dimorphic and both the
hexagonal (AIB, type) and the tetragonal modifications show the thorium
atoms in 12-fold coordination of silicon atoms. In ThSi the silicon atoms are
linked to zigzag chains (Si—Si distance: 2.49 A) while Si, dumbbells (2.33 A) are
found in Th3Si,. Further silicides have been reported, for example ThgSiy;
(Brown and Norreys, 1961), but have not be confirmed up to now.

Various ternary silicides of thorium are known (Table 3.5). The largest group
among them contains compounds of the composition ThM,Si, with M being a
transition metal element. For M = Cr, Mn, Fe, Co, Ni, Cu, and Tc, structure
determinations have been performed (Ban and Sikirica, 1965; Leciejewicz et al.,
1988; Wastin et al., 1993) and for part of the silicides, magnetic properties are
known (Omejec and Ban, 1971; Ban et al., 1975). The compounds are isotypic
with each other and have tetragonal symmetry. The stucture consists of layers of
edge connected [ThSig] cubes that are separated by the transition metal atoms.
Other silicides have the composition Th,MSi; (M = M, Fe, Co, Ni, Cu, Ru, Rh,
Pd, Os, Ir, Pt, Au) and are derived from the two modifications of ThSi, by
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substitution of transition metal atoms for silicon atoms (Ban ef al., 1975; Wang
et al., 1985; Albering et al., 1994). In the same way, the silicides ThMSi (M =
Au, Pd, Ni) are derived from the hexagonal form of ThSi, (Ban et al., 1975;
Wang et al., 1985). Two new silicides of thorium have been reported recently
with ThCoSi, and ThRe,Si, (Albering and Jeitschko, 1995; Moze et al., 1996).

In a few cases, quaternary compounds have also been investigated. For
example the silicide—carbides ThyRe; ¢3651,C (x = 1.914 and 1.904), ThOs; 4.
Sip.96C, and ThOs, 13451 716C have been reported (Hiifken et al., 1998, 1999),
and the two lanthanide nitride carbides CeThNC and DyThNC are known
(Ettmayer et al., 1980).

3.7.3 Ocides, hydroxides, and peroxides

Thorium oxides have received considerable attention in the recent decades.
They have been reviewed in the Gmelin Handbook (Gmelin, 1976, 1978), but
the diverse chemistry of the simple binary oxide of thorium has yielded 435
patents since these days, out of which 53 are related to the catalytic behavior of
ThO,. An recent search of the Chemical Abstract Services database revealed
over 540 journal articles and some 50 reports on catalysis. While ThO, has been
studied as a complement to CeO, and HfO, in its chemistry, ThO has been
postulated as a defect form of the fluorite or a ZnS structure (Katzin, 1958;
Ackermann and Rauh, 1973b). Table 3.6 lists the binary oxides and the other
chalcogenides (cf. Section 3.7.5) with their lattice constants. Thorium monoxide
has been reported to form on the surface of thorium metal exposed to air
(Rundle et al., 1948b) but its preparation and isolation as a bulk black suspen-
sion was first reported in 1958 by Katzin as a result of the action of 2 to 12 n HCI
solutions on thorium metal. The black powder reported appeared later to be a
form of low-valent thorium oxide stabilized by HCl and H,O. XRD studies
revealed a cubic phase with a lattice constant of 5.302 A and a pattern indicative
of an fcc lattice — either a defect fluorite or ZnS-type (Ackermann and Rauh,
1973b). However, the ‘monoxide’ solid state compound appears to be a Th(1v)
phase with the formula Th(H)(O)X, where X is a combination of OH and CI™
(Katzin et al., 1962). This seemed to explain the reaction of the black solid
upon heating to yield HCI, H,, H,O, and ThO, under various conditions
(Ackermann and Rauh, 1973b). This phase was also reported to be unstable
to disproportionation under dynamic vacuum. Until now, however, there is no
report on bulk-phase ThO available that is without question. On the other
hand, ThO was reported in the vapor phase above a mixture of Th and ThO,
at high temperatures (Darnell and McCollum, 1961; Ackermann and Rauh,
1973b; Hildenbrand and Murad, 1974a,b; Neubert and Zmbov, 1974).
Thorium dioxide (thoria) is somewhat hygroscopic. Reaction with nitric or
hydrochloric acids followed by evaporation yields hydrates that have in the past
been thought to resemble the so-called ‘metaoxides’ of tin and zirconium. The
material may be dispersed as a positively charged colloid following evaporation
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Fig. 3.5 Crystal structures of Th3B>Cs (left) and ThB,C (right).
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Table 3.6 Crystallographic data of thorium chalcogenides.

Lattice parameters

Compound  Space group a (A) b (A) c (A) Angles (°)  References

ThO cubic 5.302 Katzin (1958);
Ackermann and
3 Rauh (1973b)
ThO, Fm3m 5.592 Gmelin (1976, 1978)
ThOS P4/nmm 3.963 6.747 Zachariasen (1949c¢)
ThS Fm3m 5.682 Zachariasen (1949c)
Th»>S; Pbnm 10.990 10.850  3.960 Zachariasen (1949c¢)
Th;S;, P65/m 11.063 3.991 Zachariasen (1949d)
ThS, Pmnb 4267 7.264  8.617 Zachariasen (1949c¢)
Th,Ss Pcnb 7.623  7.677 10.141 Noel and Potel
(1982)
ThOSe P4/nmm 4.038 7.019 D’Eye et al. (1952)
ThSe Fm3m 5.875 D’Eye et al. (1952)
Th,Ses Pbnm 11.36  11.59 4.28 D’Eye et al. (1952)
Th4Se» P65/m 11.570 4.230 D’Eye (1953)
ThSe, Pmnb 4420 7.611  9.065 D’Eye (1953)
Th,Ses Pcnb 7.922 7937 10.715 Kohlmann and
Beck (1999)
ThSe; P2;/m 5.72 4.21 9.64 [ =97.05 Noel (1980)
ThOTe P4/nmm 4.120 9.563 D’Eye and Sellman
(1954)
ThTe Pm3m 3.827 D’Eye and Sellman
(1954)
Th,Tes hexagonal 12.49 4.35 Graham and
3 McTaggart (1960)
Th;Te;, P6 12.300 4.566 Tougait et al. (1998)
ThTe, hexag. (7) 8.49 9.01 Graham and
McTaggart (1960)
ThTe; monoclinic 6.14 10.44 431 p=984  Graham and
McTaggart (1960)

and the colloid can be ‘salted out’ by addition of electrolytes. The ignited oxide
or the oxide sintered into larger particles is one of the most refractory sub-
stances known, showing limited reactivity with hot sulfuric acid or fusion with
potassium hydrogen sulfate. Aqueous nitric acid with a few percentage of HF or
sodium fluorosilicate provides a reasonable solution of the oxide (Smithells,
1922). Hot aqueous HF or gaseous HF at 250-750°C converts thoria to ThF,
(Newton et al., 1952b).

Amorphous thoria is said to crystallize from a suitable flux, for example
sodium carbonate, potassium orthophosphate, or borax (Nordenskjold and
Chydenius, 1860; Nordenskjold, 1861; Chydenius, 1863; Rammelsberg, 1873;
Troost and Ouvrard, 1889; Duboin, 1909a,b). However, the use of borax as a



76 Thorium

flux is questionable, because ThO, is known to form ThB,Os in the reaction
with B,O; (Baskin ez al., 1961).

Thorium dioxide has been studied as an active catalyst because of its reactivi-
ty with many gases, in addition to water. Dehydration of alcohols (Frampton,
1979; Siddham and Narayanan, 1979), dehydrogenation of alcohols (Thomke,
1977), and the hydration (Frampton, 1979) and hydrogenation of alkenes
(Tanaka et al., 1978) have been demonstrated. Other examples include cop-
per—thorium oxide catalysts studied for the selective hydrogenation of isoprene
(Bechara et al., 1990a,b), decomposition of isopropanol (Aboukais et al., 1993),
and the oxidative coupling of methane (Zhang et al., 2001). Indeed, the devel-
opment of mixed-metal rare earth/thorium/copper oxides based on a perovskite
parent structure have been shown to decompose NO, (Gao and Au, 2000), to
catalyze the reduction of NO by CO (Wu et al., 2000), and to dehydroxylate
phenol (Liu et al., 1997). Lastly, thorium oxide, when heated, produces an
intense blue light and mixed with ceria at 1%, produces a more intense white
light. It is this property that was the basis for the thoriated gas mantle industry
(Mason, 1964; Manske, 1965).

Thorium hydroxide is formed as a gelatinous precipitate when alkali or
ammonium hydroxide is added to a solution of a thorium salt. This precipitate
dissolves in dilute acids and, when fresh, in ammonium oxalate, alkali carbo-
nates, sodium citrate, or sodium potassium tartrate solutions (Chydenius, 1863;
Glaser, 1897; Jannasch and Schilling, 1905; Sollman and Brown, 1907). The
hydroxide is also precipitated by the action of sodium nitrate (Baskerville, 1901)
or potassium azide (Dennis and Kortright, 1894; Glaser, 1897; Wyrouboff and
Verneuil, 1898a). Electrolysis of thorium nitrates is also said to yield a precipi-
tate of hydroxide at the anode (Angelucci, 1907). Material dried at 100°C has
been reported to correspond closely in composition to Th(OH),4 (Cleve, 1874),
but other reports claim to find higher hydrates even at higher temperatures
(Wyrouboff and Verneuil, 1905). Two forms of ThO,-2H,O (=Th(OH),), from
precipitation in basic aqueous solution, have been distinguished, one of which is
amorphous (Guymont, 1977). Further studies indicate that Th(OH), is stable in
the temperature range 260-450°C and is converted to the oxide at temperatures
of 470°C and higher (Dupuis and Duval, 1949). Thermal analysis has shown
that the decomposition of the hydroxide is a continuous process (Tiwari and
Sinha, 1980). Thorium hydroxide absorbs atmospheric carbon dioxide very
readily (Chydenius, 1863; Dennis and Kortright, 1894; Chauvenet, 1911).
When boiled with thorium nitrate, Th(OH), forms a positively charged colloid
(Miiller, 1906). The colloid formation is also observed if thorium hydroxide
is treated with hydrous aluminum chloride, ferric chloride, uranyl nitrate,
or hydrochloric acid (Szilard, 1907). The solubility product of Th(OH), is
discussed in Section 3.8.5.

Thorium peroxide had been reportedly known since 1885 as the product
of the reaction between hydrogen peroxide and salts of thorium in solution
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(de Boisbaudran, 1885). The precipitate that forms can be a dense solid or a
gelatinous paste. The solid has initially been described in the literature as
hydrated thorium peroxide, ‘Th,O; (de Boisbaudran, 1885; Pissarsjewski,
1900; Schwarz and Giese, 1928). The existence of peroxide species was con-
firmed but it was pointed out that the respective anions of the initial thorium
salt are part of the solid (Cleve, 1885; Wyrouboff and Verneuil, 1898a; Hamaker
and Koch, 1952a,b; Johnson et al., 1965; Hasty and Boggs, 1971; Raman and
Jere, 1973a,b; Jere and Santhamma, 1977). XRD studies revealed two phases if
the precipitation occurs from thorium sulfate solution: Th(OO)SO4-3H,0 pre-
cipitated from solutions of high H,SO,4 concentration and a second phase is
obtained from more weakly acidic solutions with a variable sulfate content and
3.0-3.8 peroxide oxygen atoms per thorium atom (Hamaker and Koch, 1952a).
A Raman analysis of Th(OO)SO,4-3H,0 has been performed (Raman and Jere,
1973a,b) and suggests a formulation of the compound as ‘tetraaquo-p-peroxy-
disulfatodithorium(rv)’, with two bridging sulfato groups. Raman investiga-
tions have been also carried out for the peroxide obtained from a nitrate
solution (Raman and Jere, 1973b). According to these measurements thorium
peroxide nitrate showed a ‘free’ (D;p) nitrate anion along with a bridging
peroxide molecule between thorium atoms. However, also a nitrate-free perox-
ide has been obtained from the reaction of a refluxing aqueous solution of Th
(NO3)4-4H,0, urea, and 30% hydrogen peroxide (Gantz and Lambert, 1957).
The precipitate, described as a granular light blue-green powder, decomposes at
120°C to yield ThO, and water. Chemical analysis revealed a formula of Th
(OH)3;00H, equivalent to tin and zirconium analogs. The dried peroxide is
insoluble in neutral solutions (aqueous) but is soluble in concentrated mineral
acids. Thorium peroxide has also been reported by the action of hydrogen
peroxide or sodium hypochlorite on thorium hydroxide, or by anodic oxidation
of an alkaline thorium hydroxide suspension containing sodium chloride
(Pissarsjewsky, 1902).

Like the double salts of the halides, thorium dioxide will form a similar
‘double salt’ of oxide with BaO and alkali metal oxides (K,O, for example) in
phases such as BaThO; and K,ThO; (Brunn and Hoppe, 1977); however,
neither the Sr form nor the Li form of these structures have been reported
(Hoffmann, 1935; Naray-Szabo, 1951; Scholder et al., 1968; Fava et al., 1971;
Nakamura, 1974). No reaction was seen with BeO (Ohta and Sata, 1974) and,
although there is solid solution formation with the rare earth oxides, no
reaction to form the ‘double salt’ phase Ln,ThOs has been observed (Diness
and Roy, 1969; Sibieude, 1970). Because of the reactivity of ThO,-CuO
mixtures, reactions that have included other transition metal oxides have
yielded a number of unique phases including tetragonal perovskite phases
such as La; ,Th,CoO; (Tabata and Kido, 1987), La;_; 333, Th,NiO5; (Yu
et al., 1992), Na ¢¢67Th 3333TiO3 (Zhu and Hor, 1995), and the Ruddlesden—
Popper manganites Ca;_,Th,Mn,O, (Lobanov et al., 2003).
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3.7.4 Halides

(a) Binary halides

The halides of thorium had been treated comprehensively in 1968 by Brown
(1968), and the fluorides in particular have been reviewed by Penneman et al.
(1973) and Taylor (1976). In addition, a later volume of the Gmelin Handbook
has discussed thorium halides (Gmelin, 1993a).

The tetrahalides of thorium are known for the whole halogen series
(Table 3.7). Thorium fluoride, ThF,4, can be obtained by various procedures
(Moissan and Martinsen, 1905; Duboin, 1908a; Chauvenet, 1911; Lipkind and
Newton, 1952). Precipitation from aqueous Th*"-containing solutions leads to
hydrates of ThF, that are, however, not easily dehydrated due to the formation
of hydroxide or oxide fluorides (Briggs and Cavendish, 1971). Under careful
conditions, for example under streaming HF or F, gas, dehydration to pure
ThF, is possible (Pastor and Arita, 1974). Alternative routes avoiding aqueous
media are the reaction of thorium metal or thorium carbide with fluorine
(Moissan and Etard, 1896, 1897), or the action of hydrogen fluoride on other
thorium halides, thorium oxide or hydroxide, and thorium oxalate or oxide
carbonate (Newton et al., 1952a). As mentioned in the Section 3.7.1, the
reaction of thorium hydrides with fluorine provides a route to ThF,4 (Lipkind
and Newton, 1952). An elegant way to obtain pure ThF, is the reaction of ThO,

Table 3.7 Crystallographic data of binary thorium halides.

Lattice parameters

Compound  Space group  a (A) b (A) c (A) Angles (°) References

ThF, C2/c 13.049 11.120 8.538 f=12631 Benner and
Muiller (1990)

B-ThCly 14,/amd 8.491 7.483 Brown et al.
(1973)

a-ThCly 14,/a 6.408 12.924 Mason et al.
(1974a)

B-ThBr, I4,/amd 8.971 7912 Madariaga
et al. (1993)

o-ThBry 14,/a 6.737 13.601 Mason et al.
(1974b)

Thl, P2,/n 13.216 8.068 7.766 3 =98.68 Zalkin et al.
(1964)

B-Thl; Ccem 8.735 20.297 14.661 Beck and
Strobel (1982)

B-Thl, P63/mmc 3.97 31.75 Guggenberger

and Jacobson
(1968)
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with NH4HF,. Ammonium hydrogen fluoride serves as the fluorinating agent
and is much easier to handle than hydrogen fluoride itself. The reaction yields
the ternary fluoride NH4ThF5 that decomposes above 300°C to the tetrafluoride
(Asprey and Haire, 1973). The disadvantage of the method compared to the
direct hydrofluorination is that an eight-fold excess of NH4HF, is needed.
The monoclinic crystal structure of ThF, is isotypic with those of zirconium
and hafnium fluoride and contains Th*" ions in slightly distorted square anti-
prismatic coordination of fluoride ions (Zachariasen, 1949a; Asprey and Haire,
1973; Benner and Miiller, 1990). Each of the fluorine atoms is attached to
another thorium ion, leading to a three-dimensional structure according to
2[ThFg,]. Surprisingly, the thorium fluoride hydrate that can be precipitated
from aqueous solution (Berzelius, 1829; Chydenius, 1863) has not been struc-
turally characterized up to now. It is believed to be an octahydrate, which
decomposes to a tetrahydrate on further drying and then finally to a dihydrate
on heating (Chauvenet, 1911). The only hydrate of ThF, that is structurally
known is ThgF»4-H>,O (=ThF4-1/6H,0) (Cousson et al., 1978). Similarly to the
anhydrous fluoride it consists of three-dimensionally connected square anti-
prisms [ThFg]. Six of these aniprisms are arranged in a way that empty voids are
formed in which the water molecule resides having contact to two of the six
Th*" ions (Fig. 3.7). It is assumed that this compound can be obtained by

* F

c
A
b
T owg
Fig. 3.7 Detail of the crystal structure of TheF>4-H>O, the H,O molecule resides in a void
formed by six square antiprismatic [ThFg) polyhedra.
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careful dehydration of higher hydrates but usually hydrolysis is observed yield-
ing Th(OH)F5-H,O and then finally ThOF, (Marden and Rentschler, 1927;
Zachariasen, 1949a; D’Eye, 1958). The structure of neither of the latter two
compounds is known without some question. For ThOF,, however, an ortho-
rhombic unit cell has been determined, which has a close relationship to the
hexagonal one of LaF;. Probably the structure can be seen as an ordering
variant of the LaFs-type of structure. The treatment of ThOF, with steam at
900°C will yield thoria (Chydenius, 1863; Cline et al., 1944).

Thorium tetrachloride, ThCl,, can be crystallized from aqueous solution as
an octahydrate, which is easily transformed to basic chlorides upon heating
above 100°C (Chauvenet, 1911; Dergunov and Bergman, 1948; Knacke ef al.,
1972a,b). Dehydration has also been done by refluxing the hydrates with
thionyl chloride but the product was hard to get free of SOCI,. Other routes
have been employed to produce pure ThCly (Chydenius, 1863) including
the reaction of ThH, with HCI and the action of chlorine on thorium metal
(Kriiss and Nilson, 1887a; Lipkind and Newton, 1952), ThHy, or thorium
carbide (Nilson, 1876, 1882a,b, 1883; Moissan and Etard, 1896, 1897; von
Wartenberg, 1909). Furthermore mixtures of chlorine and carbon or S,Cl,
were used for the chlorination of ThO, (Matignon and Bourion, 1904; Meyer
and Gumperz, 1905; Bourion, 1909; von Wartenberg, 1909; Yen et al., 1963),
and also carbon tetrachloride (Matignon and Delepine, 1901; von Bolton, 1908;
Knacke et al., 1972a), phosgene (Baskerville, 1901; Karabasch, 1958), and
phosphorus pentachloride (Smith and Harris, 1895; Matignon, 1908) were
applied as chlorinating agents and mixtures of chlorine and CO or CO, for
the chlorination of thorium oxalate and nitrate, respectively (Dean and
Chandler, 1957). A facile synthesis of ThCly is provided in the reaction of
thorium metal with NH4Cl in sealed tubes (Schleid e al., 1987). Purification
of ThCly can be achieved by sublimation. ThCl, melts at 770°C (Moissan and
Martinsen, 1905; Fischer ez al., 1939) and boils at 921°C. The results of vapor
pressure measurements as a function of the temperature have been compiled
(Fuger et al., 1983).

ThCl, is dimorphic and exhibits a phase transition at 405°C (Mooney, 1949;
Mucker et al., 1969; Mason et al., 1974a). The phase transition can only be
observed under special conditions and in very pure samples. Usually the high-
temperature phase B-ThCl, remains even at temperatures below 405°C as a
metastable compound. Both the low-temperature phase o-ThCl, and the high-
temperature phase B-ThCl, are tetragonal and show eight-fold coordinated
Th*" ions. The coordination polyhedra are slightly distorted dodecahedra
that are connected via four edges to a three-dimensional structure. Thus, each
of the chloride ligands are connected to two Th*" ions. The difference in the two
polymorphs results from small differences in the orientation of the [ThClg]
polyhedra with respect to each other (Fig. 3.8). The symmetry decreases from
I4;/amd for B-ThCly to 144/a for a-ThCl,. The two modifications of ThCl, are
related in much the same way as are zicon (ZrSiO4) and scheelite (CaWO,).
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Fig. 3.8 Projections of the crystal structures of o-ThCly (right) and B-ThCly (left)
onto (001).
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In fact the structures of ThCl, result if the atoms in the tetrahedral centers
(Si and W, respectively) are removed in the oxo-compounds. More recent
investigations gave some evidence that there is a third modification of ThCly
below 70 K that has a complicated incommensurate structure related to that of
a-ThCl, (Khan Malek et al., 1982; Bernard et al., 1983; Krupa et al., 1987).

Structural data of ThCl, hydrates are not known up to now but the enthalpies
of formation of the di-, tetra-, hepta- and octahydrates have been evaluated
(Fuger et al., 1983) from enthalpy of solution measurements (Chauvenet, 1911).
Also the basic chlorides that are frequently observed as the products of the
thermal treatment of the hydrates are poorly investigated (Bagnall ez al., 1968).
It is only for the oxychloride ThOCI, that lattice parameters have been calcu-
lated from powder diffraction data based on the data given for PaOClI, (Bagnall
et al., 1968). The heat of formation of ThOCI, has been reported several times
(Yen et al., 1963; Korshunov and Drobot, 1971; Knacke et al., 1972b; Fuger
et al., 1983) and will be discussed in proper context in Chapter 19. Chlorides of
lower-valent thorium have been reported to form by electrochemical reduction
of a ThCly/KCl melt (Chiotti and Dock, 1975) but these observations are still in
need of confirmation.

Analogous to the tetrachloride, ThBr4 can be obtained from aqueous solu-
tion, for example, by adding Th(OH), to aqueous HBr. Depending on the
drying conditions various hydrates may form. The main disadvantage of the
wet route for preparing ThBry is the contamination of the product with hydro-
lysis products like ThOBr,. Dry routes to ThBry4 include the action of bromine
on thorium metal, ThHy4, ThC, or on mixtures of ThO, and C (Nilson, 1876;
Troost and Ouvrard, 1889; Moissan and Etard, 1896, 1897; Matthews, 1898;
Moissan and Martinsen, 1905; Fischer et al., 1939; Young and Fletcher, 1939;
Lipkind and Newton, 1952). Moreover, the reaction of gaseous HBr with ThH4
(Lipkind and Newton, 1952) and of a mixture of S,Cl, and gaseous HBr with
ThO, have been employed (Bourion, 1907). Sublimation above 600°C in
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vacuum should be applied for purification. The temperature dependence of the
vapor pressure has been investigated (Fischer ez al., 1939) and melting (679°C)
and boiling (857°C) points have been reported (Fischer et al., 1939; Mason
et al., 1974b).

As found for the tetrachloride, ThBr, is also dimorphic (D’Eye, 1950; Brown
et al., 1973; Fuger and Brown, 1973; Mason et al., 1974b; Guillaumont, 1983).
Both modifications, B-ThBr4 and a-ThBry4, are isotypic to the respective chlor-
ides. The transition temperature is slightly higher compared to ThCl, and is
determined to be 426°C. Again, the B-phase is found to remain metastable even
below 426°C. The phase transition has been investigated in detail by means of
nuclear quadrupolar resonance (NQR) on the 7’Br isotope (Kravchenko et al.,
1975). According to these experiments, the time to achieve complete conversion
is strongly dependent on the previous treatment of the sample and is reduced
after one conversion cycle has passed. Analogous to ThCl,; another phase
transition is found at lower temperature. According to NQR and electron
paramagnetic resonance (EPR) measurements as well as neutron and X-ray
diffractions, the transition is second order and occurs at 92 K (Kravchenko
et al., 1975). It is only observed in B-ThBr4 and can be described as a continuous
modulation of the bromide ions along the c-axis, leading to a complicated
incommensurate structure (Madariaga et al., 1993). The incommensurate low-
temperature modifications of ThBr, and ThCl, have also been investigated
spectroscopically on U*"-doped samples (Krupa et al., 1995).

There are two reports on the low-valent thorium bromides, ThBr; and ThBr,
(Hayek and Rehner, 1949; Shchukarev et al., 1956). They have been prepared
from the elements in the desired molar ratio or, in the case of ThBr3, by
reduction of ThBr, with hydrogen. These bromides are highly reactive and
show disproportionation at higher temperatures. Unfortunately no structural
data are known. More recently the molecular species, ThBr;, ThBr, and ThBr,
have been identified by mass spectrometry in the bromination of thorium
between 1500 and 2000 K (Hildenbrand and Lau, 1990).

None of the various hydrates of ThBr, that have been reported to contain 12,
10, 8, and 7 molecules of water, respectively (Lesinsky and Gundlich, 1897;
Rosenheim and Schilling, 1900; Rosenheim et al., 1903; Moissan and Martin-
sen, 1905; Chauvenet, 1911), are well characterized to date. The heat of solution
has been determined in some cases and the thermal decomposition of the
hydrates is known to lead to Th(OH)Br; and finally to ThOBr; (Chauvenet,
1911). The powder diffraction pattern of the oxybromide shows that this
compound is not isotypic with ThOCI, but seems to have a lower symmetry
(Bagnall et al., 1968). ThBr,4 is also known to form solvates with amines
(Rosenheim and Schilling, 1900; Rosenheim et al., 1903), acetonitrile (Young,
1935), and trimethylphosphine (Al-Kazzaz and Louis, 1978).

Thorium tetraiodide (Thl,) is most conveniently prepared by the reaction of
the elements in sealed silica ampoules (Nilson, 1876; Moissan and Etard, 1896,
1897; Zalkin et al., 1964). It is very important to exclude any traces of water or
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oxygen during the reaction to avoid contamination of the product with ThOI,
or even ThO,. Alternative procedures involve the reactions between ThH,4 and
HI, and between thorium metal and a H,/I, mixture (Lipkind and Newton,
1952). If only small amounts of Thl, are needed, the action of All; on ThO,
might also be appropriate (Chaigneau, 1957). In the temperature range from
500 to 550°C, Thl, can be sublimed for purification under dynamic vacuum
yielding yellow crystals. Knudsen cell effusion studies of Thl, have suggested
dissociation through Thls, Thl,, and Thl to thorium metal (Knacke et al.,
1978). On heating, Thl, reacts with ThO, to form the basic iodide ThOI, (Scaife
et al., 1965; Corbett et al., 1969).

Thly is not isotypic with the other tetrahalides. It has monoclinic symmetry
and contains eight-fold coordinated Th*" ions (Zalkin et al., 1964). The coordi-
nation polyhedron can be seen as a distorted square antiprism. The polyhedra
are linked in chains via two triangular faces leading to Th-Th distances of 4.48
A. The chains are further connected via the two remaining iodine ligands into
layers. The connectivity may be formulated as [ThI6 215 /2] (f =face; e = edge).
These layers are held together only by van der Waals interactions (Fig. 3.9).

Two lower-valent thorium iodides, Thl; and Thl,, are known. Both can be
obtained by reduction reactions of Thl, with appropriate amounts of thorium
metal in sealed tantalum tubes (Anderson and D’Eye, 1949; Hayek and Rehner,
1949; Hayek et al., 1951; Clark and Corbett, 1963; Scaife and Wylie, 1964;
Guggenberger and Jacobson, 1968). If hydrogen is used as the reducing reagent,
the formation of iodide hydrides is observed (Struss and Corbett, 1978).

’&
X0

Fig. 3.9  Crystal structures of the thorium iodides Thl, (left, as a projection onto the (101)
plane), B-Thlz (middle, as a projection onto the (001) plane), and B-Thl, (right, as a
projection onto the (110) plane).
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For the preparation of Thl,, another route has been developed. The electrolysis
of thorium metal in a solution of iodine and tetraethyl ammonium perchlorate
in acetonitrile affords Thl,-2CH3CN that can be decomposed into Thl,
in vacuuo (Kumar and Tuck, 1983).

Depending on the time, the reaction of Thl, and Th leads to two modifica-
tions of Thl; (Beck and Strobel, 1982). After a short period of 2-3 days, thin
shiny rods of a-Thl; were obtained while long heating times led to compact
crystals of B-Thl; that show a slight green to brass-colored luster. For o-Thl;
only the lattice constants are known while a complete structure determination
has been performed for B-Thl; (Beck and Strobel, 1982). It shows three crystal-
lographically different thorium atoms in the unit cell, each of them in an eight-
fold coordination of iodide ions. Two of the [Thlg] polyhedra are square anti-
prismatic, the third one is a slightly elongated cube. The [Thlg] cubes are
connected via four rectangular faces to [Thlg] square antiprisms (Fig. 3.9).
One half of the square antiprisms is further connected to other cubes and, the
second half to other square antiprisms, leading to a three-dimensional network.
The Th-I bond distances suggest that thorium is in the tetravalent state in Thls
and has to be formulated according to Th*"(I");(e") with the electrons deloca-
lized or involved in metal-metal bonds. The latter assumption is supported by
the relatively short Th-Th distances of 3.46 to 3.80 A.

ThI, is also found to adopt two different crystal structures (Clark and
Corbett, 1963; Scaife and Wylie, 1964). Lustrous gold crystals of B-Thl, are
obtained at 700 to 850°C while o-Thl, forms at 600°C. Both compounds are
hexagonal but a structure determination has been performed only for B-Thl,
(Guggenberger and Jacobson, 1968). The structure can be seen as a stacking
variant of the CdlI, structure (Fig. 3.9). It has a remarkable long c-axis (31 A)
and the stacking sequence of the iodide ions is ...ABCCBA... with the thorium
atoms in octahedral and trigonal prismatic sites (Fig. 3.9). Judging from the
Th-I bond distances, Th*" is present in the structure and the free electrons,
according to Th*"(I")»(e"),, should be responsible for the electrical conductivity
of the compound. The metal-metal distances, however, are remarkably longer
than those found in Thl;. Both subiodides, Thl; and Thl,, exhibit peritectic
decomposition above 850°C caused by disproportionations to Thl4 and Thl, or
Thl4 and Th, respectively (Scaife and Wylie, 1964).

The formation of pseudo-halides of thorium (such as thiocyanate or seleno-
cyanate) in organic solvents has been reported, but up to now, no binary
compound is known (Golub and Kalibabchuk, 1967; Laubscher and Fouché,
1971; Golub et al., 1974).

(b) Polynary halides

The systems AF/ThF,, where A is an alkali or another monovalent metal ion,
have been widely investigated (Brunton et al., 1965). Phase diagrams of the
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Fig. 3.10 Phase diagrams of three AF/ThF, systems. (a) NaF/ThF, (Thoma, 1972).
(b) TIF/ThF, (Avignant and Cousseins, 1970). (¢) KF/ThF, (Kaplan, 1956).

systems NaF/ThF, (Thoma, 1972), KF/ThF, (Kaplan, 1956), and TIF/ThF,
(Avignant and Cousseins, 1970) are given as examples in Fig. 3.10. Further-
more, the binary and also some ternary phase diagrams of ThF, with several
other fluorides were determined. Table 3.8 surveys the phases that are reported
to exist along with those found in the other halide systems. Unfortunately, only
very few of these phases have been carefully characterized. In some cases lattice
parameters of the compounds were determined by powder diffraction; moreover,
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Table 3.8 Detected phases in the systems with ThX, (X = F, CI, Br).

System Compounds References
LiF-ThF, Li;ThF,, LiThFs, LiTh,F,, Thoma and Carlton (1961)
LiTh,F,,
NaF-ThF, NayThFg, Nas;ThF;, Na,ThF, Thoma and Carlton (1961);
Na;Th,yF;;, Na;ThgF3;, NaThFs, Thoma (1972); Brunton et al.
NaTh,Fy (1965)
KF*T]’IF4 KSTth, KzThF6, K7Th6F31, Thoma and Carlton (196]),
KThFs, KTh,Fg, KThgF>s Dergunov and Bergman (1948);
Harris (1960)
RbF-ThF, Rbs;ThF;, Rb,ThF¢, Rb;ThgF5; Thoma and Carlton (1961);
RbThsF 35, RbThgF»s Dergunov and Bergman (1948)
CsF-ThF, Cs3ThF5, Cs,ThFg, CsThFs, Thoma and Carlton (1961);
Cs,ThiFyy4, CsThyFy, CsThsF 3, Brunton et al. (1965)
CSTh6F25
NH,F-ThF,4 (NH4)4ThFg, (NH4);ThF, Ryan et al. (1969); Penneman
(NH4),ThF4 et al. (1971, 1976, 1968)
N,HsF-ThF, (N,H5)3ThF;, (N,Hs)ThFs Glavic et al. (1973); Sahoo and
Patnaik (1961)
NH;OH-ThF,; (NH;O0H)ThF, Satpathy and Sahoo (1968);
Rai and Sahoo (1974)
TIF-ThE, TI5,ThF,, T, ThF¢, T1;ThgF3,, Avignant and Cousseins (1970);
TIThFs, TIThsF;3, TIThgF»s Keller and Salzer (1967)
LiCI-ThCl, Li4sThClg Vdovenko et al. (1974)
NaCl-ThCly NaThCls Vdovenko et al. (1974)
KCI-ThCl, K5ThCl,, K,ThCls, KThCls Gershanovich and Suglobova
(1980)
RbCI-ThCl, Rb;ThCl;, Rb,ThCls, RbThCls, Gershanovich and Suglobova
RbTh; ¢Cls ¢4 (1980)
CsCI-ThCly Cs3ThCl,, Cs,ThClg, CsThCls, Gershanovich and Suglobova
CsThsCly5 (1980)
BaCl,-ThCl, Ba;ThCl,(, Ba3;Th,Cl,4 Gorbunov et al. (1974)
NaBr-ThBr4 NaThBrs Gershanovich and Suglobova
(1981)
KBr-ThBr4 K,ThBryg Gershanovich and Suglobova
(1981)
RbBr-ThBr, Rb,ThBrg Gershanovich and Suglobova
(1981)
CsBr-ThBry Cs,ThBrg Gershanovich and Suglobova

(1981)

careful structure determinations remain scarce. Known crystallographic data
are summarized in Table 3.9.

In the system LiF/ThF,4 four compounds are known to exist (Brown, 1968;
Cousson et al., 1977; Penneman et al., 1973; Taylor, 1976), namely Li;ThF,
LiThFs, LiTh,Fy, and LiTh4F;7. A complete structure analysis has been
done for only one of these phases, namely LisThF; (Cousson et al., 1978;
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Laligant et al., 1989; Pulcinelli and de Almeida Santos, 1989). It is dimorphic
but the linkage of the monocapped square antiprisms [ThFo] is the same in the
two modifications. They are connected via two common edges to layers accord-
ing to the formulation 2 [ThF§ /2Ft,5 1l (e = edge, t = terminal). The layers are
stacked along the c-axis. The different symmetry of the two modifications arises
from the different positions of the Li* ions in the interlayer spacings, and their
positions are temperature-dependent, making the compound a good ionic con-
ductor (Laligant et al., 1992). According to powder diffraction measurements,
LiThFs is isotypic with LiUFs and contains a three-dimensional network of
vertex-connected monocapped square antiprisms [ThFg] that incorporate the
Li" in a six-fold coordination (Keenan, 1966). The lattice parameter of the other
two fluorides have been obtained by powder XRD (Harris et al., 1959; Cousson
et al., 1978).

The system NaF/ThF, shows the formation of seven compounds (Table 3.8)
(Rosenheim et al., 1903; Dergunov and Bergman, 1948; Brunton et al., 1965;
Kaplan, 1956; Ryan and Penneman, 1971; Thoma, 1972). Na,ThF4 may either
be cubic (a-Na,ThFg) or trigonal (B,-Na,ThFg) (Table 3.9). The cubic modifi-
cation is a variant of the CaF,-type of structure with Na* and Th*" occupying
Ca’" sites in a disordered fashion (Zachariasen, 1949b). The trigonal structure
of Na,ThFg is very similar to the structure of LaF; and contains both the Na™
and the Th*" ions in tricapped trigonal prismatic coordination of fluoride
anions (Zachariasen, 1948b). The polyhedra are connected via triangular faces
in the [001] direction and via common edges in the (001) plane. A third modifi-
cation, 8-Na,ThFg, has been reported to be also trigonal but has not been
proved yet (Zachariasen, 1948c; Penneman ez al., 1973). In NaTh,Fg the Th*t
are nine-fold coordinated by F~ ions. The polyhedra are connected via vertices
according to 3 [ThF, /2}70'5 to a three-dimensional network with the Na™ ions
incorporated for charge compensation (Zachariasen, 1948b, 1949a). In the
complex structure of Na;TheF5; nine- and ten-fold coordinated Th*" ions are
present (Keenan, 1966; Penneman et al., 1973).

An X-ray structure analysis is available for all of the six compounds that exist
in the KF/ThF,; system (Kaplan, 1956), except for KThFs (Table 3.9).
a1-K5>ThFg is isotypic with the respective sodium compound, while a slight differ-
ence is found between B;-K,ThFg and B-Na,ThF¢ (Zachariasen, 1948c; Ryan
and Penneman, 1971). The Th/F sublattice is the same in the two compounds,
however, in the former the K" ions are located in tricapped trigonal prismatic
voids, in the latter, Na™ occupies octahedral sites. The complex fluoride
K,ThgF3; (Zachariasen, 1948c; Brunton, 1971a) shows isotypism to the sodium
compound. KsThF,, which has also been prepared from aqueous media (Wells
and Willis, 1901), consists of monomeric distorted square antiprismatic
[ThFs]*~ anions that are connected via K™ jons (Ryan and Penneman, 1971).
Furthermore there are isolated F~ ions in the structure that are not bonded
to Th*". The structure of KThgF,s is a polymorph of the CsUgF,5-type with
the Th*" jons in nine-fold coordination by fluoride ions (Brunton, 1972).
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The tricapped trigonal prismatic polyhedra are linked via shared edges and ver-
tices. The resulting three-dimensional network incorporates the K™ ions in voids.
Finally, a mixed sodium potassium fluoride is known: NaKThF¢ (Brunton, 1970).

Among the compounds found in the RbF/ThF, system (Dergunov and
Bergman, 1948; Thoma and Carlton, 1961), Rb,ThF4 Rb;Th¢F;; and
RbThgF,s are isotypic to their respective potassium fluorides (Harris, 1960;
Penneman et al., 1973). Rb;ThF; has the same cubic structure as K;UF; and
shows a highly disordered fluoride sublattice (Dergunov and Bergman, 1948).

The same is true for Cs;ThF,, which is one of the seven phases that are known
to exist in the CsF/ThF, system (Thoma and Carlton, 1961; Penneman et al.,
1973). Unfortunately, lattice parameters are only available for one additional
compound, CsThgF,s. It is isotypic to CsU¢F,5 and can be seen as a polymorph
of the KThgF,5-type wherein the Th*" ions are in nine-fold and the Cs™ ions in
12-fold coordination by fluoride ions (Brunton, 1971b; Penneman et al., 1973).

Although the size of the ammonium ion is comparable to the radii of K* and
Rb™, the NH,F/ThF, system contains only a few phases, namely (NH,4),ThFg,
(NHy4)3ThF5, and (NH4)4,ThFg (Ryan et al., 1969; Penneman et al., 1971). The
latter two have been structurally characterized. (NH4);ThF; is not isotypic with
the respective potassium or cesium compounds but crystallizes with orthorhom-
bic symmetry (Penneman ez al., 1971). It contains chains of edge-sharing [ThF]
polyhedra with the formulation ! [ThF, /2Fs/1] that are separated by the NH;
ions. Similar chains are found in the unique crystal structure of (NH,4)4,ThFs.
This latter compound contains, however, an additional fluoride ion that is not
coordinated to any Th*" so that it should be formulated as (NH,)4ThF]F
(Ryan et al., 1969).

As far as structural data are known, the compounds found in the TIF/ThF,
system show a close relationship to the respective fluorides of the larger alkali
metal ions (Avignant and Cousseins, 1970). Slight deviations may be observed
as can be seen from the structure of TI;ThF; and are usually attributed to the
stereochemical activity of the lone electron pair on TI" (Gaumet et al., 1995).

Several other systems with ThF, have been investigated with unusual com-
ponents like NoHsF or even NH;OH (Table 3.8) (Sahoo and Patnaik, 1961;
Satpathy and Sahoo, 1968; Glavic ef al., 1973; Rai and Sahoo, 1974). Single
crystal structures are not known in these cases. In addition, compounds with
higher valent ions have been investigated. With divalent cations, a number of
compounds are known that have essentially the LaF; structure type, wherein
the La*" positions are filled by Th*" and the divalent cation, respectively
(Zachariasen, 1949a; Keller and Salzer, 1967; Brunton, 1973). Anion-rich fluor-
ides can be obtained when a small amount of Th*" is doped in the CaF, lattice
and complicated phases with severe disorder in the cation and anion lattice are
described for lanthanide-containing compounds like SmTh,F;; (Abaouz et al.,
1997). Finally, the zirconium thorium fluoride ThZr,F, is completely ordered
and contains layers of vertex-shared [ZrFg] polyhedra that alternate with layers
of Th*" ions in nine-fold coordination by F~ ions (Taoudi ez al., 1996).
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A few hydrates of ternary thorium fluorides are known. Probably the most
remarkable hydrate has the composition (NHy4);Th,F;5- H,O (Penneman et al.,
1968, 1976) and contains the dimeric anion [Th,F;5(H,0)]”" in which the Th*"
ions are linked via three fluoride ions. Furthermore the lanthanide-containing
phases LaThyFo- H,O and ThEr,F- H;O have been reported in which the
lanthanide and the Th*" ions occupy the same sites (Guery ez al., 1994; Le Berre
et al., 2000). Finally, the fluoride hydroxide Li;ThsF,,OH should be mentioned,
which incorporates the Li" ions in a three-dimensional network of [ThFo] and
[ThFgOH] polyhedra (Cousson et al., 1979a).

Polynary thorium fluorides with more than one additional cation have been
rarely characterized (Table 3.9). Structural data are available for NazLisThgF3;
(Brunton and Sears, 1969), KNaThF¢ (Brunton, 1970), Li,CaThFg (Vedrine
etal., 1973), Na3;BeTh;oF45 (Brunton, 1973), and Na;ZnThgF,9 (Cousson et al.,
1979b). NasLisTheF3; has the same structure as Na;ThgF3;, with some of the
Na' ions being substituted by Li*. Similarly, the structure of KNaThFg is
closely related to the structure of the potassium-only compound. Li,CaThFg
adopts the structure of CaWOy,, even if the symmetry is slightly different. The
Li* ions occupy the tetrahedral positions of the tungsten atoms, while both
Ca®* and Th*" are found on the calcium sites of CaWO,. Na;BeTh;oF,s and
Na3ZnThgF,9 (Fig. 3.11) have crystal structures wherein the Th*" ions are
found mainly in an eight-fold coordination of fluoride ions (Brunton, 1973).
The thorium polyhedra are linked in complicated three-dimensional networks

Fig. 3.11 Crystal structure of the polynary NazZnTheF»s.
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that incorporate the Na™, Be’>", and Zn?" ions, respectively. The coordination
number of the sodium ions range from six to eight. Be*" is tetrahedrally
coordinated, and Zn>" is in the center of an octahedron.

Mixed chloride—fluorides, namely LiThCIF,, CsTh,ClFg, SrThCIl,F,, and
BaThCl,Fg, have been reported but these compounds are in need of further
characterization (Gudaitis et al., 1972; Desyatnik et al., 1974a,b).

Compared to the respective fluorides the number of well-characterized poly-
nary thorium chlorides, bromides, or iodides is quite limited. According to phase
diagram investigations containing ThCly, the compounds included in Table 3.8
are known to exist (Vdovenko et al., 1974; Gershanovich and Suglobova,
1980). However, additional chlorides, which were not found in their respective
phase diagrams, have been prepared by several authors (Rosenheim and Schil-
ling, 1900; Rosenheim et al., 1903; Chauvenet, 1911; Siegel, 1956; Ferraro, 1957,
Adams et al., 1963; Brown, 1966; Vokhmyakov et al., 1973; Gorbunov et al.,
1974; Desyatnik and Emel’yanov, 1975). Unfortunately, the structure of only a
few chlorides is known, all of them being exclusively hexachlorothorates con-
taining the octahedral [ThClg]* anion. Alkaline metal ions, TI" and Cu™, as
well as divalent ions, for example Ba*" or Pb*", may serve as counter-ions
(Binnewies and Schifer, 1973, 1974; Gorbunov et al., 1974; Westland and
Tarafder, 1983). Furthermore, alkyl ammonium ions can be used to crystallize
the hexachlorothorate (Brown, 1966; Woodward and Ware, 1968). Occasional-
ly, complex [ThCls]” and [ThCl;]*" ions have been mentioned in the literature
(Oyamada and Yoshida, 1975; Yoshida et al., 1978). The enthalpies of forma-
tion of several thorium-alkali metal ternary chlorides have been reported.
Experimental data on these chlorides, together with those on other actinide
ternary halides are assembled and briefly discussed in Chapter 19.

Chloro compounds of thorium in which one or more chloride ions in ThCly
are replaced by other ligands have been prepared. These ligands can be tri-
methysilylamide, benzaldehyde, and methylsalicylate, for example (Bradley
etal., 1974).

The phase diagrams of ThBr, and the alkali metal bromides NaBr-CsBr
show one compound to exist in each case (Ribas Bernat and Ramos Alonso,
1976; Ribas Bernat et al., 1977; Gershanovich and Suglobova, 1981). For
sodium, NaThBrs melts incongruently, and for the remaining alkali metals,
the bromides A;ThBrs (A = K — Cs) melt congruently. The structure of the
equivalent sodium compound is not known, but for the compounds with
heavier alkali metals, the lattice parameters have been derived from powder
diffraction data. Although the data are not in entire agreement, it seems very
likely that these compounds are (nearly) isotypic with the respective iodides and
thus contain the octahedral [ThBrg]*~ anion. The same anion also occurs in the
family of bromides, AThBrg, with A being a divalent cation (cf. Table 3.9) (Beck
and Kiihn, 1995). An interesting exception is the unique crystal structure of
In,ThBrg. It contains square antiprismatic [ThBrg] polyhedra that are linked in
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Fig. 3.12  Octahedral [The] cluster in the crystal structures of TheBrisCo and TheBr4H7,
respectively. The cobalt atom as well as the hydrogen atoms are stabilizing the cluster,
which are surrounded by 18 Br~ ions. The hydrogen position are only occupied to 7/8.

chains along [001] according to the formula | [ThBrF, 2Bry 1] via shared edges.
The chains are held together by nine-fold coordinated In* ions (Dronskowski,
1995).

A series of reduced thorium bromides containing octahedral [The] clusters
has been described recently. They have been prepared from ThBr4 and thorium
metal in the presence of either hydrogen, carbon, or a transition metal, leading
to the compounds: MThgBr;5 (M = Mn, Fe, Co, Ni), ThgBr4C, and Th¢Br;sH,
(Bottcher et al., 1991a,b). The transition metal and the carbon atom act as a
stabilizing interstitial atom within the octahedron whereas the hydrogen atoms
are located above the triangular faces of the empty octahedra. In each case, the
[Thg] core is surrounded by 12 Br  ions that are bridging the edges of the
octahedron, and six additional anions attached to the vertices. The linkage of
the [(TheBry,)Brg] units is different in ThgBr4C compared to the metal-centered
cubic phases, causing the slightly higher Th/Br ratio (Fig. 3.12). Another unique
cluster compound is KTh;,N¢Br»o. It shows a core of six [NThy] tetrahedra that
are connected by sharing edges (Fig. 3.13) (Braun et al., 1995).

Ternary iodides containing the octahedral [Thlg]* anion have been prepared
with a number of different counter-cations, for example alkali metal ions,
tetraalkyl ammonium ions, or [As(C¢Hs)s]" (Bagnall et al., 1965; Brown
et al., 1970a, 1976; Brendel et al., 1985). The Thl4/Al, systems with A being
Ca, Sr, Sn, or Pb, have been investigated and for selected examples crystal
structures have even been determined (Beck et al., 1993). Ternary iodides have
also been synthesized by the fusion of the binary iodides at elevated temperature
with other divalent cations (Beck et al., 1993). Finally, the mercury iodides
Hg,Thlg-12H,0 and HgsThl;4-18H>O have been reported (Duboin, 1909a).
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Fig. 3.13 [Th|yNg] core in the crystal structure of KTh,NgBrye. The unit consists of six
linked [NThy] tetrahedra. It might also be seen as an [ The] octahedron whith four of the six
triangular faces capped by an additional thorium atom.

3.7.5 Chalcogenides

The heavier analogs of oxides, the chalcogenides S, Se, and Te, all form
compounds with thorium (Table 3.6). While some are based on simple crystal
structures such as fluorite or NaCl, the richness of the electronic structures of
sulfur, selenium, and tellurium lend themselves to forming more complex struc-
tures than the oxides. Binary thorium sulfur compounds can be prepared by the
action of H,S on the metal (Berzelius, 1829; Nilson, 1876; Moissan and Etard,
1896, 1897), the metal halide (Kriiss and Volck, 1894; Duboin, 1908b), the metal
hydride (Eastman et al., 1950; Lipkind and Newton, 1952), or on thoria itself in
the presence of carbon (Eastman et al., 1950). Sulfur will react at elevated
temperatures with the metal or thorium carbide and CS, with thoria will also
form the binary sulfides. There are six generally recognized structurally char-
acterized sulfides (including ThOS, which is not isostructural with ThS, or
ThO,) listed in Table 3.6 (Shalek, 1963). The sulfide with the lowest sulfur
content (Khan and Peterson, 1976), ThS, stands out against ThO as not being
like ZnS but rather forming the NaCl structure type (Zachariasen, 1949c).
However, as mentioned earlier, the characterization of ThO remains a puzzle.
ThS is metallic in appearance with a density of 9.56 g cm >. The compound



96 Thorium

sinters above 1950°C with no appreciable vapor pressure above its melting point
(2200°C). The compound can be machined or polished and becomes supercon-
ducting near 0.5 K (Moodenbaugh et al., 1978). The disulfide of thorium, ThS,,
is a purple-brown solid with the PbCl, structure and a density of 7.36 g cm .
It is reported to melt at 1905°C with considerable decomposition starting at
1500°C (Eastman et al., 1950, 1951). Heating the disulfide in vacuum will yield a
black phase, Th;S;,, which melts around 1770°C (Zachariasen, 1949d; Eastman
et al., 1950, 1951). This compound has been mislabeled as ThsS;. The sesqui-
sulfide is a brown-metallic phase, isotypic with stibnite, Sb,S; (Zachariasen,
1949c). This phase also melts with no appreciable vapor pressure at high
temperatures (2000°C), making it a useful high-temperature crucible material.
An orange-brown material has been prepared via a lower-temperature reaction
(400°C) between thorium metal and sulfur or between the hydride and excess
H,S. A ‘polysulfide’ phase was first identified as Th3S; (Strotzer and Zumbusch,
1941) and later found (Graham and McTaggart, 1960) to evolve sulfur around
150°C to yield Th,Ss, of tetragonal structure, although more recent studies
found that it is correctly reported in the orthorhombic cell (Noél and Potel,
1982). ThOS, a yellow phase prepared from the action of thoria and CS, or
thoria and sulfur (Kriiss, 1894; Heindl and Loriers, 1974), forms in the PbFCl
structure type, analogous with the rare earth series of compounds (Zachariasen,
1949c¢). ThOS hydrolyzes in acid solutions as do all the other binary sulfides of
thorium (Dubrovskaya, 1971).

Selenium and tellurium form a series of compounds with thorium that are
homologs of the sulfides. These compounds, listed in Table 3.6, are ThOSe,
ThSe, Th;Se;,, Th,Ses, ThSe,, Th,Ses, and ThSe; (D’Eye et al., 1952; D’Eye,
1953; Graham and McTaggart, 1960; Noél, 1980; Kohlmann and Beck, 1999).
These phases have all been obtained by the reaction of selenium on thorium
metal (D’Eye et al., 1952) on the carbide, the halide, or the silicide of thorium
(Moissan and Martinsen, 1905). Thorium selenides have also been produced by
the reaction of hydrogen selenide gas on thorium bromide (Moissan and
Martinsen, 1905). It has been reported that ThSe becomes superconducting at
1.6 K (Moodenbaugh, 1978), in contrast to earlier observations (Bucher and
Staundenmann, 1968). A selenium analog to the polysulfide phase may be
Th,Se > (D’Eye, 1953) or Th,Ses (Graham and McTaggart, 1960). Another
reported polyselenide is ThSe; (Noé€l and Potel, 1982), which is isotypic with
USes (Ben Salem et al., 1984). Finally, the reaction of selenium with thoria
yields ThOSe (D’Eye, 1953).

The tellurides of thorium exist in phases of similar stoichiometry but with
slightly differing structures from those of the sulfides or selenides. For example,
ThTe is found in the CsCl structure rather than the NaCl-type (D’Eye and
Sellman, 1954). Several conflicting reports exist about the identity of a higher
telluride, Th3Teg, although it has been confirmed to be ThTes, in a structure
type analogous to the low-dimensional ZrSes-type (Graham and McTaggart,
1960). This same report also suggests that ThTe, is hexagonal rather than
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orthorhombic as in the PbCl,-type found for ThSe,. Recently, the missing link
in the series, Th,;Te;,, was prepared and characterized as isostructural with
the selenide (Tougait et al., 1998). An early report on ‘Th3Te’ has not been
confirmed up to now and seems to be not very reliable (Montignie, 1947).

During the past decade, a series of interesting ternary and quaternary thori-
um chalcogenide phases have been prepared (Cody and Ibers, 1996; Wu et al.,
1997; Tougait et al., 1998; Narducci and Ibers, 1998a,b, 2000; Choi et al., 1998;
Briggs-Piccoli et al., 2000, 2001, 2002; Hess et al., 2001). The series of layered
tellurides and selenides of thorium, ATh,Tes, are based on the sesquiselenide or
telluride structure type that has been, in effect, pried apart, reduced, and
intercalated by an alkali metal (Cody and Ibers, 1996; Wu et al., 1997; Tougait
et al., 1998). The review by Narducci and Ibers describes these reactions in detail
(1998a). Indeed, a series of related transition metal compounds such as
KCuThSe;, CuTh,Teg, and SrTh,Ses have been prepared from the action of
tellurium or selenium, or their alkali metal salts, on thorium metal (Narducci
and Ibers, 1998a, 2000).

Attempts were also made to prepare chalcophosphate analogs of the thorium
phosphates discussed in Section 3.7.7¢. The unique chemistry of thiophosphates
and selenophosphates provided a rich set of compounds from homoleptic
clusters of [Thy(PS4)e]' (Briggs-Piccoli et al., 2002) to complex three-dimen-
sional phases with a unique (P,Seo)®” anion building block in Cs4ThyP4Sesq
(Briggs-Piccoli et al., 2001).

3.7.6 Pnictides

The nitride of thorium, Th3Ny, can be prepared by a variety of methods
(Gmelin, 1987). One is the strong heating of the metal in the presence of N,.
At the turn of the last century, there was significant debate about the composi-
tion and color (chestnut, citron yellow, maroon, and black) of the thorium
nitride that could be obtained by heating the metal in presence of N, (Matignon
and Delepine, 1907; Diising and Hiiniger, 1931). The debate lingered into the
1960s and the variations in color have been attributed to vacancies in nitrogen
and oxygen impurities. Indeed, the tan-colored Th,Nj is actually Th,N,O
(Aronson and Auskern, 1966; Benz and Zachariasen, 1966). The golden yellow
ThN (Chiotti, 1952; Olson and Mulford, 1965) may likely be seen as a thin layer
on the surface of Th3;Ny as it is the thermally stable product of all decomposition
reactions of the other thorium nitrides (Aronson and Auskern, 1966). ThN
displays metallic character when prepared as a thin film (Gouder et al., 2002).
The ThN phase is isotypic with all other actinide mononitrides and has the
NaCl fce structure (Auskern and Aronson, 1967; Benz et al., 1967). ThN is a
superconductor at low temperatures with an inverse dependence of pressure on
the critical temperature (Dietrich, 1974).

The synthesis of the binary nitrides listed in Table 3.10 can be achieved
most easily by the action of ammonia or nitrogen on heated thorium hydride
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Table 3.10 Crystallographic data of thorium pnictides.

Lattice parameters

Lattice

Compound  symmetry a (A) b (A) c (A) Angles (°)  References
ThN cubic 5.180 Evans and
Raynor (1959)
Th3Ny4 rhombohedral 3.87 27.38 Bowman and
Arnold (1971)
Th,N3 rhombohedral  3.883 6.187 Zachariasen
(1949a)
ThP cubic 5.840 Gingerich and
Wilson (1965)
ThsP, cubic 8.600 Meisel (1939);
Zumbusch
(1941)
Th,Py; monoclinic 17.384 10.104 19.193 p=117.62 von Schnering
et al. (1980)
ThP, orthorhombic  10.218  10.401 5.671 von Schnering
and Vu (1986)
ThAs cubic 5.978 Ferro (1955)
Th3Asy cubic 8.843 Ferro (1955)
ThAs, tetragonal 4.086 8.575 Ferro (1955);
Pearson (1985)
ThSb cubic 6.318 Ferro (1956)
Th;Sby cubic 9.371 Ferro (1956)
ThSb, tetragonal 4.352 9.172 Ferro (1956)
ThBi, tetragonal 4.492 9.298 Pearson (1985)

(Katzin, 1983). Metal powder heated in nitrogen will yield the nitrides; in the
presence of ammonia, a hydride intermediate can be formed (Juza and Gerke,
1968). These hydrogen-containing species might be nitride-imides, nitride-
amides, or pure amides of thorium, as investigations of the system Th-N-H
have shown. Thoria treated with carbon and heated in a nitrogen atmosphere
will also yield nitrides where a finely divided metal powder can be seen as an
intermediate.

The reaction of binary nitrides with thorium halides leads to the halide
nitrides ThNX (X = F, Cl, Br, I). They have been shown to adopt the BiOCI-
type of structure (Juza and Sievers, 1968; Blunck and Juza, 1974). Complex
metal nitrides such as Th,NOP can be prepared by heating binary nitrides with
thoria and thorium phosphides (Benz and Zachariasen, 1969; Barker and
Alexander, 1974). Heating the nitrides in oxygen generally yields thoria as the
product and the nitrides are moisture-sensitive. Several complex mixtures of
double salts have been prepared recently, namely Ca, Ths_, N4 5,05, Sr, Th;_,
N4»,0>,, and Sr,Th;_N,O;_, (Brese and DiSalvo, 1995a). Ternary nitrides
are the lithium compound Li,ThN, (Palisaar and Juza, 1971) as well as the
very unique nitride perovskite phase, TaThN; (Brese and DiSalvo, 1995b).
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This latter cubic perovskite was prepared by the action of Ta;Ns and Th3Ny4 at
1400°C as well as by the reaction of Ta,Th,Og¢ and Ca3;N, at 1500°C.

The heavier pnictide analogs all form similar binary phases to the nitride that
have been characterized by single crystal XRD analysis except for ThBi that is
conspicuously absent (Ferro, 1957). Analogously to ThN, ThP, ThAs, and ThSb
adopt the fcc NaCl structure (Ferro, 1955, 1956; Gingerich and Wilson, 1965;
Javorsky and Benz, 1967; Baskin, 1969). The same structure has been reported
for all of the actinide and lanthanide mononitrides and pnictides, respectively.
Interestingly, the lattice constant has been shown to decrease when going from
Th to U, then to increase through Cm, and finally to decrease again (Lam ez al.,
1974; Damien and de Novion, 1981) (Fig. 3.14).

Adachi and Imoto reported that the cubic ThP could be made as ThP,_,
where x varied from 0 to 0.6. This behavior dramatically affected the hardness
of the phase as well as its conductivity (Adachi and Imoto, 1968). Indeed, at
1200°C, the phase ranges from ThPg 4 to ThPg ¢. The non-stoichiometric phases
show a weak paramagnetism and the room temperature resistivity of the metal-
lic ThP decreased with an increasing P/Th ratio for the ThP;_, phases. ThP
forms a solid solution with UP and displays an antiferromagnetic phase transi-
tion at 23 K with up to 40% ThP (Adachi et al., 1973). ThP undergoes a
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Fig. 3.14  Lattice constants of actinide and lanthanide monopnicnitides: mononitrides and
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structural phase transition from the NaCl-type to the CsCl-type at 30 GPa
(Staun Olsen et al., 1988). The reaction between Th and ThsP,4 at 1100°C will
yield ThP (Gingerich and Wilson, 1965; Gingerich and Aronson, 1966; Javorsky
and Benz, 1967). Th;P4 can be made by the direct combination of the elements
(Gingerich and Wilson, 1965; Price and Warren, 1965), by heating ThCl, with
phosphorus vapors (Moissan and Martinsen, 1905), and by the reaction of the
hydride with phosphine gas (Lipkind and Newton, 1952). This phase of phos-
phide is a dark gray material, unlike the black ThP, and is unreactive in water. It
releases phosphine upon action by acids and can be ignited to thorium phos-
phate by heating in air (Strotzer et al., 1938; Meisel, 1939). Th;P, is an n-type
semiconductor with a band gap of 0.4 eV (Henkie et al., 1976; Suzuki et al.,
1982). A very unique, phosphorus-rich Zintl phase was prepared by the action
of phosphorus on thorium metal at 1040°C, yielding Th,P,; (von Schnering
et al., 1980). This phase comprises chains of phosphorus atoms linked into two-
dimensional nets comprising open and closed Pg rings. This black, semiconduct-
ing phase (band gap of 0.3 eV) decomposes to Th3;P,4 upon heating to 1040°C in
vacuum. Other complex ternary phosphides are known including ThsFe P15,
ThFe4P,, and Th,Mn,,P; (Albering and Jeitschko, 1992; Jeitschko et al., 1993).
Finally, a dense, magnetoresistive skutterudite phase can be prepared from the
elements to yield ThFe P, (Dordevic et al., 1999).

In the thorium-arsenic system, ThAs and Th3As, are black-gray compounds
that are isomorphous with the associated phosphides and nitrides (Benz, 1968).
ThsAs, is an n-type semiconductor with a band gap of 0.43 eV (Ferro, 1955;
Warren and Price, 1964; Henkie and Markowski, 1978). In contrast to the Th-P
system, a diarsenide, ThAs,, is formed, which displays two modifications: a low-
temperature phase (), with the PbCl structure and a high-temperature phase
(B) with the Fe,As structure (Ferro, 1955; Hulliger, 1966). More complex
mixtures of ThAs and ThS or ThSe have yielded compounds such as ThAsSe
that display unique anomalous Kondo-like behavior (Henkie and Wawryk,
2002). Thorium antimony compounds form in the same structures as the
arsenides, with ThSb, Th3Sb,, and ThSb, (Ferro, 1956; Hulliger, 1966, Chiotti
et al., 1981). Like the arsenide, ThSb undergoes a high-pressure phase transition
from NaCl to the CsCl-type (Palanivel et al., 1995). Kondo-like resistivity
behavior was observed for solid solutions of USb and ThSb. The dilution of
USDb by ThSb lead to large modifications of the electrical transport properties,
reflecting the change from antiferromagnetism to ferromagnetism with a con-
comitant decrease of the ordered magnetic moment per U atom (Frick et al.,
1982). In the thorium-bismuth system, three binary compounds with familiar
structures are found: ThBi, ThBi,, and Th;Biy (Ferro, 1957; Dahlke et al.,
1969). ThBi was reported as part of an alloy structure although a single crystal
structure has not been determined (Borzone et al., 1982). Another phase with
the Mn;Siz-type was observed as well but was not confirmed by elemental
analysis (Borzone et al., 1982). Bismuth can be distilled from ThBi, yielding
the thorium-rich ThsBi; hexagonal structure. During the U.S. breeder reactor



Important compounds 101

program of the mid-1950s, breeder-blanket liquid Bi with a slurry of ThBi,
suspended in the liquid bismuth showed promise but there was significant
difficulty in suspending the inhomogeneous particles of ThBi, (Bryner and
Brodsky, 1959).

3.7.7 Complex anions

Thorium compounds with complex anions play an important role in various
fields, for example in separation techniques (cf. Section 3.4) and nuclear waste
disposal, to name only two of them. Thus, this chemistry has been widely
investigated, although often not in very detail, what is especially true with
respect to structural characterizations. In the following the most important
and more recent findings are summarized. For each complex anion an extra
subdivision has been created and reliable crystallograhic data are presented in
Table 3.11.

(a) Perchlorates

Thorium perchlorate is highly soluble in water and crystallizes, generally from
acidic solution, in the form of the tetrahydrate Th(ClO4)4-4H,O (Murthy and
Patel, 1965). The structure of the tetrahydrate is not known, but the compound
has been shown to decompose at 280°C to form ThO(ClO,), that finally forms
ThO, at 335°C (Murthy and Patel, 1965). The oxide—perchlorate apparently will
dissolve in water, and from XRD this is interpreted to be due to the formation
of a tetrameric species (Bacon and Brown, 1969). An elegant (but somewhat
dangerous) route to prepare anhydrous Th(ClOy), is the reaction of ThCl, with
Cl,0¢ (Koulkes-Pujo et al., 1982). From X-ray powder diffraction, an ortho-
rhombic lattice has been deduced with the space group probably being P2,2,2
(Ramamurthy and Patel, 1963). Due to the weak coordination tendency of the
ClOy ion, Th(ClOy)4 is frequently used to prepare coordination compounds of
thorium in which the perchlorate anion in not included in the coordination
sphere (Gmelin, 1985b, 1993a).

(b) Sulfates (VI, IV)

A detailed discussion of the older literature on thorium sulfates has been given
by Mellor (1941). Thorium sulfates can be prepared by the reaction of various
thorium salts, for example thorium nitrate, with concentrated sulfuric acid.
Upon crystallization from aqueous solution, different hydrates can be obtained.
At lower temperatures (0-45°C), Th(SO,4),-9H,O has the lowest solubility
(Cléve, 1874; Roozeboom, 1890; Dawson and Williams, 1899). Nevertheless,
the octahydrate is usually obtained even under these conditions (Cleve, 1874;
Kriiss and Nilson, 1887b; Roozeboom, 1890; Koppel and Holtkamp, 1910).
Furthermore, a hexahydrate has been mentioned and at higher temperature,
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Fig. 3.15  The [Th(SO04),(H,0)s) molecule in the crystal structure of Th(SO4)>-8H,O.

a tetrahydrate is said to form (Roozeboom, 1890; Dawson and Williams, 1899;
Wirth, 1912). A dihydrate was observed as an intermediate of the dehydration
of higher hydrates (Rollefson, 1947) and Th(SO4,),-8H,0O has been structurally
characterized (Fig. 3.15). It shows the Th*" ions in a ten-fold coordination by
oxygen atoms, which belong to six water molecules and two chelating
sulfate ions. The coordination polyhedron is a distorted bicapped squared
antiprism. The crystal structure is completed by two crystal water molecules
(Habash and Smith, 1983).

The formation of basic thorium sulfates has also been frequently observed
but these compounds are not well characterized (Kriiss and Nilson, 1887b;
Wyrouboff and Verneuil, 1898b, 1899; Meyer and Gumperz, 1905). ThOSO,4
has been reported to form upon dehydration of ThOSO4-3H,O but none of
these compounds has been further investigated (Wyrouboff, 1901; Wohler et al.,
1908; Hauser and Wirth, 1908; Barre, 1910, 1911; Halla, 1912). The structure is
known only for Th(OH),SO,4, which has been thought to be ThOSO4H,0
(Lundgren, 1950). The thorium ions are connected as dimers by two OH™
ions. The coordination sphere of Th*" is completed by four monodentate
sulfate groups and the dimeric [Thy(OH),(SOy)g] units are linked into a three-
dimensional network.

Various polynary sulfates containing alkali metals are thought to exist
(Colani, 1909; Barre, 1912). The phase diagram of Na,SO4/Th(SOy,), has been
determined recently wherein the compound Na;,Th(SOy)s is found (Fedorov
and Fedorov, 2001). Solid state reactions of ThO, with KHSO,, K,S,0s, and
K»S,05 afforded K4Th(SO4)4 (Keskar et al., 2000). Also the reactions of ThO,
with (NH4)>SOy4, and mixtures of (NH4),SO,4 with NH4;NO;3 or NH4HF, have
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been studied (Singh Mudher et al., 1995). Furthermore, the rubidium com-
pound, Rb,Th(SO,);, has been synthesized. Despite these investigations no
structural data of the anhydrous species have been reported until now. A little
more information is available for the hydrated polynary sulfates (Cleve, 1874;
Manuelli and Gasparinetti, 1902; Rosenheim et al., 1903; Barre, 1910, 1911).
According to very old data, they may contain alkali and thorium metal ions
in a ratio of 1:1, 2:1, 3:1, and 4:1, but newer investigations determined the
compositions as A, Th(SO4)3-xH>O and A4Th(SO4)4xH>O (A = Na-Cs, NHy)
(Gmelin, 1986b), where the water content x varies from 2 to 6. Additionally,
M¢Th(SO4)5s-:3H,O (M = Cs, NHy) and (NH4)sTh(SO4)s:2H-O are known
(Gmelin, 1986b). For several compounds, infrared spectroscopy (IR) data are
available (Evstaf’eva er al., 1966) and structure determinations have been
done for Na,Th(SO4);-:6H,0 (Habash and Smith, 1990), Cs,Th(SO4)3-:2H,0
(Habash and Smith, 1992), and K4Th(SO4)4-2H>O (Arutyunyan et al., 1963).
The sodium compound exhibits chains of ! [Th(H,O), /1(804)55] running
along [100] in which the Th*" jons are surrounded by six monodentate SOi'
ions and three H,O molecules to form a tricapped trigonal prism. The chains are
linked by the Na™ ions and three non-coordinating water molecules are found in
the unit cell. In Cs,Th(SOy)5-2H,0 the [Th(H,0),(SO4)s] polyhedra are linked
to layers according to 2 [Th(H,0),(SO,), 12(80Oy), ] that are connected by the
Cs" ions. For the Th*" ions a coordination number of nine arises due to the
chelating nature of two of the SOZ* groups. In K4Th(SO4)4-2H,0 zigzag chains
are found with the formula ;o[Th(Hzo)z/1 (504)4/2(SO4), ;] One of the SO;~
jons acts as chelating ligand leading to a coordination number of 9 for Th**.

Thorium sulfates containing other counter-cations besides alkali metals are
rarely described. They include the manganese compound MnTh(SO,)3-7H,0
that was obtained from an aqueous solution of the binary sulfates at 30°C, the
tin compound, Sn,Th(SO4)4-2H,0 (Weinland and Kiihl, 1907), and the poorly
characterized thallium sulfates (Fernandes, 1925). Finally, the organic guanidi-
nium ion has been used for the precipitation of thorium sulfato complexes
(Molodkin et al., 1964).

With Th(SOsF),, one fluorosulfate of thorium has been synthesized by the
reaction of HSOsF with thorium acetate. According to IR measurements the
anions act as bidentate ligands. The thermal decomposition of the compound
yields SO,F, and Th(SOy), (Paul et al., 1981).

Thorium sulfate (1v), Th(SOs3),-xH,O, is said to form as a white precipitate
when SO, is passed through a solution containing Th*" ions or when an alkali
metal sulfite is added (Cléve, 1874; Chavastelon, 1900; Baskerville, 1901;
Grossmann, 1905). Based on differential thermal analysis (DTA) investigations,
the water content x is believed to be four (Golovnya et al., 1967a,b). Hydrolysis
of the thorium sulfites or their thermal decomposition leads to basic compounds
with different compositions (Golovnya et al., 1964, 1967a). Furthermore, vari-
ous ternary sulfites containing alkali metal ions or the ammonium ion have been
mentioned, but a more precise characterization is needed for these compounds
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(Chavastelon, 1900; Golovnya et al., 1967b,c). A number of organic solvates of
thorium sulfites are reported, but again, further characterization is still needed
(Golovnya et al., 1967b).

(c) Nitrates

Nitrates of thorium may be prepared by dissolving Th(OH), in nitric acid.
Depending on the concentration of the acid, three different hydrates form
upon evaporation. If the acid concentration is in the range between 1 and
54%, a pentahydrate crystallizes while a tetrahydrate is obtained at concentra-
tions up to 75% (Ferraro et al., 1954). Both hydrates have molecular structures.
The tetrahydrate contains [Th(NO3)4(H,0)4] molecules with all of the nitrate
groups being attached in a chelating manner to the Th*" ions, leading to a
coordination number of 12 (Charpin et al., 1987). In the non-centrosymmetric
pentahydrate, Th(NOs),- SH,0, there are also four chelating nitrate groups
around Th*" but only three additional H,O molecules, yielding a coordination
number of 11. The remaining water molecules are held via hydrogen bonds
in the structure so that the compound has to be formulated according to
[Th(NO3)4(H,0)5] - 2H,0 (Ueki et al., 1966). The structure of the pentahydrate
has also been determined by neutron diffraction so that exact hydrogen posi-
tions are known (Taylor et al., 1966). Furthermore, thermodynamic data have
been provided for the pentahydrate (Ferraro et al., 1956; Cheda et al., 1976;
Morss and McCue, 1976).

From nearly neutral solutions, a hexahydrate was said to crystallize (Fuhse,
1897; Misciatelli, 1930a,b). Unfortunately it has not been structurally charac-
terized and due to the well-known tendency of Th*" compounds to hydrolyze,
it might be possible that the hexahydrate is in fact a basic species. With
ThOH(NO3); - 4H»0, another basic nitrate is known (Johansson, 1968a,b). As
seen in Fig. 3.16, it contains the dimers [Tho(OH)»(NO5)s(H,0)g], with the Th**
ions in an 11-fold coordination by three H,O molecules, two hydroxide ions,
and three chelating nitrate groups. The dimers are arranged in the lattice with
additional crystal water molecules. The thermal decomposition of thorium
nitrate hydrates leads to ThO,. According to DTA and thermogravimetry (TG)
measurements, various intermediates can be observed (Tiwari and Sinha, 1980).
Acidic thorium nitrates have been reported, for example H,Th(NO3)s-3H,O,
but unfortunately they have not been characterized (Moseley et al., 1971). Also
Th(NO3)42N,0s, which is said to form in highly concentrated HNOj3, has
not been investigated further (Kolb, 1913; Misciatelli, 1930a,b; Ferraro et al.,
1954, 1955).

Thorium nitrate is well soluble in water and various oxygen-containing
organic solvents such as alcohols, ketones, ethers, and esters (Imre, 1927;
Misciatelli, 1929; Templeton and Hall, 1947; Rothschild et al., 1948; Yaffe,
1949; Bock and Bock, 1950). The solid solvate Th(NOj)s-3H,O
-3C,HsOCH,CH,OC,Hs has been crystallized from a solution of thorium
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Fig. 3.16 The dimeric unit [Thy(OH)y(NOs)s(H2O0)g] in the crystal structure of
ThOH(NO5)s-4H,0.

nitrate in the diethylether of ethyleneglycol (Katzin, 1948), and compounds with
a variety of nitrogen bases in place of water are known (Kolb et al., 1908; Kolb,
1913). It is possible to extract thorium nitrate from aqueous solution with an
immiscible organic solvent if the aqueous phase is extremely concentrated, or if
it contains high concentrations of ammonium nitrate (Templeton and Hall,
1947; Rothschild ef al., 1948; Hyde and Wolf, 1952; Newton et al., 1952b).
Since the rare earth metal ions do not extract well under the same conditions,
being almost totally restricted to the aqueous phase, the procedure finds appli-
cation in the preparation of pure thorium salts from ores containing rare earth
elements.

A particularly useful liquid extractant is tri(n-butyl)phosphate (TBP) (Warf,
1949; Anderson, 1950), as well as other phosphate esters (Peppard, 1966, 1971;
Shoun and McDowell, 1980). These compounds differ from ordinary nucleo-
philic solvents in that they interact specifically with the metal ion through the
oxygen atom of the phosphoryl group to form a very strong solvation bond. In
the case of thorium nitrate, this results in the formation of very stable complexes
in the organic phase, with two and three molecules of phosphate per molecule of
thorium nitrate (Katzin et al., 1956). The TBP adduct is stable even against
considerable dilution with ‘inert’ fluids such as benzene, CCly, or aliphatic
hydrocarbons, which are themselves not solvents for thorium nitrate
(Anderson, 1950; Katzin et al., 1956). The coordination interaction of Th*" in
aqueous solution with phosphate esters is the basis of an important commercial
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process for the extraction and purification of thorium. Normally, addition of
ammonia to the aqueous phase causes the formation of hydroxo complexes that
reduce the efficiency of the thorium nitrate extraction. If this is coupled with
addition of a neutral salting agent such as lithium nitrate, it is found that
extraction is enhanced by formation of a hydroxynitrate of thorium. The
polymeric complex has been formulated as [Thy(OH);o(NO3)s(TBP)4], thus
contains one tri(n-butyl)phosphate molecule per thorium atom in contrast to
the monomeric unhydrolyzed thorium nitrate complex (Klyuchnikov et al.,
1972). Thorium nitrate forms 1:1 or 1:2 complexes with crown ethers, depending
on the size of the crown (Zhou et al., 1981; Rozen et al., 1982; Wang et al.,
1982). These can also be used as extractants (Wang et al., 1983).

Organic donor molecules such as butylamine, dimethylamine, aromatic
amine N-oxides, and others have been frequently used to prepare complexes
with thorium nitrate (Rickard and Woolard, 1978). A compound with tri-
methylphosphine oxide, Th(NOs)4 - 3/8(Me;PO), has been crystallographically
characterized (Alcock et al., 1978). It contains [Th(NO3);(Me;PO)]" cations
and [Th(NO;)¢]* anions, a structural feature that is frequently displayed by
transition metal-halide complexes (Katzin, 1966).

A number of ternary thorium nitrates with mono or divalent counter-cations
are known (Jacoby, 1901; Meyer and Jacoby, 1901; Sachs, 1901). Those of the
type A,Th(NO3) contains the complex anion [Th(NOs)¢]*~ that shows the Th*"
ion in 12-fold coordination by oxygen atoms (Spirlet et al., 1992). The latter
contains six chelating nitrate groups, as it was shown from the structure deter-
mination of the ammonium compound. The same complex anion is found in the
nitrates BTh(NO3)s - 8H,O with B = Mg, Mn, Co, Ni, Zn (Geipel, 1992). In this
case, the counter-ions are octahedral [B(H,0)s]*" complexes according to the
formulation [B(H,O)e][Th(NO3)e] - 2H,O (Scavnicar and Prodic, 1965). Anoth-
er series of ternary nitrates with monovalent cations includes members of the
composition ATh(NO3)s-xH,O, with A = NHy4, Na, K. They have not been
fully characterized, so the amount of crystal water is not known (Meyer and
Jacoby, 1901; Molodkin et al., 1971; Volkov et al., 1974). Furthermore, the
nitrates K;Th(INO3); and K3;H;Th(NO3);9-4H>O have been reported, but again
structural data are not known (Meyer and Jacoby, 1901; Molodkin et al., 1971).

(d) Carbonates

Thorium hydroxide absorbs CO, readily (Berzelius, 1829; Chydenius, 1863;
Cleve, 1885; Chauvenet, 1911), where the end product is the hydrated
ThOCO3;, and finally Th(CO3),-0.5H,0 under high CO, pressures. The compo-
sition of this latter product has also been given as Th(OH),CO;-2H,O
(Kharitonov et al., 1969). Hydrates of the oxycarbonate are also produced by
the action of sodium or ammonium carbonate on a solution of a thorium
salt. The carbonate is somewhat soluble in excess alkali carbonate solution
(Cleve, 1885) because of the formation of complexes strong enough to prevent
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precipitation of thorium by ammonia, fluoride, or phosphate. Sodium hydrox-
ide, however, will bring about precipitation (Sollman and Brown, 1907). The
nature of the carbonato complexes (Dervin and Faucherre, 1973a,b; Shetty
et al., 1976) will be discussed in more detail in Section 3.8. Crystallization of
these complexes is possible using various counter-cations, and compounds with
Na®, K", TI", NH,+, (HGua)" (guanidinium), Ca*", Ba*", and [Co(NH3)¢]**
have been reported (Cléve, 1874; Rosenheim et al., 1903; Canneri, 1925; Rosen-
heim and Kelmy, 1932; Chernyaev et al., 1958; Kharitonov et al., 1969; Ueno
and Hoshi, 1970; Dervin and Faucherre, 1973b; Dervin et al., 1973; Voliotis
and Rimsky, 1975, 1988). All of the salts are hydrated and the sodium com-
pound, NagTh(CO3)s- xH,O, has been reported to occur with a considerable
range of hydration. In the crystal structures of NagTh(COs)s-12H,O and
[C(NH,);]¢Th(CO5)s-4H,0, the Th*" ions are in ten-fold coordination by oxygen
atoms (Voliotis et al., 1977). In the mineral tuliokite, NagBaTh(COs3)s - 6H,O,
six chelating carbonate groups are attached to the Th*' ion leading to
a [ThOj,] icosahedron (Yamnova et al., 1990). Carbonates containing ad-
ditional anions have been reported, for example NasTh(CO3),OH - 9H,0,
Na4Th(CO3)4 : 7H20, (HGua)4Th(CO3)4 . 6H20, (HGua)zTh(CO3)3 . 5H20,
K5Th(COs)3(OH) - 5H,0, (NHy4),Th(CO3); - 6H,0, Na,Th(CO3),(OH), - 10H,0,
K>Th(CO3),(OH), - 10H,0, and the fluoride carbonate (HGua)sTh(COs3)sF3
(Voliotis, 1979).

(e) Phosphates

Phosphates of thorium have been investigated for many years (Troost and
Ouvrard, 1885; Johnson, 1889; Kauffmann, 1899; Hecht, 1928; King, 1945;
Dupuis and Duval, 1949; Burdese and Borlera, 1963; Hubin, 1971; Laud,
1971). More recent studies were carried out in relation with the potential of
phosphate matrices to be used as radioactive waste storage material, due to their
resistance to radiation effects and their low solubilities (Baglan et al., 1994;
Merigou et al., 1995; Genet et al., 1996; Dacheux et al., 1998; Volkov, 1999;
Brandel et al., 2001a,b). The system ThO,/P,O5 has been studied in the 1960s
and the phosphates Th3(POy)s, (ThO3)(POy),, (ThO),P,O;, ThP,O;, and
ThO,-0.8P,05 have been reported. Recent investigations, however, show that
ThO,-0.8P,05 and the orthophosphate, Th3(POy)4, do not exist (Bénard et al.,
1996; Brandel et al., 1998). Instead, the phosphate—diphosphate Thy(PO4)4P,0-
has been obtained under similar conditions. Subsequently it has been shown
that the compound can be synthesized applying dry or wet preparative routes
and even single crystals have been grown. Besides ThP,O; (Burdese and
Borlera, 1963), the orthophosphate-disphosphate is the only structurally
known binary thorium phosphate to date, although various other species, for
example ThOH(PO4) and Th,(PO,4),HPO,4-H,O, have been reported (d’Ans
and Dawihl, 1929; Merkusheva, 1967; Molodkin et al., 1968a; Brandel
et al., 2001a,b). In the crystal structure of the orthophosphate—diphosphate
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(Bénard et al., 1996), Th*" is surrounded by four monodentate and one chelat-
ing PO;~ groups and one diphosphate ion. The latter suffers from a positional
disorder. In ThP,O-, the Th*" ions are octahedrally surrounded by six mono-
dentate P20‘7‘_ ions and the polyhedra are linked in a three-dimensional cubic
network. The compound is thought to exhibit a second modification that has
unfortunately not been structurally characterized.

Several ternary thorium phosphates are known, especially those with additional
monovalent cations like alkali metals, silver, copper, and thallium (Wallroth,
1883; Palmer, 1895; Haber, 1897; Schmid and Mooney, 1964; Matkovic and
Sljukic, 1965; Matkovic et al., 1966, 1968, 1970; Molodkin et al., 1970; Topic
et al., 1970; Popovic, 1971; Latigt, 1973; Ruzic Toros et al., 1974; Kojic-Prodic
et al., 1982; Galesic et al., 1984; Arsalane and Ziyad, 1996). Phosphates with the
composition MTh,(POy4); (M = Na, K) show ferroelectric properties and are
thus of special interest. In the crystal structure, the Th*" ions are nine-fold
coordinated by oxygen atoms that belong to seven POf[ ions. Two of the latter
are chelating ligands. The linkage of the polyhedra leads to parallel layers (100)
that are further linked into a three-dimensional network in [100] direction. The
Na™ or K™ ions in MTh,(PO,); can be replaced by Pb*>" ions, leading to the
composition Pbg sTh,(POy4); without structural changes (El-Yacoubi et al.,
1997). The structure of CuTh,(POy); is very similar, although the coordination
number of Th*" is lowered to eight. Another characteristic feature of the
structure is the linear two-fold coordination of the Cu™ ions (Louer et al., 1995).

(f) Vanadates

The vanadates of thorium have been investigated to a much lesser extent than
the respective phosphates. They seem to parallel the structural chemistry of the
phosphates (Le Flem and Hagenmuller, 1964; Le Flem et al., 1965; Quarton
et al., 1970; Baran et al., 1974; Elfakir et al., 1987), but high-quality structure
determinations are rare. For example, such determinations have been per-
formed for MTh,(VO4); (M = K, Rb) and ‘ThV,0; (Quarton and Kahn,
1979; Elfakir et al., 1987, 1989; Nabar and Mangaonkar, 1991; Launay et al.,
1992; Pai et al., 2002). The latter compound is not a divanadate but a mixed
ortho-vanadate—catena-vanadate with the formula Th(VO,4)(VO3) (Fig. 3.17).
Other structurally characterized vanadates include BaMTh(VOy); (M = La, Pr)
that adopt the monazite structure type (Nabar and Mhatre, 2001) and the silver
compound, AgTh,(VO,);, in the zircon-type (Elfakir et al., 1990). Monazite-,
scheelite-, and zircon-type structures have also been frequently observed for
other ternary or quaternary thorium ortho-vanadates, namely Pby sThg 5(VOy)
(Botto and Baran, 1981; Andreetti et al., 1984; Calestani and Andreetti, 1984),
MLaTh(VOy4); (M = Sr, Pb) (Nabar and Mhatre, 1982), and CdMTh(VOQOy);
(M = La, Yb) (Nabar et al., 1981). Furthermore, a hydrogenvanadate, Th
(HVOy)>-5H,0, is said to precipitate, when VO?{ is added to solution of a
thorium salt (Cleve, 1874; Volck, 1894; Neish, 1904).
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Fig. 3.17 Crystal structure of Th(VO4)(VO3) (or ThV,07). The structure contains
isolated ortho-vanadate ions (drawn as tetrahedra) and catena-vanadate strands.

(g) Molybdates

One compound, Th(MoQOy),, is found in the system ThO,/MoQO; (Zambonini,
1923; Thoret et al., 1970; Pages and Freundlich, 1971; Thoret, 1971, 1974). It
can be obtained by fusion of the binary oxides or as a hydrate by adding
ammonium or alkali metal molybdate to Th*" solutions (Metzger and Zons,
1912; Banks and Diehl, 1947; Trunov and Kovba, 1963; Trunov et al., 1966;
Thoret et al., 1968). Th(MoQ,), is dimorphic. The orthorhombic low-
temperature form shows the Th*" ion in an eight-fold coordination by eight
monodentate MoOﬁ’ groups (Thoret et al., 1970; Thoret, 1974). The molybdate
tetrahedra are coordinated to four Th*" ions, leading to a three-dimensional
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network. In the high-temperature trigonal modification, one set of thorium
ions are coordinated by six oxygen atoms while the other set has tricapped
trigonal-prismatic coordination polyhedra (Cremers et al., 1983; Larson et al.,
1989).

With alkali metal molybdates, M,Mo0O,, Th(MoQOy), forms a great variety
of compounds (Barbieri, 1913; Thoret, 1971, 1974; Bushuev and Trunov,
1974). The compositions M;Thy(Mo0O4)9, M>Thr,(M00Oy4)s, M>Th(Mo0Qy)s,
M,4Th(Mo0O,)4, MgTh(M00Oy,)s, and MgTh(MoQy)s have been reported, but
only very few of them are properly characterized. In K,Th(MoOy); the Th*"
ions are coordinated by eight oxygen atoms that belong to one chelating and six
monodentate MoOff ions (Huyghe et al., 1991a). The [Th(MoOQOy);] poly-
hedra are linked to chains along [001] that are held together by K ions.
K4Th(MoOQOy)s consists of a three-dimensional network with the formula
3 [Th(Mo0O,)s ], where the potassium ions are found in holes in the structure
(Huyghe et al., 1991b). All of the MoOj~ groups are monodentate, leading
to a coordination number of eight for Th*". The potassium-rich molybdate
KsTh(MoOy,)s contains isolated [Th(MoOy)e]®™ ions in which Th*" attains a
coordination number of eight due to the chelating nature of two of the six molyb-
date groups (Huyghe et al., 1993). The cadmium compound CdTh(MoOQOy);
shows the Th*" ions in tricapped trigonal-prismatic coordination of nine mono-
dentate MoOf‘_ groups (Launay and Rimsky, 1980). The prisms are connected
to columns along the c-axis that are stacked in a hexagonal fashion. In this
way channels are formed in which the Cd*" ions reside in an octahedral
coordination. Cu,Thy(Mo0QO,)e has a complicated three-dimensional structure
with nine-fold coordinated thorium ions (Launay et al., 1998).

(h) Chromates

Upon addition of dichromate to a solution containing Th**, the thorium
chromate Th(CrOy),-3H,O precipitates at room temperature (Palmer, 1895;
Haber, 1897; Britton, 1923). At higher temperatures, a monohydrate precipi-
tates (Palmer, 1895). Both hydrates have been investigated by optical micro-
scopy and seem to be hexagonal or rhombic (Vasilega et al., 1980). According
to thermal investigations Th(CrQOy),-3H,O dehydrates by a three-step mecha-
nism (Vasilega et al., 1980). Above 280°C, the anhydrous chromate is ob-
tained that remains stable up to 620°C where it decomposes to ThO, and
Cr,03. Under acidic conditions, for example in concentrated chromic acid,
Th(CrQOy),-CrO53-:3H,0 is found as the equilibrium solid in the system
ThO,/CrOs/H,O (Palmer, 1895; Britton, 1923). None of these compounds is
structurally characterized, but the basic chromate, Th(OH),CrO4-H,O (Palmer,
1895; Britton, 1923), has been investigated by means of XRD (Lundgren and
Sillen, 1949). Its crystal structure contains zigzag-chains of hydroxo-bridged
Th*" ions along [010]. Further linkage of the thorium ions is achieved through
bonding to CrO2~ ions.
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(i) Miscellaneous oxometallates

A limited number of thorium compounds with oxo-anions other than those
discussed above have been mentioned in the literature. The arsenates of thorium
are obviously related to the phosphates (Le Flem, 1967; Hubin, 1971;
Chernorukov et al., 1974a,b), while the tungstates resemble the molybdates
(de Maayer et al., 1972; Thoret, 1974). Thorium ortho-germanate, ThGeOQy,
has been shown to be dimorphic (Bertaut and Durif, 1954; Perezy Jorba et al.,
1961; Harris and Finch, 1972) and adopts either the zircon or the scheelite
structure type (Ennaciri et al., 1986). This compound has been used as a host
lattice for trivalent lanthanides (Gutowska et al., 1981). Besides the most
important silicate minerals thorite, huttonite, and thorogummite already men-
tioned in Section 3.3, a number of complex silicate minerals is known, which
are, however, often not characterized completely. Structural data are, for
example, available for ekanite, Ca,ThSigO,, (Szymanski et al., 1982), and
CagThy(Si04)60,, which has the apatite type of structure (Engel, 1978). Fur-
thermore the structure of the mineral thornasite, Na;»,Th3(SigO19)4-18H>O, has
been reported recently (Li ez al., 2000). One borate, Th(B,Os), has been struc-
turally investigated. It contains BzOg_ jons and eight-fold coordinated Th*"
ions (Baskin ez al., 1961; Cousson and Gasperin, 1991).

Additional thorium compounds with transition metal oxo-anions such as
the perrhenates should be mentioned. Th(ReOy)s-4H,O was obtained from
Th(OH)4 and HReOy (Silvestre et al., 1971; Zaitseva et al., 1984). Its structure
is not known but is has been shown to dehydrate in four steps yielding
Th(ReOy)4, which finally decomposes to Th,O(ReOy)s (Zaitseva et al., 1984).
Th(ReOy), forms ternary compounds with alkali perrhenates and mixed anionic
species with WO;~ and MoOj~ (Silvestre, 1978).

Other oxo-metallates reported are the titanate ThTi,Og4 (brannerite structure)
(Perezy Jorba et al., 1961; Radzewitz, 1966; Ruh and Wadsley, 1966; Loye et al.,
1968; Kahn-Harari, 1971; Zunic et al., 1984; Mitchell and Chakhmouradian,
1999), the niobate ThNb4O1, (Keller, 1965; Trunov and Kovba, 1966; Alario-
Franco et al., 1982), and the tantalates ThTa,0O,, Th,Ta,Oy (Keller, 1965;
Schmidt and Gruehn, 1989, 1990), Th,TagO;9 (Busch er al., 1996), and
Th4Ta 3053 (Busch and Gruehn, 1996) have been reported. Structurally, how-
ever, they are preferably described as double oxides rather than oxo-metallates.
Values for the enthalpies of formation of thorite, huttonite (Mazeina et al.,
2005) and thorium brannerite (Helean et al., 2003) are given in Chapter 19.

(j) Carboxylates and related organic salts

Carboxylate complexes of thorium have been frequently investigated with
respect to the role they may play in solvent extraction processes. Carboxylates
and related salts have also been employed in gravimetric analyses for thorium,
either by direct weighing if the compound is stoichiometric, or after ignition to
thorium dioxide. Thus, there are a large number of papers describing these
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compounds. Most of them have been mentioned in the Gmelin Handbook
(Gmelin, 1988a), so only selected examples will be presented here.

The most investigated groups among the carboxylates are formates and acet-
ates. Formates and formato complexes can be obtained by the reaction of formic
acid with ThCl, or other salts of Th**. In acid solution, Th(OOCH)y, is formed,
which has been shown to be polymorphic (Mentzen, 1969, 1971a,b; Greis et al.,
1977) and may contain different amounts of crystal water (Claudel and Mentzen,
1966; Thakur et al., 1980). If the pH of the solution increases above 6, basic for-
mates start to form. They may have different compositions like ThOH(OOCH);,
Th(OH),(OOCH),, and Th(OH);(OOCH) (Gmelin, 1988a) but they have not
been structurally characterized. Various metal ions have been used to crystallize
formato complexes, such as MTh(OOCH)s (M = K, Rb, Cs, NHy) and
MTh(OOCH)s (M = Sr, Ba). All these complexes have been characterized
by thermal analysis and vibrational spectroscopy (Molodkin et al., 1968b;
Gmelin, 1988a).

The structural knowlegde of thorium acetates and acetato complexes is also
quite limited, although quite a number of compounds have been described. The
tetraacetate, Th(CH3COO),, is said to be isotypic with the respective uranium
acetate (Eliseev et al., 1967; Bressat et al., 1968; Gmelin, 1988a), and similar to
the formates, various hydrates and basic salts are known. Derivatives of
acetic acid such as CF;COOH, CCIl;COOH, CHCI,COOH, CH,CICOOH,
C¢HsCH,COOH, C¢HsCH(OH)COOH, naphtyl acetic acid, and others, have
been used to prepare the respective salts (Katzin and Gulyas, 1960; Gmelin,
1988a). Even bromo- and iodoacetates are known. Among the chloroacetates,
one compound has been investigated crystallographically. It has the composi-
tion [Thg(CHCI, COO);»,(OH);,(H,0),] and shows an octahedral [Thg] core
surrounded by the ligands.

With increasing complexity of the carboxylic acids, less is known structurally
about their thorium compounds. The compounds prepared include glycolates,
propionates, butyrates, and their derivatives. Furthermore, compounds with
unsaturated mono carboxylic acids have been reported, for example crotonates
and cinnamates.

The largest group of thorium salts of dicarboxylic acids are the oxalates and
oxalato complexes, for which some crystallographic data are available (Gmelin,
1988a). More complex dicarboxylic acids have been employed, and even the
thorium salts of long-chain acids like sebacic acid, HOOC(CH,)sCOOH, are
known. The latter has been used, along with m-nitrobenzoic acid (Neish, 1904),
picrolonic acid (Hecht and Ehrmann, 1935; Dupuis and Duval, 1949), or
‘ferron’ (7-iodo-8-hydroxyquinoline-5-sulfonic acid), for analytical purposes
(Dupuis and Duval, 1949).

3.7.8 Coordination compounds

Coordination compounds of thorium are of special interest because the knowl-
edge of their behavior and their properties is fundamental for the understanding
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of separation processes (for example, the thorium extraction [THOREX]
process that involves tri(n-butyl)phosphate complexes) (Peppard and Mason,
1963), see Chapter 24, the development of decontamination methods, and the
treatment of radioactive waste. Thus, the number of compounds reported in
literature is very large. The Gmelin Handbook provides a comprehensive over-
view of the compounds investigated until 1983 (literature closing date) (Gmelin,
1985b). A more recent review (Agarwal et al., 2000) covers thorium compounds
with neutral oxygen donor ligands. These ligands can be divided with respect to
the atom to which the oxygen donor is bonded: ligands containing a C-O group
may, for example, be alcohols, phenols, ketones, esters, ethers, formamide,
acetamide, those containing a N-O group are typically pyridine and quinoline
N-oxides or even nitrosyl chloride and P=0O, As=0, and S=O groups are
known for the respective phosphine, arsine, and sulfoxides. The group of
neutral oxygen donor ligands is probably the most investigated, but also
a great number of complexes with neutral nitrogen donor ligands are known
(Vigato et al., 1977). Besides NH; (Matthews, 1898; von Bolton, 1908; Clark,
1924), the ligands are higher amines, hydrazine and its derivatives, and pyridine
and its derivatives (Matthews, 1898;Adi and Murty, 1978; Al-Daher and Bagnall,
1984). Coordination compounds with charged ligands besides the above-men-
tioned carboxylates have been also frequently investigated. Among these
ligands are the diketonates and related ligands, tropolone and its derivatives,
and a great number of Schiff base ligands (Biradar and Kulkarni, 1972).

One of the most important thorium coordination compounds is thorium
tetrakis(acetylacetonate), Th(acac),, which can be sublimed at temperatures
below its melting point of 171°C (Urbain, 1896). This is also true for most of
the substituted acetylacetonates, for example the trifluoromethylacetylaceto-
nate, whose structure has been determined and that shows the thorium atoms
in square antiprismatic coordination of oxygen atoms (Wessels et al., 1972).
These compounds are generally efficiently extracted into water-immiscible
solvents, a property that has been used, for example, with thenoyltrifluoroace-
tone, to measure complexation of thorium with various anions (Calvin, 1944;
Day and Stoughton, 1950). Another ligand that has been studied in more detail
is 8-hydroxyquinoline (‘oxine’) and its derivatives (Frazer and Rimmer, 1968;
Abraham and Corsini, 1970; Corsini and Abraham, 1970; Singer et al., 1970;
White and Ohnesorge, 1970). Also heteroleptic species involving oxine and
another ligand, for example dimethylsulfoxide, are known (Singer et al., 1970;
Andruchow and Karraker, 1973). As a thorium complex with eight-fold thori-
um coordination with sulfur atoms, thorium(iv) tetrakis(N,N-diethyldithiocar-
bamate) should be mentioned (Brown er al., 1970b). A path to related
compounds is through intermediates such as Th(NEt,), (Bradley and Gitlitz,
1969; Watt and Gadd, 1973), which, when treated with CXY (X,Y = O, S, Se
etc.), gives carbamates, thiocarbamates, mixed compounds like Th[OSCN
(CH3),]4, and even Th(Se,CNEt,), (Bagnall and Yanir, 1974). It is very
surprising that despite the large number of complexes that have been prepared,
the number of structure determinations is very limited.
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3.7.9 Organothorium compounds

As Chapters 25 and 26 are devoted to the synthesis, the characterization and the
properties of the organoactinide compounds, only selected examples shall be
mentioned briefly here.

Thorocene, Th(COT), (COT = cyclo-octatetraene), has been prepared by
treating ThCly in tetrahydrofuran (THF) with K,(COT) at dry-ice temperature
(Streitwieser and Yoshida, 1969). The yellow crystals of Th(COT), sublime at
0.01 mmHg pressure and 160°C. Thorocene, isomorphous with U(COT),
(uranocene) (Avdeef et al., 1972), is unstable in air, decomposes in water, and
undergoes thermal decomposition without melting above 190°C. Gas-phase
photoelectron spectra have been used to elucidate the bonding in thoracene
(Fragala et al., 1976; Clark and Green, 1977). This compound has also been
prepared by treating ThF, with Mg(COT) (Starks et al., 1974). In addition, a
number of half-sandwich Th(rv) complexes with COT have been reported
(LeVanda et al., 1980; Zalkin et al., 1980).

Numerous complexes with the cyclopentadienyl (Cp ) anion have been
reported. Th(Cp), was first prepared by the reaction of ThCl; with KCp
(Fischer and Treiber, 1962). This compound sublimes between 250 and 290°C
at 10~ to 10~* mmHg. Tris(cyclopentadienyl) halides and alkoxides of thorium
have been synthesized (Ter Haar and Dubeck, 1964; Marks et al., 1976), and,
in general, these air-sensitive compounds sublime below 200°C and 10~ to
10* mmHg pressure. Related tris(indenyl)thorium halides and alkoxides have
been prepared (Laubereau et al., 1971; Goffart et al., 1975, 1977). The only bis
(cyclopentadienyl)thorium dihalide reported is Thl,(Cp),, prepared from Thly
and Mg(Cp), (Reid and Wailes, 1966), whereas it is believed that the chloride
analog would be unstable, similar to the uranium compound (Ernst et al., 1979).
In contrast, the permethylated Cp derivative Cs(CH;); (=Cp*) has been used
to prepare stable dichlorides, (Cp*),ThCl, (Manriquez et al., 1978; Blake et al.,
1998). The CpTh trihalides have been described to exist as adducts with ethers,
CpThX;- 2L (L = tetrahydrofurane or 1/2 dimethoxyethane [DME]) (Bagnall
et al., 1978). Analogous indenyl (Goffart et al., 1980) and Cp* compounds have
also been reported (Mintz et al., 1982).

Tetrabenzylthorium, Th(CH,C¢Hs)s, is the best-characterized thorium
homoalkyl compound reported to date (Kohler et al., 1974). The light-yellow,
air-sensitive, crystalline compound decomposes slowly at room temperature.
A second tetrahydrocarbyl thorium complex has been reported, Th(CH;3)4(dmpe),
(dmpe = bis(dimethylphosphino)ethane), prepared by the reaction of
ThCly(dmpe), with CH3Li (Edwards ef al., 1981). It is stable up to —20°C in
the absence of air and moisture. These two thorium phosphine complexes, along
with Th(OCgHs)4(dmpe), and Th(CH,CgHs)4(dmpe),, were the first isolated
and characterized species of their kind (Edwards et al., 1984). Tetraallylthor-
ium, Th(C3Hs)4, has been reported and decomposes slowly above 0°C (Wilke
et al., 1966).



Solution chemistry 117

The reaction of the Cp— (Marks and Wachter, 1976), indenyl- (Goffart et al.,
1977), and Cp*-thorium chlorides (Fagan et al., 1981; Fendrick, 1984) with
alkylating or arylating reagents has yielded the corresponding n-ligand thorium
hydrocarbyls. In a thermodynamic study on the series (Cp*),ThR,, it was
observed that the bond disruption enthalpies of the thorium-ligand ¢-bonds
were about 250-335 kJ mol !, significantly greater than similar transition metal
bond enthalpies (Bruno et al., 1983).

More recent investigations on organothorium chemistry were intended to
introduce new ligands in that field and to synthesize low-valent thorium com-
pounds. For example, the bicyclic pentalene dianion CgHé’ has been used to
prepare a new type of thorium sandwich complex. The crystal structure, as well
as the photoelectron spectra, of [Th{C¢H4(Si'Pr3—1,5),},] was reported (Cloke
and Hitchcock, 1997; Cloke et al., 1999). Another very interesting ligand, the
dicarbollide anion C,ByH?;, should be mentioned: it is found in the complexes
[Li(THF),]o[Th(n>-C>BoH,),X5] (X = Cl, Br, I) (Rabinovich ez al., 1997).

The number of potentially low-valent organothorium complexes is still very
limited. Two forms of Th(CsHs); have been reported. Purple Th(CsHs); was
prepared by sodium naphtalide reduction of Th(CsHs);Cl in THF. The latter
was removed under vacuum (Kanellakopulos et al., 1974). According to X-ray
powder diffraction measurements, the compound is isotypic with the analogs of
heavier 5f elements and has an effective magnetic moment of 0.331pg. The green
form of Th(CsHs); was formed via photolysis of Th(CsHs);[(CH(CHz),] in
benzene solution and has a magnetic moment of 0.404up (Kalina et al., 1977).
A recent example is [Th{COT(TBS),},][K(DME),] — with COT(TBS), =
Nn-CgHg(rBuMe,Si),—1,4 — that has been prepared by the reaction of a suspen-
sion of [Th{COT(TBS),},] in DME with elemental potassium (Parry et al.,
1999). Furthermore, the first organometallic compounds of divalent thorium
have been reported recently. They contain the complex Etg-calix[4]tetrapyrrole
ligand and are potentially divalent synthons (Korobkov et al., 2003).

3.8 SOLUTION CHEMISTRY

3.8.1 Redox properties

Thorium is known to have only one stable oxidation state in aqueous solution,
the tetravalent state, Th*"(aq) (Gmelin, 1988c).

Th(in) has been recently claimed by Klapotke and Schulz (1997) to be formed
by reaction of ThCl, with HNj in slightly acidic solution and to be stable for at
least 1 h. Reportedly, the reaction involved:

Th*" + HN; — Th*" + 1.5N, + Ht

Yet, the reaction has been shown to be thermodynamically impossible by lonova
et al. (1998). First, the stabilization of d-electrons by the crystal field effect is not
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sufficient to assign, as suggested by Bratsch and Lagowski (1986), a value of
~3.0 V to the redox potential of the couple M**/M?>*. Besides, a value between
-3.35 and -3.82 V, in the same range as the previously published one, -3.7 V
(Nugent et al., 1973), is much more probable. Secondly, the reducing ability of
HNj; has been overestimated and the authors concluded that the spectra pub-
lished by Klapétke and Schulz (1997), as a proof of the existence of Th*"(aq)
(broad absorption signal centered around 460 nm and intense peaks at 392, 190
and below 185 nm), correspond, in fact, to azido—chloro complexes of Th(1v).

3.8.2 Structure of the aqueous Th*" ion

The LIII-edge extended X-ray fine structure (EXAFS) experiments on
0.03-0.05 M Th(1v) in 1.5 M HCIO, solutions have clearly defined the structure
of the Th(1v) aqua ion (Moll et al., 1999). A least-squares refinement of the data
leads to a Th-O distance of (2.45 + 0.01) A and a coordination number of
(10.8 = 0.5) which is larger than the older values estimated by Johansson et al.
(1991) from low-angle X-ray scattering (LAXS) results (8.0 £ 0.5 water mole-
cules at 2.485 A) or by Fratiello er al. (1970) from 'H NMR data at low
temperatures and higher concentrations (nine water molecules in the first
hydration sphere).

The results of Moll et al. are consistent with the structural parameters
obtained in the same study for U*"(aq) (CN = 10 = 1; R = 2.42 + 0.01 /3;)
and previously by Allen ez al. (1997) for Np*T(aq) (CN =11.2+0.4; R=2.40 +
0.01 A). A correlation between the hydration number (higher than 6) of highly
charged metal ions and the bond distance shows also that a M—O distance of
2.45 A is in favor of a hydration number closer to 10 (Sandstrém et al., 2001).
More precise systematics and correlation between the space around the cation
and its charge have been proposed by David and Vokhmin (2003). They give
consistent coordination numbers of Th*", U*", Np**, and Pu*": 11.0, 10.65,
10.2, and 10.0, respectively. The same authors have evaluated the corresponding
ionic radii, 1.178 A for Th**, and a size of the coordinated water molecule
of 1.335 A, by assuming a pure electrostatic bond. It would result in a
larger cation-oxygen distance of 2.51 A. The observed difference with experi-
mental data (0.06 A) has been interpreted by a covalent effect and the effective
charge of the Th*' aquo ion has been evaluated to be 3.82 (David and
Vokhmin, 2003). Finally, the same authors have determined the number of
water molecules in a second hydration sphere as 13.4.

3.8.3 Thermodynamics of the Th*"(aq) ion

The data on the standard enthalpy of formation, entropy, and corresponding
Gibbs energy, adopted in this review and shown in Table 3.12, are those given in
the compilation of Martinot and Fuger (1985), except for a small difference in
the standard Gibbs energy of formation, due to the use of a more recent value
for the entropy of Th(cr) (see Chapter 19).
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Table 3.12 Main thermodynamic properties of the thorium aqueous ion at 25°C (see
text for references).

E>(TH*/Th) ArHo (kI mol™)  ArGo(kJ mol™)  $° (JK ' mol ™)
—(1.828 £ 0.015) V/NHE ~ —(769.0 + 2.5) —(705.5 + 5.6) —(422.6 £ 16.7)

Thermodynamic models have been proposed recently by David and
Vokhmin (2001) to evaluate the Gibbs hydration energy and the entropy of
the aquo ions. Corresponding values are ApyqG (Th**) = —6100 kJ mol ' and
S°(Th*",aq) = —438 J mol ! K™' (David and Vokhmin, 2003). The entropy
value is consistent with the experimental value, —(422.6 = 16.7) J K™ mol™'
(Martinot and Fuger, 1985).

The standard state partial molar heat capacities and volumes of Th**(aq)
have been recently determined from 10 to 55°C under conditions minimizing
complications due to hydrolysis and ion-pairing equilibria or ion-ligand com-
plexation (measurements on aqueous solutions containing Th(ClO,)4 in dilute
HCI10,4 (Hovey, 1997)). The values obtained at 25°C, Cp°(Th4+,aq) =-(224+3)
JK 'mol ' and V°(Th*",aq) = —(60.6 £ 0.5) cm> mol !, appear as more negative
than those of any monoatomic aqueous ion. These results are also quite differ-
ent from the previous estimations: Cp‘”(Th‘”,aq) =—(1+11)JK "mol™! (Morss
and McCue, 1976) recalculated as —(60 + 11) J K ! mol ™' using a newer
C,°(NO;3 ,aq) value, —72 ] K ' mol' (Hovey, 1997) and V°(Th*"aq) =
~53.5 and —54.6 cm® mol ™! from the values given in the International Critical
Tables (1928) for the standard state partial molar volumes of ThCly(aq) and
Th(NO3)4(aq), respectively.

3.8.4 Hydrolysis behavior

Being the largest actinide tetravalent ion, Th**(aq) is also the least hydrolyzable
of them (Onosov, 1971). Because of its size, it is less hydrolyzable than many
other multi-charged ions such as iron(m); tetravalent thorium may therefore be
studied over a larger range of concentrations, at pH values up to 4. However, its
tendency to undergo polynucleation reactions and colloid formation, as well as
the low solubility of its hydroxide or hydrous oxide, limit the possibilities of
investigation. For these reasons, the oxide/hydroxide solubility products and
hydrolysis constants published in the literature show great discrepancies.

Very recently, Neck and Kim (2001) have proposed a critical review and a
comprehensive set of thermodynamic constants at zero ionic strength and 25°C.
In the first part of their work, they compared the frequently accepted constants
of Baes et al. (1965), Baes and Mesmer (1976), Brown et al. (1983), Grenthe and
Lagerman (1991), and Ekberg and Albisson (2000). All these data, which are
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reported in Table 3.13, are based on potentiometric titrations at 15, 25, or 35°C
with relatively low thorium concentrations (2 x 10~* to 107> m).

Ekberg and Albinsson have performed, in addition, solvent extraction experi-
ments with a total concentration of Th(1v) in the range 10> to 10~ m. It should
be outlined that, under the conditions usually applied in potentiometric and
solvent extraction studies ([Th], =2 x 10#to 2 x 1072 M; pH = 2.5-4; Kraus
and Holmberg, 1954; Hietanen and Sillen, 1964; Baes et al., 1965; Nakashima
and Zimmer, 1984), polynuclear species are of major importance and laser-
induced breakdown detection (LIBD) has shown that a considerable amount of
colloids were present at log[H"] < —(1.90 + 0.02) for log[Th]o; = —(2.04 £ 0.02)
and at log [H'] < —(2.40 + 0.03) for log[Th],,, = —(4.05 £ 0.02) (Bundschuh
et al., 2000). We can also cite the work of Moulin et al. (2001) who recently
applied electrospray ionization—-mass spectrometry to determine the hydro-
lysis of Th(1v) in dilute solution, but the equilibrium constants so-determined
log K}, = —(2.0+0.2),log K}, = —(4.54+0.5),andlog K7y = —(7.5+ 1.0) are
so large, compared to those obtained from the above-cited well-established
methods, that it is difficult to consider them as reliable.

As we can see from Table 3.13, the first mononuclear hydrolysis constants
found by Brown et al. (1983) and Ekberg and Albinsson (2000) are about one
order of magnitude higher than the constants derived by Baes and Mesmer
(1976) and Grenthe and Lagerman (1991). Moreover, the hydrolysis constants
reported for Th(OH)?, Th(OH)3+ , and Th(OH)4(aq) differ between authors by
several orders of magnitude. In order to select the best available data, Neck and
Kim (2000) estimated the ‘unknown’ formation constants of Th(OH),(f_")+ by
two methods. The first one, method A, is based on the empirical intercorrelation
between hydrolysis constants of actinide ions at different oxidation states. The
second method, B, developed by the authors consists of applying a semiempiri-
cal approach, in which the decrease of the stepwise complexation constants for a
given metal-ligand system is related to the increasing electrostatic repulsion
between the ligands. From their results collected in Table 3.13, Neck and Kim
concluded that the higher log 3}, values, in the range 11.7-11.9, and the lower
log 75 and log B}, values (Ekberg and Albinsson, 2000) should be preferred.
Consequently, their selected values are log 37, = (11.8 £ 0.2), (22.0 £ 0.6), (31.0
+1.0), and (39.0 £ 0.5) forn =1, 2, 3, and 4, respectively (Neck and Kim, 2000).
These data have been used to plot the speciation diagrams given in Fig. 3.18.

Following a similar approach, Moriyama et al. (1999) analyzed the mononu-
clear hydrolysis constants of actinide ions by using a simple hard sphere model.
Systematic trends were thus obtained, from which the values given in Table 3.13
have been deduced (log 37, = 12.56, 23.84, 32.76, and 40.40 forn =1, 2, 3, and
4, respectively). These values are intermediate between the two series calculated
by Neck and Kim (2000) and are in rather good agreement with the averages of
literature data (log 3}, = 11.27, 22.43, 33.41, and 40.94 for n = 1, 2, 3, and 4,
respectively) given by Moriyama et al. (1999).
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Fig. 3.18 Thorium speciation diagrams in non-complexing aqueous solution (calculated
for 0.1 M NaCl by using the hydrolysis constants given in Tables 3.13 and 3.14 (Neck and
Kim, 2001, Ekberg and Albinsson, 2000) and the PHREEQUE program, version 2.2).
(@) Species distribution for low concentrations of Th(1v) (= 1073M in the present case).
(b) Species distribution for [Thl,,, = 0.1 M, considering the possible formation of only
three polynuclear species: Thz(OH)?7 Th4(OH)§+7 and Th6(OH)?5+.

3.8.5 Solubility

(a) In non-complexing media

In perchlorate media, an average hydroxyl number, n (OH  groups bound per
thorium), of about 2.5 can be reached without delayed precipitation. All hydro-
lyzed solutions contain polymeric species and the weight-average degree of
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polymerization increases with the degree of hydrolysis (Danesi et al., 1968;
Hietanen and Sillen, 1964). The presence of the Thz(OH)g+ polymer is well
recognized in most of the studies (Hietanen and Sillen, 1964; Baes et al., 1965;
Milic, 1971, 1981; Milic and Suranji, 1982; Moon, 1989), but other polymers
such as Thy(OH);" (Milic, 1981, Moon, 1989), Thy(OH);" (Moon, 1989),
Th4(OH)§+ (Baes et al., 1965; Ekberg and Albinsson, 2000), Th‘;(OH)‘I‘Z+
(Brown ez al., 1983), Ths(OH)%S (Lefébvre, 1957), The(OH)15" (Milic, 1981),
Th(,(OH)?;r (Baes et al., 1965; Brown et al., 1983; Ekberg and Albinsson, 2000)
have been found as well. The corresponding conditional constants collected in
Table 3.14 show a rather reasonable agreement between the different studies for
the species commonly detected. The experimental conditions, especially the
total thorium concentration involved in the measurements, may explain why
different sets of polynuclear species are discussed in the different studies (some
species can have a too low concentration to be detected and/or can precipitate).
However, it is interesting to note that Ths(OH)(fs+ is the only polynuclear species
expected to predominate in the simple Th(1v)/H,O system, when the total Th(1v)
concentration exceeds ~107° M (and up to at least 1 M) and for a pH range
centered around 4.5-5 (see Fig. 3.18(b)).

The structure of highly hydrolyzed thorium salt solutions has been studied by
electronic microscopy (Dobry et al., 1953; Dzimitrowickz et al., 1985) and light
or X-ray scattering techniques (Dobry et al., 1953; Hentz and Johnson, 1966;
Magini et al., 1976). The details of this structure are dependent on sample
history. At room temperature, the hydrolysis complexes contain a small number
of Th(1v) atoms probably situated at the corners of slightly distorted face-
sharing tetrahedral. At higher temperatures, small crystallites (~40 ;\) are
formed, which have the ThO, structure. These crystallites tend to join to other
crystallites, in random orientation, to form particles of up to 170 A in diameter
(Magini et al., 1976). Finally, the small fragments of fluorite can be connected
(e.g. cross-linking by oxide bridges) in a random manner into larger, porous
agglomerates irregular in shape and size up to 800-15000 A (Dzimitrowickz
et al., 1985). In dilute colloidal solutions ([Th].; < 10> mol L"), filamentous
particles with a statistic average length of 700 A are observed; they are wound
into compact balls in more concentrated solutions (Dobry et al., 1953).

The solubility products reported for the thorium oxide and hydroxide species
show considerable discrepancies (Table 3.15). The reasons can be found in:
(1) the characteristics of the solid phase (degree of crystallization, morphology,
etc.), which depend on the history of its preparation (hydrolysis reaction,
pretreatment, aging); (2) the composition of the solution (pH range, ionic
strength); (3) the method of evaluating the total concentration of thorium in
solution (cutting size for the phase separation); (4) the generally too
simplified chemical model used to derive the solubility product; and (5) the set
of hydrolysis constants used in the data treatment.

Concerning the first point, it is important to distinguish between the
amorphous fresh hydroxide precipitate, just washed prior to experiments,
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the hydrous oxide or microcrystalline ThO,-nH>O showing very broad X-ray
powder diffraction peaks, and the well-crystallized thorine, obtained after
appropriate heating steps. The four other points have to be taken into account
to select and interpret the various solubility curves published in the literature.
This task has been recently accomplished by Neck and Kim (2001). First, they
analyzed the solubility data obtained for amorphous Th(1v) precipitates (not
treated at higher temperature but only washed with water) at /<1 M by using a
chemical model that includes all mononuclear species Th(OH)ff_”)+ upton=4
and two polynuclear species, Th;;(OH)‘Er andTh6(OH)?5+. For this purpose, they
chose the hydrolysis constants, log K4 1, and log K¢_;s, given in Table 3.14 and
derived by Brown et al. (1983) from potentiometric titrations at pH = 3-4, in
combination with their selected data for the mononuclear hydrolysis species (see
Table 3.13).

By monitoring the initial colloid generation (with size of 16-23 nm) as a
function of pH and Th(1v) concentration with the use of LIBD, Bundschuh e? al.
(2000) determined a value of log K¢ equal to — (52.8 £ 0.3) (also calculated with
the specific interaction theory (SIT) coefficients of Nuclear Energy Agency
Thermochemical Database Project [NEA-TDB] data), which corresponds
both to the solubility products of crystalline ThO, (values of Moon (1989)
revisited by Neck and Kim (2001) [see Table 3.15]) and to the value calculated
from thermochemical data for ThO,, log Kg, =542+ 1.3) (Rai et al., 1987).
The difference is ascribed to a particle size effect and it is concluded that the
colloids formed in the coulometric pH titration experiments consist of
crystalline thorium dioxide. This conclusion is also supported by the work
of Dzimitrowickz et al. (1985).

Moreover, it is evident from Fig. 3.19 that the degree of crystallization of
ThO, influences its solubility behavior essentially in acidic media. At pH < 2.5,
the experimental solubility curve of ThO,(cr) seems to indicate an equilibrium
between the solid phase and Th*(aq) (slope of —4 for the microcrystalline
precipitates only). However, such an equilibrium has never been observed
when the dissolution process is studied from under-saturation (Hubert et al.,
2001; Neck, 2002). With increasing pH, the solubility data deviate more and
more from the expected curve. The hydrolysis of the Th*" jons leads to
increased Th(1v) concentrations, which are not in equilibrium with ThO,(cr),
but with an amorphous surface layer of Th(OH)4 covering the crystalline solid,
as judiciously explained by Neck and Kim (2001). In fact, kinetic effects play an
important role in the overall process, as outlined by Hubert et al. (2001).

(b) In complexing media

The precipitation of thorium by various inorganic and organic ligands and the
characterization of the resulting solids were treated at some length in Section
3.7.7. Therefore the discussion here will be limited to the role of the carbonate
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Fig. 3.19 Experimental and calculated solubility of ThO(cr) in comparison with that of
Th(1v) hydroxide or hydrous oxide at I = 0.5 M and 25°C (Neck, 2002). The experimental
data for ThOy(cr) are those determined by Neck (2002) by titration—LIBD and from under-
and oversaturation (filled symbols) and by Moon (1989) in 0.1 m NaClO4 at 18°C (open
triangles). The solubility data for amorphous precipitates (crosses) are taken from Moon
(1989), Felmy et al. (1997), Osthols et al. (1994), Rai et al. (1997), Neck and Kim (2000), all
data being at I = 0.5-0.6 M and 18-25°C. The curves calculated for the two kinds of solids
and for I = 0.5 M are based on the hydrolysis constants selected by Neck and Kim (2001) and
on the solubility products long()p(ThOL cr) = —(54.2 £ 1.3) (Rai et al., 1987) and
logKg,(Th(OH),,am) = —(47.0 £ 0.8) (Neck and Kim, 2001).

and the phosphate ions on the solubility of thorium and, consequently, on its
behavior in natural waters.

The presence of carbonates in solution greatly increases the solubility of
thorium dioxide. An increase by one order of magnitude of the carbonate
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concentration (in the range 0.1-2.0 M Na,CO3) leads to an increase by about five
orders of magnitude of the solubility of hydrous ThO,(am) (Rai et al., 1995).
Moreover, for a fixed carbonate concentration [1 M Na,CO; (Rai et al., 1995) or
pCO, = 0.1 atm (Osthols ez al., 1994)], a large pH dependency is observed.
The fitting of their solubility data has lead Osthols et al. (1994) to propose the
following equilibrium constants:

ThO, + H* +H,0+CO2™ « Th(OH),CO5 ; logKys = 6.11+0.19, log K{y, =6.78+0.30
ThO, +4H" +5C0%™ — Th(CO,)%"; logKgs =42.124+0.32, log K5 =39.64+0.40

that were calculated by using the hydrolysis constants determined in 3 M
NaClO4 by Grenthe and Lagerman (1991) and were corrected to 0.5 M
NaClOy (Grenthe ef al., 1992) .

The ion interaction model of Pitzer has been developed, extending to high
concentration, and applied satisfactorily by Felmy et al. (1997) to describe, on
the basis of the above equilibria, the solubility data obtained by both Rai ez al.
(1995) and Osthols et al. (1994) in the aqueous Na™-HCO;3 — CO%ff
OH -CIO, —H,O system. They have estimated log K75 to be 37.6 and log K75,
to be 6.78; these values are identical or close to those previously determined by
Osthols et al. (1994). However, a considerable uncertainty in the determination
of the value for log K5, due to the introduction of large mixing terms with the
bulk anionic species, has been outlined by the authors.

The effect of phosphate on the solubility of microcrystalline ThO, has been
observed to be very limited (Osthols, 1995). The only data for which there is a
significant deviation from the solubility of ThO,(am) as predicted in the absence
of phosphates, are those obtained in 0.1 M phosphate solutions in the pH range
10.5-13. Here, a small increase in solubility has been found. However, an
analysis of the solid phase has shown a small but significant phosphate content.
This suggests the formation of a sparingly soluble thorium phosphate in the
experiments, meaning that there will eventually be a decrease of the thorium
solubility in the presence of excess amounts of phosphate.

It has been concluded from other solubility measurements (Fourest et al.,
1999) carried out on a synthesized thorium phosphate-diphosphate,
Th4(PO4)4P»,07 (incorrectly named ‘Th orthophosphate’ in a previous study
(Baglan et al., 1994)) that the total concentration of Th(1v) in solution (-3 < log
[Th] < =7 for 0 < pH < 5) is mainly controlled by the precipitation of two
compounds: Th(HPQOy,), in acidic media (pH < 4.5) and Th(OH), in basic and
near-neutral media. However, more recently, Thomas ez al. (2000) and Brandel
et al. (2001b) have characterized by electron probe microanalysis (EPMA),
XRD, IR, TGA, and DTA, the crystallized phase formed during the dissolution
of Thy(PO4)4P,07, when the saturation of the leachate is reached. They have
shown that the thorium concentration in phosphate-containing solutions is
controlled by the precipitation of the thorium phosphate-hydrogenphosphate
hydrate, Th,(PO4)>,(HPO,4) -H,O, which has a very low solubility product:
logKg, = —(66.6 £ 1.2) (Thomas et al., 2001).
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3.8.6 Complexation

(a) Inorganic ligands

To our knowledge, the formation of Th(1v) complexes with most of the common
inorganic ligands, such as F~, Cl', SOi', andNO%’, has not been re-investigated
recently (Hogfeld, 1982). The stability constants of the corresponding equili-
bria, collected in Table 3.16, are those previously reported by Langmuir and
Herman (1980) in their review paper. From these values, it can be concluded
that weak 1:1 complexes are formed with chloride and nitrate anions and that
higher order complexes, even if they have been pointed out in the literature
(Langmuir and Herman, 1980; Fuger et al., 1992), are unimportant. Colin-
Blumenfeld (1987) has thus shown, through thermodynamic calculations, that
Th(NO3)§+ can only exist in acidic solutions (pH < 3.2) containing high
concentrations of nitrates (>0.1 m). Similarly, Th(Cl)%+ is expected to be found
only at pH < 4 and for [Cl ], > 0.5 M (Colin-Blumenfeld, 1987).

On the contrary, strong complexes of Th(iv) are formed with F~ and SOAZ[
and particularly with carbonate and phosphate ligands which are known to
appreciably affect the speciation of Th(1v) in natural waters. A very strong
complexation of Th(1rv) by the HPO;  species is indicated by the stability
constants published by Moskvin et al. (1967) (see Table 3.16). These data are
found in many databases used for geochemical modeling, but they were derived
from solubility of an ill-defined solid thorium phosphate in acidic phosphate
media (hydrogen concentration of 0.35 m). They cannot explain the ThO,
solubility results obtained by Osthols (1995). Moreover, extraction experiments
by acetylacetone in the two-phase system 1 M Na(H)ClOg4/toluene carried out by
Engkvist and Albinsson (1994) at pH 8 and 9 (HPOZ* being thus the dominant
species) give cumulative stability constants of Th4+/HPOff much lower than
the values published earlier; these new f values suffer, however, from large
uncertainties.

The stability constants known for Th4+/H2POZ and Th*'/H;PO,, and
reported in Table 3.16, are those collected by Langmuir and Herman (1980).
They have not been checked by subsequent studies, but their role is of minimal
importance in the speciation of thorium in neutral and basic media. No data
have been published on the complexation of Th*" by the PO; ™ ions, except the
following equilibrium proposed by Osthols (1995):

Th* + 4H,0 + PO}~ < Th(OH),PO]}” + 4H" logK = —(14.90 £ 0.36)(0.35 M)

Finally, mention can be made of the study of Fourest et al. (1994). The solubi-
lity curves obtained by equilibrating solid thorium phosphate-diphosphate
and highly concentrated phosphate solutions have led to the determination
of ThO(HPO,4);(H,PO,)°>" and ThO(HPO4)3(H2PO4)g_ as the presumed
complex forms of Th(rv) at pH 6-7 and for 0.3 < [POg4]io; < 0.8 and 0.8 <
[POy4lior < 1.5 M, respectively.
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Table 3.16  Cumulative formation constants of the Th(iv) complexes formed with the main
inorganic ligands at 25°C.

Complex log Bixn I (™) References
ThE>* 8.03 0 Langmuir and Herman (1980)
ThF3*+ 14.25 0 Langmuir and Herman (1980)
ThF5 18.93 0 Langmuir and Herman (1980)
ThF, 22.31 0 Langmuir and Herman (1980)
ThCI** 1.09 0 Langmuir and Herman (1980)
ThC13*+ 0.80 0 Langmuir and Herman (1980)
ThCl;" 1.65 0 Langmuir and Herman (1980)
ThCly 1.26 0 Langmuir and Herman (1980)
ThSO3F" 5.45 0 Langmuir and Herman (1980)
Th(SOy4), 9.73 0 Langmuir and Herman (1980)
Th(SO,);" 10.50 0 Langmuir and Herman (1980)
Th(SO,* 8.48 0 Langmuir and Herman (1980)
ThNOgJr 0.94 0 Langmuir and Herman (1980)
Th(NO3)§Jr 1.97 0 Langmuir and Herman (1980)
Th(OH),PO;~ -14.9 £0.36 0.35 Osthols (1995)
Th(HPO,)** 10.8 0.35 Langmuir and Herman (1980)
8.7-9.7) 1 Engkvist and Albinsson (1994)

Th(HPO,), 22.8 0.35 Langmuir and Herman (1980)

(15-17.3) 1 Engkvist and Albinsson (1994)
Th(HPO4)§_ 313 0.35 Langmuir and Herman (1980)

(21-23) 1 Engkvist and Albinsson (1994)
ThHgPOi+ 4.52 0 Langmuir and Herman (1980)
Th(H,PO,);" 8.88 0 Langmuir and Herman (1980)
ThH3POﬁ+ 1.9 2 Langmuir and Herman (1980)
Th(OH),CO5y 41.5 0 Osthols et al. (1994)
Th(CO,)%" 21.6* 0.05 Joao et al. (1995)

32.3 0 Osthols ef al. (1994)

27.1° 0 Felmy et al. (1997)

 Recalculated by Osthols et al. (1994) (see text) to be 33.2 in 1 M carbonate media.
® Derived by using the K¢, value of Ryan and Rai (1987) given in Table 3.15.

Despite the studies mentioned above, the thermodynamic database for tetra-
valent actinides remains rather poor for the complexation with inorganic
anions, such as carbonate, phosphate, sulfate, fluoride, and chloride, which
are dominant in natural aquatic systems. Consequently, a new semiempirical
approach (based on an energy term describing the interligand electrostatic
repulsion) has been developed by Neck and Kim (2000) with a first application
for the mononuclear complexes with a high number of carbonate ligands. For
such a ligand, this model predicts a slight decrease from log3; to log/5s and a
strong decrease from log/3s to logBg. Hence the pentacarbonate complex is
expected to be the limiting Th(iv)-carbonate complex at high carbonate con-
centration. Moreover, the existence of Th(CO3)gf has been confirmed by sever-
al experiments using various methods: cryoscopy, conductometry, and ionic
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exchange (Dervin and Faucherre, 1973a), solvent extraction followed by neu-
tron activation (Joao et al., 1987, 1995), solubility of amorphous or microcrys-
talline ThO, (Rai et al., 1995; Felmy et al., 1997; Osthols ez al., 1994) and X-ray
absorption (Felmy et al., 1997). The pentacarbonate complex structure is also
well established in solid phase investigations (Voliotis and Rimsky, 1975). The
stability constant values published in the frame of these works for the
corresponding reaction:

Th*" 4+ 5C0O2~ « Th(CO,)$"

are collected in Table 3.16. The value obtained by Joao et al. (1987) recalculated
by taking into account the complex really formed between Th(1v) and ethylene-
diaminetetraacetic acid (EDTA) at high pH (Th(OH)Y and not ThY) (Osthols
et al., 1994) is in general agreement with the value estimated by these authors.
The estimation of Faucherre and Dervin (1962) from measurements of freezing
point depressions is open to criticism, because only the dominant reaction is
postulated and Th(1v) hydrolysis is neglected in the data treatment. The remain-
ing values (Osthols et al., 1994; Rai et al., 1995; Felmy et al., 1997) depend on
the hydrolysis constants applied for their evaluation.

X-ray absorption spectroscopy (XAS) data (Felmy et al., 1997) have clearly
shown a change in speciation at low bicarbonate concentrations (0.01 M solu-
tion), but the total thorium concentration was too low to allow a definitive
identification of the species. Solubility data of amorphous or microcrystalline
ThO, have been most satisfactorily explained by the introduction of a mixed
Th(OH),CO, (Osthols et al., 1994; Felmy et al., 1997) with logK?;, = 41.5
(see Table 3.16).

(b) Organic ligands

The organic species, such as oxalate (Cin*), citrate (C6H5O§*), and EDTA
(C10H1208N§*), form strong complexes with thorium and ‘organic’ complexa-
tion can predominate in natural waters over ‘inorganic’ by orders of magnitude,
even when the concentrations of organic ligands are low as compared with
inorganic ones (Langmuir and Herman, 1980).

The interaction of Th(1v) with citrate has been investigated both by potentio-
metry in 0.1 M chloride solution (Raymond et al., 1987) and solvent extraction
(thenoyltrifluoro-acetone [TTA] or dibenzoylmethane [DBM] in toluene) in
perchlorate (0.1-14 m NaClOy4; pH: 1.8-4.0) and chloride (0.1-5.0 m NaCl;
pH: 3) solutions (Choppin et al., 1996). The former study covers a wider pH
range (pH: 1-6) and a larger set of stability constants has been derived from the
results than in the latter one. However, attention should be paid to the choice of
hydrolysis constants used to fit the results. Moreover, the contribution of mixed
hydroxy species, not yet identified, can be expected to be more important in
basic media. Nevertheless, a relatively good agreement is observed for the two
Th(Cit)" formation constants (see Table 3.17).
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Table 3.17 Cumulative formation constants of the Th(1v) complexes with some organic
ligands at 25°C.

Complex log 37, References
Th(Cit)* 16.17 Nebel and Urban (1966)
14.13 Raymond et al. (1987)
13.7+0.1 Choppin et al. (1996)
Th(Cit)g_ 24.94 Nebel and Urban (1966)
24.29 Raymond et al. (1987)
ThH(Cit), 16.6 + 0.1 Choppin et al. (1996)
ThH,(Cit), 31.9+0.1 Choppin et al. (1996)
Th(Cit),(OH)3 14.67 Raymond et al. (1987)
Th(Cit); 28.0 Raymond e al. (1987)
ThH(Cit);~ 33.31 Raymond er al. (1987)
ThC,03* 10.6 Moskvin and Essen (1967)
9.30 Langmuir and Herman (1980)
9.8 Erten et al. (1994)
Th(C,04), 20.2 Moskvin and Essen (1967)
18.54 Langmuir and Herman (1980)
17.5 Erten et al. (1994)
Th(C204)§7 26.4 Moskvin and Essen (1967)
25.73 Langmuir and Herman (1980)
Th(C,04);~ 29.6 Moskvin and Essen (1967)
Th(HC,04)*" 11.0 Erten et al. (1994)
Th(HC,04)3" 18.13 Erten et al. (1994)
ThEDTA 25.30 Langmuir and Herman (1980)
ThHEDTA* 17.02 Langmuir and Herman (1980)

The Th(1v)/oxalate constants determined by using solvent extraction techni-
ques (TTA and bis(2-ethylhexyl)phosphoric acid [HDEHP] in toluene; pH: 1.3—
4.0, 1=1,3,5,7, and 9 m) (Erten et al., 1994) appear somewhat different from
the values previously obtained from solubility measurements, but the approach
of Moskvin and Essen (1967) has already been subjected to some criticism in the
case of the phosphate ligands (Osthols, 1995).

Other anions of organic acids, such as formate, acetate, chloroacetate,
tartrate, malate, salicylate, sulfosalicylate, and so on, form complexes with
Th(1v). They are too numerous to be listed in Table 3.16, but the corresponding
stability constants can be found in various compilations: Sillen and Martell
(1964, 1971), Perrin (1982), or the most recent database issued by the National
Institute of Standards and Technology (NIST, 2002).

Humic and fulvic acids have been identified as efficient complexing agents for
ions such as Th*". Their influence on thorium mobilization in natural waters
have been discussed in several publications (Choppin and Allard, 1985;
Cacheris and Choppin, 1987; Miekeley and Kiichler, 1987). The Th(iv)~-humate
complex has been recently analyzed by X-ray photoelectron spectroscopy (XPS)
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(Schild and Marquardt, 2000). The XPS study corroborates EXAFS results
(Denecke et al., 1999) according to which Th(1v) is predominantly bound to
carboxylic groups of humic acids.

3.8.7 Analytical chemistry

As Chapter 30 is devoted to trace analysis of actinides in geological, environ-
mental, and biological matrices, only summarized considerations will be given
here, centered on the determination of thorium in natural waters. Extensive
information on the techniques used in analytical chemistry of thorium, includ-
ing the ‘classical’ gravimetric, titrimetric, and photometric methods, is also
given in the Gmelin Handbook (1990b).

Because of its low solubility and its ability to be sorbed as hydroxo com-
plexes, the concentration of thorium in natural waters is, in general, below
0.1 ug L™ and its quantitative determination is difficult. The most important
analytical methods for the determination of Th(1v) in the range of low concen-
trations have been compiled and discussed by Hill and Lieser (1992). In most
cases, a preconcentration step — coprecipitation, solvent extraction, and/or ion
exchange separation — is performed prior to the measurement.

Inductively coupled plasma mass spectrometry (ICP-MS) is the most sensitive
method with usual limits of detection around 0.01 pg kg™’ (Gray, 1985) and a
reported limit value as low as 0.2 ng kg ' (Chiappini et al., 1996), but this
method needs costly pieces of equipment. Two other methods exhibit low
detection limits (0.1 pg kg™ ') and are well suited for routine analysis (Hill and
Lieser, 1992):

¢ Spectrophotometry, with the procedure described by Keil (1981) coupling
preliminary extraction and Th(iv) complexation with arsenazo;

e Voltammetry, with the procedure reported by Wang and Zadeii (1986)
using a chelating reagent (with a concentration to be optimized).

However, in practical applications, drawbacks are encountered with both
methods due to the presence of uranium and aluminium, respectively. To
avoid these drawbacks, a selective preconcentration of Th(1v) is thus necessary
(Hill and Lieser, 1992).

Gamma- and alpha-spectrometries, with sensitivity around 1 pg kg™' (Singh
et al., 1979; Kovalchuk et al., 1982; Jiang and Kuroda, 1987), are essentially
used for isotopic determinations. However, these standard radiochemical tech-
niques require preconcentration and long counting times. ***Th can be deter-
mined from two successive gamma-measurements of the **Ra daughters, but a
delay of 20 days is necessary to obtain reliable results for ***Th (Surbeck, 1995).
The chemical separation techniques for the classical alpha-spectrometry
have been reviewed by De Regge and Boden (1984). These techniques often
need optimization because around 50% of the initial activity can be lost at
the chemical separation stage (Vera Tomé et al., 1994). Liquid scintillation
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spectrometers, which allow discrimination between alpha and beta decays, and
are commercially available, offer, in combination with selective extractive scin-
tillators, a more advantageous solution to the problem of the isotopic determi-
nation of **Th, ?*°Th, and ?**Th, in spite of a low-energy resolution compared
to alpha-spectrometry (Dacheux and Aupiais, 1997). With the PERALS (name
registered to Ordela, Inc.) system, a limit of detection as low as 0.2 pg kg ' can
be reached for **Th [value obtained for 250 mL and 3 days of counting
(Dacheux and Aupiais, 1997)]. Moreover, PERALS spectrometry can be asso-
ciated to six short liquid-liquid extraction steps to isolate Th from other
actinides (U, Pu, Am, and Cm) prior to its detection at very low levels (the
use of spikes during the chemical procedure is necessary for complex matrices).
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4.1 INTRODUCTION

Protactinium, element 91, is one of the most rare of the naturally occurring
elements and may well be the most difficult of all to extract from natural
sources. Protactinium is, formally, the third element of the actinide series and
the first having a 5f electron. The superconducting properties of protactinium
metal provide clear evidence that Pa is a true actinide element (Smith et al.,
1979). Its chemical behavior in aqueous solution, however, would seem to place
it in group VB of the Mendeleev’s table, below Ta and Nb.

The predominant oxidation state is 5+. Pa(v) forms no simple cations in
aqueous solution and, like Ta, it exhibits an extraordinarily high tendency to
undergo hydrolysis, to form polymers, and to be adsorbed on almost any
available surface. These tendencies undoubtedly account for the many reports
of erratic and irreproducible behavior of protactinium as well as for its
frustrating habit of disappearing in the hands of inexperienced or unwary
investigators. A useful review of the chemical properties of Pa important in
an analytical context has been made by Pal’shin ez a/. (1970) and Myasoedov
et al. (1978).

The most important natural isotope is >*'Pa, but the industrial importance of
Pa stems chiefly from the role of its artificial isotope, >>*Pa, as an intermediate in
the production of fissile 23U in thorium breeder reactors. It was, in fact, the
need for a relatively stable isotope that could be used for macroscopic chemical
studies, which was responsible for the revival of interest in the recovery of **'Pa
from natural sources (Katzin, 1952). The result has been a rapid growth in our
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understanding of Pa chemistry, as summarized in numerous critical review
articles (Gmelin, 1942, 1977; Elson, 1954; Katz and Seaborg, 1957; Haissinsky
and Bouissiéres, 1958; Kirby, 1959; Salutsky, 1962; Brown and Maddock, 1963;
Sedlet, 1964; Guillaumont and deMiranda, 1966; Keller, 1966a; Brown and
Maddock, 1967; Guillaumont et al., 1968; Brown, 1969; Muxart et al., 1969;
Muxart and Guillaumont, 1974; Morgan and Beetham, 1990), books (Cotton
et al., 1999) and presentations (Weigel 1978; Jung et al., 1993; Greenwood and
Earnshaw 1997; Sime, 1997).

4.1.1 Discovery of protactinium

During the preparation of the periodic table Mendeleev (1872) placed in the
vacant space in group V between Th(1v) and U(vi) an unknown hypothetical
element No. 91 named ‘eka-tantalum’ with atomic mass of about 235, and
chemical properties similar to Nb and Ta. Forty years later, Russell (1913),
Fajans (1913a,b), and Soddy (1913a,b) independently proposed the radioactive
displacement principles, i.e. two simple rules for reconciling the chemical and
radioactive properties of the 33 radioelements known at that time: (1) if a
radioelement emits an o particle, its position in the Mendeleev’s table is shifted
two places to the left, or (2) if it emits a B -particle, its position is shifted one
place to the right. When the rules were applied systematically, there was one
obvious discrepancy: the only known link between ***U and ***U, both in group
VI, was element UX, a f -emitter whose chemistry was identical with that of
thorium, in group IV. It was necessary to postulate the existence of an unknown
B -emitter, in the space in the periodic table reserved by Mendeleev (1872).

Before the end of 1913, Fajans and his student, G6hring, had shown that
element UX was actually a mixture of two distinct radioelements: UX; (***Th)
and UX, (***™Pa), which gave off hard B -rays, had a half-life of 1.15 min, and
was chemically similar to Ta (G6hring, 1914a,b). They named the new element,
‘brevium’ (Bv) (brévis (Latin): short, brief), because of its short half-life
(Gohring, 1914b).

An analogous problem existed with respect to the origin of actinium
(Gohring, 1914a). It was clear that Ac could not be a ‘primary’ radioelement,
because its half-life was only about 30 years (Curie, 1911). On the other hand,
although there was a constant ratio of Ac to U in nature (Boltwood, 1906,
1908), Ac could not be part of the main U-Ra series, because the ratio was far
too low. According to the displacement laws, Ac, in group III, could only be the
product either of a B -emitter in group II or of an a-emitter in group V. The first
possibility was eliminated when Soddy (1913b) proved that Ra, the only group
II element in the U-Ra series, was not the parent of Ac. The only remaining
alternative was an a-emitting isotope of UXo.

In 1913, Soddy had reported the growth of Ac in two lots of UX, separated
from 50 kg of uranium 4 years earlier (Soddy, 1913a). This suggested that Ac
was being produced from UX ‘through an intermediate substance’. Five years
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later Soddy and Cranston (1918) [see also Sackett (1960)] had confirmed the
growth beyond doubt and had separated the parent of Ac by sublimation from
pitchblende in a current of air containing CCly at incipient red heat. This
method was later applied by Malm and Fried (1950, 1959) to the separation
of ?**Pa from neutron-irradiated ***Th.

Almost simultaneously, Hahn and Meitner (1918) reported their independent
discovery of the parent of Ac in the siliceous residue resulting from the treat-
ment of pulverized pitchblende with hot concentrated HNO3. They proposed
the name, protactinium. Preliminary estimates indicated that the half-life of the
new isotope was between 1200 and 180 000 years. Since the name, brevium, was
obviously inappropriate for such a long-lived radioelement, Fajans and Morris
(1913) proposed that the name of element-91 be changed to protactinium
(linguistic purists at first insisted on calling it protoactinium, because ‘proto is
better Greek’ (Grosse, 1975), but the name protactinium (Pa) was restored
officially in 1949 (Anonymous, 1949)).

There was still no direct evidence as to the origin of protactinium. In 1911,
Antonoff (1911) had separated uranium Y — UY (**'Th) from a purified U
solution. UY was chemically similar to Th and Antonoff (1913) suggested that
this might be the point at which the Ac series branched off from the U series. In
1917, Piccard (1917) suggested that, in addition to the two known isotopes of
uranium, uranium I and IT (UT and UII), there might also exist a third long-lived
isotope, actinouranium (AcU). AcU would decay by a-emission to yield UY,
which, in turn, would decay by [ -emission to give an isotope of brevium.
Piccard’s hypothesis was confirmed experimentally in 1935, when Dempster
(1935) discovered AcU (**°U) by mass spectrography.

4.1.2 Isolation of protactinium

The new element was isolated for the first time in 1927, when Grosse (1927,
1928) reported that he had prepared about 2 mg of essentially pure Pa,Os. By
the end of 1934, Grosse with Agruss had developed a process for the large-scale
recovery and purification of Pa (Grosse, 1934a; Grosse and Agruss, 1934,
1935a). They had isolated more than 0.15 g of Pa,Os, reduced it to the metal,
and determined its atomic weight to be 230.6 4= 0.5 (Grosse, 1934b). In the same
year, Graue and Kading (1934a,b) recovered 0.5 g of pure Pa (as K,PaF;) from
5.5 tons of pitchblende residues, an achievement that would not be equaled,
let alone surpassed, for the next quarter of a century.

The development of atomic energy led to the processing of most of the world’s
known reserves of high-grade uranium ores and to the accumulation of vast
stockpiles of process wastes. Among these, at the Springfields refinery of the
United Kingdom Atomic Energy Authority (UKAEA) was the ‘ethereal sludge’,
a siliceous precipitate that had separated during the ether extraction of U from
dilute HNOj solution. This material, amounting to some 60 tons, contained
about 4 ppm of Pa, or more than ten times its equilibrium concentration in
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unprocessed pitchblende. Since the sludge also contained about 12 tons of U,
it was economically attractive to recover both elements, with most of the
development and production cost being borne by the U recovery. The process
that was finally adopted yielded 127 g of 99.9% pure **'Pa (Goble et al., 1958;
Nairn et al., 1958; Jackson et al., 1960a,b; Collins et al., 1962; Hillary and
Morgan, 1964) at a cost of about US$500 000 (CRC Handbook, 1997).

The UKAEA has generously made its stockpile of Pa available to the rest of
the world at nominal cost, thereby touching off intensive investigation of Pa
chemistry at many laboratories. Thanks to this concentrated effort, the new era
in Pa research that started in the mid-1950s has now reached maturity. Three
international conferences were convened, devoted entirely to the chemical,
physical, and nuclear properties of Pa (Oak Ridge National Laboratory, 1964;
Bouissieres and Muxart, 1966; Born, 1971).

4.2 NUCLEAR PROPERTIES

At present, there are 29 known isotopes of Pa (Table 4.1), but only three are of
particular significance to chemists. They are the naturally occurring isotopes,
231Pa and 2**Pa, and reactor-produced ***Pa. The characteristics of a-decay of
Pa isotopes with mass numbers (A4) till 224 were presented by Andreev et al
(1996b). Hyde (1961, undated) and Hyde ef al. (1964) had exhaustively reviewed
the nuclear properties of all the isotopes with 4 ranging from 225 to 237.

A new nuclide **’Pa produced recently by multi-nucleon transfer reactions
28U(p,2n)**Pa (Yuan et al., 1996). Protactinium was chemically separated
from the uranium target and other produced elements. From the **’Pa B -
decay a half-life of (106 4+ 30) min was observed.

For details concerning the more recently discovered isotopes, the reader
should consult the original references (Meitner et al., 1938; Ghiorso et al.,
1948; Gofman and Seaborg, 1949; Hyde et al., 1949; Meinke et al., 1949,
1951, 1952, 1956; Harvey and Parsons, 1950; Barendregt and Tom, 1951;
Keys, 1951; Browne et al., 1954; Crane and Iddings, 1954; Zijp et al., 1954;
Wright et al., 1957; Hill, 1958; Arbman et al., 1960; Takahashi and Morinaga,
1960; Albridge et al., 1961; Baranov et al., 1962; Bjernholm and Nielsen, 1962,
1963; Subrahmanyam, 1963; Wolzak and Morinaga, 1963; McCoy, 1964;
Bastin et al., 1966; Bjornholm et al., 1968; Hahn et al., 1968; Trautmann
et al., 1968; Briand et al., 1969; Borggreen et al., 1970; dePinke et al., 1970;
Laurens et al., 1970; Varnell, 1970; Holden and Walker, 1972; Sung-Ching-
Yang et al., 1972; Lederer and Shirley, 1978; Folger et al., 1995; Yuan et al.,
1995, 1996; Andreev et al., 1996a; Nishinaka et al., 1997).

4.2.1 Protactinium-231

Z1pa, an o-emitter with fixed atomic weight 231.03588 + 0.0002 (Delaeter and
Heumann, 1991), is a member of the naturally occurring **>U decay (4n + 3)
chain. It is the daughter of **'Th and the parent of **’Ac, from which it derives



Table 4.1 Nuclear properties of protactinium isotopes.

Mass Mode of Main radiations Method of
number Half-life decay (MeV) production
212 5.1 ms o ® 8.270 82w (35Cl,5n)
213 5.3 ms o o 8.236 70Br(3!V,8n)
214 17 ms o ®8.116 170851V 7n)
215 14 ms o o 8.170 181Ta(*°Ar,6n)
216 02s o o 7.865 7 Au(**Mg,5n)
217 4.9 ms o o 8.340 181Ta(** Ar,4n)
1.6 ms o o 10.160
218 0.12 ms o o 9.614 (65%) 206p (160, 4n)
219 53 ns o o 9.900 204pK(19F 4n)
220 0.78 ps o ®9.15 2°4Pbg19F,3n)
221 5.9 ps o o 9.080 2098410, 4n)
222 5.7 ms o o 8.54 (~30%) 20984(10), 3n)
~8.18 (50%) 206pp(19F 3)
223 6 ms o o 8.20 (45%) 208p(1F 4n)
8.01 (55%) 205T1(*>Ne,4n)
224 09s o o 7.49 208pp(19F 3n)
225 1.8s o o 7.25 (70%) Z2Th(p,8n)
7.20 (30%) 209Bi(**Ne,02n)
226 1.8 min o 74% o 6.86 (52%) B2Th(p,7n)
EC 26% 6.82 (46%)
227 38.3 min o ~85% o 6.466 (51%) Z2Th(p,6n)
EC ~15% 6.416 (15%)
v 0.065
228 22h EC ~98% o 6.105 (12%) 22Th(p,5n)
o ~2% 6.078 (21%) 20T h(p,3n)
v 0.410
229 1.5d EC 99.5% o 5.669 (19%) 20Tn(d,3n)
o 0.48% 5.579 (37%) 229Th(d,2n)
230 17.7d EC 90% o 5.345 230Th(d,2n)
B~ 10% B~ 0.51 22Th(p,3n)
o 3.2 x 1073% v 0.952
231 3.28 x 10% yr o a 5.012 (25%) nature
4.951 (23%)
v 0.300
232 1.31d B B 1.29 Blpa(n,y)
v 0.969 232Th(d,2n)
233 27.0d B B 0.568 233Th daughter
v 0.312 Z7Np daughter
234 6.75h B~ p1.2 nature
v 0.570
234 m 1.175 min B~ 99.87% B 2.29 nature
IT 0.13% v 1.001
235 24.2 min B B 1.41 zjoh daughter
~U(n,p)
236 9.1 min B B 3.1 BU(n,p)
v 0.642 Z8U(d, o)
237 8.7 min B~ B 2.3 Z8U(y,p)
v 0.854 28U(n,pn)
238 2.3 min B 2.9 Z8U(n,p)
v 1.014
239 106 min B %0 4+ B8y




166 Protactinium

its name (Fig. 4.1). Reported half-lives have ranged from 32 000 years + 10%
(Grosse, 1932) to (34 300 & 300) years (Van Winkle ef al., 1949); three recent
determinations (Kirby, 1961; Brown et al., 1968a; Robert et al., 1969) yield a
weighted average of (32 530 £ 250) years (at the 95% confidence level). There-
fore **'Pa is the only isotope easy to access in multi-gram quantities. The
thermal-neutron cross section is (211 £ 2) barn (Simpson et al., 1962; Gryntakis
and Kim, 1974). The spontaneous fission half-life is 1.1 x 10'® years (Segre,
1952), which gives the correlation of 0.3 of a fission per 1 g Pa per min.

The complex fine structure of the *'Pa alpha-spectrum can be resolved with a
passivated implanted planar silicon detector (Fig. 4.2). Baranov et al. (1962,
1968), using a double-focusing magnetic spectrometer, found at least 19
a-groups with energies ranging from 4.51 to 5.06 MeV and additional low-
abundance groups have been detected by a—y coincidence measurements
(Lange and Hagee, 1968). Predictably, the y-ray spectrum, as recorded with a
high-resolution Ge detector, is even more complex (Fig. 4.3): 92 y-rays have
been reported, with energies up to 609 keV (dePinke et al., 1970; Leang, 1970).
A detailed level scheme is given in the critical compilation by Artna-Cohen
(1971). The prominent y photopeak at 27.35 keV is easily detectable even with a
Nal(TI) crystal; it uniquely identifies **'Pa in the presence of other naturally
occurring y-emitters (Fig. 4.4).

235U (AcU)
7.038 x 108 yr
o %ipa
y 32760 yr
231
90 Th (UY) o 227Th (RdAc)
2552 h B 18.72d
27Ac
21.77 yr o
o (1.38%) l | ERa(Ax)
B 11.435d
22%Fr (AcK) |, a
22 min
0 (0.004%) l ) Z2Rn (An)
p 3.96s
219t 21574
85
) (~8%) & l _ 85
0.9 min 7l 0.000105s
T 215 ,
o ) 1 o Z14Po (AcC’)
Y Bo."| 0.00178s g “osss
%3Bi . o l 211Bi (AcC) 0 7
7.4 min _ 3/4 214 min (0.27%) o
Pb (AcB) T
82 ' 207
. ' o Pb (AcD
36.1 min v B_/( sttab(le )
207 )
07T
4.77 min

Fig. 4.1 Uranium-actinium series (4n + 3).
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Fig. 4.2  Alpha-spectrum of **'Pa measured with a passivated implanted planar silicon
detector (Ahmad, 2004).

21pa can be separated from reprocessed U ores, or alternatively, produced by
either of the two nuclear reactions: *>Th(n,2n)**' Th (Nishina et al., 1938) or
230Th(n,y)*'Th (Hyde, 1948). In principle, this would eliminate many of the
problems attendant on the isolation of **'Pa. However, neutron irradiation of
232Th yields large amounts of **Pa and other undesirable contaminants, but
relatively little *'Pa (Table 4.2) (Schuman and Tromp, 1959; Codding et al.,
1964). The **°Th route is only superficially more attractive, since the richest
sources of ***Th found thus far in U refinery waste streams and residues have
always been associated with at least eight times as much ***Th (Figgins and
Kirby, 1966). Protactinium was not formed in the amalgam and could be also
separated from thorium (David and Bouissieres, 1966).

4.2.2 Protactinium-233

233Pa is the only artificial isotope of Pa thus far produced in weighable amounts;
the first gram was isolated in 1964 by a group at the National Reactor Testing
Station in Idaho (Codding ef al., 1964). ***Pa derives its importance from the
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Fig. 4.3 y-Ray spectrum of **'Pa measured with a 25% efficiency germanium detector
(Ahmad, 2004).
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Table 4.2  Calculated composition of 100 g of >>>Th after
thermal-neutron irradiation (Codding et al., 1964)
(thermal flux = 5 x 10" n em s resonance flux =
(thermal flux)/12; nvt = 1.2 x 10*' n cm™).

Nuclide Amount
Blpy 98.6 g
232
Th ~1 mg
233py 950 mg
B3y 320 mg
B3y 65 mg
B3y 5 mg
fission products 60 mg
Ukar 98¢ Mampaz70 ‘0
© distance 8 cm X
< absorber 379 mg
r ® cm-2 Poly 0.98
3 keV/channel G.L. 18 <'>.
L A ®lg
=) g
™
™
©
L oof [
8125
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Fig. 4.5 y-Ray spectrum of *>*Pa observed with a Ge(Li) detector. Reproduced from
Crouthamel et al. (1970) with permission from Pergamon Press.

fact that it is an intermediate in the production of fissile >**U. The reaction,
discovered in 1938 by Meitner et al. (1938) (Sime, 1997) is:

22Th (n,y) ®3Th (B~;22 min) — 23Pa(p~; 27 days) — 23U

233pa has largely replaced 2**Pa as a tracer because of its favorable half-life
(26.95+0.06) days (Wright et al., 1957), its relative ease of preparation (cf.
Table 4.2), and its readily detectable gamma spectrum (Fig. 4.5). Using this
isotope a large volume of important data on protactinium chemistry had been

provided.
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238 (UI)
4.47 X 109 yr
o
204Th (UXy) | B [24mPa(Uxy) | B~ 234 (UII)
24.10d 1.175 min 2.44 X 105 yr
0.13%
IT 234Pa (UZ) B7

6.658 h

Fig. 4.6 Genetic relationships of the UX\-UX,~UZ complex.

4.2.3 Protactinium-234

The nuclide **Pa occurs naturally in two isomeric forms: >**™Pa, discovered by
Fajans and Gohring (1913a,b), and ***Pa, discovered afterward by Hahn
(1921). Their genetic relationships are indicated in Fig. 4.6. Both are B -emitters,
decaying to 2**U, but **™Pa is metastable and, in 0.13% of its disintegrations, it
decays to its ground state by isomeric transition, yielding >**Pa (Bjernholm and
Nielsen, 1963). The extraordinarily complex decay scheme of ***Pa (Ellis, 1970;
Ardisson and Ardisson, 1975) is difficult to study, because the intense sources
needed for high-resolution spectrometry are not readily available. However,
0.8 Ci of »**Th was extracted from several tons of ***U, making possible the
definitive study by Bjernholm ez al. (1967, 1968). The gamma-spectrum of
234Pa (in equilibrium with ***U and **Th) is shown in Fig. 4.7 (Crouthamel
et al., 1970).

4.3 OCCURRENCE IN NATURE

Since the half-life of 2*'Pa is short in geological terms, its natural occurrence is
closely tied to that of **°U, its primordial ancestor. Uranium isotopes are
widely distributed in the Earth’s crust (Kirby, 1974). The average crustal
abundance of U is 2.7 ppm (Taylor, 1964), of which 0.711 wt% is >**U (Grundy
and Hamer, 1961); therefore, the natural abundance of *'Pa (calculated from
its half-life and that of >**U) is 0.87 x 10°® ppm — only slightly less than that of
22°Ra. Assuming that the crustal mass (to a depth of 36 km) is 2.5 x 10% g
(Heydemann, 1969), the global inventory of *'Pa is 2.2 x 10’ metric tons.
The pronounced hydrolytic tendency of Pa is the basis of a method for dating
marine sediments less than 10° years old (Sackett, 1960; Roshalt ez al., 1961,
1962; Sakanoue et al., 1967; Thomson and Walton, 1971, 1972; Kirby, 1974). In
an undisturbed geological formation, thematic Pa:U = 3.2 x 10"/, but this ratio
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Fig. 4.7 y-Ray spectrum of UX\—-UX»—UZ in equilibrium with **3U. Reproduced from
Crouthamel et al. (1970) with permission from Pergamon Press.

is altered when the deposit is leached with groundwater and the U is carried to
sea. At the pH of seawater, both Pa and Th hydrolyze and deposit together on
the ocean floor, leaving the U in solution as UO3". Because **'Pa and ***Th
decay moved at different rates, their ratio at various depths can be used to
determine the rate of sedimentation.

231pa/23U ages were also determined for 17 carnotites from two areas in
Israel (Kaufman ez al., 1995). For the determination of **'Pa in solids, a new
method, more than ten times more precise than those determined by decay
counting, based on thermal ionization mass spectroscopy (TIMS) of protactini-
um in carbonates was created. Carbonates between 10 and 250 000 years old can
now be dated with this **'Pa method. Barbados corals that have identical *'Pa
and >**Th ages indicate that the timing of sea level change over parts of the last
glacial cycle is consistent with the predictions of the Astronomical Theory
(Edwards et al., 1997).

233pa has not itself been detected in nature, but traces of both **’Np, its
parent, and **°Ac, its descendant, have been identified in a U refinery waste
stream (Peppard er al., 1952). It may, therefore, be inferred that **Pa is being
continually formed in nature by the reaction:

#8U (n,2n) ¥7U (B7; 6.75days) — " Np (o; 2.14 x 10° years) — *** Pa.

The natural neutron output in pitchblende is about 0.05 ng~' s, attributable
about equally to spontaneous fission of ***U and (o,n) reactions of light
elements (McKay, 1971).
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44 PREPARATION AND PURIFICATION

No large-scale separation of 2*'Pa has ever been made from virgin ores because
the element has little commercial value. Weighable amounts of Pa have always
been obtained from U refinery residues. Indeed, the economic realities are such
that it is rarely possible even to optimize the segregation of Pa in a single waste
stream or residue. More typically, the Pa is fractionated at every stage in the
beneficiation and extraction of U from its ores.

Before the development of atomic energy, pitchblende ores were processed
primarily for their Ra content. The pulverized ore, after being roasted with
Na,CO3;, was leached with aqueous solutions of H,SO4 or HNOj (or both) and
the acid-insoluble material was digested with NaOH or Na,COj solutions. The
residue was then leached with hydrochloric acid to recover the Ra (Curie, 1913).
The final residue retained a greater or lesser fraction of the original Pa according
to the relative proportions of the acids used in the digestion; a higher H,SOy4
concentration and higher total acidity favored the dissolution of Pa (Reymond,
1931). This Riickriickstdinde, or ‘residue of residues’, was the raw material used
by Hahn and Meitner (1918) for their discovery of *'Pa, by Grosse (1927, 1928)
in the isolation of the first milligram amounts, and by Graue and Kading
(1934a) in the recovery of 0.5 g of the element. The analysis of one such residue
is given in Table 4.3.

During and after World War II, an ether extraction process was used for the
purification of U. The acid solution resulting from the ore digestion was treated
with Na,COj; to precipitate some of the less basic metals, while leaving the U in
solution as a carbonate complex. Katzin et al. (1950) found that the carbonate
precipitate contained 0.30-0.35 ppm of Pa and subsequent processing of this
material yielded about 25 mg of pure Pa (Kraus and Van Winkle, 1952; Larson
etal., 1952; Thompson et al., 1952). When the process was modified to eliminate
the carbonate precipitation, the Pa passed through the ether extraction step into
the aqueous raffinate, from which Elson et al. (1951) recovered 35 mg of pure
material.

A later modification produced a precipitate in the aqueous waste stream,
which, according to Salutsky et al. (1956), carried down nearly all the Pa. This
material was periodically filtered off and eventually yielded a total of about 2 g
of Pa (Kirby, 1959; Hertz et al., 1974; Figgins et al., 1975).

The aqueous raffinate from the ether extraction was treated with lime and the
filtered precipitate was stored for future recovery of U and other commercially
valuable metals. The accumulated material was later treated by a process of
which the relevant steps were: digestion with sulfuric acid, followed by extrac-
tion with bis(2-ethylhexyl)phosphoric acid (HDEHP), and finally back-
extraction with sodium carbonate solution. The waste solutions and residues
were discharged to a tailings pond, where, for all practical purposes, much of
the Pa and **°Th were irretrievably lost. In 1972, the process was modified by
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Table 4.3  Analyses of some ' Pa raw materials.

Riickriickstdnde Ethereal sludge Cotter concentrate
(Grosse and Agruss, 1935a)  (Nairn et al., 1958) (Ishida, 1975)
Constituent Amount (%) Constituent Amount (%) Constituent — Amount (%)
SiO, 60 U 28.3 U;30g 13.8
FC203 22 Fe 7.7 Fe ~30
PbO 8 Si 6.4 Si ~4
ALO3 5 Ba ~3 Na ~60
MnO 1 Zr 2.7 Mo <2
CaO 0.6 Mo 2.7 \" <1
MgO 0.5 F 1.8 Al >0.3
Ti 0.3 NHj 1.7 Th 0.15
Zr 0.1 Ca 1.5 Ti 0.1
HF and others — v 0.9 Ca 0.07
Graphite 0.1 Ti 0.44 Cu 0.05
Pa,0s 3x10°  Pb 0.4 Zr 0.04
Al 0.27 Mg 0.04
P 0.15 Ni 0.03
Sr 0.09 Mn 0.01
Nb, Ta <0.1 Cr 0.01
Mg, Ni, Cr, <0.01 B 0.002
Co, Mn, & Sn Be 7 x 104
Pa 37x10% Pa 4x107°

adding enough sodium hydroxide to the Na,COj strip solution to cause
total precipitation of the U, thus minimizing any further loss of Pa and ***Th
(Haubach, 1967; Figgins and Hertz, 1972a,b, 1973). The filtered precipitate
(‘Cotter concentrate’) consists of some 2000 tons (dry weight) of mixed
oxides and carbonates (Table 4.3) and contains an estimated 30 tons of U3Og,
14 kg of *°Th, and 75 g of Pa. This material has been processed at Mound
Laboratory.

At the Windscale refinery of the UKAEA, after removal of a sulfate precipi-
tate containing the Ra, the solution was buffered to pH ~2 and the U was
precipitated by the addition of hydrogen peroxide. The peroxide precipitate
carried down more than 80% of the Pa and, when it was redissolved in nitric
acid, the low acidity encouraged the formation of a siliceous Pa-containing
sludge, which deposited on the walls of the ether extraction plant and its
ancillary vessels. This ‘ethereal sludge’ was collected and drummed, pending
future recovery of U. It proved to be the richest source of Pa ever found,
ultimately yielding 127 g of the pure element (Goble ez al., 1958; Nairn et al.,
1958; Jackson et al., 1960a; Collins et al., 1962). The gross chemical composition
of ‘ethereal sludge’ is shown in Table 4.3.
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4.4.1 Industrial-scale enrichment of siliceous residues

At ultra-micro concentrations with respect to other metals ions, Pa scarcely
exhibits a chemistry of its own. Consequently, the procedure adopted to recover
Pa from ‘natural’ sources is usually dictated less by the chemistry of Pa than by
the gross chemical and physical characteristics of the source and, sometimes,
by the sheer quantity of material to be processed.

The problems are magnified by the extreme complexity and variability of the
sources from which **'Pa is obtained, but one problem common to nearly all
natural sources has been the ubiquitous presence of silica, and nearly all authors
have resorted, at one stage or another, to alkaline fusion or digestion for its
removal. Grosse (1934a) and Grosse and Agruss (1934, 1935a) recovered more
than 100 g of pure Pa,Os from 1.2 tons of Riickriickstinde, a material composed
largely of SiO, and Fe,O; (Table 4.3). The principal steps in the enrichment
process were: (1) leaching with hydrochloric acid to eliminate Fe and the more
basic oxides; (2) fusing the residue with NaOH and leaching the cooled melt
with water to remove soluble silicates and Pb; (3) dissolving the residue in
hydrochloric acid and heating to coagulate the remaining SiO,; (4) washing
the precipitate with 20% NaOH solution and dissolving the residue in hydro-
chloric acid; (5) precipitating Zr (and Pa) by the addition of phosphoric acid;
and (6) fusing the ZrP,O; with KOH to eliminate PO?{ and the last of the SiO,.
The plant product contained more than 85% of the original Pa in a concentra-
tion of 1:5000 — an enrichment factor of about 600. Graue and Kading (1934a,b)
recovered 700 mg of Pa from 5.5 tons of Riickriickstinde by essentially the same
process, except that the raw material was first fused with NaOH and then
leached with hydrochloric acid. The large quantity of SiO, that remained in
the residue was eliminated by fuming with hydrofluoric acid.

4.4.2 Enrichment of carbonate precipitates

Pa in trace amounts may fractionate unpredictably during dissolution or pre-
cipitation of a multi-component mixture. To inhibit such fractionation, many
authors have introduced carriers such as Ta (Hahn and Meitner, 1918), Zr
(Graue and Kading, 1934a; Grosse and Agruss, 1935a), or Ti (Zavizziano,
1935; Emmanuel-Zavizziano, 1936; Kirby, 1959), which carry Pa quantitatively
when they are precipitated as phosphates or hydrated oxides.

Larson et al. (1952) leached a carbonate precipitate with nitric acid and
digested the resultant SiO, gel with 10% NaOH solution to which La carrier
was added to minimize losses of Pa in the alkaline solution. However,
Thompson and co-workers (1952), by first digesting the carbonates with 40%
NaOH, were able to remove enough SiO, to prevent gel formation when the
metathesized residue was dissolved in 1 M HNOj5. There was no loss of Pa to the
alkaline solution, probably because the residue already contained appreciable
amounts of both Zr and Ti. The Pa was concentrated from the 1 M HNO;s
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solution by adsorption on a MnQO, precipitate formed in situ (Grosse and
Agruss, 1935b; Katzin and Stoughton, 1956). Two additional cycles of MnO,
precipitation and redissolution in HNOj were followed by a hydrolytic precipi-
tation of Ti and Zr from 5 M HNOj;. The precipitate that carried down the Pa
was taken up in hydrofluoric acid and evaporated to dryness in the presence of
perchloric acid to eliminate SiO,, giving a 1000-fold enrichment of the Pa with a
65% yield.

Carrying by MnO, is a key step in the recovery of Pa from Cotter concentrate
(Hertz et al., 1974). The solids are digested in HNO; solution and filtered
to yield a solution that is 2-3 M in HNOs5. Essentially all the U and ***Th and
50-85% of the Pa are dissolved; the undissolved residue is reserved for further
digestion. The U is extracted with di-S-butylphenyl phosphonate (DSBPP) and
the Pa and **°Th are quantitatively extracted with tri-n-octylphosphine oxide
(TOPO). >*°Th is stripped from the TOPO with 0.3 M H,SO, and the Pa with
0.5 m H,C,04. Addition of potassium permanganate to the oxalic acid solution
yields a precipitate of 5 g of MnO, containing 1-6 mg of Pa, for an enrichment
factor of 500-2500.

4.4.3 Enrichment of aqueous raffinates

After the sodium carbonate precipitation step was omitted from the Mallinck-
rodt process, the aqueous raffinate from the diethyl ether extraction of U
contained about 0.2 mg L' of Pa and 1-10 g L ™! for other elements (chiefly
Ca, Fe, and rare earths). Elson et al. (1951) extracted this weakly acid solution
of nitrates with 5% of its volume of tri(n-butyl)phosphate (TBP) and stripped
the TBP with one-fourth of its volume of 0.5 M HF solution. Rare earths and Th
isotopes precipitated, but the Pa remained in solution. AI’" was added to
complex the F~ and the solution was contacted with di-isopropylcarbinol
(DIPC), which extracted 70-90% of the Pa. Back-extraction into 10% H,O,
gave another 20-fold volume reduction and yielded a product that contained
about 4% Pa by weight, with Ca and U as the principal impurities. The overall
yield was only 5-35%, however, primarily because of the poor extractability of
Pa into TBP at low acidity. Peppard et al. (1957) later found that Pa is efficiently
extracted by TBP from 5 m HCI.

In a Russian process (Shevchenko ez al., 1958b), the U ore is digested with
nitric acid and extracted as slurry with a 10% solution of TBP in kerosene.
About 75-85% of the **°Th and 50-55% of the Pa pass into solution, but neither
is appreciably extracted by the TBP. After phase separation and filtration, the
aqueous solution is made 2 M in HNO; and contacted with a 15% solution of
mixed mono- and di-isoamylphosphoric acids (DIAPA) in isoamylacetate.
A single-stage extraction with an organic:aqueous volume ratio of 1:20 recovers
75-85% of the **°Th and 82-89% of the Pa. After back-extraction with
saturated aqueous (NH4),CO3, Fe and other heavy metals are precipitated
as sulfides and the carbonate is decomposed by heating and acidification.



176 Protactinium

The *°Th and Pa are precipitated with NH4OH and calcined to yield a concen-
trate containing up to 1% >**Th and about 0.01% Pa in a matrix of U, P, Ti, Zr,
Sc, and other impurities. The Pa is separated from ***Th and Sc by fluoride
precipitation, which leaves Pa in the solution, from which it is coprecipitated
with Zr as a phosphate in the presence of H,O,. The Pa:Zr ratio in the
concentrate is usually 1:400 or higher.

The adsorption behavior of protactinium on zirconium phosphate cation
exchanger from ammonium chloride, hydrochloric acid, and hydrochloric
acid—alcohol media has been investigated (Souka ez al., 1975¢). The distribution
coefficients in solvent mixtures of hydrochloric acid and various alcohols de-
pend on both alcohol content and acid concentration. Similar investigations
have been carried out for nitric acid systems (Souka et al., 1976a). Sorption of
protactinium on silica gel has also attracted attention. Adsorption of **Pa on
silica gel has been investigated as a possible procedure for obtaining isotopically
pure uranium-233 (Chang and Ting, 1975a). Protactinium-233 sorption from
oxalic acid system has been studied; a 1:1 complex of Pa and oxalate is formed in
these systems and the observed adsorption is well correlated to the con-
centration of the oxalate complexes (Bykhovskii e al., 1977). Hydrophobic
silica gel has been prepared by silylation; uptake of protactinium from mixtures
of hydrochloric acid and lower aliphatic alcohols increases with increasing
molecular weight of the aliphatic alcohol (Caletka and Spevackova, 1975).

4.44 Enrichment of ethereal sludge

Aqueous hydrofluoric acid is the most consistently effective solvent for Pa(v),
with which it forms strong anionic complexes (Guillaumont and deMiranda,
1966; Guillaumont et al., 1968). It has the added advantage of dissolving the
oxides of most of the elements with which Pa is normally associated in nature
(Si, Fe, Ta, Zr, Ti, etc.). If A’ is added to such a solution in sufficient quantity
to mask all the F, a precipitate forms, which carries the Pa quantitatively.

In an enrichment method reported by Goble et al. (1958), ethereal sludge was
leached with 0.5 M HNOj;, which dissolved about 90% of the U. The residue,
which retained more than 95% of the Pa, was leached with 0.5 m HF and Al
sheets were suspended in the solution. After 5 days or more, the Pa separated
quantitatively as a black deposit on the aluminum, from which it was loosened
by treatment with 0.2 M NaOH. The precipitate was washed with dilute NaOH
solution and dissolved in 8 M HCI, from which it was extracted with di-iso-
butylketone (DIBK). The DIBK was stripped with 8 M HCI containing a little
HF. Addition of AICl; permitted a second cycle of DIBK extraction and
stripping. The crude HCI-HF product from 100 kg of sludge was 200 mg of
Pa (77% yield) in 0.5 L of solution containing about 10 g of solids.

Unfortunately, this ingenious and inexpensive process failed when attempts
were made to apply it on a tonnage scale, apparently because fluorides (from
CaF, slag) had been dispersed throughout the sludge during a re-drumming
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operation. This resulted in unacceptable losses of Pa during the initial leaching
with dilute HNOj solution. Furthermore, the deposition of Pa on Al plates
proved too slow and cumbersome for operation on a tonnage scale.

The process that was finally adopted is outlined in Fig. 4.8 (Nairn et al., 1958;
Collins et al., 1962). The U and Pa were dissolved by leaching the sludge with a
mixture of HNO; and HF. After extraction of the U with TBP, AI** as chloride
was added to the raffinate. A precipitate is formed, which carried down 80-95%
of the Pa, with an enrichment factor of approximately 10. The precipitate was

Ethereal sludge
Pa, Fe, Si, Ca, PO3", U, Zr, Ti, Mo, F~

Y
Leach 8 h, 20°C
Filter and wash

4 M HNO3/0 .1 M HF —

Leach liquor

Pa, Fe, Si, Ca, PO, U, Zr, Ti, Mo, F-
~3 M HNO3 1000 volumes

20% TBP —>| Extract uranium l —>| Uin TBP

Raffinate ~3 M HNOg
Pa, Fe, Si, Ca, POS", Zr, Ti, Mo, F~
Y
Precipitate Stand 4 h
Filter and wash
¥
Precipitate
NaOH, H,0 — | Pa, Fe, Si, Al Zr, Ti, PO}~
Leach and wash

AICl; —

Precipitate

Conc. HCI/Trace HF —» Pa, Fe, Zr, (Ti)
]

Solution
AICl; —| 8 M HCI/0.1 m HF
~100 volumes

Di-isobutyl ketone ———»

DI BK
8 M HCI/0.1 M HF —— Pa, Fe,

~20 volumes
Solution

Pa, (Zr, Fe)

~2 volumes

Fig. 4.8 Recovery of protactinium and uranium from ethereal sludge (Nairn et al.,
1958).
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digested with 10-35% NaOH to remove Si, Al, and, especially, PO?{. The
residue was dissolved in 8 M HCI and 0.1 m HF and aluminum chloride was
added in a molar ratio of AL:F > 5. The solution was extracted with DIBK
and stripped with 8 M HCl and 0.1 m HF. A second cycle of DIBK extraction
and stripping yielded 52.4 L of an aqueous solution containing 126.75 g of
Pa, 3.25 g of Zr, and 1.42 g of Fe (it was later learned that the product also
contained 0.1-4% Nb) (Walter, 1963; Brown et al., 1966a; Jenkins et al., 1975).

Salutsky et al. (1956) recovered 0.5 mg of Pa from 5 kg of a material similar to
ethereal sludge but only one-tenth as rich. The principal features of the method
were: (1) dissolution in 1 m HCI, (2) saturation of the solution with sodium
chloride, and (3) boiling to coagulate a small precipitate (chiefly Ca and Si),
which quantitatively carried down the Pa. The precipitate was digested with
NaOH solution to solubilize silicates and the residue was dissolved in 9 m HCI;
this became the feed solution for purification of the Pa by anion exchange.
However, attempts to apply this simple process to other batches of the same
material failed because of the inhomogeneity of the raw material. Batchwise
development and processing ultimately recovered approximately 2 g of Pa from
20 tons of residue, but only after substantial modification of the process,
including (Kirby, 1959): addition of Ti as a carrier; dissolution of HCl-insoluble
residues in sulfuric acid; extraction with isopropyl ether to reduce the Fe
concentration to manageable proportions; and concentration of the Pa by
several cycles of extraction into di-isobutylcarbinol (DIBC) and stripping
with H202.

4.4.5 Purification of macroscopic amounts of **'Pa

Preliminary enrichment processes such as those described above afford a high
degree of decontamination from Si, Fe, U, Th, Ti, and most bivalent and
trivalent elements, including the 2*'Pa decay products (Fig. 4.1). However, Zr,
Ta, and Nb are usually enriched along with the Pa and most recent work has
been directed primarily at the separation of those elements, of which Nb is the
most troublesome.

Methods reported for the purification of Pa after its enrichment from natural
sources are so numerous that only a selected few can be mentioned here. For
details of other methods, readers should consult the following reviews (Gmelin,
1942, 1977; Haissinsky and Bouissieres, 1958; Brown and Maddock, 1963, 1967;
Pal’shin et al., 1970) and the original publications cited therein.

(a) Precipitation and crystallization

The addition of KF to a solution of Pa(v) in hydrofluoric acid quantitatively
precipitates K,PaF; and separates Pa from Zr, Nb, Ti, and Ta (Grosse, 1928;
Graue and Kading, 1934b; Bouissieres and Haissinsky, 1951; Cunningham, 1966).
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On the other hand, during the fractional crystallization of the double ammo-
nium fluorides, Pa crystallizes before Zr, but after Ti and Ta (Bachelet and
Bouissieres, 1947). Haissinsky (Haissinsky and Bouissieres, 1951; Bouissieres
and Haissinsky, 1951) separated Pa from Ta, Zr, and Ti by reducing Pa(v) to
Pa(iv) with Zn amalgam in 2 m HF. The PaF, precipitate was redissolved
in aqueous HF or H,SO, in the presence of H,O, or a current of air, which
reoxidized the Pa.

Precipitation by H,O, has been widely used to separate Pa from Nb, Ta, and
Ti (Grosse, 1930; Bachelet and Bouissicres, 1944, 1947; Goble et al., 1958).
Walter (1963) decontaminated 500 mg of Pa of about 4% Nb by adding H,0, to
a 40% H>SOy solution of the Pa and neutralizing with ammonium hydroxide.
Pal’shin et al. (1968a) mixed 4.1 mg of Pa with 8 mg each of Nb, Ta, and Zr in
0.25-0.5 M H,C,0y4, then precipitated the Pa by adding H,O, (to 7.5%) and HCI
(to 1.2 m). The precipitate, which formed during an 8-12 h period at room
temperature, contained less than 1% total impurities.

The hydrolytic behavior of Pa was used by Kirby (1966) and by Kirby and
Figgins (1966) to separate it from up to 13 times as much Nb. When hydro-
chloric acid was added to a 1 M H,C,O4 solution containing equal amounts of
the two elements, the precipitate, which developed on heating, contained 94.4%
of the Pa and 2.0% of the Nb. Final purification was achieved by dissolution of
the precipitate in 7 m H,SO,4 and evaporation to fumes of SO;, yielding Pa
crystals of undetermined composition, in which the Nb content was reduced
from 0.3 to 0.05% in a single stage. According to Brown and Jones (1964) and
Bagnall et al. (1965), Pa crystallizes quantitatively as H3PaO(SO,4); when Pa,Os5
is dissolved in a mixture of HF and H,SO,4 and the solution is evaporated until
all F has been eliminated. Two recrystallizations of a 10 g batch of Pa reduced
the Nb contamination from 4 to 0.18%.

Myasoedov et al. (1968c) reported that Pa is quantitatively precipitated by
phenylarsonic acid (PAA) from 1 to 7 N HCl, HNO3;, or H,SO,. In the absence
of H>C,0y4, Sn(1v), Zr, Nb, Ta, and Ti are also precipitated; however, Pa is
separated from Nb and Zr (but not from Ta) when PAA is added to a 2.5 m
H>SO, solution containing 0.1 M H,C,04. Both trace and major amounts of Pa
have been separated from Nb, Zr, and Fe by this method.

Protactinium was isolated from liquid radioactive waste by sodium silicate,
potassium silicate, and an alumina sol mixed in ratios by volume of 1:0.1 to 1.
As an example, 0.94 mL of water glass containing 200 g L' of sodium silicate,
and 100 mL of liquid waste containing 20 ppm of uranium was stirred, then 0.94
mL of the same water glass was added and stirred into the mixture along with
1.88 mL of an alumina sol for 10 min. Negatively charged silica particles and
positively charged alumina particles absorb U and B -decay nuclides (Pa)
(Mitsubishi, 1995).

The protactinium distribution in a fluoride melt in the presence of solid oxide
phases has been calculated (Alekseev et al., 1988, 1989).
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(b) Ion exchange

Numerous studies have demonstrated that Pa(v) at trace levels can be separated
from the usual contaminants by sorption on anion-exchange resins from
hydrochloric acid solutions (Kraus and Moore, 1950, 1951, 1955; Kahn and
Hawkinson, 1956; Kraus et al., 1956; Maddock and Pugh, 1956; Hill, 1958;
Bunney et al., 1959; Lebedev et al., 1961; D’yachkova et al., 1962; El-Dessouky,
1966; Hicks et al., 1978; Kluge and Lieser, 1980; Alhassanieh et al., 1999; Raje
et al., 2001). Typically, the feed solution is 9-10 m HCI, from which Pa(v) is
strongly sorbed in anion-exchange resins such as Dowex-1, along with Fe(i),
Ta(v), Nb(v), Zr(1v), U(1v), and U(vi); Th(1v) is only weakly sorbed and appears
in the feed effluent. The eluent is a mixture of HCl and HF acids, the concen-
tration of each depending upon the separation required. For example, Zr and
Pa are both eluted with 9 m HCI and 0.004 m HF, but Zr may be eluted with
6-7 m HCI, without significant desorption of Pa (Fig. 4.9).

However, attempts to apply this procedure to the purification of weighable
amounts of Pa have usually been unsatisfactory, primarily because of the low
capacity of the resin (5-50 pg of Pa per gram of resin) and the strong tendency of
Pa to hydrolyze in HCI solutions in the absence of complexing anions (Nairn
et al., 1958; Kirby, 1959; Collins et al., 1962). Nevertheless, several authors
(Jackson et al., 1960a; Stein, 1966; Suzuki and Inoue, 1966) have reported the
successful purification of gram quantities of Pa by anion-exchange procedures
in which a stable feed solution was prepared by first dissolving the Pa in 9 M HCl
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Fig. 4.9 Separation of Th, Zr, Pa, and Nb on Dowex-1 anion-exchange column (Hill,
1958).
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containing some HF and then eliminating the F~ by complexing it with AI>* or
by evaporation. Sorption properties of Zr, HF, Nb, Ta, and Pa at trace levels
towards a macroporous anion exchanger in HF and HCI media were investi-
gated with two ion-exchange methods: static and dynamic. Variations of the
distribution coefficients as a function of HCl and HF concentration in the
range 0.02-0.8 M for both acids were presented in the form of contour plots
and some of the most promising separation possibilities were pointed out
(Trubert et al., 1998).

Keller (1963) found that Pa(v), Nb(v), and Ta(v) are all strongly sorbed by an
anion exchanger (Dowex-1) from pure hydrofluoric acid solution. However, an
increase in [H'] suppresses the dissociation of HF and sharply reduces the
distribution coefficient (K4) of Pa. Chetham-Strode and Keller (1966) observed
that, in >10 m HF, the Ky of Pa was more than an order of magnitude lower
than that of Nb and they applied these observations to the separation of Nb and
various alkali- and alkaline-earth metal ions from 1 g of Pa,Os. The impure Pa
was loaded on Dowex-1-Ax10 in 2.5 M HF and eluted with 17 M HF; the product
was contaminated only by *’Th, a decay product of **'Pa. Jenkins et al. (1975)
have reported the purification of approximately 35 g of Pa by this method, with
high decontamination factors for Si, Mg, Fe, Al, Cu, and Nb.

The separation of Zr, Ha, Nb, Ta, and Pa was performed on a macroporous
anion-exchange resin BIO-RAD AG MPI1® in HF media (Monroy-Guzman
et al., 1996) and a mixture of 0.01-4.0 M NH4SCN and 0.05-3.0 M HF media to
determine its analytical potential for the quantitative separation of
these elements. It was found that the SCN™ concentration in mixtures
NH4SCN-HF had a strong influence on the adsorption of these ions. The Ky
of these elements could be explained in terms of the formation of species:
[MF J", [M(SCN),]” >, or [MOF,]” " and [MO(SCN),]" ™) and
mixed fluorothiocyanates of the type [M(F),(SCN),]” " anionic complexes
(Monroy-Guzman et al., 1997).

El-Sweify et al. (1985) calculated the distribution of Pa, other actinides, and
fission products between the chelating ion exchanger Chelex—100 and certain
carboxylic acid solutions.

(c) Solvent extraction and extraction chromatography

Pal’shin et al. (1970) have exhaustively reviewed the analytical applications of
solvent extraction and Guillaumont and deMiranda (1971) have reviewed the
published data as they relate to the ionic species of Pa and the mechanism of its
extraction. At tracer levels (<107* m), Pa(v) is efficiently extracted from aqueous
solutions by a wide variety of organic solvents (Hyde and Wolf, 1952; Elson,
1954; Sedlet, 1964); however, only a few have been found useful at macroscopic
levels. Dimethyl sulfoxide (DMSO) and the related compounds, diphenyl sulf-
oxide, and dibenzyl sulfoxide, have received some scrutiny, but it is not clear
whether these complexing agents have particular utility for protactinium
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separation (Reddy and Reddy, 1977; Reddy et al., 1977; Chakravortty and
Mohanly, 1979; Chakravortty et al., 1986). As with ion exchange, the chief
problems encountered in scaling up tracer-level procedures have been the low
capacities of most solvents and the hydrolysis of Pa(v) in the aqueous phase,
leading to the formation of ‘inextractable polymers’. The most successful
extractions of Pa at concentrations up to about 10 g L' have been with certain
ketones, such as di-isopropylketone (DIPK) and DIBK (Goble and Maddock,
1958; Brown et al., 1966a; Myasoedov et al., 1966b) and long-chain alcohols,
notably DIBC (Moore, 1955; Kirby, 1959; Brown and Jones, 1964; Scherff and
Hermann, 1964; Brown et al., 1966a; Sotobayashi et al., 1977; Pathak et al.,
1999a,b).

DIBK was used in some studies for isolation of protactinium from raw
materials (Katzin et al., 1950; Katzin, 1952; Kraus and VanWinkle, 1952;
Larson et al., 1952; Thompson et al., 1952) and from neutron-irradiated thori-
um (Meinke, 1946; Hyde and Wolf, 1952; Hill, 1958; Van Winkle and Kraus,
1959; Hyde et al., 1951). Brown et al. (1966a) dealt with the problem of
hydrolysis by precipitating Pa(v) from aqueous acid solutions with NH,OH,
redissolving the hydrated oxide in either 9 M H,SO,4 and 0.5 m HF or 9 m HCI
and 0.5 M HF, and then complexing the F~ with H3BOj3. The use of sulfuric acid
systems is preferred because of the greater stability of the Pa(v) complexes in
that medium. In HCI and HF solutions, hydrolysis proceeds rapidly after the F~
is masked by reaction with A1°" or Bng. After adjustment of the aqueous
phase to 4.5 M H,SO4 and 6 M HCI, the Pa(v) is extracted with DIBK, stripped
with 9 m H,SO4 containing some H,0,, and re-extracted with DIBC (Fig. 4.10).

The method is said to give good decontamination from nearly all the usual
impurities, including Si, Al, Fe, Nb, Zr, Ta, and 231py decay products.

DIBC was also used for extraction studies of Pa, Nb, and element 105 —
dubnium (Db) from aqueous HBr and HCI. It was shown that the extraction
behavior of Db is closer to that of Nb than to Pa. The decreasing extractability
from HBr (Pa > Nb > Db) is likely to be due to an increasing tendency of
these elements to form a non-extractable polynegative complex species in
concentrated HBr in the sequence Pa < Nb < Db (Gober et al., 1992).

Milligram amounts of Pa(v) were extracted from H,SO,4, HCI or HNO3 acid
solutions by isoamyl alcohol containing 1% PAA or 4% benzeneseleninic acid;
good separation from many impurities was reported (Myasoedov et al., 1966a,
1968a). Tetraphenylarsonium chloride has also been studied as a possible
extractant for protactinium from hydrochloric or oxalic acid solutions (Abdel
Gawad et al., 1976; Souka et al., 1976b). Other extraction agents have also been
explored. Thus, l-phenyl-2-methyl-3-hydroxy-4-pyridone dissolved in chloro-
form (Tambhina et al., 1976, 1978; Herak et al., 1979) quantitatively extracted
Pa from hydrochloric acid solution, and Pa can be separated from uranium and/
or thorium by appropriate adjustment of the acidity. The antibiotic, tetracy-
cline, was used in radiochemical analytical separations of protactinium from
other actinide elements (Saiki ez al., 1981) and 5,7-dichloro-8-hydroxyquinoline
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Aqueous feed solution
9Mm H2$O4/05 M HF
50 mL
50 mL 12 m HCI saturated with

3 g boric acid

4.5 M Hy,SO,/6 M HCI
100 mL

1 X 50 mL DIBK

2 X 25 mL DIBK Aqueous reject

231Pg daughters <0.25% Pa

Solvent phase
100 mL

1 X 50 mL 4.5mMH,SO,/6 M HCl | Aqueous reject

25% P
1x50and1 X 25 mL 10% vy L 0-22%Pa
30% H202/9 M H2304

Solvent reject

<0.0% Pa
Aqueous phase
75 mL
75 mL 12 M HCI
1 X 50 mL DIBC/kerosene
2 X 25 mL DIBC/kerosene Aqueous reject
<1.5% Pa

Solvent phase
100 mL

2 X 25 mL 6 M HySO4/2 m HF Solvent reject
<0.0% Pa
Aqueous phase
50 mL
2 X 25 mL DIBC/kerosene Solvent reject
<0.0% Pa

Aqueous phase
50 mL

Fig. 4.10 Purification scheme for 555 mg of Pa. (According to Brown et al., 1966a.)
Reproduced with permission from Pergamon Press.

was investigated for the separation of protactinium from niobium, tantalum,
and zirconium by solvent extraction (Vaezi-Nasr et al., 1979).

Myasoedov and Pal’shin (1963) and Davidov et al. (1966¢c) proposed an
effective method for isolation of Pa from uranium ores and products of their
reprocessing by liquid-liquid extraction with the chelating complexing
reagent 3,6-bis-[(2-arsenophenyl)azo]-4,5-dihydroxy-2,7-naphthalene disulfo acid
(Arsenazo-111) in isoamyl alcohol. It was shown that an effective extraction of
Pa from strong acid media, even in the presence of a great amount of Al, Fe(i),
Mn(11), rare earth metals, and other elements, took place. The growth of U, Zr,
Th, and particularly Nb concentrations in the solutions led to a diminution of
Pa isolation. This method was used for analytical control of the separation
of gram amounts of Pa(v) under plant conditions.
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Thenoyltrifluoroacetone (TTA) had been used for separation and purifica-
tion of Pa from several elements (Meinke and Seaborg, 1950; Meinke, 1952;
Bouissiéres et al., 1953; Moore, 1955, 1956; Brown et al., 1959; Moore et al.,
1959; Poskanzer and Foreman, 1961a,b; Myasoedov and Muxart, 1962a). TTA
extraction has been applied to the extraction of Pa from 10 m HCI in which
PaOClzf appears to be a principal species (Duplessis and Guillaumont, 1979).
Triphenylphosphine oxide (TPPO), triphenylarsine oxide (Maghrawy et al.,
1989), and mixtures of TTA and either TBP, TOPO, or TPPO have been
investigated (Kandil et al., 1980); a combination of TTA and TOPO has
found use in the separation of protactinium and thorium by solvent extrac-
tion (Kandil and Ramadan, 1978). TBP (Peppard et al., 1957; Souka et al.,
1975b; Svantesson et al., 1979), HDEHP (Shevchenko et al., 1958a; Brown
and Maddock, 1963; Myasoedov and Molochnikova, 1968; Myasoedov et al.,
1968b; Maghrawy et al., 1988), and di-2-ethyl-hexyl isobutylamide (D2EHIBA)
(Pathak et al., 1999a,b) have high capacities for Pa(v), but are relatively
unselective.

The extraction by N-benzoylphenylhydroxylamine (BPHA) from HCI, and
H,SO, solutions was used for the separation of Pa(v) from other elements by
Pal’shin et al. (1963) and Myasoedov et al. (1964). It was found that protactini-
um complexes with BPHA were extracted by benzene or other solvents
from aqueous solutions with a wide range of acid concentrations. D’yachkova
and Spitsyn (1964) studied the protactinium, zirconium, and niobium behavior
by extraction with BPHA from sulfuric acid solutions. The isolation of the
above elements was carried out with 0.2-0.5% solution BPHA in chloroform.
The largest difference in extraction ability for these elements was observed
with H,SO,4 concentrations in the aqueous phase greater than 7 N. Rudenko
et al. (1965) and Lapitskii ez al. (1966) carried out the separation of protactini-
um from uranium and thorium by extraction with 0.1 m BPHA solution in
chloroform from 4 m HCI.

The Pa(v) extraction by cupferron (CP) had been studied by Maddock and
Miles (1949). It was found that Pa was easily extracted by CP in both oxygen-
containing and inert solvents from inorganic acid media. Spitsyn and Golutvina
(1960) used the extraction with CP for the separation of **Pa from large amounts
of manganese. Rudenko ef al. (1965) and Lapitskii ez al. (1965) reported that the
neocupferron (NCP), an analog of CP, can be also used for the separation of
protactinium from uranium, thorium, and other elements. Uranium and thori-
um are not extracted by NCP from 2 m HCI solutions, whereas protactinium
isolation by a 0.01 M solution of this reagent in chloroform is about 90%. These
authors used NCP for isolation of **Pa from irradiated thorium.

The extraction of Pa by 1-phenyl-3-methyl-4-benzoylpyrazolone (PMBP) in
benzene solution from H,SO, media effectively isolated this element from large
amounts of Fe(mn), La, Nb(v), Th(1v), and U(vi) (Pal’shin et al., 1970). Hence,
Pa extraction and isolation by 0.1 M solution of PMBP in benzene from 5 N
H,SO, is greater than 98%. For the complete separation of Pa from Zr by this
method, a 12% solution of H,O, had been used.
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The quantitative extraction of protactinium salicylate with acetone at pH 4
from saturated calcium chloride solutions was reported by Nikolaev er al
(1959). Under these conditions zirconium, thorium, uranium, and plutonium
are extracted with protactinium. The extraction with salicylate can be used for
the separation of protactinium from rare earth and other di- and tervalent
elements. The quantitative extraction of protactinium oxychinolate with
chloroform from solutions with pH 3-9 was described (Keller, 1966a).

Extraction by tertiary amines in early work was explored only at levels of
10 m or less, but this procedure shows promise because it permits the extrac-
tion of Pa(v) from HF-containing solutions (Moore, 1960; Muxart and
Arapaki-Strapelias, 1963; Guillot, 1966; Muxart et al., 1966b; Pal’shin et al.,
1971; Moore and Thern, 1974).

The extraction behavior of protactinium in mixtures of uranium, thorium,
and neptunium with trilaurylamine from sulfonic acid solutions (Souka et al.,
1975¢) indicates low distribution coefficients at high acid concentrations; the
addition of hydrochloric acid appreciably enhances extraction. The extraction
of protactinium (v) with trioctylamine (TOA) dissolved in xylene from thiocya-
nate solutions containing uranium and thorium have been successfully accom-
plished (Nekrasova et al., 1975a); tracer amounts of Pa can exist in monomeric
form in thiocyanate media for several months, but at Pa(v) concentrations
greater than 10 M, polymers form and the efficacy of TOA as an extractant
is seriously impaired (Nekrasova et al., 1975b). Columns impregnated with
TOA in a liquid chromatographic system were also used for the separation of
262263Dp in HCI-HF media from Pa and Nb. The data obtained confirm the
non-tantalum-like behavior of dubnium in 0.5 M HCl and 0.01 M HF media, and
corroborate previously suggested structural differences between the halide com-
plexes of dubnium, niobium, and protactinium, on the one hand, and those of
tantalum on the other hand (Zimmerman ez al., 1993). Dubnium was shown to
be adsorbed on the column from 12 M HCI and 0.02 m HF solutions together
with its lighter homologs Nb, Ta, and the pseudohomolog Pa. In elutions with
10 M HCl and 0.025 m HF, 4 M HCl and 0.02 m HF, and 0.5 M HCI and 0.01 m
HF, the extraction sequence Ta > Nb > Db > Pa was observed (Paulus et al.,
1998, 1999).

The formation of polymers of Pa(v) in the extractions by quaternary ammo-
nium base Aliquat 336 from strongly alkaline solutions can be minimized by the
addition of a hydroxycarboxylic acid or aminopolycarboxylic acid (Myasoedov
et al., 1980). While the extractability of Pa(v) can be enhanced, the separations
are poor. For the systematic study of halide complexation of the group V
elements, new batch extraction experiments for Nb, Ta, and Pa were performed
with the Aliquat 336 in pure HF, HCI, and HBr solutions. Based on these
results, new chromatographic column separations were designed to study sepa-
rately the fluoride and chloride complexation of Db with Automated Rapid
Chemistry Apparatus II (ARCA 1I). In the system Aliquat 336-HF, after
feeding the activity onto the column in 0.5 m HF, dubnium did not eclute in
4 M HF (Pa fraction) but showed a higher distribution coefficient close to that of
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Nb (and Ta). In the system Aliquat 336-HCI, after feeding onto the column in
10 m HCI, dubnium showed a distribution coefficient in 6 M HCI close to that
of Nb establishing an extraction sequence Pa > Nb greater than or equal to
Db > Ta, which was theoretically predicted by considering the competition
between hydrolysis and complex formation (Paulus et al., 1998, 1999). Separa-
tion of *'Pa from U and other impurities has been provided by an extraction-
chromatographic method using quaternary ammonium-Kel-F materials (Zhang
Xianlu et al., 1993).

Extraction of protactinium(v) chloro complexes by tricaprylamine and its
separation from Th(1v), U(vi), and rare earths has been described (El-Yamani
and Shabana, 1985).

(d) Large-scale recovery of protactinium-231

Brown and Whittaker (1978) have described a new, ‘relatively simple’ method
for the recovery and purification of protactinium-231. It has been applied with
signal success to the recovery of Pa from various residues containing 1.73 g of
protactinium in a state of high chemical and radiochemical purity. Efficient
separation of ?*'Pa was readily effected by dissolving the **'Pa-containing
residues in 5 M hydrofluoric acid. Excess ammonia is added to precipitate the
hydrous oxides, which after several washes with water are redissolved in 2 m
nitric acid. This precipitate is considerably enriched in **'Pa. Washing the
precipitated hydrous oxides with 0.5-4.0 m HNO; and/or 0.5 m HNO; and
0.3 m H,0O,, in which protactinium(v) hydrous oxide, is essentially insoluble,
removes much of the impurities carried in the initial hydrous oxide precipita-
tion. Repetition of this cycle twice more yields Pa,Os of high purity. The final
traces of silicon are then removed by dissolving the hydrous oxides in 20 m HF
and evaporating the solution to dryness. Recovery yields range from 92 to 96%
from initial samples containing 30-75 wt% 2*'Pa. The purity of the product is
generally greater than 99%; it is also radiochemically pure.

4.4.6 Preparation of pure >**Pa and **™Pa

Because of its short half-life, 1.17 min ***™Pa is frequently used for classroom
demonstrations of radioactive decay and growth (Booth, 1951; Carsell and
Lawrence, 1959; Overman and Clark, 1960). Pure 234mpy (and its ground-state
isomer, 6.7 h **Pa) can be coprecipitated directly from a 6 m HCI solution of
(NH4),U,0; with BPHA (Cristallini and Flegenheimer, 1963). The procedure is
rapid and gives a high degree of decontamination from both U and Th.
However, most authors prefer to make a preliminary separation of 24.1 day
234Th, from which the ?**™Pa (and ***Pa) can be repeatedly ‘milked’. The
classical procedure of Crookes (1900) is still one of the most widely used for
this purpose (Harvey and Parsons, 1950; Barendregt and Tom, 1951;
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Bouissieres et al., 1953; Forrest et al., 1960; Bjornholm and Nielsen, 1963):
10-200 g of UO,(NOj3),-6H,0 are dissolved in diethyl ether. The aqueous
phase formed by the water of crystallization retains the ***Th and some
U. Repeated extraction with fresh ether removes the remaining U. Alterna-
tively, the **Th is purified and concentrated by coprecipitation with Fe(OH);
in the presence of (NH4),CO; (Hahn, 1921; Harvey and Parsons, 1950), by
cation exchange from HCI solution (Zijp et al., 1954; Suner et al., 1974), by
anion exchange from HNO; solution (Bunney et al., 1959), or by extraction
with tertiary amines (Moore and Thern, 1974; Carswell and Lawrence, 1959).

Once the **Th has been purified, the ***™Pa and ***Pa quickly regain equi-
librium and can be isolated by any of the methods described above for the
purification of **'Pa, except, of course, carrier-free precipitation. Solvent ex-
traction is the most suitable, because of its speed and selectivity, at tracer levels,
Pa(v) is rapidly and quantitatively separated from Th(1v) by extraction from 6 m
HCI solution with any number of organic solvents, notably DIPK, DIBK,
DIPC, and DIBC (Moore, 1955; Myasoedov et al., 1966a). The 234Th remains
in the aqueous phase. To prepare >**™Pa free of >**Pa, the first two or three
organic extracts are discarded and, after 10-15 min, the re-grown **™Pa is
extracted with fresh solvent (Bjernholm and Nielson, 1963).

Fajans and Gohring (1913b) first separated brevium by selective adsorption
on lead plates and by coprecipitation with Ta,Os. The addition of >**Th keeps
the mixture of ***Th and **™Pa more quantitatively in solution (Guy and
Russell, 1923; Jacobi, 1945). Hahn (1921) coprecipitated the mixture of >**Th
and >**™Pa with LaF;, leaving >**Pa in the filtrate. Zijp e al. (1954) concen-
trated >**Pa by MnO, precipitations (Maddock and Miles, 1949), alternating
with extraction by TTA (Meinke, 1952).

Bjornholm et al. (1967) milked 0.5-1 mCi of ***Pa from 0.8 mCi of **Th by
extraction into hexone (methyl isobutyl ketone, MIK) from 6 m HCI solution.
It is noteworthy, however, that many of the same problems were encountered in
the initial concentration of ***Th from 2 tons of U metal as in scaling up
laboratory procedures for the concentration of macroscopic amounts of >*'Pa
from natural sources.

4.4.7 Preparation of pure >**Pa

Irradiation of 1 g 232Th (as metal, oxide, chloride, nitrate, or basic carbonate)
for 1 day in a thermal-neutron flux of 2 x 10" n cm ™2 s will produce approxi-
mately 5 Ci of ?**Pa (Schuman and Tromp, 1959). Detailed procedures for the
isolation of ***Pa from Th targets are given in several review articles (Hyde and
Wolf, 1952; Hyde, 1954, 1956; Haissinsky and Bouissieres, 1958; Kirby, 1959;
Pal’shin et al., 1970). In general, the target is dissolved in concentrated HCI
or HNO; (usually containing 0.01-0.1 m HF as a catalyst) and the ***Pa
is separated from Th and other impurities by one, or a combination, of the
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anion-exchange and solvent extraction methods described above. Alternatively,
3 g of Th metal irradiated in a reactor with an irradiation time of 1 day in a
thermal flux of 3 x 10" n cm™? s are dissolved in nitric acid. The ***Pa is
adsorbed on an anion-exchange column, eluted, then is extracted by TOPO
(Kuppers and Erdtmann, 1992).

A preliminary concentration by coprecipitation (Katzin and Stoughton,
1956; Fudge and Woodhead, 1957; Katzin, 1958) is often used, and was, in
fact, the method adopted by Codding et al. (1964) to isolate 1 gram of ***Pa
after solvent extraction with MIK or DIPK gave unaccountably poor yields.
Leaching the MnO, with a mixture of HNO3 and H,0, removed the Mn
without loss of 2**Pa, which was subsequently dissolved in 6 M H,SO,4 and re-
precipitated with HNO;. On the other hand, Schulz (1972) reported good
extraction of ***Pa by DIBC from 7.4 M HNOj; solutions containing 1.4 m Th
(NO;)4 and 480 Ci L' of **Pa. Macroscopic amounts of ***Pa have also been
recovered from HNOj; solutions of irradiated ThO, by adsorption on powdered
unfired Vycor glass and silica gel (Moore and Rainey, 1964; Goode and Moore,
1967); at tracer levels, >**Pa has been separated from Th targets by adsorption
on silica gel (Davydov et al., 1965; Spitsyn et al., 1969; Chang et al., 1974;
Chang and Ting, 1975b), on quartz sand (Sakanoue and Abe, 1967), and on
activated charcoal saturated with PAA (Pal’shin et al., 1966). Separations with
cation and chelating resins (Kurodo and Ishida, 1965; Myasoedov et al., 1969),
by paper chromatography and paper electrophoresis (Vernois, 1958, 1959;
Myasoedov et al., 1969), and by reversed-phase partition chromatography
(Fidelis et al., 1963) have also been reported.

4.4.8 Toxic properties

231Pa is dangerous to organisms, similar to other o-emitters with comparatively
short half-lives. Once in organisms it accumulates in kidneys and bones.
The maximum amount of protactinium considered not harmful after absorp-
tion by an organism is 0.03 uCi. It corresponds to 0.5 pg >*'Pa. Protactinium-
231, contained in the air as an aerosol, is 2.5 x 105-fold more toxic than
hydrocyanic acid at the same concentrations (Bagnall, 1966a). Therefore all
operations with weighable amounts of >*'Pa are carried out in special isolated
boxes.

4.4.9 Applications of protactinium

Pa was used for the preparation of a scintillator for detecting X-rays, compris-
ing complex oxides of Gd, Pa, Cs, rare earth metals and other elements. This
scintillator, which can significantly increase relative light emission outputs
without increasing background, is used in for detecting X-rays, particularly in
an X-ray computed tomography apparatus (Hitachi Metals, 1999). The coating
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material for a color cathode ray tube with bright green fluorescence was created
by doping wih Pa (Toshiba, 1995).

Mixed oxides of Nb, Mg, Ga and Mn, doped with 0.005-0.52% Pa,Os, were
used as high temperature dielectrics (up to 1300°C) for ceramic capacitors
(Fujikawa et al., 1996).

One of the important applications of Pa can be in the determination of
ancient subjects using a >>'Pa/**>U dating method. This method was used for
the dating of one of the Qafzeh human skulls, Qafzen 6, excavated in 1934 by
Neuville and Stekelis and conserved at the Institut de Paléontologie Humaine
in Paris, by non-destructive gamma-ray spectroscopy. A long-term measure-
ment resulted in an age of (94 + 10) Ka and confirmed the great antiquity of
the Proto-Cro-Magnons of the Near East, contributing to the establishment
of modern man’s chronology (Yokoyama et al., 1997). The Neanderthal homi-
nid Tabun CI1, found in Israel by Garod and Bate, was attributed to either
layer B or C of their stratigraphic sequence. Gamma-ray spectroscopy of the
231pa/>3U ratios of two bones from this skeleton was used to determine their
age. Calculations gave the age of the Tabun Cl mandible as 345 Ka. This
suggests that Neanderthals did not necessarily coexist with the earliest modern
humans in the region. The early age determined for the Tabun skeleton would
suggest that Neanderthals survived as late in the Levant as they did in Europe
(Schwarcz et al., 1998). Uranium-series dating of bones and teeth from the
Chinese Paleolithic sites has also been used (Chen and Yuan, 1988).

As a result of the development of the nuclear industry (e.g. nuclear power
engineering and nuclear powered fleets), a considerable amount of radioactive
wastes and spent nuclear fuel is accumulating in the world. Geological disposal
of solid and solidified nuclear waste is considered as being economical, techni-
cally and ecologically the most feasible approach to completion of the nuclear
fuel cycle. Thus determination of chemical behavior of actinides elements, Pa
included, is an important problem of environmental science.

The sorption behavior of Pa, which is a decay product of uranium, was
studied on the principal rock types from the potential areas selected for con-
struction of a repository. The sorption distribution coefficients (K4) of Pa were
determined under ambient conditions in oxic and anoxic (N,) atmospheres
using natural fresh and brackish groundwater; and the values obtained were
0.07-2.3 and 1.7-12 m® kg, respectively (Kulmala er al., 1998). Pickett and
Murrell (1997) presented the first survey of >*'Pa/***U ratios in volcanic rocks;
such measurements were made possible by new mass spectrometric techniques.
It was shown that the high **'Pa/**>U ratios in basalts reflect a large degree of
discrimination between two incompatible elements, posing challenges for mod-
eling of melt generation and migration. Fundamental differences in **'Pa/***U
ratios among different basaltic environment are likely related to differences in
melting zone conditions (e.g. melting rate). Strong disequilibria in continental
basalts demonstrate that Pa—U fractionation is possible in both garnet and
spinel mantle stability fields.
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4.5 ATOMIC PROPERTIES

Experimental measurements (Marrus et al., 1961; Giaechetti, 1966; Richards
et al., 1968) and theoretical calculations (Judd, 1962; Wilson, 1967, 1968) agree
that the ground state configuration of the neutral Pa atom is almost certainly
[Rn] 5f%6d'7s*>. However, some unpublished calculations by Maly (cited by
Cauchois (1971)) indicated that the total relativistic energy of that structure
was 0.9 eV higher than that of a 5f'6d?7s® configuration, implying that the
latter may be the more stable of the two. Giaechetti (1967) found that
the ground state configuration of the first ion of Pa (Pa'") was 5f27s* and this
was confirmed by theoretical calculations, which also yielded 5f26d', 5f> and 5f'
as the ground state configurations of Pa®*, Pa** and Pa*", respectively. Crystal
structure stabilities and the electronic structure of Pa have been discussed by
Wills and Ericsson (1992).

The emission spectrum of Pa was first recorded by Schiiler and Gollnow
(1934), who reported a large number of lines in the visible region, many of
which showed hyperfine splitting patterns, indicating a nuclear spin of 3/2 for
#1Pa. Tomkins and Fred (1949) listed 263 lines in the ultraviolet region sensitive
to copper spark excitation. The emission spectrum excited by a microwave
discharge tube was measured by Richards and co-workers (1963, 1968), who
recorded some 14 000 lines between 3 pm and 400 nm, about half of which were
fitted into a level scheme of about 200 even and 300 odd levels.

Table 4.4 lists recommended X-ray atomic energy levels, based on the X-ray
wavelengths re-evaluated by Bearden (1967) and by Bearden and Burr (1967).

The Mossbauer effect has been studied by Croft ez al. (1968) with the 84.2 keV
y-ray of 2*'Pa, following B -decay of *' Th; resonance absorption was detected

Table 4.4 Recommended values of the atomic energy levels (eV) of Pa (measured values
of the X-ray absorption energies are shown in parentheses) (Bearden and Burr, 1967).

Level Energy (eV) Level Energy (eV)

K 1126014 +24 N; 1387.1 £ 1.9

L 21104.6 + 1.8 Ny 12243 + 1.6
(21128)

Ly 203137+ 1.5 N 1006.7 + 1.7
(20319)

L 16733.1 + 1.4 Ny 7434 + 2.1
(16733)

M; 5366.9 + 1.6 Ny 708.2 + 1.8

\Y% % 5000.9 + 2.3 Nvi 3712 £ 1.6

M 4173.8 + 1.8 Ny 3595+ 1.6

My 36112+ 1.4 O 309.6 £ 4.3
(3608) O

My 34418 £ 1.4 O 2229 +3.9
(3436) Oy 94.1 +£2.8
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with absorbers of both Pa,O5 and PaO,. No isomer shift between the valence
states was observed.

4.6 THE METALLIC STATE

Grosse (1934a) prepared metallic Pa by two methods: (1) Pa,Os was bombarded
for several hours with 35 kV electrons at a current strength of 5-10 mA and
(2) the pentahalide (Cl, Br, I) was heated on a tungsten filament at a pressure of
107 to 107> torr. Later authors have prepared the metal by reduction of PaF,
with the vapors of Ba (Sellers e al., 1954; Bansal, 1966; Cunningham, 1966,
1971; Dod, 1972), Li (Fowler et al., 1965; Cunningham, 1971), or Ca (Marples,
1966). A Zn—Mg reductant is said to yield an impure Pa product (Lee and
Marples, 1973).

In the method used by Cunningham and his co-workers at Berkeley
(Cunningham, 1971; Dod, 1972), PaF, is mixed with barium in a crucible
fabricated from a single crystal of BaF, (or LiF) and supported in a tantalum
foil cylinder. The assembly is evacuated to below 10 torr and heated induc-
tively to 1250-1275°C for 4-5 min. The BaF, crucible is then melted by raising
the temperature to 1600°C for 1.5 min and then molten Pa metal agglomerates
as a small sphere at the bottom of the Ta support ring. Individual preparations
are limited to about 15 mg.

Subsequently, individual preparations of Pa metal of up to 0.5 g have been
successfully executed by a modified Van Arkel technique (Baybarz et al., 1976;
Brown et al., 1977; Bohet and Muller, 1978; Brown, 1982; Spirlet, 1982). The
starting material is protactinium carbide obtained by reduction of Pa,Os with
carbon. Heating the protactinium carbide with I, generates volatile Pals, which
is then decomposed on a heated tungsten filament or, better, a sphere (Spirlet,
1979) using induction heating. Protactinium can be precipitated from diluted
HF, H,SO, solutions as a fine film on several metal plates (Zn, Al, Mn, and
other) (Camarcat et al., 1949; Haissinsky and Bouissieres, 1958; Stronski and
Zelinski, 1964). The electrolytic reduction of Pa from NH4F solutions in the
presence of triethylamine at pH 5.8 and 10-20 mA cm 2 also has been realized
(Emmanuel-Zavizziano and Haissinsky, 1938). Preparation of a protactinium
measurement source by the electroplating method also has been reported by
Li Zongwei et al. (1998).

The availability of pure, single-crystal Pa metal has made possible the mea-
surement of important physical parameters that cast light on the electronic
structure of Pa and for the calculation of its optical properties (Gasche et al.,
1996). A theoretical calculation by Soderling and Eriksson (1997) predicted that
protactinium metal will undergo a phase transition to the o-U orthorhombic
structure below 1 Mbar (1 Mbar ~100 GPa) pressure. At higher pressures, the
B-phase re-enters into the phase diagram and at the highest pressures an ideal
hep structure becomes stable. Hence, Soderling and Eriksson expect Pa to
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undergo a sequence of transitions, with the first transition taking place at 0.25
Mbar and the subsequent ones above 1 Mbar. The f—a-U transition is trig-
gered by the pressure-induced promotion of the spd-valence electrons to 5f
states. In this regard Pa approaches uranium, which at ambient conditions
has one more 5f electron than Pa at similar conditions. At higher compression
of Pa, the 5f band broadens and electrostatic interactions in combination with
Born—Mayer repulsion become increasingly important and drive Pa gradually
to more close-packed structures. At ultra-high pressures, the balance between
electrostatic energy, Born—Mayer repulsion, and one-electron band energy
stabilizes the /cp (ideal packing) structure.

Recent experimental results (Haire et al., 2003) confirm that the stable room
temperature and pressure phase of Pa metal is the body-centered tetragonal
(bct) phase. Under high pressure this phase is stable until 77(5) GPa (77 GPa
~(0.77 Mbar) where it is converted to orthorhombic, the a-uranium phase, with
a small (0.8%) volume collapse. The relative volume of the bct phase decreased
smoothly from 1 atm down to a volume ratio of ~0.7 before the high-pressure
phase transformation. Experiments continued to a pressure of 130 GPa with no
further phase change but with a smooth decrease in the volume of the ortho-
rhombic phase of ~0.62. Haire et al. (2003) attribute the structural phase
change to an increase in 5f bonding at the higher pressures.

The superconducting properties of Pa metal have been described by Smith
et al. (1979), who determined the superconducting transition temperature and
upper critical magnetic field. Since the superconducting properties of Pa are
markedly affected by its 5f electronic structure, it is now evident that Pa is a true
actinide element. The heat capacity of a single Pa crystal in the temperature
range 4.9-18 K has been reported (Stewart et al., 1980). The unit cell volume of
Pa metal first decreases and then increases on cooling from 300 to 50 K
(Benedict er al., 1979). The importance of the expansion coefficient in the
explanation of specific-heat parameters has been discussed by Mortimer
(1979). A Mossbauer resonance of *'Pa at 84.2 keV in Pa metal has been
reported; the electric field gradient in Pa metal is |eq,| = (2.05 & 0.15) x 10'®
V cm 2 (Friedt ez al., 1978; Rebizant et al., 1979). The vapor pressure of liquid
Pa metal in the temperature range 2500-2900 K has been measured by a
combination of mass spectrometry and Knudsen effusion techniques; the
vapor pressure (in Pascals) is given (Bradbury, 1981) by:

log[P(Pa(liq))] = —[(31328 £ 375)/T] + (10.83 £ 0.13).

Pa metal is malleable and ductile (Zachariasen, 1952; Sellers et al., 1954). Other
physical properties are summarized in Table 4.5. The enthalpy of sublimation of
Pa(s) at 298 K has been calculated to be 660 (Bradbury, 1981) or 570 kJ mol™
(Kleinschmidt et al., 1983).

Metallic Pa is attacked by 8 M HCI, 12 M HF, or 2.5 M H>SOy, but the initial
reaction ceases quickly, possibly because of the accumulation of a protective
layer resulting from the hydrolysis of Pa(v) or Pa(iv) at the metal surface.
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Table 4.6 Preparation and structure of protactinium-noble-metal alloy phases (Erdmann,
1971; Erdmann and Keller, 1971, 1973).

Lattice parameters
, (A)
Reduction Structure
Compound temperature (°C) type a c
Pt;Pa 1250 £+ 50 Cd;Mg (hex) 5.704 4.957
PtsPa 1200 £ 50 NisU 7.413
Ir;Pa 1550 + 50 CuszAu 4.047
Rh;Pa 1550 + 50 CuszAu 4.037
BesPa 1300 + 50 NaZn; 10.26

The metal does not react with 8 M HNOj; even in the presence of 0.01 m HF. The
most effective solvent found thus far is a mixture of 8 M HCI and 1 m HF
(Cunningham, 1971).

According to Dod (1972), metal samples exposed to air at room temperature
show little or no tarnishing over a period of several months. A slight loss of
metallic luster was observed when a sample of Pa metal was heated in air for 1 h
at 100°C. Heating for 1 h at 300°C caused the sample to turn grayish white
and begin to disintegrate. Pa metal exposed to O,, H,O, or CO, at 300
and 500°C yielded Pa,Os; reaction with NH; and H, produced PaN, and
PaH;, respectively. The metal reacts quantitatively with excess I, above
400°C to yield a sublimate of crystalline, black Pals (Sellers et al., 1954;
Brown et al., 1967b).

4.6.1 Alloys

Erdmann and Keller (Erdmann, 1971; Erdmann and Keller, 1971, 1973) have
prepared Pa—noble-metal alloy phases by reduction of Pa,Os with highly purified
H> in the presence of Pt, Ir, and Rh. Preparation conditions and some properties
of these intermetallic compounds are listed in Table 4.6. Reaction of Pa,Os
with beryllium metal has been reported by Benedict ez al. (1975) to form Be3Pa.

4.7 SIMPLE AND COMPLEX COMPOUNDS

4.7.1 Protactinium hydride

Perlman and Weisman (1951) and Sellers et al. (1954) reacted H, with Pa metal
at about 250°C and a pressure of about 600 torr, and obtained a black flaky
substance, isostructural with B-UH;. The compound was cubic, with a unit cell
constant ¢ = (6.648 £ 0.005) A. However, Dod (1972) reported the formation
at 100, 200, and 300°C of a gray, powdered substance that is isostructural with
a-UHj;. The unit cell constant of a-PaHj is (4.150 & 0.002) A for the product
obtained at 100 and 200°C and (4.154 + 0.002) A at 300°C. Subsequently,
Brown (1982) prepared a- and B-PaH; at 250 and 400°C, respectively.
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4.7.2 Protactinium carbides

Lorenz et al. (1969) prepared PaC by reduction of Pa,Os with graphite
at reduced pressure and temperatures above 1200°C. The product obtained at
1950°C was face-centered cubic ( fcc) (NaCl type) with a = (5.0608 + 0.0002) A.
At 2200°C, some additional weak lines, attributable to PaC,, wereoobserved;
this structure was body-centered tetragonal with @ = (3.61 £ 0.01) A and ¢ =
(6.11 £0.01) A. According to Sellers et al. (1954), PaC was ‘probably’ prepared
by the reduction of PaF, with Ba in a carbon crucible. The magnetic suscepti-
bility of PaC between 4 K and room temperature was measured by Hery
et al. (1977). The magnetic susceptibility of PaC is weak (about —50 x 10°
(emu cg)mol ') and essentially independent of temperature, which may be
taken to indicate the absence of 5f electrons and the presence of Pa(v) in the
compound. Theoretical calculations by Maillet (1982) suggest that in ThC 5f
electron participation in the bonding is minimal, but that in PaC the 5f electron
bonding contribution is important.

4.7.3 Protactinium oxides

The known binary oxides of Pa are listed in Table 4.7. White Pa,Os is
obtained when the hydrated oxide, Pa,Os-nH,0, and a wide variety of protac-
tinium compounds as well are heated in oxygen or air above 500°C (Kirby,
1961) or 650°C (Sellers et al., 1954; Keller, 1977). Thermochemical studies
(Kleinschmidt and Ward, 1986) and differential thermal analysis shows three
endothermic peaks, with maxima at 80, 390, and 630°C, and an exothermic
peak, whose maximum occurs at 610°C (Stchouzkoy et al., 1968). Several
crystal modifications can be prepared, depending on the temperature to
which the Pa,Os is heated (Stchouzkoy et al., 1964, 1966b; Roberts and Walter,
1966).

Black PaO, is prepared by the reduction of Pa,Os with H, at 1550°C (Sellers
et al., 1954). Pa dioxide did not dissolve in H,SO,4, HNO3, or HCI solutions but
reacted with HF because of the Pa(1v) oxidation to the pentavalent state by O,
(Pal’shin ef al., 1970). Four intermediate phases have been identified by reduc-
tion of the pentoxide and oxidation of the dioxide (Roberts and Walter, 1966).
A monoxide has been claimed to exist as a coating on metal preparations
(Sellers et al., 1954).

The heat of formation of Pa,Os is about 106 kJ mol™! as calculated by
Augoustinik (1947). Pa,Os did not dissolve in concentrated HNO; (Jones,
1966), but dissolved in HF and in a HF + H,SO,4 mixture (Codding et al.,
1964) and reacted at high temperatures with solid oxides of metals of groups I
and IT of the periodic table (Pal’shin et al., 1970).

Ternary oxides and oxide phases of different compositions and structures
have been prepared by reaction of PaO, and Pa,0Os with the oxides of other
elements (Table 4.8) (Keller, 1964a,b, 1965a—c, 1966a,b, 1971; Keller and
Walter, 1965; Keller et al., 1965; Iyer and Smith, 1966).
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Table 4.8 Polynary oxides of protactinium (Keller, 1966a, 1971; Palshin et al., 1970).

Lattice constants

Compound Structure type a (A) b (A) ¢ (A) p (deg.)
LiPaO3; unknown

LisPaO, tetragonal (LizUQy) 4.52 8.48
Li;PaOg hexagonal (Li;BiOg) 5.55 15.84
(2-4)Li,0O - Pa,Os cubic (fluorite phase)

(24)Na20 : Pazos

NaPaO; orthorhombic (GdFeO;)  5.82 5.97 8.36
Naz;PaO, tetragonal (Li3SbOy) 6.68

KPaO;3 cubic (CaTiOs) 4.341

RbPaO; cubic (CaTiO3) 4.368

CsPaOs; unknown

BaPaO;* cubic (CaTiO3) 4.45

SrPaO;" unknown

Ba(Bay sPags)O,75  cubic (BazsWOyg) 8.932

GaPaO, unknown

(LaoAspaoAs)Oz cubic (Can) 5.525

Ba(LaOo,sPa0,5)03 cubic (Ba3W06) 8.885

a-PaGeOy tetragonal (CaWO,) 5.106 11.38
B-PaGeO,* tetragonal (ZrSiOy) 7.157 6.509
a-PaSiO,* tetragonal (ZrSiOy) 7.068 6.288
B-PaSiO4* monoclinic (CePOy) 6.76 6.92 6.54 104.83
Pa,Os/ThO, cubic (fluorite phase)

Pa0,-2Nb,05* tetragonal (Thg ,5sNbO3) 7.76 7.81
Pa0,-2Ta,05* tetragonal (Tho,sNbO3)  7.77 7.79
P3.205'3Nb205 hexagonal (UTa300'67) 7.48 15.81
Pa,05-3Ta,05 hexagonal (UTa30¢.67) 7.425 15.76

% Could not be prepared in the pure state; always contained varying amounts of Pa(v).

The pale yellow product, which precipitates upon addition of H,O, to a
solution of Pa(v) in 0.25 m H,SO4 has been assigned the formula
Pa,0y - 3H,O (Stchouzkoy et al., 1966b). It is considered to be an unstable
peroxide with a composition that varies with time over the range Pa,O, - 3H,O
with 5 < x < 9.

4.7.4 Protactinium halides

Methods for preparing all the binary halides and many of the oxyhalides of
Pa(1v) and Pa(v) are summarized schematically in Figs. 4.11, 4.12, and 4.13;
those compounds which have been fully characterized are listed in Table 4.9.
The preparative methods shown in Figs. 4.11 and 4.12 use an aqueous acid
solution of Pa(v) as the starting material for the synthesis of binary protactini-
um halides. PaF5 can be prepared by fluorination of PaC at 570 K or PaCls at
295 K. The reaction products are isostructural with B-UFs (Brown et al.,
1982a). PaFs-2H,O0 is prepared by the evaporation of Pa solution in 30% HF
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PansO4 . 2H20
100°C

H,O or 3 M HF wash
PaF,SO, - nH,0 2 PaF, - nH,0

H,SO,4, Zn amalgam
reduction + HF

Ag. acid soln, reduction by
gf}é"ljﬂ'_ Zn amalgam or salts of Cr2+
NH,OH, NaOH
or hydrolysis
48% HF
Pa,Og - nH,0) + .
E e evaporation, 110°C Iﬁ

G 00,0/7
aseou %, 160°C in air
500-600°C NN

~7p

F,, 550°C
HF + O,, 500-600°C L=

[Pas

Pa0, | PaF, | o
2 H, + F», 600°C —  Fp700C

Fig. 4.11 Preparation of some fluoride derivatives of Pa(1v) and Pa(v) (Muxart and
Guillaumont, 1974; Pal’shin et al., 1968a).

(Grosse, 1934c). Protactinium carbide is also useful in the preparation of other
binary penta- and tetrahalides. Brown er al. (1976a) treated PaC with I, at
400°C, Br, at 350°C, and SOCI, at 200°C to obtain Pals, PaBrs, and PaCls,
respectively. Pal, was obtained by reaction of PaC with Pals at 600°C or by the
treatment with Hgl, at 500°C. These compounds were also prepared by
reactions of Pa,Os with Cl, + CCly at 300°C (—PaCls) (Pissot et al., 1966);
CCly at 400°C (—PaCly) (Sellers et al., 1954); AlBr; at 317°C (—PaBrs); and
All; at <300°C (—Pals) (D°Ege et al., 1963) and so on.

Protactinium pentafluoride is reduced to PaF4 by PF3 but no reaction occurs
with AsF3. PaCls and PaCl, are formed from PaFs and PaF, by reaction with
PCl; and SiCly, respectively. PaF5 reacts with CCly to give PaCl, F5_, (x proba-
bly 1), but no reaction is observed with PaF, (O’Donnell et al., 1977). Whereas
UF5 is very soluble in acetonitrile, PaFs forms a sparingly soluble complex. An
adduct PaFs-2PhsPO forms on addition of TPPO to PaFs in acetonitrile
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Pa(v) aq. Pa0.Cl
acid soln.

Decomp., 500—
550°C, vacuum

NH,OH, NaOH

Pa,05Cl
or hydrolysis G

Decomp., 300°C,
vacuum

P3205 : ano

[~ Pa,0Clg| [~ Pa,0Cl]|

0O, 400°C,
sealed tube

O, in excess, 500—
550°C, sealed tube

|E205 | Cl, + CCl, 300°C
— 1 C + Cl, + CCl,, 400-

500°C, vacuum

Al, 400°C; vacuum;

2

Hy, 1500°C SOCI, 50°C H,, 800°C; or
-SCPC|6 vacuum H,, 400°C, sealed tube
— CCl,, 500°C |?a0|4 SICI,

PaO,, 600°C; or
Sb,03, 150-200°C
vacuum

[ PaoCl,

Decomp., 575°C, vacuum

Fig. 4.12  Preparation of some chlorides and oxychlorides of Pa(1v) and Pa(v) (Muxart
and Guillaumont, 1974; Pal’shin et al., 1968a).

(Brown et al., 1982b). Brown (1979) found still another PaBrs crystal structure,
designated vy, isostructural with B-UCls.

Of the possible halides of Pa(iir), only Pal; has been reported so far (Scherer
et al., 1967). It is a dark brown compound (not black as originally reported)
(Wilson, 1967), prepared by heating Pals, for several days at 107 torr and
360-380°C. Its tentative identification is based primarily on the similarity of
its X-ray powder pattern to that of Cels.

All the binary halides are volatile at moderate temperatures, a property that
has been used for the separation of ***Pa from irradiated ThO, as well as for the
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Decomp.,
>300°C,

or2 Al H, or

400-450°C, 300-400°C, Ai, 400°C,

sealed tube vacuum

y (@]
O « N
Pal g PaBr, -

e| [Pl g9 [Pab ] A
3 Lq (0] Oo
& Sb,03, | o 2 Sb,03, ) fo]
> 400°C, | § 2 150-200C, | 7
o vacuum | 8 £ vacuum 2
3 o $
[8Y)
3| [reoRl— [Feon
& (@]
o
)
7))

Decomp.,
500°C,
vacuum

Pa0,Br (?)

Fig.4.13  Preparation of some bromide and iodide derivatives of Pa(1v) and Pa(v) (Muxart
and Guillaumont, 1974; Pal’shin et al., 1968a).

preparation of radiochemically pure **'Pa and ***Pa (Malm and Fried, 1950;
Merinis et al., 1966; Brown, 1971). The vapor pressures of PaCls and PaBrs
have been measured by Weigel et al. (1969, 1974) in the temperature range
490-635 K; the boiling points, extrapolated to 760 torr, were 420 and 428°C,
respectively. The thermal stability studies of Brown and co-workers (1976b)
show that Pal, is stable up to a temperature of 330°C, and that Pals is stable to
200-300°C.

Numerous alkali fluoro complexes of Pa(v) have been identified (Table 4.10) .
The first, K,PaF;, was prepared by Grosse (1934a) for use in determining the
atomic weight of Blpy, Complexes of the form MPaF4 (M = Li, Na, K, Rb, Cs,
Ag, NH,) can be prepared by crystallization from aqueous HF solutions con-
taining equimolar amounts of Pa(v) and the alkali fluorides, but LiPaF4 and
NaPaFg are best prepared by evaporating the equimolar mixture to dryness and
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fluorinating the dried residue (Asprey et al., 1966). The heptafluoroprotacti-
nates, M,PaF; (M = K, NH,, Rb, Cs), are precipitated by the addition of
acetone to a 17 M HF solution containing Pa(v) and an excess of the appropriate
alkali fluoride. NaF in a 3:1 molar ratio to Pa(v) yields NasPaFyg, but the other
octafluoroprotactinates (v) are most easily prepared by the reaction:

M,PaF; + MF — M;PaFs

at 450°C in an atmosphere of dry argon or by fluorination of the product
obtained by evaporation of an HF solution containing 3:1 MF and Pa(v)
(Brown and Easey, 1966).

The fluoro complexes of Pa(1v) are prepared either by H, reduction of a Pa(v)
complex at 450°C or by heating stoichiometric amounts of the alkali fluoride
with PaF, in a dry argon atmosphere (Asprey et al., 1967).

Pa,0s5-nH,0O reacts vigorously with SOCI, at room temperature to yield
stable solutions containing up to 0.5 m Pa(v). The product is probably
SO(PaClg)> which decomposes at 150°C under vacuum. Hexa- and octachlor-
oprotactinates (v) are precipitated when CS, is added to SOCI, solutions con-
taining equal amounts of PaCls and MCI (M = N(CHj)y, N(C,Hjs),,
NH,(CHj3),, and (C¢Hs)4As). Hexachloro complexes with Cs™ and NHj pre-
cipitate when the component halides are reacted in SOCI,/ICI mixtures (Bagnall
and Brown, 1964). Hexabromoprotactinate (v) complexes, MPaBrg (M =
N(CHsj)4, N(C5Hs)4), have been prepared by vacuum evaporation of stoichio-
metric quantities of PaBrs and the tetraalkylammonium bromide dissolved in
anhydrous CH;CN (Brown and Jones, 1967b).

Axe and co-workers (Axe, 1960, Axe et al., 1960, Axe et al., 1961) observed
the paramagnetic resonance spectrum of Pa*" in single crystal of Cs,ZrCls,
crystallized from a melt containing approximately 500 pg of **'PaCl,. The 5f'
structure was confirmed, as was the nuclear spin of 3/2. The resonance spectrum
was found to be isotropic, with a spectroscopic splitting factor g = —1.14.
Hendricks et al. (1971) measured the magnetic susceptibility of PaCl, from 3.2
to 296 K and found a ferromagnetic transition at about 182 K.

PaCly is virtually insoluble in SOCI,, but hexachloro- and hexabromo-
protactinates (1v), M,PaXy (X = Cl, Br; M = N(CH3)4 and N(C,Hs)4), have
been prepared by reaction of PaX, with the tetraalkylammonium halide in
CH;CN. Cs,PaClg is precipitated on the addition of CsCl to a solution of
PaCly in concentrated HClL. The hexaiodo complex, [(CsHs);CH3As],Palg,
was also prepared from the component iodides dissolved in CH;CN (Brown
and Jones, 1967a). The electronic structures and optical transition energies of
PaXéi (X =F, Cl, Br, I) were calculated by quasi-relativistic density functional
methods (Kaltsoyannis and Bursten 1995; Kaltsoyannis 1998). Analysis of the
5f'—~6d! transitions in PaXé’ (X = Cl, Br) and ThBr,:Pa*" was reported by
Edelstein ez al. (1988), and the EPR spectra of ThBrg:Pa*" in the incommensu-
rate phase was detected (Zwanenburg et al., 1988). The fluorescence and ab-
sorption spectra between the ground 5f' and the excited 6d' configurations of
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Pa*" diluted into a single crystal of Cs,ZrClg were analyzed (Piehler ez al., 1991;
Edelstein et al., 1992).

Numerous halide complexes of Pa(iv) and Pa(v) are formed with oxygen
donor ligands, such as substituted phosphine oxides (Brown et al., 1966b,
1970a,b), hexamethylphosphoramide (Brown and Jones, 1966a), DMSO
(Bagnall et al., 1968b), tropolone (Brown and Rickard, 1970), N,N-dimethyla-
cetamide (Bagnall ef al., 1969), acetylacetone (Brown and Rickard, 1971b), and
N,N-diethyldithiocarbamate (Heckley ez al., 1971). In addition, complexes with
sulfur and selenium donors have been reported (Brown et al., 1971).

The ground state electronic structures of PaX%’ (X=F,CLBr,I),UX; X=
F, Cl, Br), and NpF¢ have been calculated using both non-relativistic and
relativistic implementations of the discrete-variational X alpha (DV-X alpha)
method. A significant amount of metal-ligand covalent bonding is found,
involving both 6d and 5f metal orbitals. The 5f contribution to the bonding
levels increases significantly from PaXé’ to UX, to NpXg but remains approxi-
mately constant as the halogen is altered in PaXé‘ and UX; . In contrast, the 6d
atomic orbital character of the halogen-based levels increases from UF, to
UBr; and a similar, though less marked, trend is observed in PaXéT The
electronic transition energies have been calculated using the transition-state
method. The relativistic calculations are far superior to the non-relativistic
ones in both qualitatively and quantitatively describing the electronic spectra.
The stabilization of the metal 5f atomic orbitals with respect to the halogen np
levels from Pa to Np results in the more energetic f—f transitions in NpFg¢ being
masked by the onset of a ligand-to-metal charge transfer band. In the remaining
molecules, the f—f transitions occur well removed from charge transfer bands
(Kaltsoyannis, 1998).

Several chloro complexes and one bromo complex for which crystallographic
data are available are listed in Table 4.11.

4.7.5 Protactinium pnictides

Protactinium pnictide compounds have been prepared and constitute a new
category of Pa compounds that have several features of more than usual
interest. The protactinium phosphide, PaP,, was prepared by reaction of ele-
mental phosphorus with protactinium hydride; thermal dissociation of PaP,
forms Pa;P4 (Table 4.12) (Wojakowski et al., 1982). The diarsenide, PaAs,, can
be obtained by heating together PaH; and elemental arsenic at 400°C; heating
PaAs; to 840°C results in decomposition of PaAs, to form PazAs, (Hery et al.,
1978). PaAs, has a tetragonal structure of the anti-Fe,As type, and PazAsy
crystallizes in a body-centered structure of the Th;P,-type (Table 4.12). Single
crystals of PaAs,, Paj;As,, PaAs, and Pa;Sb, were prepared from the elements
by a Van Arkel procedure using vapor transport; iodine was the transporting
agent and deposition occurred on an induction-heated tungsten support
(Calestani et al., 1979a,b). Hery and co-workers (1979) have obtained Pa;Sby
and PaSb, by heating PaH; with antimony.
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The magnetic susceptibility of PaAs, and PaSb, has been measured from 4 K
to room temperature. PaAs, PaAs,, and PaSb, exhibit temperature-independent
paramagnetism (Hery et al., 1978). Self-consistent band structure calculations
show that PaN and PaAs have about one f-electron, and hence they are expected
to be paramagnetic; these results have been confirmed by experiment (Hery,
1979; Brooks et al., 1980).

4.7.6 Miscellaneous compounds

Pa,Os is insoluble in nitric acid but the freshly prepared hydroxide, the pen-
tachloride, the pentabromide, and the complex SO(PaClg), all dissolve in fum-
ing HNOj; to form stable solutions of at least 0.5 m Pa(v). Vacuum evaporation
of such solutions yields PaO(NO3); - xH,O (1 < x < 4). The reaction of Pa(v)
halides with N,O5 in anhydrous CH3;CN yields Pa,O(NO3), - 2CH;CN. Com-
plexes of the type MPa(NO3)s (M = Cs, N(CHj3)4, N(C>Hs)4) have been
prepared by reaction of the hexachloroprotactinates (v) with liquid N,Os at
room temperature (Brown and Jones, 1966b; Jones, 1966).

When a solution of Pa(v) in a mixture of HF and H,SOy is evaporated until
all F~ ion has been eliminated, H;PaO(SO,); crystallizes almost quantitatively.
The analogous selenato complex, more stable in acid (6 m HCl) or basic
(NH4OH) media, is obtained from HF/H,SeO,4 mixtures. The sulfato-complex
decomposes to HPaO(SOy) at 375°C (Bagnall et al., 1965; Bagnall, 1966b) and
to Pa,Os at 750°C (Pal’shin et al., 1968b). The binary chalcogenides, B-PaS, and
v-PaSe,, have been prepared by Hery (1979). PaOS was obtained by the reac-
tion of PaCls with a mixture of H,S and CS, at 900°C (Sellers et al., 1954).
PaF,SO,-2H,0 is precipitated when a solution of Pa(iv) in 4.5 m H,SOy, is
added to 3 m HF (Stein, 1966). Crystallographic data for some S and Se
compounds are given in Table 4.12.

The addition of hydrochloric acid to a solution of Pa(v) oxalate causes
the precipitation of PaO(C,04)(OH) - xH,O (x ~2) (Muxart et al., 1966a).
On the other hand, the addition of acetone instead of acid yields
Pa(OH)(C,04), - 6H,O (Davydov and Pal’shin, 1967).

Phenylarsonic acid forms a white flocculent precipitate with Pa(v) in
neutral or acid solutions. The compound is believed to have the composition
H;PaO,(CsHgAsO3), (Myasoedov et al., 1968c).

Complexes of the type [N(C,Hs)4]sPaRg (R = NCS or NCSe) have been
prepared by reaction of PaCly with stoichiometric amounts of KCNS or
KCNSe in anhydrous CH3CN (Table 4.12) (Al-Kazzaz et al., 1972). The
bis(phthalocyaninato)complexes of Pa(1v), (C3,H ¢Ng),Pa, have been prepared
by neutron irradiation of the corresponding thorium ***ThPc, complex by the
reactions (Lux et al., 1970, 1971):

22ThPc,(n,y) *¥ThPc, — ***PaPc, + B~

Spectroscopically pure bis(phthalocyaninato)protactinium(iv) (PaPc,) was
prepared by reaction between Paly-4CH3;CN and o-phthalic dinitrile in
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I-chloronaphthalene followed by purification by sublimation. PaPc, is isostruc-
tural with ThPc, and UPc, (Lux et al., 1980). Tetrakis(cyclopentadienyl)Pa(iv),
(CsHs)4Pa, was prepared by treating Pa,Os with a mixture of Cl, + CCly in an
argon stream at 600°C, then fusing the reaction product with Be(C,Hs), at 65°C
(Keller, 1964b; Baumgartner et al., 1969). Protactinium(iv) tropolone,
Pa(Trop)4, has been prepared by reaction of PaCly or PaBry with lithium
tropolonate, Li(Trop) in methylene chloride; in the presence of excess Li
(Trop) in dimethyl formamide, LiPa(Trop)s is formed (Brown and Richard,
1970). However, when protactinium pentethoxide, which is obtained by reac-
tion of PaCls with sodium ethoxide in anhydrous alcohol (Maddock and Pires
deMatos, 1972; Bagnall et al., 1975), is treated with tropolone, the complex Pa
(Trop)s is obtained. Pa(Trop)s has been crystallized and its crystal structure
parameters are determined (Table 4.12) (Bhandari and Kulkarni, 1979). Com-
plexes of the actinide elements with cyclooctatetrene have been obtained by
reaction of an actinide halide with cyclooctatetrene anion. The bis(n®-tetra-
methylcyclooctatetradiene) complex of Pa has been prepared by reaction of
Pa borohydride, Pa(BH,)4, with tetramethylcyclooctatetrene dianion (Solar
et al., 1980). The preparation of the anhydrous tetraformate, Pa(HCOO),, has
been reported by the reaction of PaCly with O,-free HCOOH at 60°C in an
argon atmosphere for 4 h (Table 4.12) (Bohres, 1974; Bohres et al., 1974).
Freshly precipitated Pa(v) hydroxide or peroxide dissolves readily in 14 m
H;PO,4. However, upon aging, the hydrated orthophosphate, PaO(H,PO,); -
2H,0, crystallizes out. Calcination of this product yields, successively: the
anhydrous orthophosphate, PaO(H,PQ,); between room temperature and
300°C; the trimetaphosphate, PaO(PO3);, stable to 900°C; the pyrophosphate,
(Pa0)4(P,07)3, at 1000°C; and an unidentified phase with the gross composition
Pa,Os- P,0Os5 at 1200°C (LeCloarec et al., 1970, 1976; LeCloarec and Muxart,
1971; LeCloarec, 1974). Crystallographic data for several phosphates are
given in Table 4.12. Protactinium(v) perrhenate, PaO(ReQy,); - xH,0, has been
prepared by reaction of Pa,Os and Re,O (Silvestre et al., 1977).
Protactinium(1v) borohydride, Pa(BHy)4, has been prepared by treating PaF,
with aluminum borohydride, Al(BHy)s. It is a relatively unstable solid at 20°C,
but exhibits high volatility as do other actinide borohydrides. Pa(BHy), is
isostructural with U(BHy); (Banks et al., 1978; Banks, 1979; Banks and
Edelstein, 1980). The molecular compound, Pa(BH3CHs3),4, has been synthe-
sized from the reaction of PaCls or PaCly with Li(BH3CHj;). Its optical and
NMR spectra have been obtained. Because of the Ty symmetry at the Pa*" site,
the dipolar shift is zero and the temperature-dependent proton and ''B shifts are
attributed to spin delocalization mechanisms. The "H NMR peaks of both the
bridging and terminal protons shift to lower field as the temperature is de-
creased. These observations are inconsistent with a spin-polarization mecha-
nism, which assumes that the temperature-dependent shifts are proportional to
the average value of the electron spin in the 5f orbitals. In addition, new
synthetic routes to Pa(BH4), and Pa(MeCp)4 (MeCp = methylcyclopentadie-
nyl) are described. They are simpler and more convenient than the earlier
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published methods and take advantage of the unexpected solubility of PaCls in
aromatic hydrocarbons (Kot and Edelstein, 1995). The 5f-6d absorption spec-
trum of Pa**/CsZrCls (Edelstein et al., 1992) and magnetic data of tetravalent
protactinium(1v) (Edelstein and Kot, 1993) also were reported.

4.8 SOLUTION CHEMISTRY

Two oxidation states, Pa(iv) and Pa(v), have been definitely established in
aqueous solution (Haissinsky and Bouissieres, 1948, 1951; Bouissiéres and
Haissinsky, 1949), but all attempts to demonstrate the existence of Pa(i) in
solution have led to negative or inconclusive results (Elson, 1954; deMiranda
and Maddock, 1962; Musikas, 1966). Both Pa(iv) and Pa(v) show strong
tendencies to hydrolyze in the absence of complexing agents and most studies
of the ionic species of Pa in aqueous solution have therefore been carried out at
the tracer level. Furthermore, the instability of Pa(1v) toward reoxidation has
made it difficult to obtain reproducible data on this oxidation state, so that,
until quite recently, little quantitative information has been available about the
aqueous chemistry of Pa(1v).

The behavior of protactinium in aqueous solution has been very thoroughly
reviewed by Guillaumont, Bouissiéres, and Muxart (Guillaumont et al., 1968;
Bouissieres, 1971; Muxart and Guillaumont, 1974) and by Pal’shin ez al. (1970);
those reviews should be consulted for more detail than can be given here. For a
general discussion of the techniques used in the determination of stability
constants, see Rossotti and Rossotti (1961), Fronaeus (1963), or Ahrland
et al. (1973).

4.8.1 Hydrolysis of Pa (v) in non-complexing media

The hydrolytic behavior of Pa(v) has been studied by a large number of
investigators (Jakovac and Lederer, 1959; Guillaumont, 1966a, 1971; Liljenzin
and Rydberg, 1966; Scherff and Hermann, 1966; Suzuki and Inoue, 1966, 1969;
Kolarich et al., 1967; Mitsuji and Suzuki, 1967; D’yachkova et al., 1968a;
Mitsuji, 1968; Liljenzin, 1970; Cazaussus et al., 1971) whose conclusions are
summarized schematically in Figs. 4.14 and 4.15 (Bouissi¢res, 1971).

The hydrolysis of Pa(v) is usually studied in perchloric acid solutions, because
CIO; is considered to be a non-complexing anion. However, the presence of
small amounts of weakly complexing anions does not affect the results. Thus,
<05 ™m HNO3, <1 M HCI, <0.01 m H,SOy4, or <0.01 M H,C,0,, are all
equivalent to HCIO, of the same acidity.

In solutions of constant ionic strength (1 = 3; 10 M< [H'] < 3 m), the least
hydrolyzed cation is PAOOH>*. At [H"] < 1 M, PAO(OH); begins to form and
becomes predominant at pH ~3. At higher pH values, the neutral species,
Pa(OH)s, is formed. At tracer levels these species are in equilibrium
(Fig. 4.14), but, at concentrations of Pa(v) close to saturation, polymers are
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Fig. 4.14 Hydrolysis of tracer-level Pa(v) in HCIOy4 solution (Bouissieres, 1971).
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Fig. 4.15 Hydrolysis of Pa(v) in HCIO4 solution at [Pa(v)] = 107> M (Bouissiéres, 1971).

formed, a process that rapidly becomes irreversible (Fig. 4.15). At pH 5-6, the
hydrated oxide is precipitated. In alkaline solution (1 = 0.1) minute concentra-
tions of Pa(OH), are formed, and at [H'] > 3 M the existence of PAO>" has been
suggested.

The hydrolysis reactions of Pa(v) may be written as:

PaO>" + H,0 — PaO(OH)*" + H* (4.1)
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PaO(OH)** + H,0 «— PaO(OH); + H* (4.2)

PaO(OH); + 2H,0 « Pa(OH); + H' (4.3)

with the corresponding equilibrium reaction constants K, K>, and Kj3. Since the
species PaO>*" has only been suggested but never proven, only the latter two
hydrolysis reactions and corresponding hydrolysis constants can be measured.
Early studies on Pa(v) hydrolysis were reported by Guillaumont (1966a) and
Bouissieres (1971).

Recently Trubert et al. (Le Naour et al., 2003; Trubert et al., 1998, 2002, 2003)
have obtained the hydrolysis constants for Pa(v) at the tracer level (~10"'* m
using 2**Pa) from the variations of the partition coefficient of Pa(v) in the
system: TTA/toluene/Pa(v)/H,O/H*/Na*/ClO; . These experiments were per-
formed as a function of the concentrations of TTA and H" at ionic strengths of
0.1 < pu < 3 M and temperatures of 10°C < T < 60°C. From the hydrolysis
constants obtained under these conditions extrapolations to zero ionic strength
were performed using the specific ion interaction theory (SIT) (Grenthe and
Puigdomenech, 1997). The equilibrium constants obtained are given in Table
4.13. Thermodynamic data related to the hydrolysis equilibria were derived
from the temperature dependence of the hydrolysis constants at infinite dilution
and are given in Table 4.14.

Table 4.13  Equilibrium constants for the hydrolysis of Pa(v) at zero ionic strength (_from
Trubert et al., 2003).

log K3 log K?
T
(°C)  PaO(OH)*" + H,0 — PaO(OH); +H* PaO(OH)$ +2H,0 < Pa(OH)s+H™*
10 -1.32+0.15 -6.7+0.4
25 —1.244+0.02 ~7.03 £ 0.15
40  -1.22+0.1 -53+1.0
60  —1.19+0.12 54409

Table 4.14 Standard thermodynamic data at 25°C derived from the experimental
hydrolysis equilibria of Pa(v). The thermodynamic values for the hydrolysis reaction
forming Pa(OH )s are considered to be estimates (_from Trubert et al., 2003).

PaO(OH)*" + H,0 < PaO(OH)S + H* PaO(OH); +2H,0 < Pa(OH)s + H"

AH° = (5.7 + 1.3) kJ mol ! AH° = (61 + 31) kI'mol ™
A:C, = (=200 £ 89) J K~ mol ™'

AG° = (7.1 £+ 0.1) kJ mol™ AG° = (36.3 + 4) kJ mol™
AS° =(—4.5+4.7) TK ' mol™! AS° = (81 £ 118) T K~! mol™!
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Fig. 4.16 Absorption spectra of Pa(v) in 11.5 M HCIO4. The solution was prepared by
dissolution of the hydroxide. Curve A, fresh solution; curve B, solution aged for 1 day or
longer. [Pa(v)] ~ 107> M (Guillaumont, 1966¢).

The absorption spectrum of Pa(v) in 11.5 m HCIOy is shown in Fig. 4.16
(Guillaumont, 1966¢); similar spectra are obtained at lower acidities. The
absorption maximum at about 200-210 nm is attributed to the Pa=—0 bond
in PaO(OH); and PaOOH?>"; this bond persists even in sulfuric acid media up
to 4 M concentration.

4.8.2 Complexes of Pa(v) in mineral acid solutions

In the absence of strong complexing agents, such as F~ and certain organic
reagents, the aqueous complexes of Pa(v) are all oxo- or hydroxo complexes.
Consequently, Pa(v) in aqueous solution is rarely present as a single species but
rather exists as a mixture of several complexes or hydrolyzed species. These may
be characterized by solvent extraction or ion-exchange methods, which, because
of differences in the experimental conditions, such as ionic strength, acidity,
concentration of the ligand, age of the solution, etc., may yield ambiguous or
mutually contradicting interpretations.

The relative complexing tendencies of inorganic anions with respect to
Pa(v) are:

F~ >OH >SO0} >CI" >Br >I >NO; > ClO;
(a) Ionic species of Pa(v) in nitric acid solution

In general, NOJ is a poor complexing anion for Pa(v) but freshly prepared
solutions, in which [Pa(v)] < 10> m and [HNO5] > 1 m. are fairly stable. Such
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systems contain monomeric nitratohydroxo complexes of the form [Pa
(OH),(NO,),,]> ™™, where n > 2 and m < 4 (Hardy et al., 1958). The transition
from cationic to anionic forms occurs at [HNOj3] & 4-5 m. Stability constants
for several suggested species in this medium are listed in Table 4.15.

(b) Ionic species of Pa(v) in hydrochloric acid solution

Solutions of Pa(v) in hydrochloric acid are generally unstable with respect to
hydrolytic condensation when [Pa] >10* m, although complete precipitation
may take as long as several weeks (Kirby, 1966). If the freshly precipitated
hydroxide is dissolved in 12 M HCIl and then diluted to [Pa] <10 * M and 1 M <
[HCI] < 3 M, the solution is reasonably stable and will then contain a mixture of
monomeric chloro complexes in thermodynamic equilibrium. It is generally
agreed that, for [HCI] < 1 M and [Pa] < 10> M, the species present are the
same as those described above for perchloric acid media, while, for [HCI] ~ 3,
the predominant species is PAOOHCI'. The complexes that have been proposed
to explain the solvent extraction and ion-exchange behavior of Pa(v) at higher
acidities are summarized in Table 4.16. The study of complex formation of Pa in
aqueous HCI solutions of medium and high concentrations and the electronic
structures of anionic complexes of [PaClg]", [PaOCly]", [Pa(OH),Cl,], and
[PaOCls]* have been calculated using the relativistic Dirac—Slater discrete-
variational method. The charge density distribution analysis has shown that
protactinium has a slight preference for the [PaOCls]*~ form or for the pure
halide complexes with coordination number higher than six under these
conditions. On the other hand, Ta occupies a specific position in the group
and has the highest tendency to form the pure halide complex [TaClg];
niobium has equal tendencies to form the NbCl, and [NbOCIs]* species
(Pershina et al., 1994).

There are no data on the species of protactinium in HBr and HI solutions.
Goble and co-workers (1956, 1958) suggested on the basis of >*!'Pa extraction
from HBr and HI aqueous solutions that bromide and iodide complexes of
protactinium are less stable than the chloride complexes.

(c¢) Fluoro complexes of Pa(v)

The solubility of Pa(v) is relatively high at all concentrations of hydrofluoric
acid; thus, 0.05 m HF dissolves 3.9 g L' of *'Pa and 20 m HF dissolves at least
200 g L' of the pentoxide (Bagnall e al., 1965). The solubility of Pa(v) is
estimated to be 11.2 g L ' in 8 M HCl and 0.6 M HF and at least 125 g L '! in
&M HCl and 5 M HF (Chilton, 1964). Solutions of Pa(v) in aqueous HF are very
stable with respect to hydrolysis and are probably the only systems that contain
no polymeric species.

A great many complexes have been proposed to explain the behavior of
Pa(v) in aqueous HF (deMiranda and Muxart, 1965; Bukhsh et al., 1966a,b;



‘pauruidlep sem [ EQN][ed] oner ayy AjuQ

08€T ="¥ ["CON)“HO)ed]
0rS= Y [FEONDY(HO)®d]
L= H[CCCON)Y(HO)®d]
(9961) '1v 12 AOYIUQGAY Y
{(p961) v 12 uksyds LT="y +lCOND¥(HO)ed] S0 S 9-¢
60T =Y _|*CONDed]
1710 =Y _P(FON)ed] 9-¢ 9 9
(€961) BAOYUDW]
pue yue)g o CONDed] €T 9 9
LO0="1Y +e[CCONDed]
(L961) 17 12 yoLIR[O] AR ++(FONEd) > I I
[C0=2%
€90="y > 4 14
vLO0 =Y
6L0="Y > z C
€611 ="y {*CON)“C (HO) Oed]
0e="5 [{*ON)** " (HO) Ord]
(€£961) Toddatjq
pUE MOYIMON 89°0 ="'y JFON T (HO) Ord] > I I
§20UID Y SJunISU0d A11j1g0IS sa1ads pajsassng ) [foN] W) [LH] Ul

((A)ng fo saxajduiod aipajiu pajsagsns auios 10f sjuvisuod £1j1gnis STy dqeL



Solution chemistry 215

Table 4.16 Suggested chloro complexes of Pa(v) as a function of HCI concentration (after
Guillaumont et al., 1968).

[HCI] (m) Pa(OH),CL"

1 PaOOH>" PaOOH*>"
2 PaOOHCI* PaOOHCI* Pa(OH)Cly
3 PaO,Cl; PaOOHCI, Pa(OH)CI3 Pa(OH);CI*
PaOCl; Pa(OH),Cl; Pa(OH),Cl
4 PaOj POOHCI;y Pa(OH)Cly Pa(OH),Cl;
Pa(OH)Cl,
5 PaOCl, PaOCl, Pa(OH),Cl, Pa(OH),Cl,
6 PaOHCI; PaOCIL3~ Pa(OH)Cl;  Pa(OH)Clg
7 PaCly PaCly PaCly
8 PaCL2~ PaCl3~
>8 PaCly~ or PaOCI;~
POHCL~
References Scherff and Guillaumont Casey and Shankar
Herrman (1966¢); Muxart Maddock et al. (1963)
(1966) et al. (1966a,b) (1959a,b)

deMiranda, 1966; Guillaumont, 1966a,c; Guillaumont and deMiranda, 1966;
Guillot, 1966; Kolarich et al., 1967; Bonnet and Guillaumont, 1969; Plaisance
and Guillaumont, 1969); their regions of existence are summarized in Fig. 4.17.
Those for which stability constants have been determined are listed in
Table 4.17. Only two species exist in a pure state: PaF2~, which is present
over the range 10~ M < [HF] < 4-8 M. and PaF;~, which can exist only when
[F]1>0.5Mand 107 M < [H']< 102 M. In more acid media, 1 M < [H"] < 3™
and [F] ~ 10 wm, the dominant heptafluoro complex is HPaF; ; this species
would also exist in 10-12m HF, because the [F ] is limited to about 107> M by the
equilibrium constants: K; = ((HFY/(H'] -[F])) = 935 m ! and K, = ((HF,J/
((HF] -[F])) = 3.12 M ' (Plaisance and Guillaumont, 1969). At [HF] < 10 m,
PaF%_ is replaced by complexes of successively lower F:Pa ratios, then by oxo
and hydroxyfluoro complexes and, finally, by uncomplexed species.

(d) Behavior of Pa(v) in sulfuric acid solution

Freshly precipitated Pa(v) hydroxide is readily soluble in moderately concen-
trated H,SO,4 and permanently stable solutions, containing up to 90 g L™! of
21pa in approximately 2.5 M H,SO,, have been reported (Thompson, 1952;
Kirby, 1959, 1966; Brown et al., 1961; Campbell, 1964; Bagnall et al., 1965;
Takagi and Shimojima, 1965; Kirby and Figgins, 1966). The solubility falls off
sharply at both ends of the acid concentration range, yielding amorphous
hydrated oxides or colloids in <1 M H,;SO,4 and crystalline H3;PaO(SQOy);3 in
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Fig. 4.17 Fluoro complexes of Pa(v) as a function of [HF), [H"), and [F~] (Guillaumont
et al., 1968).

concentrated H,>SO,4 (Bagnall et al., 1965; Takagi and Shimojima, 1965;

Stchouzkoy et al., 1966b, 1968).
The sulfate complexes of Pa(v) that have been deduced from tracer-
level studies ([Pa] < 10 m) are listed in Table 4.18. The absorption spectra of

Pa(v) in H,SO4 are shown in Fig. 4.18 (Guillaumont et al., 1960; Guillaumont,
1966¢).
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Table 4.17  Stability constants for some suggested fluoride complexes of Pa(v).

[H'] [F] Suggested Stability

u (M) (M) species constants References

1 <0.1  <0.1 PaF3* logKs; = 4.9 Bukhsh ez al. (1966a)
PaF; logK; = 4.8
PaF; logKs =4.5
PaF logKs = 4.4
PaF3~ logK; = 3.7
PaFg’ logKg = 1.7

3 1-3 <10%  Pa(OH)F** K, =3.6x 10’ Guillaumont (1966a,c)
Pa(OH),F5 Ky, =4.45 x 107
Pa(OH),F; K; =82 x 10"

1 1 <10®  PaF** K =9x 103 Kolarich et al. (1967)
PaF3" K, =3 x 10°
PaF2* Ky=1.1x10°

Table 4.18 Stability constants for some suggested sulfate complexes of Pa(v).

[HT] [SO; 7] Stability
u (M) (M) Suggested species constants References
1 1 <1 [PaO(OH)4»,SO4]" K, =094  Nowikow and
K>, =739  Pfrepper (1963)*
2 2 <1 [PaO(OH), 5, (SO4),]” K, =1.14
K, =14.70
3 1-3 <3 PaOSO; K; =19.3  Guillaumont (1966¢)
PaO(SO,), K, =320
1 1 <1 PaSOi+ K; =120 Kolarich et al. (1967)*
Pa(SO,); K, =17
1.38 0.3 <0.4 Pa(OH),SO; Ki=64 Mitsuji and
Suzuki (1967¢)
1 0.1-1 <0.2 PaOOH(HSO,)* K; =31 LeCloarec et al. (1973)
<02  PaO(HSO,); K, =250

@ Only the ratio [Pa]:[SO3 "] was determined.

(e) Miscellaneous complexes of Pa(v) with inorganic ligands

The absorption spectra and the formation constants of complexes formed by
tracer-level Pa(v) in phosphoric acid solution have been reported by LeCloarec
and Muxart (1973), LeCloarec et al. (1973), and LeCloarec (1974). The species
identified were PaO(OH) (H,PO,)*, HPaO(H2P04)§+, PaO(H,PO,);, and

PaO(H2P04)3.
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Fig. 4.18 Absorption spectra of Pa(v) in H,SO4 solution (Guillaumont, 1966¢).

The addition of <1 M H»0, to a solution of ***Pa in aqueous HCIO,4 (1 M <
[H"] <3 m) leads to the formation of the following peroxy complexes: PaO(OH)
(HO,)", PaO(OH)(HO,),, PaO(HO,)**, and PaO(HO,);, according to
Stchouzkoy et al. (1969). Association constants for the 1:1 and 1:2 complexes
of Pa(v) with IO5 have been reported by Kolarich et al. (1967).

Pa(v) forms mixed complexes in solutions containing more than one type of
ligand. For example, a species identified as PaO(H,PO4)3(HSO,4) is found in a
mixture of 0.35 m H3;PO4 and 0.22 m H,SO, (LeCloarec et al., 1973). Mixed
complexes are also formed in hydrochloric or nitric acid solutions containing
<102 m HF (Hardy et al., 1958; Casey and Maddock, 1959b; Shankar et al.,
1963; Plaisance and Guillaumont, 1969). Formation constants have been deter-
mined for the unidentified mixed complexes formed by Pa(v) in 3-6 M HNOj; to
which HCI, (NHy4),SO4, (NH4),HPO,, or H3AsO4 was added (Davydov et al.,
1966b).

Finally, the existence of a perprotactinate ion with a charge of 3— is suggested
by the fact that Pa(v) (~3x10~* m) is soluble in alkaline media in the presence of
H,0, (Stchouzkoy et al., 1966a).

4.8.3 Organic complexes of Pa(v) in aqueous solution

Only a few systematic studies have been done of the aqueous complexes
of Pa(v) with organic reagents. Galateanu and co-workers (1962a,b, 1966),
Moskvin et al. (1963) used the ion-exchange method to determine the stability
constants of the complexes formed with a number of organic acids (Table 4.19).
Stability constants have also been reported for complexation by acetylacetone
(Liljenzin and Rydberg, 1966; D’yachkova et al., 1968b; Liljenzin, 1970),
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Table 4.19  Stability constants of complexes formed by Pa(v) with various organic acids
(n = 0.25) (Galateanu and Lapitskii, 1962a,b; Moskvin et al., 1963; Galateanu, 1966;
Lapitskii and Galateanu, 1963).

Stability constant for Pa.ligand ratio

Acid pH 1:1 12 1:3

lactic (<0.1 M) 1.5-2.7 1.75 x 102

a-hydroxyisobutyric (<0.5 M)  0.98-1.2 3.0 x 10° 1.0 x 107
mandelic (<0.5 m) 1.0-1.1 9.1 x 10?

malic (<0.65 M) 0.8-0.87 8.3 x 10? 6.3 x 10*

tartaric (<0.65 M) 0.75-0.8 1.7 x 10° 2.1 x 10*
trihydroxyglutaric (<0.7 m) 0.95-1.2 9.1 x 10? 7.7 % 107

oxalic (<0.7 Mga 0.7-0.8 3.6 x 10? 8.0 x 10° 1.1 x 10°
citric (<0.7 M) 0.7-0.95 4.5 x 10° 2.3 x 10° 6.3 x 10®
aconitic (<0.7 m) 0.75-0.8 1.5 x 10%

ethylenediaminetetraacetic 2427 1.5 x 108 9.1 x 10"

acid (<0.02 m)°

amygdalic (<0.5 m) 1.1 8.5 x 10°

& cf. Carrere (undated); Davydov et al. (1966a,b); Guillaumont (1966a,c).
® ¢f. Guillaumont (1968).
¢ cf. Shiokawa et al. (1969).

DIAPA (Mikhailov, 1960), and TTA (Guillaumont, 1965a; D’yachkova et al.,
1968a).

Oxalic acid has been singled out for special attention because of its impor-
tance in the analytical and process chemistry of **'Pa. Davydov and Pal’shin
(1967) found that the solubility of Pa(v) at 25°C remained low in <0.05 m
H>C,0,, but increased sharply from 0.33to 4 g L' or more between 0.05 and
0.5 m H>,C>04. The low solubility was attributed to the formation of hydroxy
complexes with a Pa:C,0y ratio of 1:1, while the higher solubility was explained
by the formation of complexes with a 1:2 ratio. Casey and Maddock (1959b)
suggested the existence of complexes of the form Pa(C,04);, and Pa(C,04); ,
but Guillaumont (1966a,c) suggested that these were preceded by the formation
of PaOC,0; and PaO(C,0;);.

It was shown that protactinium(v) forms a colored compound with Arsenazo-
III in highly acidic solutions with a 1:1 ratio (Pal’shin ez al., 1962). Complex
compounds formed with a large number of other organic reagents, such as
8-oxyquinoline (Maddock and Miles, 1949; Vernois et al., 1963), BPHA
(Cristallini and Flegenheimer, 1963; D‘yachkova and Spitsyn, 1964), tannin
(Elson et al., 1951; Casey and Maddock, 1959a), 1-phenyl-3-methyl-4-
benzoyl-pyrazolone-5 (Myasoedov and Molochnikova, 1968), pyrogallol, cate-
chol, and gallic acid (Casey and Maddock, 1959a), and are used in the analytical
chemistry of protactinium. However, literature data on the composition and
stability of these compounds are absent.
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4.8.4 Redox behavior in aqueous solution

The standard electrode potential of the Pa(v)/Pa(1v) couple has been estimated
to be —0.1 V (vs. normal hydrogen electrode [NHE]) by Fried and Hindman
(1954) and -0.25 V by Haissinsky and Pluchet (1962), the latter value being
based on a measured electrochemical potential of —0.29 + 0.03 V in 6 m HCIL.

Pa(1v) was prepared by Haissinsky (Haissinsky and Bouissieres, 1948, 1951;
Bouissi¢res and Haissinsky, 1949), who reduced 0.1-2 mg of *'Pa(v) with solid
Zn amalgam or CrCl, in 1-3 N HCI or H,SOy4. Brown et al. (1959) found that Zn
amalgam gave complete reduction in 5-6 h only if the initial solution was >6 m
in HCI; lower acidities led to the formation of colloidal Pa(v), which was
difficult to reduce. Mitsuji (1967a,b) used liquid Zn amalgam to obtain com-
plete reduction in a few minutes of 4 x 10~ M **'Pa(v) in 1-11 M HCl or 0.05-9 m
H,S0O,. Tracer-level Pa(v) could not be completely reduced unless Cr(ir) was
added to the system. >**Pa(1v) has also been obtained by dissolution of neutron-
irradiated **Th metal in 1 m HCI by Manier and co-workers (1969, 1970) or of
neutron-irradiated 2**ThX, (X = Cl, Br, I) in 0.02 m ThCl, (Carlier, 1971;
Carlier and Genet, 1972a,b). In the first case, the yield of Pa(iv) was about
20%; in the second, it varied with the nature of the irradiated halogen and the
pH of dissolution, ranging from less than 20% at pH < 3 to approximately 80%
for ThCl, at pH 5.5.

Musikas (1966) has described the electrolytic reduction of 10> M **!Pa(v) in
8M HCI, 0.5 M H,SOy4, and 5 M NH4F (pH 7.2). Electrolysis at 50 mA for 5 h
completely reduced Pa(v) in 8 M HCI to Pa(1v). The reduction of 10" M Pa(v) on
a Pt-H, electrode in aqueous solutions of acetylacetone at pH > 7 has also been
reported (Liljenzin and Rydberg, 1966).

The polarography of Pa has been studied in various aqueous media (Elson,
1954; deMiranda and Maddock, 1962; Musikas, 1966; Schwochau and
Astheimer, 1970; Astheimer and Schwochau, 1973). All solutions gave at least
one wave, corresponding to the one-electron change, Pa(v)—Pa(1v), and in some
cases a second wave, which might represent either the reduction, Pa(iv)—Pa(m),
or, more probably, the catalytic reduction of H*. For example, with [NH4F] =
3.84 M. pH 7.2, [P*'Pa(v)] = (2.3-9.5) x 10 * M. the wave height at E;, =-1.29 V
(vs. standard calomel electrode [SCE]) was proportional to [Pa], but that of the
second wave (E;» = —1.57 V) was not (deMiranda and Maddock, 1962).
In DMSO, the reduction of PaCl, led directly to Pa(0) in a single step (£, =
—1.49 V), with the 3+ oxidation state omitted (Astheimer and Schwochau, 1973).

The behavior of protactinium in the Tml,-TmI;-THF system (THF, tetra-
hydrofuran) was studied by the cocrystallization method. In the presence of
Tm>", microamounts of Pa cocrystallize with the solid phase of Tml; solvate,
the cocrystallization coefficient (K;) being nearly 1. A similar K, for this system
was obtained with Ce. Thus, in THF in the presence of Tm*", protactinium is
probably reduced to the oxidation state 3+ (Kulyukhin et al., 1996, 1997).
Attempts to reduce Pa(v) to the trivalent state by Sm(i1) or Tm(i) in chloride
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melts at high temperatures were reported by Mikheev et al. (1992). Using a
cocrystallization method of Pa with the Sm(i1) and Tm(11) system, the authors
proposed that under these conditions the stabilization of the Pa(iir) species was
obtained. In the system with PrOCI, the Pa(m) reduction to Pa(ir) has been
detected. The standard redox potential of Pa(ir)/Pa(ir) couple has been calcu-
lated as -2.59 + 0.1 V (vs. NHE) (Mikheev et al., 1993a,b). Pa(u) also was
produced by interaction of ***Pa(v) with the cluster Prl, (Kazakevich et al.,
1993). It was shown that An = Pa, U, Np, Pu with the electronic configuration
(5f"7'6d) in the divalent state, were stabilized in clusters of the type (Pr,An)I, in
the Lil-PrI,—Prl; system (Kulyukhin and Mikheev, 1998). The influence of the
electronic configurations of Pa?" (f* and f°d) and Pa*" (f° and fd) upon
the stability of divalent and trivalent protactinium and their redox potentials
was examined by Guillaumont et al. (1996). An analysis of the stabilization
of the configuration 5f26d (Pa>") led to predictions of the relative scale for the
Ep,anypan potentials which depend on the medium and on ligands. For this
purpose the relation between the energy (f°—f>d) for Pa(i) in water (Pa**aq)
and in solid (Pa>":CaF,) was established. The values of the redox potentials
were discussed on the basis of the 6d electron stabilization of Pa*>" and destabi-
lization of Pa®" ions. The standard redox potential E;)a(m)/pa(n) was estimated
to be around —4.0 V, and for the couple Pa(1v)/Pa(i) about 2.1 V (vs. NHE).
This result was confirmed by a measurement of Egg in Pa*"(aq) and by correla-
tion of Egq for Pa**(aq), Pa’(aq), and Pa*"(aq) with the corresponding redox
potentials (Guillaumont ez al. 1996). Standard reduction potentials are given in
Chapter 19, Fig. 19.9.

Pa(1v) in aqueous solution is rapidly oxidized by air, but the rate of oxidation
is decreased by the exclusion of O, and by the presence of complexing anions
(Brown et al., 1959; Brown and Wilkins, 1961; Guillaumont, 1966b; Bagnall and
Brown, 1967; Mitsuji, 1967a). Guillaumont et al. (1960) found that the stability
of #*'Pa(1v) increased with increase in [H,SO,] or [HCI], but Myasoedov et al.
(1966b) reported the opposite effect. The oxidation rate was increased by
ultraviolet light or heat. In the absence of air, Pa(1v) in a neutral solution of
2.2 M N(CH3)4F was oxidized at the rate of about 1% per day (deMiranda and
Muxart, 1964). Mitsuji (1967a) has proposed the reaction:

2Pa*t + 2H' < 2Pa’" + H,

The half-life for the oxidation of >**Pa(1v) in the absence of redox buffers
decreases exponentially with increase in [H'], but the formation of complexes
tends to stabilize the 44 oxidation state. The stability of Pa(iv) is greatly
enhanced by a decrease in the dielectric constant; thus, in 0.6 m HCIOy4
(10% H»0/90% C,HsOH), the half-life for oxidation was 40 h, as compared
with 7, ~1 h in a pure aqueous solution (Manier et al., 1969; Manier, 1970;
Manier and Genet, 1970). The oxidation of Pa(1v) by molecular halogens is first-
order with respect to both [***Pa(v)] and [Cl,, or Br,, or I,] (Carlier, 1971;
Carlier and Genet, 1972a).
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4.8.5 Aqueous chemistry of Pa(1v)

The most characteristic property of Pa(iv) in aqueous solution is that, unlike
Pa(v), it is precipitated by hydrofluoric acid (Haissinsky and Bouissieres, 1948;
Bouissieres and Haissinsky, 1949). It is also precipitated by 107, PO?{, PZO;‘*,
phenylarsonate, and saturated K>SOy, but forms soluble carbonate, citrate, and
tartrate complexes (Haissinsky and Bouissieres, 1951). PaF, is soluble in 15 m
NH4F (Haissinsky ez al., 1961).

The spectrophotometry of Pa(1v) has been investigated in perchloric (Brown
and Wilkins, 1961), hydrochloric (Fried and Hindman, 1954; Brown et al., 1959;
Guillaumont ez al., 1960; Brown and Wilkins, 1961; Bagnall and Brown, 1967;
Mitsuji, 1967a), hydrobromic (Brown and Wilkins, 1961), and sulfuric
(Guillaumont et al., 1960; Brown and Wilkins, 1961; Myasoedov et al., 1966b;
Mitsuji, 1967a) acid solutions and in neutral fluoride media (Haissinsky ef al.,
1961; deMiranda and Muxart, 1964; Asprey et al., 1967). The reduction of Pa(v)
in acid solutions is accompanied by the disappearance of the prominent absorp-
tion band at 210-215 nm (Figs. 4.16 and 4.18) and the appearance of bands at
225-230, 255-265, and 275-290 nm. Beer’s law is not followed in hydrochloric
acid solutions, but, for (0.65-1.5) x 10™* M Pa(1v) in 0.5-6 M H,SOy, the molar
extinction coefficient () is about 1500 L M ' cm ™! at 290 nm (Myasoedov et al.,
1966b). In neutral fluoride media, the spectrum is different according to the
nature of the medium: in NH4F, bands are observed at 355 and 250 nm
(Haissinsky et al., 1961); but in N(CH3)4F, the absorption maxima are at 344
and 323 nm, with ¢ = 0.08 and 0.037 M ' cm', respectively (deMiranda and
Muxart, 1964).

Pa(1v) hydrolyzes less readily than Pa(v). In 3 m HCIOy, the dominant species
are Pa*" and PAOOH?" (cf. Fig. 4.14). As the acidity is decreased at constant
ionic strength (u = 3), Pa(OH)**, PaO** or Pa(OH);", and PaO(OH)" or
Pa(OH); appear successively; their hydrolysis constants, as determined by
Guillaumont (1965b, 1966b), are 0.725, 0.302, and 0.017, respectively. Estimates
of the relative amounts of these species as a function of [H'] are indicated in
Fig. 4.19.

Mitsuji (1968), however, finds that Pa(OH)§+ is the most probable ionic
species at pH 0.4-1.1 (u = 0.5). Lundqvist (1974c.d, 1975) believes that PaO*"
is more probable, because of the high stability of that ion toward both ethyle-
nediaminetetraacetic acid (EDTA) and acetylacetone. He finds no evidence for
species either more or less hydrolyzed than Pa(OH)%+ at pH 0-10.

There is, as yet, little information about the complexes formed by Pa(1v).
Guillaumont (1966a,c) has calculated the formation constants of the following
complexes at u = 3, [H'] = 3 M, and [Cr**] = 102 m: PaCI*" (K, < 1). PaCl3"
(K> = 1), PaSO;" (K, = 42), Pa(SOy,), (K> = 153), PaF>" (K, = 5.34 x 10%), and
PaF}" (K, = 1.8 x 10%). Muxart er al. (1966b) found no anionic chloro com-
plexes except at high acidity, e.g. PaClé* in ~8 M HCI. Mitsuji (1968) finds that
Pa(SO4)(OH) " (K = 320) is the most probable ionic species formed by HSO; at



Analytical chemistry 223

100 [~ N
Pa(OH)3
Pat+
Hydroxide
9
€ 50
[]
£
Pa(OH)3+
Pa(OH)3*
0 | L J
-4 -3 -2 -1 0 +1

log [H*]

Fig. 4.19 Distribution of the ionic species of ***Pa(1v) as a function of [H'] in non-
complexing media of ionic strength y = 3 (Guillaumont, 1966a).

pH 0.4-1.1, u = 0.5, 10°C. A comparable value is reported by Lundqvist
(1974c), who has also determined stability constants for the complexes formed
by ***Pa(1v) with acetylacetone (Lundqvist, 1974a; Lundqvist and Rydberg,
1974), TOPO (Lundqvist, 1974b), EDTA (Lundqvist and Andersson, 1974),
and benzoylacetone (Lundqvist, 1975).

Recently, the 6d'—5f'emission spectrum of Pa*" in aqueous acidic solution
was reported. The peak maximum was at 460 nm with a half-width of (61.6 +
1.4) nm and a lifetime of (16 4 2) ns (Marquardt et al., 2004).

49 ANALYTICAL CHEMISTRY

Protactinium determination in natural materials is very complicated because of
the extremely small content of Pa in the samples, as well as its tendency to
hydrolyze. The presence of other elements, with chemical properties similar to
protactinium, highly influences the behavior of protactinium in solutions.

Spectral, spectrophotometric, gravimetric, and other methods are used for
the determination of macroquantities of protactinium. However, they are often
invalid for the analysis of natural objects that contain very small amounts of
protactinium. In these cases radiometric methods are preferable but they need
careful purification of protactinium from macroelements and other radioactive
materials.

4.9.1 Radiometric methods

The basis of the simplest methods for the determination of the long-lived
protactinium isotope, >*'Pa, in natural objects (the ores, rocks, waste products),
various solutions, and other samples is the measurements of ao-activity and
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y-rays. The determination of the artificial protactinium isotope, ***Pa, also is
usually carried out by measurements of its y-rays or B-particles.

(a) The determination of >'Pa by «-counting

The large specific activity of **'Pa isotope, equal to 10° alpha decays min ' mg
of element (Bagnall, 1966a) allows the use of this method for the determination
of submicrogram amounts of protactinium after its isolation in the radioche-
mically pure state.

a-Counters, such as ionization chambers, scintillation or proportional coun-
ters, are utilized for the measurements of a-activity of protactinium samples.
Absolute quantities of protactinium are determined by comparison of the
a-activity of the protactinium sample without other a-emitting isotopes with
the activity of standard samples of **'Pa, >**Pu, RaD (*!°Pb) + RaE (*'°Bi) +
RaF (*'°Po), >'°Po, measured under the same conditions.

Usually protactinium samples for a-counting are prepared by evaporation of
a known aliquot of the solution under investigation, after placing it on a
platinum, stainless steel, or glass plate.

Thin layers are formed by placing the organic phase directly on a plate for
counting, for instance, after extraction of protactinium with DIBK (Scherff and
Hermann, 1964; Rona et al., 1966).

Multichannel alpha-spectrometers are used for control of radiochemical
purity of isolated samples (Salutsky er al., 1957; Spitsyn and D‘yachkova,
1960; Myasoedov and Pal‘shin, 1963; Suzuki and Inoue, 1966). 21py also can
be characterized with enough reliability by its y-rays spectrum (Salutsky e? al.,
1956, 1957; Barnett, 1957; Suzuki and Inoue, 1966). Samples for alpha-
spectrometers can be prepared by the electrolytic technique (Ko, 1956, 1957,
Shimojima and Takagi, 1964; Smith and Barnett, 1965).

The application of alpha-spectrometers with high resolution (~0.5%) in some
cases allows the determination of protactinium without separation from other
a-emitters (Glover et al., 1959; Jackson et al., 1960b; Brown and Maddock,
1967). The alpha-spectrum of >*'Pa has the following main groups of o-parti-
cles: 5.046 (10%), 5.017 (23%), 5.001(24%), 4.938 (22%), and 4.722—4.666 MeV
(13%) (Hyde, 1961). So 79% of **'Pa a-particles emitted have energies within the
interval 4.85-5.15 MeV. Measurements in this energy range with the alpha-
spectrometer, previously calibrated with a pure >*'Pa sample, allow the deter-
mination of protactinium in the presence of other radioactive elements. Only
227 Ac (a-particles energy is 4.947 MeV) slightly influences measurements in this
case. The effect of **’Ac may be excluded completely if the protactinium
a-particle energies in the interval 5.001-5.041 MeV are measured with a spec-
trometer that has a silicon detector with resolution of about 0.1%. The alpha-
spectrometric method, developed by Glover et al. (1959), allows the determination
of up to 107%% of protactinium in various natural objects with a relative
precision of +5%.
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(b) The determination of >>'Pa by the y-rays

The measurement of >*'Pa y-rays is widely used for the quick determination of
the protactinium concentration in the absence of other radioactive admixtures
in solutions, in salts, and compounds of protactinium after their dissolution,
and also for control of the protactinium behavior during its separation
from waste solutions and solid residue (Barnett, 1957, 1958; Guillaumont
et al., 1960; Haissinsky et al., 1961; Stchouzkoy and Muxart, 1962; Miranda
and Muxart, 1964a,b; Guillaumont, 1966a,c; Pissot et al., 1966; Stchouzkoy
et al., 1966a,b).

In the y-ray spectrum of **'Pa there are three maxima, corresponding to the
energies of y-rays 27, 95, and 300 keV. The quantitative determination of
protactinium is carried out with y-spectrometers by comparison of y-ray inten-
sities from the sample under investigation in the region 300 keV with the
intensity of the standard, containing a known amount of radiochemically pure
protactinium. The sensitivity of this method is approximately 1 x 10°° g Pa. So,
for instance, it can determine 1.4 x 10°® g Pa in a 5 g sample. The precision of
this method is +5% (Salutsky et al., 1957). 22’ Ac (0.095 and 280 keV) and **Ra
(0.080 and 320 keV) prevent the determination.

(¢) The determination of >**Pa

The immediate short-lived daughters of U-238 are Th-234 and Pa-234. These
nuclides are f -emitters having energy bands that overlap the uranium bands in
a liquid scintillation spectrum. ***Pa is a high-energy B -emitter that can be
further identified and quantified from its Cerenkov radiation. Energy spectra
were collected on the Packard 2500AB liquid scintillator analyzer for uranium
solutions in diisopropylnaphthalene and pseudocumene-based scintillator cock-
tails. Calibration curves were prepared for nitric, hydrochloric, and sulfuric acid
media (Huntley et al., 1986; Grudpan et al., 1990; Bower et al., 1994).

(d) The determination of >*Pa

Quantitative determination of ***Pa is carried out by B -particles (Fudge and
Woodhead, 1956; Mclsaak and Freinling, 1956; McCormac et al., 1960;
Sakanoue et al., 1964) as well as y-rays (Fudge and Woodhead, 1956; Moore
and Reynolds, 1957; Arden et al., 1962; Stricos, 1966) by comparison of the
intensity of the sample under investigation with the intensity of a standard
containing a known amount of >**Pa.

The absolute amount of >*Pa in a standard is determined by the p-activity
measurement on 4zn-counters (Fudge and Woodhead, 1956; McCormac
et al., 1960).

A method, developed for the determination of absolute amounts ***Pa in
irradiated metallic thorium, consists of the measurement of ***Pa B-particles
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after its chemical separation (McCormac et al., 1960). This method is quick and
simple and provides 70-80% protactinium yield and high degree of purification
of protactinium from fission elements (10° times). For the separation of **Pa in
a radiochemically pure state for its determination in neutron-irradiated
thorium, Moore and Reynolds (1957) used the extraction with DIBC from
6 M HCl in the presence of oxalic acid, with almost all admixtures remaining
in aqueous phase.

Fudge and Woodhead (1956) carried out the radiochemical purification of
protactinium by ***Pa precipitation with niobium tannate in the presence of
EDTA. The separation of niobium and protactinium was carried out by paper
chromatography or by protactinium precipitation with barium fluorozirconate.

4.9.2 Radioactivation methods

A quite large value of the thermal-neutron cross-section (**'Pa, 211 barns)
(Smith et al., 1956; Holtzman, 1962) allows the use of the nuclear reaction
Z1Pa(n,y)**?Pa for protactinium determination. In some cases it is better to
measure 2>2U, the daughter of the **Pa decay product, after the separation of
uranium in a radiochemically pure state. This method allows the determination
of 10®¥ to 1071° g of 2*'Pa (Sakanoue et al., 1965).

4.9.3 Spectral and X-ray methods

Spectral methods are not practical for the direct determination of protactinium
in natural samples and other materials because of the low sensitivity and
experimental complications. Usually emission spectral analysis is applied only
for the detection of admixtures (Nb, Fe, Mg, Al, Sn, Cu, Si, and others) in pure
samples of protactinium (Sackett, 1960; Spitsyn and D’yachkova, 1960; Walter,
1963; Birks et al., 1965; Cunningham, 1966, Kirby and Figgins, 1966; Roberts
and Walter, 1966).

The emission spectrum of protactinium has been investigated (Schiiller and
Gollnow, 1934; Thompson, 1951; Richards and Atherton, 1961, 1963; Richards
etal., 1?61; Giaechetti, 1966). There are a few thousand lines in the range 2650—
25000 A, and many of them have hyperfine structure. Tomkins and Fred (1949)
observed 263 lines in the range 2640.3-4371.4 A; the most sensitive and definite
lines are at 3957.8, 3054.6, and 3053 A. The sensitivity of protactinium determi-
nation is 0.2 pg Pa by use of these lines with the copper spark method. Accord-
ing to the data of Spitsyn and Dyachkova (1960), lines at 2732.2, 2743.9, and
2755.9 A are also characteristic for protactinium. The X-ray spectrum of Pa,Os5
has been investigated by Russell (1913) and Grosse and co-workers (Beuthe and
Grosse, 1930; Pierce and Grosse, 1935; Grosse, 1939). Twenty-one lines of the
L-series were found in the range 1088.5 x 10~ to 586.6 x 10! cm and 14 lines
of M-series in the range 518.2 x 10°'! to 252.2 x 10'' cm. The information
about other lines in these series has been reported in the literature (Dolejsek and
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Kunzl, 1936; Cauchois and Hulubel, 1947; Cauchois and Bonnelle, 1966).
A more recent compilation is given in Browne et al. (1954).

A comparative study of the photoacoustic spectra of lanthanide and actinide
oxides (protactinium included) has been given by Heinrich et al. (1986).

4.9.4 Electrochemical methods

(a) Polarographic

The application of the polarographic method for the determination of protac-
tinium is limited by the irreversibility of the Pa reduction process on the mercury
drop electrode in many media.

(b) Potentiometric and amperometric

An oxidimetric method for Pa(1v) determination in chloride and sulfate solu-
tions by titration with 6.7 x 10> m FeCl; solution was described by Musikas
(1966). The final point was determined by a potentiometric method at a given
current of 5 pA and an amperometric method at a given potential of 0.2 V. The
platinum electrode was used as the indicator electrode, and a saturated calomel
electrode was used as reference electrode. The titration was carried out in a
special cell with a magnetic stirrer under nitrogen atmosphere.

The relative error for 3.65 x 10 t0 4.08 x 10> M Pain 6-8 NHCl or 1.0-1.8 N
H,SO,4 was nearly +3%. The method is used for determination of the extent
of Pa(v) reduction by an electrolytic method with the application of an
amalgamated silver electrode.

4.9.5 Spectrophotometric methods

(a) Methods based on the Pa light absorption in mineral acids solutions

The absorption spectra of penta- and tetravalent protactinium in aqueous
solutions of hydrochloric acid (Fried and Hindman, 1954; Nairn et al., 1958;
Brown et al., 1959; Casey and Maddock, 1959a; Guillaumont et al., 1959, 1960;
Guillaumont, 1966¢), sulfuric (Guillaumont et al., 1960; Brown et al., 1961;
Brown and Wilkins, 1961; Guillaumont, 1966¢c; Myasoedov et al., 1966b),
perchloric (Guillaumont et al., 1960; Brown and Wilkins, 1961; Guillaumont,
1966a,c) acids, and in neutral fluoride solutions (Miranda and Muxart, 1964a,b)
have been studied rather completely. Protactinium complexes with inorganic
ligands highly absorb in the ultraviolet part of spectrum at wavelength
<250 nm. Protactinium determination by light absorption in solutions of inor-
ganic acids is used very rarely because of the low sensitivity and selectivity of
these methods, and also because of complications connected with work in
ultraviolet part of the spectrum. Nevertheless the existence of characteristic
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bands in the absorption spectra of protactinium allow their use for the determi-
nation of protactinium concentration and for identification of protactinium
valence state in some cases.

(b) Methods based on reactions with organic reagents

Effective spectrophotometric methods for the determination of microgram
amounts of protactinium with application of organic reagents have been de-
scribed. The advantage of such methods is their high sensitivity and the possi-
bility of protactinium determination without previous separation from other
radioactive elements that usually prevent radiometric determination of protac-
tinium. Spectrophotometric methods for the determination in very acidic solu-
tions are especially worthwhile. In this case complications connected with the
hydrolysis of protactinium ions are excluded, and the selectivity of determina-
tion, reproducibility, and reliability of the methods increase considerably.

Pentavalent protactinium forms a stable complex with Arsenazo-III, hence
this reaction is accompanied by the change of the red color of the reagent to
green after mixing. The formation of the colored compound takes place in a
wide interval of acidity: from slightly acidic media to 10 N H,SO,4 or HCI and
even in more concentrated solutions. Absorbance of the solution of protactini-
um complex compound reaches a maximum immediately after the reagent
addition and does not change for at least 24 h. The reaction of Pa with the
reagent is rather sensitive; the molar extinction coefficient at 660 nm is equal to
2.2 x 10* L' v cm™. The error of the protactinium determination at the
concentration 0.3-3.1 mg L' in the absence of interfering elements is +3.5%
(Pal’shin et al., 1962).

According to the data of Pal’shin ef al. (1962) the complex compound of
protactinium with Arsenazo-III is quantitatively extracted by an equal volume
of isoamyl alcohol from solutions with sulfuric acid concentration >2 m. The
extraction of the protactinium compound from very acidic solutions of sulfuric
acid gave high selectivity. In addition there is no necessity for the previous
separation of contaminants. The error of the protactinium determination at a
concentration 3 mg L' is less than 3% in the presence of a 10*-fold amounts of
Fe(in), Al, Ni; 10°-fold amounts of Cr(ir), La, Mn(i1); 200-fold amounts of
Bi(1m1), Sn(1v), Zr, Nb, Mo(v1), U(vi); and 100-fold amounts of Th and Ti(1v).

Pa(v) forms with TTA a colored complex compound, slightly soluble in
aqueous solutions, but very soluble in many organic solvents (Myasoedov and
Muxart, 1962a,b; Pal’shin and Myasoedov, 1963). The extraction-photometric
method of protactinium determination with TTA is rather sensitive (~1 mg L™
Pa) and highly selective. The molar extinction coefficient of protactinium com-
plex with TTA is equal to 1.4 x 10*and 0.9 x 10* L' M ' cm ™" at 430 and 440 nm,
respectively. Beer’s law is followed for concentrations of Pa in the solution over
the range from 1.3 to 8.7 mg L.
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4.9.6 Gravimetric methods

Gravimetric methods of protactinium determination are used relatively rarely
because of their low sensitivity. Nowadays this method is applied mainly for the
determination of milligram amounts of Pa in solutions and in compounds.
Protactinium is isolated from solutions in the form of insoluble compounds
with inorganic or organic reagents. The choice of reagent for precipitation
depends on the presence of other elements in solution.

The weighing of Pa,0Os is the final operation in most gravimetric determina-
tions of protactinium after its precipitation in the form of hydroxide, peroxide,
iodate, phenylarsonate, cupferronate, and following calcinations at 600-1000°C
under air for 1-2 h. Pa,Os is suitable and stable weight form for the determina-
tion, but it has a large conversion coefficient to protactinium, equal to 0.852.
This limits the application of the determination to relatively large amounts of
protactinium. The use of phenylarsonate of protactinium is more preferable as
the weight form (Myasoedov et al., 1968a). In this case the conversion coeffi-
cient is equal to 0.346. The calcinations of the protactinium compounds usually
are carried out in platinum crucibles in order to regenerate the element. Con-
centrated HF or a mixture of HF + H,SOy, is used for dissolution of Pa,Os.

(a) Protactinium hydroxide

For weight determination protactinium hydroxide is obtained usually by pre-
cipitation of protactinium ions from solutions of mineral acids or their mixtures
with ammonium hydroxide. The composition of the formed precipitate depends
on precipitation conditions and can be represented as Pa,Os- xH,O. Under
precipitation by NaOH or KOH solutions it is necessary to wash thoroughly
the precipitate to remove the adsorbed alkali metal ions. The precipitation of
protactinium hydroxide is often used for analysis of some protactinium com-
pounds (Grosse, 1934c; Sellers et al., 1954; Bagnall and Brown, 1964; Bagnall
et al., 1965; Bukhsh et al., 1966a,b; Stchouzkoy et al., 1966a; Davydov and
Pal’shin, 1967).

(b) Protactinium phenylarsonate

Phenylarsonic acid precipitates Pa(v) practically quantitatively from neutral
solutions and from solutions of HCI, HNO3;, H,SO,, and HCIO, at acids
concentration <5 N. The precipitate composition, dried at 120-180°C, corre-
sponds to the formula H;PaO,(CgHsAsOs3),. The precipitate is stable and is not
changed in weight during heating for few hours at the above-mentioned tem-
perature. As described above, protactinium phenylarsonate can be used for
gravimetric determination. This compound may also be converted to Pa,Os
by calcination at 1000°C.
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The precipitation of protactinium as phenylarsonate from acid solutions
can be carried out in the presence of Ni, Co, Cr, La, Fe(ur), Mn, Cu, Ti, Th,
U, and other elements. Zr, Nb, Ta, fluoro-, and phosphate ions prevent the
determination (Myasoedov et al., 1968a).

(c) Protactinium peroxide

Hydrogen peroxide precipitates protactinium from solutions of mineral acids
(HNO3, HCI, H,SO4, and HCIQ,) in the form of amorphous white protactini-
um peroxide, Pa,Os-3H,0 (Stchouzkoy and Muxart, 1962; Marples, 1965;
Stchouzkoy et al., 1966b). This compound is not stable in air, therefore, the
protactinium determination is performed with the calcination of the precipitate
to Pa,0s. The precipitation of protactinium peroxide from acid solutions can be
carried out in the presence of Ni, Co, Cr, Mg, Mn, and other elements, and
small quantities of iron. La, Th, U, Zr, and F ions prevent the determination.
Stchouzkoy and Muxart (1962) recommend carrying out the Pa,Os-3H,O
precipitation from 0.25 m H,SO, solution, obtained by dissolution of freshly
precipitated protactinium hydroxide in sulfuric acid or by some other method.

Pal’shin et al. (1968a) applied oxalic acid to increase the selectivity of precipi-
tation with hydrogen peroxide. It was shown that the extent of precipitation of
protactinium peroxide from oxalic acid solutions increases with increasing HCI
concentration. When the molar relation H,C>O4:HCl is equal to 1:5 the extent
of precipitation reaches a steady value, and at sufficient excess of hydrogen
peroxide the precipitation is quantitative. The method allows determining
protactinium in complex solutions and also in the presence of large amounts
of zirconium, niobium, and tantalum.

(d) Protactinium iodate

Todic acid and its salts precipitate Pa(v) from acid solutions in the form of a
white volumetric precipitate. Upon standing, especially after heating on a water
bath, the precipitate is compressed and is transformed into crystalline form. The
composition of protactinium iodate precipitate is not established. According to
the data of Kirby (1959) the quantitative precipitation of protactinium
(~99.5%) occurs from previously heated solution of protactinium in 0.7 m
H,SO,4 under the addition of a drop at a time of excess 15% HNOj;. The weight
determination is performed by calcination of the precipitate to Pa,Os at 800°C
(Codding et al., 1964; 1966).

(e) Protactinium cupferronate

There is an indication that CP quantitatively precipitates protactinium from
tartaric acid solutions (SalesGrande, 1950) and from solutions of mineral acids
(Maddock and Miles, 1949). However, conditions of protactinium precipitation
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and composition of the formed precipitate have not been investigated in detail.
The calcination of protactinium cupferronate at 1000°C leads to the formation
of Pa,0s5 that can be used for weight determination of protactinium.

4.9.7 Determination of protactinium in the environment

High-sensitivity mass spectrometric measurements of the naturally occurring
radionuclides **'Pa and **°Th in the deep Canada Basin and on the adjacent
shelf indicate high particle fluxes and scavenging rates in this region. The data
obtained suggest that offshore advection of particulate material from the
shelves contributes to scavenging of reactive materials in areas of permanent
ice cover (Edmonds er al., 1998). The scavenging of **'Pa and ***Th was
investigated also in the Atlantic Sector of the Pacific Ocean (Yang et al.,
1986), and Southern Ocean by combining results from sediment trap and
in situ filtration studies (Walter et al., 2001). The U-Th—Pa model was realized
for environment samples aging (Cheng et al., 1998).

A new technique for the determination of >*'Pa in silicate rocks by isotope
dilution mass spectroscopy was described (Bourdon et al., 1999). This technique
permits the determination down to a 100 fg of >*!'Pa with a 1-2% uncertainty at
the 2 sigma level. The first high-precision **'Pa measurements in a manganese
crust applying TIMS using the double filament techniques were described
(Pickett et al., 1994). The detection limit using TIMS is at least one order of
magnitude lower, and the statistical uncertainty — six to eight times better than
for alpha-spectroscopy. Thus, the older section of manganese crust from the
Northern Equatorial Pacific could be measured precisely for their Pa-231
activity. The data described by Fietzky et al. (1999) reveal significant variations
in 2*'Pa activity for the last 150 ka, which corroborate existing alpha-spectros-
copy results. If the growth rate was constant between 0 and 450 ka, the
protactinium flux from the water column into manganese encrustations must
have been variable. Thus, 2*!Pa is not suitable for dating marine Mn/Fe deposits.

The determination of 2*'Pa in environmental and soil materials (Harbottle
and Evans, 1997) and in uranium ore samples is provided by gamma-ray
spectrometer with high-purity germanium (Zhang Qingwen et al., 1991).

LIST OF ABBREVIATIONS
Arsenazo-111 3,6-bis-[(2-arsonophenyl)azo]-4,5-dihydroxy-2,7-naphtha-
lene disulfo acid
BPHA N-benzoylphenylhydroxylamine
CP Cupferron
HDEHP bis(2-ethylhexyl)phosphoric acid
DIAPA di-isoamylphosphoric acids

DIBC di-isobutylcarbinol
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DIBK di-isobutylketone

DIPC di-isopropylcarbinol

DIPK di-isopropylketone

DMSO dimethyl sulfoxide

DSBPP di-S-butylphenyl phosphonate
EDTA ethylenediaminetetraacetic acid
fg femtogram

Hexone (or MIK)
Ka

methyl isobutyl ketone
thousand years ago

ng nanogram
NCP neocupferron

NHE normal hydrogen electrode

PAA phenylarsonic acid

Pc phthalocyaninato

PMBP 1-phenyl-3-methyl-4-benzoylpyrazolone
SCE standard calomel electrode

TBP tri(n-butyl)phosphate

THF tetrahydrofuran

TIMS thermal ionization mass spectroscopy

TOA trioctylamine

TOPO tri-n-octylphosphine oxide

TPPO triphenylphosphine oxide

TTA thenoyltrifluoroacetone

UKAEA United Kingdom Atomic Energy Authority
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5.1 HISTORICAL

Uranium compounds have been used as colorants since Roman times (Caley,
1948). Uranium was discovered as a chemical element in a pitchblende specimen
by Martin Heinrich Klaproth, who published the results of his work in 1789.
Pitchblende is an impure uranium oxide, consisting partly of the most reduced
oxide uraninite (UO,) and partly of U;Og. Earlier mineralogists had considered
this mineral to be a complex oxide of iron and tungsten or of iron and zinc, but
Klaproth showed by dissolving it partially in strong acid that the solutions
yielded precipitates that were different from those of known elements. There-
fore he concluded that it contained a new element (Mellor, 1932); he named it
after the planet Uranus, which had been discovered in 1781 by William
Herschel, who named it after the ancient Greek deity of the Heavens.

* Part of this chapter is based on Chapter 5 in the previous edition authored by the late Fritz Weigel.
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254 Uranium

The name ‘Uranus’ was first proposed by Johann Elert Bode in conformity with
the other planetary names from classical mythology, but this name for the
planet did not come into common use until 1850. However, uranium was
accepted as the name for the chemical element.

The pure oxide UO; isolated by Klaproth by reduction was believed to be the
elemental form until 1841, when Eugéne-Melchior Péligot (1841a,b) showed
that Klaproth’s ‘partially metallic’ substance was in reality the oxide UO,.
Péligot (1841b, 1842, 1844) succeeded in preparing metallic uranium by reduc-
ing the tetrachloride with potassium. Péligot may thus properly be considered
the founder of modern uranium chemistry; he was the first to use the word
‘uranyl’ to designate the yellow salts of uranium.

In the elaboration of the periodic table, Mendeleev assigned in 1872 an
atomic weight of 240 and a highest valence of six to uranium, rather than the
value of 120 that was then commonly used based on the assumption that
uranium was trivalent. Mendeleev’s reason was that he could not place an
element with atomic weight 120 in group III of the periodic table; thus he
conferred upon uranium the distinction of having the highest atomic weight in
the periodic table. An atomic weight of nearly 240 was firmly established by
Zimmerman (1882) by determining the mass ratios of several oxides and sodium
uranyl acetate. The valence and atomic weight were confirmed by determination
of the vapor density of UCl, and later of UF¢ and the atomic number 92 was
established (Hahn, 1925) from nuclear decay systematics.

The principal use of uranium during the first century after its discovery (and
for the previous two millenia) was as a colorant for ceramics and glasses. The
obscurity surrounding the element was permanently dissipated by the discovery
of Henri Becquerel (1896) that uranium emits penetrating rays. In connection
with investigations of the fluorescence and phosphorescence of uranium salts
that had been undertaken by generations of Becquerels (Zhang and Pitzer,
1999), H. Becquerel placed photographic plates that were covered with black
paper near any salt or other material containing uranium. Whether the material
was phosphorescent or not, he found that the emulsion was blackened by
emanations that passed through the paper. He compared this phenomenon to
that of X-rays, which had been announced only a few weeks earlier by
Roentgen. Later Becquerel showed that the penetrating rays could discharge
an electroscope. Shortly thereafter, Marie Curie developed quantitative techni-
ques for measuring the radioactivity of uranium. She and others also found
thorium to be radioactive and discovered by chemical separations that there
were other elements present at trace levels in the uranium ore. Working with her
husband Pierre, she discovered and named polonium and radium and described
this property of these heavy elements as ‘radioactivity’.

Because the Curies recognized that ores of uranium and thorium are much
more radioactive than purified compounds of these elements, they and other
radiochemists (e.g. Rutherford, Fajans, and Soddy) separated other radio-
elements and identified their chemical and nuclear transformations. The
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luminescent and medical properties of radium created a market for uranium
ores and the processed radium that far exceeded the use of uranium as a
colorant for glasses.

By 1911, the atomic weight of uranium had been refined to 238.5 (Gmelin,
vol. A2, 1980a). The natural isotope *°U was discovered in 1935 by mass
spectrometry. The artificial isotope **°U, which is the precursor of ***Np and
239py, was postulated and identified by Hahn and coworkers (Hahn e7 al., 1937;
Meitner et al., 1937) as a 23 min half-life intermediate to transuranium elements
that were not identified until the famous studies of Seaborg and coworkers
3 years later.

Despite these important discoveries, the crucial importance of uranium was
not established until Hahn and Strassman (1939) discovered nuclear fission in
late 1938. Since then, the chemistry, materials science, and nuclear properties of
uranium have occupied a central position in the field of nuclear energy. Most
schemes so far proposed for the release of nuclear energy involve the naturally
occurring fissionable 2350, fertile 2*¥U, or the artificial fissionable 2**U in one
way or another, so that the chemistry and technology of uranium have become
of great scientific and technical importance. For these reasons many reviews
dealing with uranium chemistry, technology, and metallurgy have been pub-
lished. The main volume on uranium of the Gmelin Handbook of Inorganic
Chemistry (Gmelin, 1936) and a chapter by Mellor (1932) are the earliest
comprehensive reviews of uranium chemistry prior to the discovery of fission.
The Manhattan Project work was summarized in a number of volumes of the
National Nuclear Energy Series (Katz and Rabinowitch, 1951, 1958; Seaborg
and Katzin, 1951; Vance and Warner, 1951; Katzin, 1952; Warner, 1953;
Wilkinson, 1962). These volumes deal with the chemistry of uranium and its
compounds, **U, metallurgy, and technology of uranium, respectively. The
most recent monograph on the chemistry of uranium is that by Cordfunke
(1969). The most comprehensive treatment of all phases of uranium chemistry
is the multi-volume uranium supplement to the Gmelin Handbook of Inorganic
Chemistry (1975-1996).

5.2 NUCLEAR PROPERTIES

Uranium, as it occurs in nature, consists of a mixture of the three isotopes **U,
25U, and 2*U. The relative abundances of ***U, **°U, and 2**U have been
measured by various investigators, and ‘best values’ for the 238y, 2%U, and 24U
relative abundances have been chosen through a review of the literature by
Holden (1977). We have accepted these values and they are listed in Table 5.1.
One has to keep in mind, however, that the isotopic ratio of the uranium
isotopes in nature may vary as much as 0.1%. By utilizing mass spectrometric
and nuclear disintegration data, the (chemical) atomic weight of natural urani-
um is calculated to be (238.0289 + 0.0001). The isotope ***U is the parent of the
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Table 5.1 Natural abundance of the uranium isotopes (Holden, 1977).

Abundance (at%)

Mass number Range ‘Best’ value

234 0.0059-0.0050 0.005 4+ 0.001
235 0.7202-0.7198 0.720 + 0.001
238 99.2752-99.2739 99.275 + 0.002

natural 4n + 2 radioactive series, and the isotope >*>U is the parent of the
natural 4n + 3 radioactive series. >**U arises from ***U by radioactive decay and
these two isotopes are thus linked to each other, but >**U appears to be of
independent origin.

The isotope 235U, which exists in nature to the extent of 0.72%, and was
identified by Dempster (1935) using mass spectrometry. This isotope is of
special importance since it undergoes fission with slow neutrons.

Complete fission of >**U gives rise to an energy equivalent of about 2 x 107
kWh kg~! (corresponding to about 200 MeV per fission). Advantage can be
taken of the fissionability of *°U not only to generate large amounts of power
but also to synthesize other important actinide elements. Uranium with
its natural isotopic composition can be used in nuclear reactors to generate
neutrons. The chain reaction is sustained by the excess neutrons produced
by the fission of **U, while neutrons in excess of those required to propagate
the chain reaction can be captured by the other natural isotope to produce
plutonium:

23U + n — fission products + energy + 2.5neutrons
MY 4 9y

2391y B 239Np B 239py,

The abundant isotope >**U can in this way be converted to plutonium-239,
which, like 2*°U, is also fissionable with slow neutrons.

A large number of synthetic isotopes of uranium have been prepared. The
isotope >*U, which was discovered by Seaborg, Gofman, and Stoughton
(Katzin, 1952, paper 1.1), is particularly noteworthy, because it also undergoes
fission with slow neutrons. Separation of this isotope from neutron-irradiated
232Th is discussed (Thorex Process) in Chapter 24. Some of the other synthetic
isotopes have particular utility as tracers for uranium. This is the case for beta-
emitting >*’U and alpha-emitting >**U, both of which have found extensive use
in chemical and physical studies. The isotope **?U is formed by alpha bombard-
ment on ***Th, or in the decay of the short-lived ***Pa, which in turn may be
obtained by neutron irradiation of >*'Pa. Procedures for the isolation of ***U
from this source have been described (Leuze et al., 1962, 1963; Chilton, 1963).
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The naturally occurring >**U appears also in the o decay of ***Pu (87.7 years).
Separation of this **U from its parent furnishes a simple way to obtain
isotopically pure **U (Figgins and Bernardinelli, 1966).

The various isotopes of uranium are listed in Table 5.2.

5.3 OCCURRENCE IN NATURE

The most important oxidation states of uranium in natural environments
are 44 and 6+. Compounds containing tetravalent uranium are insoluble in
mildly acidic to alkaline conditions, whereas, those containing the linear uranyl
moiety (O=U=0)>" are highly soluble and mobile. In solution, UO3" forms
soluble complexes with carbonate, oxalate, and hydroxide; UO3" is also highly
susceptible to adsorption either by organic matter, Fe oxyhydroxides, or by
precipitation with various anions, such as hydroxide, silicate, vanadate, arse-
nate, and phosphate. In groundwater systems U(vi) is reduced to U(1v) if an
effective reductant is present, such as H,S. Other reducing agents may be fossil
plants, methane, and transported humic material. Uranium minerals display
an extraordinary wide structural and chemical variability, resulting from the
different chemical conditions under which U minerals are formed.

Elucidation of the mechanisms of uranium sorption by mineral surfaces,
refinements of complex U-mineral structures, and chemical bonding are needed
to improve current models from uranium cycling in the aquo- and geospheres in
order to describe the behavior of uranium in the environment. In past years,
uranium mineralogy was more concerned with the economic quality of
U-deposits; however, today we are equally concerned with the hazard presented
by former uranium mines and nuclear waste sites to the local environment and
population. This has placed greater emphasis on understanding the role of
uranium sorption and for developing accurate thermodynamic and kinetic
models for uranium attenuation. There are ~200 minerals that contain uranium
as an essential component (Burns, 1999a; Finch and Murakami, 1999). Of these,
the U(vi) minerals constitute the largest portion. Burns and coworkers have
developed a novel approach for describing and classifying the uranyl phases,
based on polymerization of coordination polyhedra of higher bond valence,
which permits easy visualization of these extremely complex structures (Burns
et al., 1996; Burns, 1999a). Mineral descriptions are divided according to the
major anionic component and structural similarities. In Table 5.3 a list of
uranium minerals with the current information on composition, space group,
and lattice parameters has been provided. Hill (1999) provided a similar list of
uranium minerals and related synthetic phases; recent studies have identified
new phases and errors in the previous entries.

Improved understanding of uranium mineralogy gives insight into the evolu-
tion of uranium deposits, possible mechanisms for uranium and radionuclide
retardation following the weathering of nuclear waste materials, and the fate of



Table 5.2  Nuclear properties of uranium isotopes.*

Mass Mode of Main radiations Method of
number Half-life decay (MeV) production
217 16 ms o o 8.005 1829 (*6Ar,5n)
218 1.5 ms o o 8.625 Y7Au(*’AlL6n)
219 42 ps o o 8.680 97 Au(*’ALx)
222 1.0 ps o o 9.500 W(*°Ar,xn)
223 18 ps o o 8.780 208pp(20Ne,5n)
224 0.9 ms o o 8.470 208p(2°Ne,4n)
225 59 ms o o 7.879 208p(22Ne, 5n)
226 0.35s o o 7.430 22T h(,10n)
227 1.1 min o o 6.87 232Th(e,9n)
208pp(22Ne, 3n)
228 9.1 min o> 95% o 6.68 (70%) 232Th(a,8n)
EC < 5% 6.60 (29%)
v 0.152
229 58 min EC ~ 80% o 6.360 (64%) 29Th(*He,4n)
o~ 20% 6.332 (20%) 22Th(e, 7n)
v 0.123
230 20.8d o o 5.888 (67.5%)  **°Pa daughter
5.818 (31.9%) 21pa(d,3n)
7 0.072
231 424d EC > 99% o 5.46 239Th (o, 3n)
05.5%x107%  v0.084 21pa(d,2n)
232 68.9 yr o o 5.320 (68.6%) 232Th(a,4n)
~8x 108 yr SF 5.264 (31.2%)
v 0.058
233 1.592 x 10° yr o 0 4.824 (82.7%)  **3Pa daughter
1.2 x 107 yr SF 4.783 (14.9%)
v 0.097
234 2.455 x 10 yr o o 4.777 (72%) nature
2 x 10 yr SF 4.723 (28%)
235 7.038 x 108 yr o o 4.397 (57%) nature
3.5 x 107 yr SF 4.367 (18%)
v 0.186
235 m 25 min IT 239py daughter
236 23415%x 10"yr o o 4.494 (74%) 35U(n,y)
243 x 10 yr SF 4.445 (26%)
237 6.75d B B~ 0.519 28U(n,y)
v 0.60 241py daughter
238 4.468 x 10° yr o o 4.196(77%) nature
8.30 x 10"° yr SF 4.149 (23%)
239 23.45 min B B~ 1.29 28U(n,y)
v 0.075
240 14.1h B B~ 0.36 244py daughter
v 0.044
242 16.8 min B B~ 1.2 244py(n,2pn)
v 0.068

# Appendix II.
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270 Uranium

other anthropogenic sources of uranium of environmental concern. The long-
term behavior of nuclear waste materials such as high-level waste (HLW) glass,
spent UO, nuclear fuel (SNF), and U-bearing waste forms, can be predicted, in
part, by understanding the geochemical behavior of uranium. Other forms of
uranium contamination of immediate concern are located at uranium produc-
tion facilities, mines, and, more recently, battlefields where depleted uranium
weapons have been used. Concerns about the fate of uranium in the environ-
ment have been addressed by employing several micro-analytical techniques to
identify and characterize the nature of the contaminants (Bertsch et al., 1994;
Buck et al., 1996; Morris et al., 1996; Duff et al., 1997, 2002).

Burns et al. (1997a) have theorized that many of the alteration phases that
form during waste form corrosion may be capable of incorporating key radio-
nuclides, including Np, Tc, and Pu. The potential for uranium secondary phases
to incorporate radionuclides and thus curtail their migration is of significant
scientific interest (Buck et al., 1997; Chen et al., 1999, 2000; Li and Burns, 2001a;
Burns et al., 2004a). A key to predicting the thermodynamic properties of
these complex U(vi) minerals is to understand the nature of the connectivity
between uranium polyhedra. Finch and Murakami (1999) have reported
measured and estimated thermodynamic data for 14 uranyl silicate and carbon-
ate minerals. Additional data is published elsewhere on uranium phases
(Grenthe e al., 1995), studtite (Hughes-Kubatko et al., 2003), and new experi-
mental thermodynamic measurements have now been obtained from the uranyl
carbonates, uranophane, and uranyl phosphates (Hughes-Kubatko ez al., 2005).
In addition to the natural U-minerals, a wealth of complex synthetic U(vi)
phases have now been explored as potential, mesoporous materials, catalysts,
and waste forms.

5.3.1 Mineralogy and classification of uranium deposits

Extensive reviews of uranium mineralogy and the origin of uranium deposits
have been made by Finch and Murakami (1999) and Plant er al. (1999),
respectively. Uranium deposits can be classified into 14 groups. These are:
unconformity related, sandstone, quartz—pebble conglomerate, veins, breccia
complex, intrusive, phosphorite, collapse breccia, volcanic, surficial, metasoma-
tite, metamorphic, lignite, and black shale. Uranium is precipitated in reducing
environments, sandstones rich in organic matter or iron sulfides, phosphate-rich
sediments, shales where uranium is concentrated in organic matter, and lignite
and coals. Enrichment of uranium in lignite or coal can create environmental
problems when these sources are burned. Uranium undergoes a series of com-
plex fractionation events, resulting in highly variable levels in different rock
types. Owing to its relatively large size (the ionic radius of U*" is 0.940 A) in
eight-fold coordination with oxygen (Farges et al., 1992), tetravalent uranium is
incompatible in silicate melts, depending on alkali content and the presence of
nonbonding oxygens. Uranium is preferentially partitioned into small volume,
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low-temperature melts, and becomes progressively more concentrated, so that
certain types of highly evolved granite, rhyolite,' and alkaline complexes con-
tain significant quantities of uranium (Plant ef al., 1999). Uranium is usually
present in accessory minerals such as zircon (ZrSiO,4), monazite {(Ce, La, Nd,
Th)PO,}, and pyrochlore (general formula AB,O;), many of which are also
observed in synthetic ceramic HLW forms (Ewing, 1999). Although the levels of
Th and U in terrestrial igneous rocks are variable, the Th/U ratio is relatively
constant at about 3.8 (Taylor and McLennan, 1985). Although the most impor-
tant uranium oxidation states of environmental and geological significance are
considered to be U(1v) and U(vr), there is increasing evidence for the role of U(v)
in uranium minerals (Burns and Finch, 1999; Colella et al., 2005).

There are numerous U-deposits worldwide and some of these have been
studied in great detail, some owing to their relevance to HLW disposal and
the environmental fate of uranium, as well as being sources for unique uranium
minerals. Understanding the geochemical behavior of uranium at these sites
provides the basis for predictive modeling of uranium in the environment and
also helps build confidence in the feasibility of geological waste isolation.
Uranium deposits at Oklo, Pefia Blanca, Shinkolobwe, and Koongarra will be
described briefly below.

(a) Oklo, Gabon (Sandstone deposit)

The geochemical behavior of the natural fission reactors at Oklélobondo and
Bangombé (Oklo), located in a Precambrian® sedimentary basin in Gabon
(Africa) have been discussed by Brookins (1990), Hidaka and Holliger (1998),
and Janeczek (1999). The Bamgombé¢ site in the Oklo region is of particular
interest as it is located at shallow depths. Furthermore, as full-scale mining was
never commenced, the ore deposit has been left almost intact. Electron micro-
probe analysis (EMPA) of uraninite in contact with U(vi) phases indicates that
the alteration resulted in increased concentrations of Si, P, S, Zr, Ce, and Nd.
The dissolution of accessory apatite {Cas(PO4)3(OH,CLF)}, monazite and
sulfides resulted in the retardation of uranium through the formation of sec-
ondary minerals, including phosphatian coffinites and iron—-uranyl phosphate
hydroxide hydrates (i.e. bassetite {Fe*"(UO,),(PO,),-8H,0}). Jensen et al.
(2002) investigated the mineralogy of the uranium deposits at Bamgombé
and compared their experimental observations with thermodynamic predictions
based on groundwater conditions. The primary U-minerals at Bamgombé
are uraninite and minor coffinite [U(Si04)4_(OH)y4,]. The uranyl minerals include
fourmarierite {Pb;_,[(UO;)403 2 (OH)4.2,] - 4H,0}, bassetite possibly associa-
ted with {U(HPO,),-2H,0} or chernikovite {(H;O),[(UO,)(POy)], - 6H,0},

! Derived from the rapid cooling of a very viscous granitic magma.
2 Between 2.5 and 1.8 billion years ago.
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torbernite {Cu[(UO,)(PO,)], - 8-12H,0}, Ce-rich frangoisite {(Nd,Y,Sm,Ce)
(UO,)3(PO4)2,0(OH)(H,0)6}, and uranopilite {(UO,)s(SO4)O2(OH)s(H20)s -
8H,0}. Autunite {Ca[(UO,)(POy)],- 11H,0} has also been reported. Eh-pH
diagrams predict that coffinite, U(HPO,), - H,O, and UOF, - H,O are the only
stable U(1v) phases and that uranopilite, torbernite, and bassetite will become
stable during oxidative alteration.

(b) Peiia Blanca, Chichuhua District, Mexico (Breccia Pipe)

The Sierra de Pefia Blanca District, Chihuahua, Mexico consists of a gently
dipping Tertiary® volcanic pile that covers a calcareous basement of Cretaceous
age* (Cesbron et al., 1993; Pearcy et al., 1994). Pefia Blanca is part of a much
more extensive range of volcanic uranium deposits that extend from the
McDermitt caldera at the Oregon—Nevada border through the Marysvale
district of Utah and Date Creek Basin in Arizona and south into the Pena
Blanca (Finch, 1996). In the Nopal I deposit, the ignimbritic tuffs® have been
hydrothermally altered and U-mineralization is located within a breccia pipe
structure at the intersection of several faults. The uraninite deposition
under reducing conditions (8 + 5) Ma ago has precluded the accumulation of
significant amounts of lead. Later tectonic forces elevated the deposit above the
local water table, exposing it to oxidizing conditions. The site is a convincing
geochemical analog of the proposed HLW repository at Yucca Mountain,
Nevada. The initial corrosion products from the oxidative dissolution of
uraninite are uranyl oxide hydrates, including ianthinite {[U§+(U02)4
O¢(OH),(H,0),](H,0)s} (Burns et al., 1997b), schoepite {[(UO,)sO,(OH);,]
(H,0);,}, and dehydrated schoepite {(UO,),O(OH)¢ - H,O} (Leslie et al., 1993).
Ianthinite is unusual in that it contains both U®" and U*'. The phase has a
narrow stability range and will easily degrade. It will form in oxygen-deficient
environments, such as under localized reducing environments at Shinkolobwe
(Finch and Ewing, 1992).

Uranyl silicates, uranophane {Ca(UO,),(Si030H),(H,0)s}, are the predom-
inant U-phases at Nopal I, comprising more than 95% of all U-bearing miner-
als. They either replace earlier formed U-phases or form euhedral® crystals
within open voids and fractures. The uranophanes at Nopal I have been dated
at 3.2 Ma, suggesting that alteration of the initial uraninite took millions of
years under the oxidizing environment. The paragenesis’ of U-phases was
similar to that observed in laboratory tests by Wronkiewicz et al. (1992) on
synthetic UO, apart from the occurrence of the mixed uranium valence phase,

3 ~5-45 million years ago.

4 ~65-130 million years ago.

3 Deposits of hot incandescently glowing ash (tuff) from volcanic activity.
© Well-formed crystal with regular shape.

7 Refers to the order of mineral formation.
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ianthinite that has not been observed in corrosion tests with UO, (Wronkiewicz
et al., 1996) or SNF (Finch et al., 1999a; Wronkiewicz and Buck, 1999).

(c¢) Shinkolobwe (Sandstone U-deposit)

Uranium minerals from the 1.8-Ga-old Shinkolobwe deposit, located in the
Katanga District of the Democratic Republic of the Congo, have been extensively
described and discussed by Finch and Ewing (1992) and in references therein. The
deposit has been exposed since Tertiary times and extensive weathering has
significantly altered or replaced uraninite. Uranium mineralization occurs
along fracture zones where meteoric® waters have penetrated. The uranyl sili-
cates, uranophane and cuprosklodowskite {Cu(UQO,),(Si03;0H),-6H,0}, are
ubiquitous and replace becquerelite, compreignacite {K,[(UO,);0,(OH)s],
(H,0),}, vandendriesscheite {Pb; s7[(UO,);00s(OH);;](H,0);;}, fourmarierite,
billietite {Ba[(UO,);0,(OH);3]»,(H,0)4} and schoepite by reaction with the
silica-rich groundwater. As the groundwater interacts with the host rocks, it
becomes increasingly more enriched in silica, resulting in the precipitation of
uranophane. Finch et al. (1995) argued that the cyclical weather pattern
explained the simultaneous occurrence of both becquerelite and uranophane.
Becquerelite has been estimated to be 10° to 10° years old based on the
29Th/?*U ratios being close to 1.0 in these minerals (Finch et al., 1996b).

(d) Koongarra

Koongarra is located in a tropical monsoon climate with long dry seasons
(Edghill, 1991). The host rock is quartz-rich schist’ and the primary uranium
mineral, uraninite, has been subjected to weathering for more than 1 million
years. The alteration of chlorite produces Fe** minerals that become associated
with some uranium. In the primary ore deposit uraninite has been altered to
curite  {Pb;3[(UO,)sOg(OH)g] - 3H,0}, and sklodowskite {Mg(H30),[(UO,)
(SiOy)]> - 4H,O}. However, Murakami et al. (1997) have shown that upstream
from the deposit, saléeite {Mg[(UO,)(PO,4)], - 10H,O}, has replaced sklodows-
kite and granular apatite and is the predominant mechanism for fixing uranium.
In a transmission electron microscopy (TEM) study by Lumpkin et al. (1999) on
Koongarra mineral substrates, uranium was observed to preferentially sorb to
the iron oxide minerals (goethite, a-FeOOH, and possibly ferrihydrite) rather
than the clay minerals.

8 Groundwater of atmospheric origin (i.e. rain, snow, etc.).
® A thinly layered crystalline rock.
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5.3.2 Reduced uranium phases

Uraninite is a common accessory mineral in pegmatites and peraluminous
granites and is the most important source of dissolved uranium in groundwaters
emanating from weathered granite terrains. Uraninite possesses the fluorite
structure, nominally UO,_ . U(1v) is coordinated by eight O atoms in a cubic
arrangement, and each O atom bonds to four U*" jons. Stoichiometric UO, is
unknown in nature and is always partially oxidized in addition to containing
radiogenic lead and commonly thorium, calcium, and lanthanides. Stoichiomet-
ric UO, (a = 5.47 A) forms a complete solid solution with ThO, (¢ = 5.6 A)
following Végard’s Law. Janeczek and Ewing (1992) proposed the formula
{(Uffx_y_ZUiJanffM?*DV)OZ,X,ij,Z,zV} (where O denotes a vacancy).

It is possibly inappropriate to term uraninite (as well as coffinite and
brannerite), as a primary uranium mineral as it can precipitate from aqueous
solutions under reducing conditions or through microbial processes (e.g. sulfur-
reducing bacteria (Spirakis, 1996; Fredrickson et al., 2002)). Primary reduced
uranium minerals are usually coarse grained and present in granites and peg-
matites. They have high Th and consequently larger unit cells. Hydrothermal
vein'® uraninites typically have minor lanthanides, Y, Ca, and Th absent. Low-
temperature sedimentary uraninites are devoid of lanthanides and Th, but may
contain Ca, Si, and P. Grandstaff (1976) observed a correlation between disso-
lution rate and the mole fraction of impurity cations (Pb and Th). The decrease
was attributed to the buildup of low-solubility impurities in the surface as U was
preferentially leached. Similar processes have been observed in corroded SNF
(Buck et al., 2004).

The most common U-ore is fine grained uraninite, sometimes termed pitch-
blende, similar to the term used for fine-grained quartz (chalcedony);
pitchblende is not a mineral name but a textural term. The name ‘pitch’ does
not come from its black, resinous appearance, and botyroidal habit'' but from
the german word ‘pech’ meaning bad luck (Piekarski and Morfeld, 1997).
Radiogenic lead can reach levels of 15-20 wt.% in ancient uraninites. Janeczek
and Ewing (1991) observed lead contents of 14 wt.% in an 1800-Ma-old urani-
nite specimen from the Eldorado mine in Canada. The presence of lead in
uraninite results in auto-oxidation and can lead to high U(vi)/U(1v) ratios
in uraninite. Auto-oxidation at the uraninite deposit at Cigar Lake has led to
U (vi)/U(1v) ratios from 0.02 to as high as ~0.75 according to X-ray photoelec-
tron spectroscopy (XPS) studies by Sunder et al. (1996), despite the highly
anoxic conditions prevalent in the deposit. Sunder and coworkers also exam-
ined uraninites from Oklo and found a similar range of ratios for uraninites.

10 A vein formed by the crystallization of minerals from predominantly hot water solutions
of igneous origin.
1A globular growth of minerals.
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Oxidation of uraninite results in a decrease of the unit cell parameter, whereas
a-decay damage has the opposite effect through the formation of defects and
voids. Uraninites typically experience more than 10 displacements per atom over
periods of millions of years; yet, the high rate of self-annealing prevents meta-
mictization'? of the uraninite. Cationic substitutions (radiogenic Pb, Th, Ca, and
Ln) increase the unit cell parameter (Janeczek and Ewing, 1991). The large ionic
radius of Pb>" results in a substantial increase in the unit cell with increasing age
of the uraninite. The presence of silicium and phosphorus in partly altered
uraninite is due most likely due to the precipitation of phosphatian coffinite.

(a) U(v) phosphates and molybdates

The UO,-P,05 system includes uranium meta-phosphate U(PO3)4, uranium
diphosphate UP,O;, uranium oxide phosphate (UO);(POy),, and uranium
oxide diphosphate (UO),P,0;. Douglass (1962) first characterized both ortho-
rhombic U(PO3), and its isostructural plutonium analog. Brandel et al. (1996)
synthesized two additional phosphates, uranium uranyl phosphate U(UO,)
(POy,),, that formed in air at 1000—-1200°C, which may be the only mixed valence
uranium phosphate known, and diuranium oxide phosphate U,O(PQy), that
was formed at 1350°C in an inert atmosphere. Attempts by Brandel et al. (1996)
to produce uranium orthophosphate, U3(POy,),4, were unsuccessful confirming
earlier data, indicating that this phase does not exist (Gmelin, 1981d).

A number of hydrous U(1v) phosphates exist in nature and some of these have
been observed in secondary alteration phases formed during laboratory corro-
sion tests on HLW glass (Bates et al., 1992). These phases have been described
as brockite- and rhabdophane-related phases and contain U, Th, Ln, and Pu
(Buck and Bates, 1999). Ningyoite, {(U*",Ca,Ce),[PO4], - 1-2H,0}, is a mem-
ber of the rhabdophane group of phosphates (Gaines et al., 1997). Ningyoite is a
translucent brown to greenish mineral observed at the Ningyo-Toge mine,
Japan. The phase may form a solid solution with U-bearing brockite,
{Ca._,(U{" Th}"), »(POs), - nH,0}; in addition CO; and SO, may substitute
for PO,.

Lermontovite {U*"(PO,)OH} and vyacheslavite {U*"(PO4)(OH)-2.5H,0}
form under reduced conditions in hydrothermal deposits associated with
sulfides.

(b) Uranium orthosilicate

Coffinite and the thorium orthosilicate, thorite, (Th,U)SiOy4, are widespread in
igneous and metamorphic rocks and are important ore minerals in some urani-
um and thorium deposits (Speer, 1982). These silicates are tetragonal and

12 Process of alteration of crystalline to non-crystalline structure through radioactive decay.
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isostructural with zircon (Fuchs and Gebert, 1958). Because they can be prima-
ry in origin, they have been used in geochronological studies. Coffinite occurs
as a primary uranium ore mineral in unoxidized, uranium-vanadium ores of
the Colorado Plateau, USA; however, it is also found in hydrothermal, vein
deposits with pitchblende, with variable composition where (OH)™ substitutes
for (SiO4)*". Some studies have suggested that the ubiquitous occurrence of
organic matter with secondary coffinite indicates a possible biogenic origin
(Spirakis, 1996).

(¢) Uranium in silicate melts and glasses

The partitioning of uranium into silicate melts depends on the oxygen fugacity,
melt composition, and redox conditions. Under mildly reducing conditions,
U(v) is present as an octahedrally coordinated species. Under very reducing
conditions, such as that prevailing in silicate magmatic melts, U(1v) is the
dominant uranium species. Data obtained by Farges et al. (1992) with extended
X-ray absorption fine structure analysis (EXAFS) indicated that U(1v) is pres-
ent in six coordinated sites in silicate glasses with a mean U-O distance of
~ 2.26-2.29 A. Uranium(1v) is expected to occupy similar sites in the melt. The
solubility of uranium in silicate liquids is enhanced by high alkali content and
the presence of nonbonding oxygens (NBO)'* and non-framework oxygens
(NFO).'* There is a strong correlation between uranium solubility and the
NBO/T ratio (where T is the number of tetrahedral cations). Up to 18 wt%
U(1v) can be dissolved in sodium trisilicate glass; whereas less than 1 wt%
of U(1v) will dissolve in a glass with albite (Na alumino-silicate) composition.
The formation of bonds between NBO and NFO is favored because these
oxygens have lower bond strength. The solubility of actinides in alkali silicate
glasses decreases in the order Th > U > Np > Pu owing to decreasing ionic size
and increasing actinide-oxygen bond strength. The solubilities of U(v) and
U(v) are also affected by alkali content due to variation in bond strength.
Uranium(1v) and U(v) are generally incompatible with magmatic systems and
tend to partition strongly into late stage formed minerals, such as zircon,
titanite, or apatite. Farges et al. (1992) suggest that if melts have a heteroge-
neous distribution of bonding oxygens (BO) and NBO, uranium will become
enriched in the NBO-enriched regions. With increasing magmatic differentia-
tion,'> the BO content of the melt increases, as a consequence U(1v) will
partition to late crystallizing minerals, such as pyrochlore or zircon.

Farges et al. (1992) determined the U-O bond lengths in U(vi)-containing
silicate glasses as U-O,, ~ 1.77-1.85 A and U-O¢q ~2.18-2.25 A characteristic

13 Oxygen bonded to one Si*" and an indeterminate number of other cations (Ellison et al., 1994).
4 Oxygen bonded exclusively to cations other than Si*".

15 The process of chemical and mechanical evolution of a magma in the course of its crystallization
such that different rock types are formed from the same original magma.
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of the uranyl species. U(vi) is the dominant oxidation state observed in radioac-
tive borosilicate waste glasses. XPS measurements performed on SON68-type
borosilicate waste glass by Ollier et al. (2003) revealed two oxidation states in
the glass: about 20% U(1rv) and 80% U(v1) present in two different environ-
ments, uranate- and uranyl-sites, respectively. As a consequence of bond
strength considerations, U(vi) also bonds primarily to NBO and NFO in both
crystalline and amorphous silicates. U(V) is six-coordinated with a mean U-O
bond distance of 2.19-2.24 A (Farges et al., 1992).

Karabulut ez al. (2000) have investigated the local structure of uranium in a
series of iron phosphate glasses with EXAFS and determined that the all
uranium was present as U(1v).

(d) Uranium niobates, tantalates, and titanates

There are a number of complex tantalum, niobium, and titanium oxides that
may contain uranium as an essential element. These phases are mainly observed
in granitic rocks and granite pegmatites'® and have been difficult to characterize
as they commonly occur in the aperiodic metamict state owing to their age and
radionuclide content. A common feature of these minerals is that niobium,
tantalum, and titanium atoms occupy octahedral sites, and a structural
framework that is formed by octahedral corner or edge sharing (Finch and
Murakami, 1999).

The structures of the ixiolite, samarskite, and columbite groups, ideally
A*"B>T0O,, are all derivatives of the a-PbO, structure. Ishikawaite {(U*" Fe,
Y,Ce)(Nb,Ta)Oy,} is the U-rich variety of samarskite and calciosamarskite is the
Ca-rich variety. Because these minerals are chemically complex, metamict, and
pervasively altered, their crystal chemistry and structure are poorly understood
(Hanson et al., 1999). Many of these phases are of interest because of their
occurrence in designer crystalline ceramic waste forms for immobilization of
actinides (Gieré et al., 1998; Ewing, 1999). In particular, zirconolites, pyro-
chlores, and brannerites have been proposed for immobilizing transuranics.
These phases will be discussed in more detail.

(i) Zirconolite

Zirconolite is an accessory mineral crystallizing under different geological con-
ditions and in a wide range of generally SiO,-poor rock types (Gieré et al.,
1998). Zirconolite has been found in mesostasis areas of ultrabasic cumulates, in
granitic pegmatites, in carbonatites,'” in nepheline syenites, and in other igne-
ous formations. Zirconolite has been observed commonly in lunar late-stage

16 L ate stage crystallization from an igneous intrusion.
17 Rock consisting of >50% carbonate minerals.
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mesostasis areas of lunar basalts.'® It is also a common constituent of designer
titanate ceramic waste forms (Gieré et al., 1998; Ewing, 1999). Natural zirco-
nolite is a reddish-brown mineral with an appearance similar to that of ilmenite;
however, the grains are typically anhedral and <0.1 mm in diameter, and easily
overlooked.

Zirconolite, CaZrTi,O,, belongs to a group of anion-deficient superstructures
of the fluorite-type, which have been found to be the most versatile phases for
the incorporation of HLW elements. Zirconolite is termed the aristotype of the
group (i.e. the structurally simplest member of the series). All have the general
formula [A,B>X7] (A = Ca, Na, Ln, U, Th, Zr, Ti; B = Ti, Nb, Ta, Al, Fe; X =
O, F) (Mazzi and Munno, 1983; Bayliss et al., 1989). Zirconolite does not
appear to incorporate uranium and lanthanides by isomorphic substitution;
rather, distinct phases form depending on the particular elements present in
the mineral. Elements may not be distributed uniformly throughout the zirco-
nolite but concentrated in extended defects, which can lead to the formation of
zirconolite polytypes (White, 1984). These are constructed by stacking modular
units in a variety of orientations with respect to the arrangement of the inter-
layer cations. Each module consists of two hexagonal tungsten bronze layers
and interposed cations. The zirconolite-type phases have been described in the
literature as zirconolite, zirkelite, pyrochlore, and polymignyte. The three natu-
ral zirconolites are orthorhombic zirconolite, known as zirconolite-30, trigonal
zirconolite, known as as zirconolite-3T, and the more common monoclinic
zirconolite called zirconolite-2M. The cubic form is termed zirkelite and for
metamict minerals, the name polymignyte is used.

Geochemical studies by Lumpkin and coworkers (Lumpkin ez al., 1988, 1995;
Lumpkin and Ewing, 1995) have shown that zirconolite is highly durable in the
presence of hydrothermal fluids and low-temperature groundwaters. Uranium
in zirconolite is mobilized only under conditions of high temperature and
pressure in hydrothermal fluids. At lower temperatures alteration takes place
because previous radiation induced damage; this may result in the release
of radiogenic lead. However, uranium remains relatively unaffected by the
alteration process.

(ily Pyrochlore

Minerals of the pyrochlore group have the general formula A; ,B,06Xo
(Greegor et al., 1989). Three subgroups are defined on the basis of the major
B-site cations. The B-site is occupied by Ti, Nb, or Ta; however, Al, Fe*™, Zr,
Sn, and W may also be possible. Microlite and natural pyrochlore both contain
more niobium and tantalum than titanium (see Fig. 5.1a). The H,O content in

18 Zirconolite was reported in rocks collected on Apollo 10 (mare basalt) and Apollo 14 (recrystal-
lized breccia) moon missions.
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Fig. 5.1 Structure of (a) pyrochlore (diagram displays grey circles = A site, dark circles =
B site, and TiOg octahedra) and (b) brannerite (diagram shows uranium as dark-colored
polyhedra and TiOg octahedra as gray) (courtesy of Prof. R. Gieré, University of Freiberg,
Germany).

the natural minerals ranges from 10 to 15 wt%, but will increase if the mineral
has undergone alteration. These groups can be further subdivided based on the
A-site occupation which can be Na, Ca, Mn, Fe?*, Sr, Sb, Cs, Ba, rare earths,
Pb, Bi, Th, and U. Natural pyrochlore minerals occur predominantly in three
host rock categories: carbonatites, nepheline syenites, and granitic pegmatites.

(iti)  Evidence for U(v) in pyrochlores and zirconolite

Fortner et al. (2002) used X-ray absorption spectroscopy near-edge structure
(XANES) analysis to suggest that U(v) is present in a synthetic pyrochlore
ceramic produced under reducing (Ar/H,) conditions. The authors argue that
uranium substitutes for titanium on the B-site in pyrochlore and suggest that
this will also occur in natural pyrochlore-type minerals. This result is partially
supported by findings by Vance et al. (2001) who determined that zirconolite,
(CaU,Zr;_,Ti,O,) oxidized at 1400°C in air, formed U(v) at the expense of
U(v) and that zirconolites with available charge-compensating lanthanides,
also resulted in U(1v) to U(v) oxidation, even when sintered in an argon gas
environment. The oxidation of U(1v) to U(v) is accompanied by a significant
decrease in ionic size, suggesting that uranium is unlikely to enter the calcium
site, but rather prefers the zirconium site. Although the presence of significant
amounts of U(v) in these titanate phases has not been established by quantitative
EMPA data on synthetic (Gier¢ et al., 2002) and natural zirconolites and pyro-
chlores (Gier¢ et al., 1998), the strong observed correlation between Ca and U in
natural zirconolites, indicates substitution on the A-site rather than the B-site.
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(iv) Brannerite

After uraninite and coffinite, brannerite is the most important uranium ore
mineral. At the large uranium deposit of the El’kon District of the Aldan Shield,
Siberia, brannerite is the dominant uranium phase (Miguta, 1997). Ifill et al.
(1996) report that brannerite at the Elliot lake U-deposit in Canada formed
mainly by replacement of uranium in TiO,-rich relicts of magnetite—ilmenite
intergrowths. The uranium was derived from diagenetic dissolution of urani-
nite. Brannerite, ideally {(U,Th),_,Ti,, O}, is a monoclinic accessory phase
that is completely metamict (amorphous) as a result of the a-decay damage from
the constituents uranium and thorium. As with many of these metamict
U-minerals, the structure can be recrystallized on heating. Many cation sub-
stitutions have been identified for both uranium (Pb, Ca, Th, Y and Ce) and
titanium (Si, Al, Fe) in natural brannerites (Vance et al., 2001) (see Fig. 5.1b).

Brannerite is also formed in the titanate-based nuclear waste-form crystalline
ceramics under reducing conditions. Finnie ef al. (2003) and Colella et al. (2005)
examined synthetic U(v) phases and natural brannerites with XPS and electron
energy-loss spectroscopy. The average valence state in the natural brannerites
was close to 5.0.

5.3.3 Uranium(vi) phases

Carbonate dominates the speciation of uranium in alkaline environments,
while sulfate complexation is of importance in slightly acidic oxidizing media.
The U(v1) phases represent an extremely diverse and complex series of minerals.
In this section, the U(vi) minerals will be discussed by first introducing the
various uranium mineral structures and then their occurrence on the basis of the
major complexing anion, and finally a mention of uranium sorption on soil
minerals.

Uranyl oxyhydroxides that form in U-rich aqueous solutions can be repre-
sented by the general formula {M,[UO,),0,(OH).](H,0),,}, where M repre-
sents divalent cations, including Ca®>", Pb®", Ba®*, and Sr*". However, uranyl
oxyhydroxides are only stable in groundwaters devoid of carbonate, sulfate,
and/or vanadate ligands.

(a) Bonding in uranyl polyhedra

Burns et al. (1996) developed a hierarchical structural classification for U(vi)
minerals and other inorganic phases, based on the polymerization of coordina-
tion polyhedra. The linear uranyl (Ur) ion is coordinated by four, five, or six
anions (¢: O*~, OH™, H,0), with the oxygen atoms of the uranyl ion forming the
apices of square (Urdy), pentagonal (Urds), and hexagonal (Urdg) bipyramids.
The equatorial U-O bond lengths for Urds, Urds, and Urds, are 2.26(8),
2.34(10), and 2.46(12) A, respectively. The polyhedra possess very asymmetrical
charge distributions, Oy, ~ —1.7and U-Ocq ~ —0.5 as discussed in more detail in
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Section 5.8. Uranyl minerals with uranium as the only high-valence cation
invariably contain sheets [the exception being studtite (Burns and Hughes,
2003)], as do the naturally occurring uranyl vanadates, uranyl molybdates,
and most uranyl sulfates. A majority of the uranyl silicates contain sheets except
for soddyite {(UOz)z[SlO4](H20)2} and weeksite {K1.26Ba0_25Ca0_12[(U02)2
(SisO13)]H,O} (Jackson and Burns, 2001), which involve frameworks of U(vi)
polyhedra. Uranyl carbonates are exceptional because they often contain
isolated uranyl tricarbonate clusters, although rutherfordine, UO,COj3 (cf.
Fig. 5.54), and roubaultite { Cu,(UO,);(CO3),0,(OH),](H,0)4}, contain uranyl
carbonate sheets. The wuranyl selenites demesmacekerite {CusPb,(UO,),
(SeO3)s(OH)s(H-0),}, and derriksite, {Cuy[(UO,)(Se05),](OH)¢]}, contain
chains of polyhedra, whereas guillemenite, {Ba[UO,);(S¢03),0,](H,0);}, and
haynesite, {(UO,);(OH),(Se03), - 5H,0}, both contain uranyl selenite sheets.
Uranyl arsenates either contain autunite-type sheets or chains, as in the struc-
tures of walpurgite, {(UO,)BisO4(AsOy), -2H,0}, and orthowalpurgite,
{(UO,)Bi;04(AsOy), - 2H,0}." Relatively few uranium minerals are based
upon chains, although recent structural refinements indicate that these types
of U™ minerals are more common that previously thought. Examples include:
the only know peroxide mineral, studtite (Burns and Hughes, 2003); the uranyl
tellurides, moctezumite {PbUO,(TeOs),}, derriksite, and demesmaekerite; the
uranyl sulfate uranopilite; the uranyl arsenates, walpurgite, orthowalpurgite,
and their phosphate analog, phosphowalpurgite {(UO,)BijO4(PO,), -2H,0}
(Sejkora et al. 2004); and parsonsite {Pb,[(UO,)(POy4),]}. Locock et al.
(2005a) have also shown that the synthetic arsenic-bearing analog of parsonsite,
hallimondite {Pb,[(UO,)(AsOy,),]}, is also a chain structure.

(b) Geometries of uranyl polyhedra

The crystal chemistry of U(vi) is rich in diversity, yet it is relatively rare
for uranyl solids to form frameworks. The distribution of bond strengths
within uranyl bipyramidal polyhedra generally permits polymerization only
through the equatorial ligands, resulting in chains or sheets. Linkages in the
third dimension may be facilitated by additional polyhedra such as silicate,
molybdate, vanadate, or phosphate.

The U(vi) minerals that are based on infinite polyhedra sheets with edge- and
corner-sharing polyhedra can be better described by the topological arrange-
ment of anions that occur within the sheets (Miller et al., 1996; Burns and Hill,
2000a). Similar to a method described by Aléonard et al. (1983) for U3Og
structures, the procedure is as follows: Each anion that is not bonded to at
least two cations within the sheet, and not an equatorial anion of a bipyramid or

% The compositions of orthowalpurgite and walpurgite as written are identical; however, the
structures are not (Mereiter, 1982b; Krause et al., 1995).
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pyramid within the sheet, is removed from further consideration. Cations are
removed along with all cation—anion bonds, leaving an array of unconnected
anions. Anions are joined by lines, with only those anions that may be consid-
ered as part of the same coordination polyhedra being connected. Anions are
removed from further consideration, leaving a series of lines that represent the
anion topology. The anion topology does not contain any information
about the cation population of the sheet from which the topology was derived
(see Fig. 5.2). The P chain is composed of edge-sharing pentagons, the R
chain contains rhombs, and the H chain contains edge-sharing hexagons.
The arrowhead chains (U and D), which have a directional aspect, contain
both pentagons and triangles, arranged such that each triangle shares an edge
with a pentagon and the opposite corner with another pentagon in the chain.
Generation of anion topologies using chain-stacking sequences is an elegant
method for describing the relationships among the complex U(vi) sheet
recently found in several minerals. The following describes a number of the
possible anion topologies in the U(vi) minerals (see Burns, 1999a for a more
complete list).

(i) Protasite (a-UsO0g) anion topology

The protasite anion topology is the basis of sheets that occur in protasite {Ba
[(UO,)303(OH),](H,0)5}, becquerelite (Burns and Li, 2002), billietite (Pagoaga
et al., 1987), richetite {Mbegv57[(U02)1g(OH)12]2(H20)41} (Burns, 1998b), com-
preignacite (Burns, 1998c), agrinierite {K,(Cag ¢5Srq.35)[(UO,)303(OH),]5 -
SH,0} (Cahill and Burns, 2000), and masuyite {Pb[(UO,);03(OH),]J(H,0)s}
(Burns and Hanchar, 1999), as well as a synthetic cesium uranyl oxide hydrate
(Hill and Burns, 1999). As such, it is apparent that sheets based on this topology
are compatible with a range of interlayer configurations involving Ba, Ca, Pb,
K, and Cs. This simple anion topology contains only triangles and pentagons
(see Fig. 5.2a).

Only P and D chains are required to develop the protasite anion topology,
with the repeat sequence PDPD... The protasite anion topology does
not distinguish between O* and OH ™ anions and the distribution of anions is
not identical between different minerals possessing the protasite structure type.
Becquerelite, billietite, and compreignacite have identical anion distributions,
[(UO,)O3(OH3)] but masuyite and protasite do not.

(ify Fourmarierite anion topology

Sheets based upon the fourmarierite anion topology (see Fig. 5.2b) occur in
fourmarierite (Piret, 1985) and schoepite (Finch ez al., 1996a). In schoepite, the
sheets are neutral, with H,O groups being the only constituents of the interlayer.
In fourmarierite, the sheets have a different distribution of O and OH ", resulting
in a charged sheet that is balanced by Pb>" in the interlayer. The anion topology



Occurrence in nature 283

can be obtained with a chain-stacking sequence involving P, D, and U chains,
with the sequence PDUPUD.. .. Li and Burns (2000a) have refined the struc-
tures of several fourmarierite specimens from various localities. All the crystals
are orthorhombic.

(iiiy  Vandendriesscheite anion topology

Vandendriesscheite is the most common Pb-bearing uranyl oxyhydroxide,
occurring at numerous weathered uraninite deposits, often in association
with schoepite. The anion topology of vandendriesscheite (see Fig. 5.2¢)
is exceptionally complex, with a primitive repeat of 41.4 A (Burns, 1997).
Only vandendriesscheite contains a sheet based upon this topology, which can
be constructed using P, U and D chains in the sequence PDUPUPUPU
DPDPDPDUPUPUP.... It contains sections that are identical to the
PDPD... (or PUPU...) repeats of the protasite anion topology, with the
junction between such sections involving the DU sequence of the fourmarierite
anion topology. Thus, the vandendriesscheite anion topology is a structural
intermediate between these two simpler anion topologies.

(iv) Sayrite anion topology

Sayrite {Pb,[(UO,)sO0¢(OH),](H>O)4} (Piret et al., 1983), is the only mineral
that contains sheets based upon the sayrite anion topology, which involves U,
D, P and R chains. The chains are arranged in such a way that each P chain is
flanked by two arrowhead chains with the same sense (direction), giving UPU or
DPD sequences. These two sequences alternate in the anion topology, and are
separated by R chains, giving the sequence RUPURDPDRUPU...

(v)  Curite anion topology

The structure of curite (Taylor et al., 1981; Li and Burns, 2000b) contains sheets
based upon the curite anion topology, which cannot be described as a simple
chain-stacking sequence using only the U, D, P and R chains. A chain with
pentagons, triangles, and squares is required. It has a directional sense owing to
the presence of an arrowhead (a pentagon and a triangle sharing an edge), and is
designated U, and D,,, for up and down (modified) pointing chains, respec-
tively. The curite anion topology can be characterized by the chain-stacking
sequence U,,DU,,D. ..

(vi) B-U;0g anion topology

The B-U;3Og sheet anion topology (see Fig. 5.2d) is the basis of the sheets in
ianthinite (Burns ez al., 1997b), as well as the sheets in B-U3Oyg. This topology
can conveniently be described using a chain-stacking sequence involving U, D,
and R chains with the repeat sequence DRUDRU. ..
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(vil) Whélsendorfite anion topology

The versatility of this method for visualizing complex structures is beautifully
demonstrated in the description of the structure of wolsendorfite (Burns, 1999b).
The structure contains unique Urdy, square bipyramids and six unique Urds
pentagonal bipyramids that link by sharing equatorial corners and edges to
form infinite sheets that are parallel to (100). The interlayer between the uranyl
sheets contains Pb>" and Ba”" cations, as well as H,O groups that are either
bonded to the interlayer cations or are held in the structure by H-bonding only.
This complex anion topology possesses a primitive repeat of 56 A (see Fig. 5.2¢).
It may be constructed using R, D, P, and U chains, with the repeat sequence
DRUDRUDRUPDPDRUDRUDRUPDP... The repeat sequence involves
the strings DRUDRUDRU and PDP, which are slabs of the B-U3;Og and
protasite anion topologies, respectively. Thus, the wolsendorfite anion topology
is structurally intermediate between the $-U;Og and protasite anion topologies.

(viii)  Uranophane anion topology

All minerals based on the uranophane topology contain pentagons of the anion
topology (see Fig. 5.2f).

The uranophane sheet consists of chains of Urds bipyramids linked by
bridging, isolated SiO, tetrahedra, and is common to uranophane, boltwoodite
{Ko.56Nag 4o[(UO,)(Si030H)](H,0); 5}, cuprosklodowskite, kasolite {Pb
[(UO,)(Si04)](H,0)}, and sklodowskite. The difference between a-uranophane
and B-uranophane depends on the orientation of the silicate tetrahedron. In
kasolite, the apical O atoms of the SiO4 tetrahedra bond to two Pb?* cations in
the interlayer (Catalano and Brown, 2004).

(c) Prediction of crystal morphology of U(vi) sheet minerals

The bond valence approach is commonly used to evaluate the analysis of a
crystal structure. It provides a means to check bond lengths, the valence state of
ions with the structure, as well as providing a method to describe hydrogen
bonding (Burns, 1999a). The bond valence approach can be used to identify the
valence state of the U cation in well-refined crystal structures. Schindler et al.
(2004) and Schindler and Hawthorne (2004) have developed a method for
predicting the stability of sheet uranyl minerals using the bond-valence deficien-
cy of the sheet edges. Schindler et al. (2004) have shown that the surface
structure of an edge is characterized by the bond-valence deficiency of anion
terminations along chains of polyhedra parallel to the edge, and by the shift and
orientation of adjacent layers. The stability of the edges also depends on the
arrangement of the interstitial cations between the layers. The edges of the sheet-
like uranyl minerals are more reactive than the basal surfaces because the
equatorial O-atoms on the edges bond to fewer U™ atoms than oxygen in the
sheet, and hence must satisfy their individual bond-valence requirements
through a higher degree of protonation (Schindler et al., 2004). The interaction
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of the uranyl mineral edge surface with aqueous species controls crystal
growth, dissolution, and sorption of other species, including other actinides.
These interactions depend on the surface structure of an edge, the pH, and
saturation index with respect to the mineral.

(d) Uranyl oxyhydroxides

The uranyl oxyhydrates are not only of importance in the geochemistry of
uranium, but they are also one of the primary phases generated during the
oxidative dissolution of SNF. Uranyl oxyhydroxides form in U-rich aqueous
solutions and develop early during the oxidative dissolution of uraninite ores
deposits; hence, they are expected to be the older U(vi) minerals in an oxidized
deposit. The complexity of these structures combined with their propensity
to dehydrate made their structure characterization difficult; Finch ez al. (1996a)
reported the full structure determination of schoepite and Weller ez al. (2000)
refined the structure of meta-schoepite {(UO,)4O(OH)¢-5H,0}. The uranyl
oxyhydroxides are based on electrostatically neutral polyhedral sheets of the
form [(UO,),O,(OH).] and no interlayer cations. Water molecules occupy
the interlayer sites, linking adjacent sheets through H-bonds. Meta-schoepite
possesses one less water molecule than schoepite, leading to 2.8% reduction in
the c-axis and 0.6 and 0.9% in the a- and b-directions, respectively. Hughes-
Kubatko et al. (2005) have shown that meta-schoepite is thermodynamically
unstable relative to dehydrated schoepite and have suggested that sodium may
be an essential element in natural meta-schoepite. The U-O,x and U-O.q bond
lengths in schoepite vary with pH. Allen et al. (1996a) determined that U-O,y
c}istances are 1.80, 1.84, and 1.86 A and U-Oq distances are 2.38, 2.36 and 2.32
A,atpH 7,9, and 11, respectively. At pH 11, the uranyl group becomes elongated
and the U-O4 bond contracts, such that the structure resembles a clarkeite-like
alkali metal uranate. Clarkeite-like sodium uranates have been observed during
dissolution of soddyite (Giammar and Hering, 2002) and in the highly caustic
environment of the Hanford tank wastes in Washington, USA (Deutsch
et al., 2004). Pseudomorphic replacement of pegamatic uraninite by clarkeite
{(NaCay sPb 5)[(UO,)O(OH)](H,0)o_;} may occur during metasomatic alter-
ation by oxidizing hydrothermal fluids (Finch and Ewing, 1997).

The alkali uranyl oxyhydroxides may play an important role in attenuating
radionuclides in the environment, including neptunium (Li and Burns, 2001a;
Burns et al., 2004a), strontium (Burns and Li, 2002), and cesium (Hoskins and
Burns, 2003).

(e) Pb-uranyl oxyhydroxides

As uranium decays to lead, the lead enters cation vacancies in the interlayer,
leaving a uranium vacancy in the structural sheet. Although Pb—uranyl oxy-
hydroxides will form directly from uraninite alteration, many Pb-uranyl
minerals are formed though the accumulation of radiogenic lead in nominally
Pb-free uranium phases. Accumulation of lead will also destabilize the structure
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of some U(vi) minerals. For example, Finch and Ewing (1997) have demon-
strated that clarkeite will eventually transform to wolsendorfite or curite. Lead
is not incorporated into rutherfordine, soddyite, or uranophane, minerals that
may replace early-formed lead uranyl oxyhydroxides. However, several uranyl
phosphates and arsenates will incorporate lead. Indeed, Finch and Ewing (1992)
suggested that curite, one of the last minerals remaining after complete oxida-
tive dissolution of uraninite, may act as substrate for nucleation of certain
phosphates. Burns and Hill (2000b) have synthesized a strontium analog of
curite that may be relevant to HLW disposal.

Spriggite, {Pb3[UO,)sO3(OH),](H,0)3}, has been identified by Brugger et al.
(2004). The structure is based on [(UO,)¢Os(OH),]®" sheets of uranyl polyhedra
of the p-U;Og anion topology with Pb>* and H,O in the interlayer. Spriggite
has the highest Pb:U ratio (1:2.00) of all known lead uranyl oxide hydrates.
Finch and Murakami (1999) have suggested a reaction pathway for increasing
alteration of hydrated lead uranyl oxyhydroxides where the molar proportion
of PbO can be correlated with the molar proportion of H,O. With increasing
PbO content, charge compensation in the sheet structure results in OH™ substi-
tution for O*". The U-O,, bonds in the Urds pentagonal bipyramids are con-
siderably longer and of lower bond valence than the U*"™—O bonds in the Urdy
square bipyramids. The change in uranyl ion coordination from pentagonal to
square helps satisfy bond-valence requirements of OH ™ in the anion site. Hence,
the spriggite adopts Ur¢, square bipyramids, whereas the structure of vanden-
driesscheite (Pb:U = 1:6.36) consists entirely of Ur¢ds pentagonal bipyramids.
Vandendriesscheite, one of the most common Pb-bearing uranyl oxyhydrox-
ides, contains two symmetrically distinct Pb>" cations in the interlayer; both
bonded to H,O groups. The two Pb>" cations (Pb(1) and Pb(2)) are bonded to
five and six Oy, atoms of adjacent sheets of uranyl polyhedra, respectively.
Richetite possesses an extraordinarily complex structure (Burns, 1998b). The
phase has been reported at the Shinkolobwe and Jachymov U-deposits.

(f) Uranyl peroxides

The U-bearing phases, studtite and meta-studtite {(UO,)O,(H,0),}, are the
only known peroxide minerals that form during the buildup of «-generated
H>0, on the surface of natural uraninite (Walenta, 1974; Deliens and Piret,
1983a; Finch and Ewing, 1992). Burns and Hughes (2003) determined that the
structure of studtite is monoclinic, contains one symmetrically distinct U®*
cation and four O atoms, two of which occur as H>O groups. The U®" cation
occurs as part of a linear uranyl ion, and each U®" cation is bonded to six
additional O atoms, two of which are H,O groups, and four that are O atoms of
the peroxide groups. Unlike all other uranyl oxide hydrate minerals, studtite is
not based upon sheet of uranyl polyhedra, but contains polymerized uranyl
polyhedra in only one dimension. The occurrence of chains rather sheets in
U(v1) minerals is usually due to distortions in the polyhedra, normally the result
of lone pairs (e.g. in Se- and Bi-bearing uranium minerals); however, in studtite,
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the presence of peroxide at the equatorial positions of the uranyl polyhedra
results in distorted hexagonal bipyramids, with the peroxide O-O edge length of
1.46 A. Typical O-O edge length in uranyl hexagonal bipyramid is 2.4 A with
nitrate or carbonate ligands. This distortion may prevent the formation of
two-dimensional layer structures (see Fig. 5.56a).

Radiolysis of water at spent nuclear fuel may create an additional complexity
for predicting UO, paragenesis in a geological repository (Satonnay et al., 2001;
Amme, 2002). Studtite and meta-studtite have been identified by McNamara
et al. (2003) on the surface of corroding commercial spent fuel replacing the
meta-schoepite that precipitated earlier. As the H,O, concentration increased
with time, studtite and meta-studtite became the dominant alteration phases.
H,0, is consumed in the presence of carbonate (Sunder ez al., 2004), forming
peroxo complexes with H,O», and U(vi) (Amme, 2002).

(g) Uranyl carbonates and calcite

Uranyl carbonates tend to form in evaporative environments or under high po,
conditions. They are structurally diverse and only relatively few of the uranyl
carbonates (rutherfordine (Finch et al, 1999b), roubaultite, bijvoetite
{IM§"(H,0),5(U0,) 405 (OH);(CO;),](H,0) 4}, where M is Y or Ln
(Li et al., 2000), and wyartite (Burns and Finch, 1999) consist of sheets of
polyhedra that contain a cation of high valence. Other uranium carbonates
contain isolated clusters similar to those observed in solution (Allen et al.,
1995). The optical signature of the UO%+ bands in liebigite {Ca,UO,
(CO3);3- 11H,0}, andersonite {Na,Ca[(UO,)(CO3)3](H,0)s}, and schrockin-
gerite {NaCa3(UO,)(CO3)5(SO4)F - 10H,O}, that all contain uranyl tricarbo-
nate clusters, are almost identical (éejka, 1999).

The uranyl monocarbonates (rutherfordine, joliotite [UO,COs5 - nH»O], blato-
nite [UO,CO;5-H,0], and urancalcarite {Ca(UO,);CO3(OH)s-3H,0)}) are
thermodynamically stable, having solubilities comparable to some uranyl oxide
hydrates. The uranyl carbonate mineral grimselite, { K;Na[(UO,)(COs)3](H,O)}
(Li and Burns, 2001b), contains uranyl tricarbonate complexes of composition
[(UO,)(CO5)5]*, which occur as an isolated polyhedra in each of the structures,
cf. Fig. 5.53. Schrockingerite contains Nadg octahedron, an SO, tetrahedron,
and three symmetrically distinct Cadg polyhedra (Hayden and Burns, 2002).
The structure contains isolated units of uranyl tricarbonate and sulfate tetra-
hedra that are coordinated to low-valence cations. Bayleyite, {Mg,[(UO,)
(CO3)5](H,0),3}, contains three symmetrically distinct Mg(H,0O)s octahedra,
as well as a (UO,)(CO3); cluster, and six symmetrically distinct H;O groups.
Swartzite, {CaMgUQO,(CO3);-12H,0}, contains Ca¢g polyhedra and a Mg
(H,O)6 octahedron.

At a partial pressure of CO, > 10 *? atm, rutherfordine becomes the stable
uranium phase with respect to dehydrated schoepite; however, the schoepite—
rutherfordine equilibrium indicates that pco, must be > 10" atm before schoe-
pite becomes unstable with respect to rutherfordine. Schoepite is thus expected
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to be the U-solubility-controlling phase in waters exposed to atmospheric con-
ditions. Rutherfordine would be expected to replace schoepite in environments
where the pco, pressure is higher, possibly in a repository environment or in
saturated soils. Replacement of schoepite by rutherfordine has been observed at
the Shinkolobwe U-deposit (Finch and Ewing, 1992). The structure of ruther-
fordine was elucidated by Finch et al. (1999b) and can be represented by an
anion topology that consists of edge-sharing hexagons that share corners,
creating pairs of edge-sharing triangles. The rutherfordine sheet is obtained by
populating all the hexagons in the anion topology with uranyl ions and one half
of the triangles are populated with CO3 groups. The sheets are held together via
van der Waals forces. An identical sheet structure occurs in synthetic
(UO,)(Se03).

Burns and Finch (1999) reported the structure of a mixed uranium valence
mineral, wyartite that contains U(v) and U(vi). The structure of wyartite con-
tains three symmetrically distinct U positions. The U1 and U2 cations are each
strongly bonded to two O atoms with U-O bond lengths of ~1.8 A, consistent
with a linear uranyl ion, whereas the U3 site has seven anions at the corners of a
pentagonal bipyramid, with U-O bond lengths of 2.07 and 2.09 A. A bond
valence analysis showed that the U3 site is coordinated by six O atoms and one
H,O group. Two of the O atoms of the bipyramid are shared with a CO5; group
and the sum of bond valences incident at the U3 site is 5.07, in agreement with the
assignment of U(v) in this site. Urancalcarite is structurally similar to wyartite
and commonly associated with wyartite in nature. Finch and Murakami (1999)
suggest that wyartite may oxidize to uranocalcarite. Schindler and coworkers
(Schindler and Hawthorne, 2004; Schindler et al., 2004) proposed the formation
of the mixed U(v)-U(vi) mineral, wyartite II, on surface of calcite during
interaction of acidic and basic uranyl-bearing solutions with calcite.

The structure of fontanite, {Ca[(UO,)3(C0O3),0,](H,0)¢, has been refined by
Hughes and Burns (2003) as a monoclinic phase that consists of two symmetri-
cally distinct Urds units, one Urdg unit, and two COj; triangles. It is observed in
the weathered zone of the Rabejac uranium deposit in Lodeve, Hérault, France,
where it is associated with billietite and uranophane. Both fontanite and rou-
baultite possess anion topologies similar to phosphuranylite { KCa(H50);(UO»)
[(UO2)3(PO4)20,]>(H,0)s} .

Several uranyl carbonates that contain lanthanides have been described.
Bijvoetite is found in association with uraninite, sklodowskite, and uranophane
in the oxidized zone at the Shinkolobwe mine (Li et al., 2000). The structure of
bijvoetite is extremely complex and contains 16 unique carbonate groups, 39
symmetrically distinct H,O groups, and 8 unique M>" sites that are occupied by
variable amounts of yttrium, dysprosium, and other lanthanides. Astrocyanite
{Cuy(Ce,Nd,La),UO,(CO3)s(OH), - 1.5H,0O}, is another rare earth-bearing
uranyl carbonate that is observed as an oxidation product of uraninite. These
complex rare earth uranyl carbonates may play an important role in the
long-term behavior of released transuranic elements following corrosion of
nuclear materials in a geologic repository.
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The occurrence of trace amounts of uranyl ions in natural calcite has posed a
long-standing problem in crystal chemistry because of speculation that the size
and shape of the uranyl ion may preclude its incorporation in a stable lattice
position in calcite. The incorporation of uranium in calcite and aragonite provides
the basis for U-series age-dating which are commonly adopted for marine and
terrestrial carbonates. Uranium is enriched in aragonite relative to calcite owing to
the nature of the coordination environment in U-bearing aragonite. Reeder ez al.
(2000) have demonstrated using EXAFS that the dominant aqueous species
UOz(CO3)‘3‘_ is retained by the uranyl in aragonite, essentially intact. In con-
trast, a different equatorial coordination occurs in calcite, characterized by
fewer nearest oxygens at a closer distance, reflecting that the CO5; groups are
monodentate. The uranyl ion has a more stable and well-defined local environ-
ment when co-precipitated with aragonite; however, Reeder et al. (2000) argue
that as aragonite is metastable with respect to calcite, retention of U(vi) by
calcite is likely to be temporary. In contrast, Kelly ez al. (2003) examined a 13
700-year-old U-rich calcite from a speleothem in northernmost Italy. X-ray
absorption spectroscopy data indicated substitution of U(vi) for a Ca®>" and
two adjacent CO%f ions in calcite. This data implied that uranyl has a stable
lattice position in natural calcite and suggested that uranium may become
incorporated in calcite over long time scales.

Sturchio et al. (1998) reported the occurrence of U*" in calcite based on
XANES core spectroscopic analysis and concluded that this explained the
anomalously high concentrations of uranium observed in calcite in reducing
environments. Substitution of Ca>" by Na* was suggested as a possible mecha-
nism to charge balance the structure. The calculated U-O distances reported by
Sturchio et al. (1998) were (2.21 £ 0.02) A and (2.78 £ 0.03) A for U*" in calcite,
whereas Reeder et al. (2001) estimated U-O,q to be 2.33 A and U-O, as 1.80 A.
Interestingly, Sturchio et al. (1998) showed a good match of their measured
U-O bond lengths with a natural brannerite, where U-O bond lengths were
reported as 2.28 and 2.82 A. However, natural brannerite minerals have recently
been shown to be U(v) phases (Finnie et al., 2003; Colella et al., 2005).

(h) Uranyl sulfates

Uranyl sulfates are important in systems where sulfides (e.g. pyrite) are being
oxidized. Initial oxidation causes an increase in acidity of the system; however,
the acidity may be buffered by the dissolution of carbonate in the surrounding
rock, leading to the formation of gypsum. Uranyl sulfates usually occur where
uranyl carbonates are absent (and vice versa), owing to the different pH condi-
tions where these minerals will dominate. Uranyl sulfate minerals typically
occur as microcrystalline crusts, finely intergrown with other uranyl sulfates
and/or monocarbonates. They are common at uranium mines where they form
during evaporation of acid sulfate-rich mine drainage waters.

Burns (2001a) and Burns et al. (2003) have performed structural refinements
on a number of monoclinic zippeite-group U(vi) phases, including zippeite
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{K3(H20)3[(UO2)4(504),03(OH)]},  sodium-zippeite  {Nas(H,0)12[(UO2)s
(S04)40s(OH)3]}, Mg-zippeite {Mg(H20)3 5[(UO,)2(SO4)O,]},  Zn-zippeite
{Zn(H0)3 5[(U02)2(804)05]}, and Co-zippeite {Co(H>0)35[(U02)2(SO4)O5].
Each structure contains the zippeite-type layers that consist of chains of edge-
sharing Urds units that are cross-linked by vertex sharing with sulfate tetrahe-
dra. Marecottite, {Mg;(H,0)5[(UO,)403(OH)(S04),],(H,0),0}, is based on
uranyl layers composed of chains of edge-sharing Ur¢s biyramids that are
linked by vertex-sharing sulfate tetrahedra, identical to zippeite (Brugger
et al., 2003). Marecottite and zippeite can co-exist as has been observed in
samples from the Jachymov mine in the Czech Republic. Uranopilite is the
only known uranyl sulfate mineral to form chains. The structure consists of
clusters of six distinct Urds bipyramids that are linked together into a chain by
sulfate tetrahedra bonded to two oxygens from each cluster. Adjacent chains are
only hydrogen-bonded (Burns, 2001a).

(i) Uranyl silicates

Because of the ubiquity of dissolved silica in most groundwaters, uranyl silicates
are the most abundant U(vi) minerals. The uranyl silicates are divided into three
groups based on their U:Si ratios (Stohl and Smith, 1981). Accordingly, the
structural trends in the uranyl silicates are also dependent on the U:Si ratio
(Stohl and Smith, 1981; Finch and Murakami, 1999; Burns, 2001b). In phases
with the U:Si ratio of 2:1 and 1:1, no polymerization of the SiO4 tetrahedra
occurs, whereas phases with 1:3 ratios contain chains of vertex-sharing silica tetra-
hedra. As the U:Si ratio approaches 1:4, the structures contain sheets of SiO4
tetrahedra. In soddyite, with a ratio of 2:1, each silica tetrahedron shares two of
its edges with other uranyl polyhedra, but in structures with the ratio 1:1, only
one edge of each silica tetrahedron is shared with a second uranyl polyhedron
and each silica tetrahedron is linked to other uranyl polyhedra by vertex sharing.
Uranophane is one of the most common uranyl minerals, and its ubiquity
suggests that the uranyl silicates are important phases controlling uranium con-
centrations in groundwater (Finch and Ewing, 1992). «-Uranophane and
B-uranophane have distinctly different crystallographic data and stabilities. Differ-
ences in stability were amply illustrated in the study by Cesbron et al. (1993) where
they failed to synthesize B-uranophane whereas a-uranophane was produced.
Both calcium uranyl silicates are common in most oxidized uranium deposits.
The 1:3 silicates (weeksite and haiweeite) are only known from Si-rich envir-
onments such as tuffaceous rocks but are commonly observed during
the laboratory weathering of borosilicate waste glasses (Ebert et al., 1991;
Feng et al., 1994). The structure of weeksite, originally described by Outebridge
et al. (1960), has been refined by Jackson and Burns (2001). Haiweeite, named
for the Haiwee reservoir, California, USA, has been identified at the Nopal I
deposit in Pefia Blanca, Mexico, where it is associated with uranophane. The
structure of weeksite consists of chains of edge-sharing Urds pentagonal bipyr-
amids that share edges with SiO, tetrahedra. The chains are linked through
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disordered SiO4 tetrahedra to form complex sheets, which in turn form a
framework through linkage with SiO, tetrahedra (Burns, 1999b).

The only known thorium uranyl silicate mineral, coutinhoite, has been de-
scribed by Atencio et al. (2004) as being isostructural with weeksite. The
open channels created by the silicate framework structure are thought to
permit the incorporation of Th*". Oursinite, {(Cop.86Mgo.10Nig 04) - O5 -
UO, - 2Si0, - 6H,0}, was first reported by Deliens and Piret (1983b) from
Shinklolobwe. The phase formed from the oxidation of Co- and Ni-bearing
sulfides and demonstrates the ability for U(vi) phases to incorporate a range of
elements. Lepersonnite, {CaO(Gd,Dy),0; - 24UQO; - 8CO, - 4Si10, - 60H,0}, is a
pale yellow uranyl silicate from the Shinkolobwe mine that was first described by
Deliens and Piret (1982). The reported compositions of oursinite, lepersonnite,
and coutinhoite have immediate implications for radioactive waste disposal for
the possible retention of radionuclides, including plutonium, in the environment.

Soddyite is the only known mineral with a U:Si ratio of 2:1; it is also the most
common of the uranyl minerals that have structures based on frameworks of
polyhedra of higher valence. The structure of soddyite consists of Urds units
that share equatorial edges to form chains. The chains are cross-linked by
sharing edges with SiO, tetrahedra in such a way that each tetrahedron
shares two of its edges with adjacent chains (Burns, 1999b). Based on observa-
tions at the Nopal I site, Pearcy et al. (1994) suggested that the precipitation of
soddyite may be kinetically more favorable than the formation of other U®"
silicates. Soddyite may form from uranophane exposed to dilute metoric waters
that are low in carbonate and with a pH below 7. Uranosilite, {(Mg,Ca),
(U0O,)4(S1,05)5.5(OH)s - 13H,0}, has only been reported in nature at a site in
Menzenschwand, Germany (Walenta, 1983). Burns et al. (2000) reported the
occurrence of a new U(vi) silicate from the corrosion of a borosilicate glass with
formula {KNa3(UO,)»(Si4010)>(H»,0)4}, with a U:Si ratio of 1:4. This phase
was demonstrated to be structurally distinct from the phase synthesized by
Plesko et al. (1992). Burns and co-authors suggested that this novel U(vi) silicate
may incorporate Np(v).

(3 Uranyl phosphates and arsenates

Uranyl phosphates and arsenates constitute about one-third of the ~200
described uranium minerals (see Table 5.3); yet only a fraction of these have
well-defined structures. In groundwaters where log{[PO?f]T / [CO\%*}T} > —3.5,
uranyl phosphate complexes dominate over uranyl carbonate complexes
(Sandino and Bruno, 1992). Finch and Ewing (1992) suggested that the occur-
rence of uranyl phosphates in the most weathered zones of the Koongarra
U-deposit indicated that higher oxidation potentials may be necessary for
uranyl phosphate precipitation, as uranyl silicates were observed at depth.
However, saléeite (Mg(UO,),(POy), - 10H,0) was observed on the surface of apa-
tite where the groundwater was undersaturated with respect to saléeite, indicating
that the mineralization occurred by local saturation (Murakami et al., 1997).
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Laboratory studies have demonstrated that surface mineralization of saléeite
on fluoro-apatite where localized release of Ca and P facilitates autunite
formation and U®" uptake (Ohnuki e al., 2004).

Uranyl arsenates are often structurally analogous to the corresponding uranyl
phosphates; e.g. the isostructural mineral species abernathyite, {K[(UO,)
(AsO4)](H,0)3}, and meta-ankoleite, {K[(UO,)(PO4)](H,O)3}. Many of the
natural uranyl phosphates and arsenates may exhibit complete solid sol-
ution formation between end-members. However, in hiigelite, {Pb,[(UO,);
0,(As04),](H,0)s}, the presence of arsenic makes the unit cell four times larger
than that reported for dumontite, {Pb,[(UO,)3(PO4)(OH)4](H,0)s} (Locock
and Burns, 2003b). Both structures possess the phospuranylite anion topology.
In hiigelite, the interlayer contains four symmetrically distinct Pb>" cations.
Unlike the lead uranyl oxyhydroxides, hiigelite contains only Urds and Urdg
polyhedra; yet, it possesses a high U:Pb ratio.

Uranyl arsenates and phosphates may be divided into groups depending on
the U:P or U:As ratio. However, a structural classification is more encompas-
sing. The uranium phosphates and arsenates can be separated into four groups:
(i) autunite structure; (ii) 3:2 phosphuranylite structure; (iii) uranophane
structure; and (iv) chain structures.

(i) Autunite structures

The most important uranyl phosphates in terms of natural abundance are the
autunites and meta-autunite groups. The autunite group of minerals is tetrago-
nal uranyl arsenates and phosphates. The group possesses the general forrnula
M(UO,)5(XO4)> - 8-12H,0 where M may be Ba, Ca, Cu, Fe’", Mg, Mn>" o

2(HAl) and X is As or P. Takano (1961) obtained unit cell parameters for an
autunite specimen from Ningyo Pass, Japan (¢ = 6.989 A and ¢ = 20.63 A)
These were virtually identical to those obtained by Locock and Burns (2003a)
on a synthetic autunite. The Pb uranyl oxide hydrate, curite is commonly
associated with uranium phosphates such as autunite, torbernite, and parson-
site (Vochten and Deliens, 1980). Finch and Ewing (1992) suggested that the
(010) face of curite consists of = (UO,) — OH2+ surface species that may provide
a reactive pathway for attachment of (HPO4)* groups, forming = (UO,)-
OPO;-H;0°. This species, once deprotonated, would have the equivalent stoi-
chiometry of chernikovite. Heinrichite {Ba[(UO,)(AsOy4)]>(H>O),9} was origi-
nally assumed by Gross et al. (1958) to be tetragonal, despite the observation of
biaxial optical properties. Locock et al. (2005b) have refined the structures of
several of the barium-bearing phases that possess the autunite sheet structure,
including heinrichite and meta-uranocircite {Ba[(UO,)(PO4)]>,(H,0);} type I
and II. There is only the loss of one H,O group and a slight decrease in
the interlayer spacing, from dy, = 8.82 A to doro = 8.43 A from going from
meat-uranocircite I to II; however, there is a significant re-arrangement in the
Ba atomic positions. Table 5.3 lists new refinements from Locock et al. (2005b)
for these autunite structures; however, because of the difficulties in obtaining
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suitable natural specimens, some are based synthetic phases and predictions.
These have been listed owing to the apparent inconsistencies in earlier published
data. Locock et al. (2005¢) have published a refinement of uranospathite
{Al,O0,J(UO,)(PO4)2(H20)50.43x Fi-3x} With 0 < x < 0.33 and confirmed the
presence of fluorine, the absence of H;O", and a higher Al content in the
structure; the empty square in the formula indicates a vacancy. Locock et al.
(2005¢) have described uranospathite as the “Dogwood sandwich™ of the
autunite group with an interlayer spacing, d,go of 15.01A, possessing 21 H,O
groups per formula unit (pfu). The discovery that uranospathite and other alumi-
num uranyl phosphates possess a number of different hydration states has called
into question the traditional division of these minerals into autunite and meta-
autunite sub-groups based on the 10-12 H>O pfu and 6-8 H,O pfu, respectively.

(i) Phosphuranylite structures

The phosphuranylite group consists of mainly orthorhombic phases with
structure sheets of the composition [(UO,)3(0,0H),(PO,),]. Phosphuranylite
is remarkable because it contains all three types of Ur polyhedra. The Ur¢s and
Urdg occur in the uranyl sheet and the Urd, occur in the interlayer (Burns,
1999a). It is one of the few minerals with uranium in an interlayer position.
Torbernite and meta-torbernite are hydrous copper uranium phosphates, the
only difference between the two being the number of water molecules present; the
length of the c-axis depends on the water content. The structure of monoclinic
bergenite, the barium phosphuranylite phase {Ca,Bas[(UO,);0,(POy)>]3
(H»0)16}, has been refined by Locock and Burns (2003c¢).

(iiiy  Uranophane structures

The uranophane structure type occurs in only a few uranium phosphates and
arsenates. Ulrichtite, Cu[Ca(H,0),(UO,)(POy4),](H>0),, and the mixed valence
arsenite—arsenate uranyl mineral, Séelite, {Mg(UO,)(AsO3)g7(AsO4)03"
7H,0}. The name ulrichite was once used as a term for pitchblende; however,
the structure of this Ca—Cu®" mineral has now been refined by Kolitsch and
Giester (2001).%° The structure consists of elongated CuOg octahedra that are
corner linked by two PO, octahedra, edge- and corner-sharing Urds, CaOg, and
PO, polyhedra. These form heteropolyhedral sheets parallel to (001) that are
linked by the elongated CuOg¢ octahedra.

(iv)  Chain structures

Chain structures occur in walpurgite, orthowalpurgite, phosphowalpurgite,
hallimondite, and parsonsite. Burns (2000) solved the structure of parsonsite

20 problems with the ulrichite structure as described by Birch ez al. (1988) were recognized by Burns
(1999a).
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Fig. 5.3 Parsonsite, the chain uranyl phosphate phase (adapted from Locock and
Burns, 2003).

and found that it was composed of uranyl phosphate chains rather than sheets
as observed in the autunite and phosphuranylite minerals. The structure con-
sists of Urds polyhedra edge-sharing dimers that are cross-linked with two
distinct phosphate tetrahedra by edge- and vertex- sharing. Two symmetrically
distinct Pb>* cations link the uranyl phosphate chains (see Fig. 5.3).

One of the Pb positions, Pb(1) is coordinated by 9 oxygen atoms, with Pb-O
bond lengths ranging from 2.35 to 3.16 A. Pb(2) is coordinated by 6 oxygens
with a distinctly one-sided polyhedral geometry owing to the presence of a lone
pair of electrons on the Pb cation. The Pb(2)-O bond lengths range from 2.28 to
3.15 A. Common to other uranium phases, the lone pair distortion may be
responsible for the formation of chains rather than sheets.

Based on structural refinements and infrared spectroscopy, Locock et al.
(2005a) have shown that parsonsite does not contain any structural water.
In most uranyl phosphates and arsenates, water occurs as a hydrate H,O,
either coordinating interlayer cations, or occurring as interstitial H,O groups.
Although Locock et al. (2005a) detected water in hallimondite, this was deter-
mined not to be critical to structural integrity.

(v) Synthetic uranyl phosphates and arsenates

Synthetic varieties have also revealed structural differences between phosphate
and arsenate uranyl phases that contain the large alkali cations cesium and
rubidium. These phosphate and arsenate phases are not isostructural. For
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example, cesium uranyl arsenates are not isostructural with cesium uranyl
phosphates, but show a homeotypic framework with identical coordination
geometries and polyhedral connectivity. The presence of arsenic expands
the framework relative to phosphorus and so the cesium uranyl arsenate has a
unit-cell volume ~7% greater than the corresponding phosphate.

(vi)  Uranium(vr) phosphates in the environment

Because of their low solubilities, phosphate and arsenate minerals are of
considerable environmental importance for understanding the mobility of
uranium in natural systems and they may control the concentration of ura-
nium in many groundwaters. In alkaline environments, dewindite {Pb
(UO,)3(PO4)»(OH), - 3H,0} is stable at low lead concentrations; whereas
dumontite is the stable phase in Pb-rich environments. In acid environments,
parsonsite is prevalent at high lead levels and przhevalskite {Pb,(UO,);
(PO4)>(OH),4-3H,0} occurs under low lead concentrations (Nriagu, 1984).
Jerden and Sinha (2003) examined the long-term sequestration of uranium by
U(vi) phosphate mineral precipitation at the Coles Hill uranium deposit in
Virginia, USA where uranium is released by the oxidation and chemical
weathering of an apatite-rich, coffinite—uraninite orebody. Meta-autunite was
observed by Buck et al. (1996) and Morris et al. (1996) in contaminated soils
from a former uranium processing plant at Fernald, Ohio, USA.

Significant uraniferous phosphorite deposits occur in Tertiary sediments in
Florida, Georgia, and North and South Carolina and in the Hahotoé-Kpogamé
U-deposits in Togo, West Africa (Gnandi and Tobschall, 2003). The Florida
Phosphorite Uranium Province has yielded large quantities of uranium as a
by-product of the production of phosphoric acid fertilizer (Finch, 1996). The
discovery that bacteria can reduce U(vi), which appears to precipitate as urani-
nite, has led to the concept of in situ bioremediation of U-contaminated ground-
water; however, another possible microbial process for uranium immobilization
is the precipitation of U-phosphates. Macaskie ez al. (2000) have demonstrated
that Citrobacter sp. will bioprecipitate uranyl phosphate with exocellularly
produced phosphatase enzyme. In a similar study by Basnakova et al. (1998)
a nickel uranyl phosphate was observed in experiments with Citrobacter sp.

(k) Uranyl vanadates

Uranyl vanadates comprise some of the most insoluble uranyl minerals, form-
ing whenever dissolved uranium comes in contact with dissolved vanadate
anions. The K-bearing uranyl vanadate, carnotite, is possibly the most impor-
tant source of secondary (U®") uranium ore minerals, providing ~90% of the
uranium production from secondary deposits. It is a lemon-yellow mineral with
an earthy luster, a yellow streak, and a specific gravity of about 4. It occurs most
commonly in soft, powdery aggregates of finely crystalline material or in thin
films or stains on rocks or other minerals. The most noted occurrences of
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carnotite are in the Colorado Plateau (Zhao and Ewing, 2000), on the western
edge of the Black Hills, South Dakota, USA, and in the Ferghana basin in
Kyrgyzstan. It occurs in sandstones in flat-lying, irregular, partially bedded ore
bodies. If present in sufficient quantity, carnotite will color the rock bright
yellow; but in poorer deposits, particularly below 0.20 percent U3Og, it may
be difficult to distinguish the uranium mineral from the sandstone itself.

Using solid state reactions, Dion et al. (2000) synthesized two new alkali
uranyl vanadates, Mg(UO»)5(VO4),05 with M = Na, K, by and determined
their structures from single-crystal XRD. Both structures consisted of
[(UO,)s(VO4)-,05]*~ corrugated layers parallel to the (100) plane. The layers
contained VO, tetrahedra, Urds pentagonal bipyramids, and distorted Urdy
octahedra. The Urds units were linked by sharing opposite equatorial edges to
form zigzag infinite chains parallel to the c-axis. These chains were linked
together on one side by VO, tetrahedra and on other side by Urd, and Urds
corner-sharing units.

(I) Uranyl selenites and tellurites

In nature, uranyl selenite minerals form where Se-bearing sulfides are under-
going oxidative dissolution. Selenium occurs as Se(1v), in the selenite anion,
SeO%‘, however, Finch and Murakami (1999) suggested that Se(vi) minerals
may be expected under sufficiently oxidizing conditions. Natural uranyl sele-
nites and tellurites include the minerals derriksite, demesmackerite, guilleminite,
larisaite {Na(H30)(UO,);(S¢03),0,-4H,0} (Chukanov et al., 2004), and
marthozite, {Cu[(UO,);(Se03),0,](H,O)s}. The three known uranyl tellurites
are cliffordite {UO,(Te;0,)}, moctezumite {PbUO,(TeO3),}, and schmitterite
{UO»(TeO3)}. The selenites and tellurites are based upon infinite chains of
polymerized polyhedra of higher valence. The chain structures observed with
moctezumite and derriksite contains Urds and Urdy bipyramids as well as
Te*" 05 and Se*" O triangles. They are strongly distorted owing to the presence
of a lone pair of electrons on the cation. The crystal structure of marthozite has
been refined by Cooper and Hawthorne (2001). There are two unique selenium
sites, each occupied by Se*" and coordinated by three O atoms, forming a
triangular pyramid with Se at the apex, indicative of the presence of a stereo-
active lone pair. The Se-O bond length is ~1.70 A. The structure possesses one
Cu site coordinated by 4 H,O groups and two O atoms. The structural unit is a
sheet of composition [(UO,)3(Se03),0,], which is topologically identical to the
structural unit in guilleminite {Ba[(UO,);(Se03),0,](H,0);}. Adjacent sheets
are linked through interstitial Cu®* cations via Cu>*-O bonds and via H-bonds
that involve both (H,O) groups bonded to Cu”>* and interstitial (H,O) groups.

A number of uranyl selenites containing alkaline metals (Almond et al.,
2002), as well as Ag and Pb (Almond and Albrecht-Schmitt, 2002) have been
prepared. The structures consist of [(UO,)(SeO5),]* sheets constructed from
Urds units that are linked by SeO%f anions, similar to the natural minerals.
Synthetic Sr[(UO»)3(Se03),0,]-4H,0O prepared in supercritical water was
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found to possess the same anion topology as is found in guilleminite and
marthozite; however, this phase could not be prepared under ambient or
hydrothermal conditions (Almond and Albrecht-Schmitt, 2004).

(m) Uranyl molybdates

Uranyl molybdates are common minerals formed by weathering of uraninite
and Mo-bearing minerals (Finch and Murakami, 1999). Umohoite {[(UO,)
(Mo00O,)](H20)4}, is commonly partially replaced by iriginite {[(UO,)
(MoO30H),(H,0)](H,O)}, which also consists of polyhedra sheets. Iriginite,
however, has a distinctive anion-topology arrangement of chains of pentagons
and squares that share edges, and zigzag chains of edge sharing squares and
triangles (Krivovichev and Burns, 2000a). In the structure of iriginite, each
pentagon of the anion topology is populated by an Ur¢s polyhedron, two-thirds
of the squares are populated with Mo®"Og octahedra that occur as edge-sharing
dimers; the triangles, as well as one-third of the squares, are empty. There have
been reports of substantial variability of the ¢ dimension of umohoite possibly
due to variation of the H,O content or polytypism that may account for the
observed variation in unit-cell parameters (Krivovichev and Burns, 2000b).

The sheets of uranyl and molybdate polyhedra in iriginite and umohoite have
features in common. The umohoite to iriginite transformation during alteration
of U-Mo deposits, corresponding to a change of the U:Mo ratio from 1:1 to 1:2,
involves a change of anion topology to one with a smaller number of edges
shared between coordination polyhedra. The uranophane anion-topology is the
basis of the umohoite sheet. Construction of the anion topology requires the U
and D arrowhead chains as well as the R chain, with the chain-stacking
sequence URDRURDR... The iriginite anion-topology contains the same
chains as the umohoite (uranophane) anion-topology, but the chain-stacking
sequence is DRRRURRRDRRRURRR... The ratio of arrowhead (U and D)
chains to R chains in the umohoite and iriginite anion topologies is 1:1 and 1:3,
respectively. In the umohoite sheet, all rhombs of the R chains are populated
with Mo®" cations, whereas in the iriginite sheet, only two-thirds of the rhombs
contain Mo®", with the remaining third empty. The result is U:Mo ratios of 1:1
and 1:2 in the umohoite and iriginite sheets, respectively. The iriginite anion-
topology may be derived from that of umohoite by expansion of the umohoite
anion-topology along a vector within the sheet that is perpendicular to the
arrowhead chain, together with the insertion of two additional R chains be-
tween adjacent arrowhead chains. This transformation mechanism requires
addition of Mo®" to populate the rhombs of the R chains. Another mechanism
for obtaining the iriginite anion-topology from that of umohoite is the replace-
ment of every second URD sequence in the umohoite anion-topology with an
R chain. This mechanism requires the removal of the U®" that populated the D
and U arrowhead chains. Krivovichev and Burns (2000a,b) have suggested that
this may appear to be the most likely mechanism of the umohoite-to-iriginite
transformation (see Fig. 5.4).
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Mourite {U*"Mo°"50,,(OH);,}, is a rare U*" mineral containing molybde-
num that is observed in oxidized zones in association with umohoite occurring
as dark violet crusts and scaly aggregates in the Kyzylsai uranium deposit in
Kazakhstan associated with umohoite. Krivovichev and Burns (2002a—c,
2003a) have described several synthetic uranyl molybdates, including Rb, Cs,
Ag, and TI species, respectively.

(n) Uranyl tungstates

Only one natural uranium tungstate is known, uranotungstite {(Fe’",Ba,Pb)
(UO,),WO4(OH)4(H,0),}; however, there are a wealth of synthetic U(1v) and
U(vi) tungstates that have been reported in the literature. The phase UO,WOQy is
isostructural with UO,MoOQy, suggesting that the W®" cations are tetrahedrally
coordinated by O atoms. Given the structural similarities of Mo(vi) and W(vr),
it might be expected that a variety of U(vi)-W(v1) phases should form. The
phases UO,W;0;o and Na,UO,W,0g, has been described but their structures
are unknown. U(1v) tungsten bronzes have received considerable attention. The
structures consist of ReOs-type slabs of corner-sharing W Og octahedra. A
number of lithium uranyl tungstates ion conductors, such as Li,(UO,)(WOQOy),
and Liy(UO,)4(W0O,)40, have been prepared by high-temperature solid state
reactions (Obbade et al., 2004).

(o) Uranium association with clay minerals and zeolites

Chisholm-Brause et al. (2001) have identified four distinct uranyl complexes on
montmorillonite that co-exist under certain conditions. Inner sphere and ex-
change-site complexes persist over a range of solution conditions. The uranyl
ion sorbs onto montmorillonite at low pH via ion exchange, leaving the inner-
sphere uranyl aquo-ion structure intact (Dent et al., 1992; Sylwester et al., 2000).
At near neutral pH and in the presence of a competing cation, inner-sphere
complexation with the surface predominates. Adsorption of the uranyl onto
silica and y-alumina surfaces appears to occur via an inner-sphere, bidentate
complexation with the surface, with the formation of polynuclear surface com-
plexes occurring at near-neutral pH (Sylwester et al., 2000). Pabalan et al. (1993)
have performed laboratory tests on the sorptive properties of zeolitic materials
for uranium; the sorption is strongly dependent on pH. At near neutral pH
U(vr) was strongly sorbed but under conditions where carbonate- and ternary
hydroxyl-carbonate-complexes are present the sorption decreased substantially.
Della Ventura et al. (2002) have discovered a new lanthanide borosilicate miner-
als of the hellandite group where uranium appears to be incorporated into a
borosilicate cage structure. The phase, called ciprianiite {Cay[(Th,U)(REE)]
Aly(Si4B4042,)(OH,F),]}, formed with a syenitic ejectum21 collected close at

21 Literally, the violent volcanic explosion of mainly alkali feldspar (syenite) intrusive rock.
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Tre Croci within a pyroclastic formation belonging to the Vico volcanic
complex (Latium, Italy). Uvarova er al. (2004) reported another U*" bearing
silicate, arapovite {U(Ca,Na),(K_,0,)SigO,0} from the Dara-i-Pioz moraine,
Tien-Shan Mountains, Tajikistan.

The thorium and uranium uptake from their aqueous solutions by pristine
and NaCl-pretreated zeolite-bearing volcanoclastic rock samples from Metax-
ades (Thrace, Greece) has been studied using a batch-type method (Misaelides
et al., 1995). The concentration of the solutions varied between 50 mg L' and
20 g L', The NaCl pretreatment of the materials improved the thorium, but not
the uranium, uptake. The absolute thorium uptake by the pretreated material,
determined using neutron activation and X-ray fluorescence techniques,
reached 12.41 mg g !, whereas the uranium uptake by the raw material was
8.70 mg g '. The distribution coefficients (Kg) indicated that the relative thori-
um and uranium uptake is higher for initial concentrations below 250 mg L.
The zeolitic materials were very stable despite the initial low pH of the solutions
used; however, the pH increased significantly with time due to the simultaneous
hydrogen-ion uptake. The thorium and uranium uptake is a complex function
of the aqueous chemistry of the elements, the nature of the constituent
minerals, and the properties of the zeolitic rock specimens. The various metal
species are bound through different sorption processes such as ion-exchange,
adsorption, and surface precipitation. Microporous minerals (zeolites, phyllo-
silicates) are mainly responsible for the large sorption capacity of the rock
samples studied.

5.4 ORE PROCESSING AND SEPARATION

Because of the complexity of many uranium ores and the usual low concentra-
tions of uranium present, the economic recovery of uranium often poses a
difficult problem for the chemist. Physical concentration methods (flotation,
gravitational, electromagnetic, etc.) have met with only limited success for
uranium. The chemical methods used for the recovery of uranium from ores
thus have to be designed to treat large ore volumes economically. Because of
this and because uranium is a very electropositive metal, most direct pyrochem-
ical methods are not applicable and processes usually involve modern aqueous
extractive metallurgy. In this section the more important aspects of the extrac-
tive metallurgy of uranium will be described with emphasis on the chemical
principles involved.

Uranium ores vary in chemical complexity from the relatively simple pitch-
blendes, which are accompanied by perhaps 10 other minerals, to exceedingly
complex and refractory uranium-bearing titanites, niobates, and tantalates
containing rare earths and many other metals. Included are uranium
minerals accompanied by major admixtures of ill-defined organic compounds.
Some pitchblende ores may have as many as 40 elements present from which
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uranium must be separated. Many uranium deposits are variable in composition,
resulting in an almost daily variation in the composition of the starting materials.
Such variations are minimized by stockpiling methods. Nevertheless there have
been many ad hoc procedures elaborated to meet special chemical situations.
Most such highly specialized methods will have little interest for this discussion.
The general features common to most procedures will, however, be pertinent.
All methods that have been commonly used comprise the following steps:
(1) pre-concentration of the ore; (2) a leaching operation to extract the uranium
into an aqueous phase — this step frequently being preceded by roasting or
calcination to improve the extraction; and (3) recovery of the uranium from the
pregnant leach liquors by ion exchange, solvent extraction, or direct precipita-
tion, and in the case of ion-exchange or solvent extraction products by a final
precipitation. Special methods may be used for recovery of by-product urani-
um. The product of these operations is a high-grade concentrate, which is
usually further purified at a site other than the uranium mill.

The extractive metallurgy of uranium has been discussed in detail in various
books (Vance and Warner, 1951; Clegg and Foley, 1958; Harrington and
Ruehle, 1959; Chervet, 1960; Bellamy and Hill, 1963; Gittus, 1963; Galkin
and Sudarikov, 1966; Merritt, 1971) and in collections of papers (United
Nations, 1955, 1958, 1964; IAEA, 1966, 1970). There is also a bibliography on
feed materials (Young, 1955). The most comprehensive collection of data is the
multi-volume supplement to the Gmelin Handbook of Inorganic Chemistry
(Gmelin, 1975-1996), more particularly its volume (A3) on Technology and
Uses (Gmelin, 1981a). Many other references can be found in these sources.

5.4.1 Pre-concentration

Most uranium ores contain only small amounts of uranium, and because
leaching is a relatively expensive operation, much effort has been expended to
reduce the magnitude of the leaching operation by pre-concentration of the ore.
Physical concentration methods (gravitational, electrostatic, flotation) and var-
ious sorting methods have been either used or proposed for upgrading of
uranium ores. Unfortunately such beneficiation methods have not achieved
great success, only a few of the uranium ores processed being amenable to
physical beneficiation processes. Only in a few cases can appreciable concentra-
tion of uranium be achieved without excessive loss to tailings.

Uranium minerals as well as other minerals, with which they are closely
associated, are denser than many gangue materials and successful gravity
separation methods are sometimes possible. Such gravity separations are com-
plicated by the fact that uranium minerals tend to concentrate in the fines upon
crushing or grinding of some ores. This property has been used to some
advantage in that a certain degree of mechanical concentration can be achieved
by a gentle grinding followed by screening. Electrostatic methods generally give
low recoveries or low concentration factors. Magnetic separation methods have
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generally been used to remove gangue materials such as magnetite, ilmenite,
garnet, etc. Flotation methods have received considerable laboratory attention
although they do not appear to have been widely applied. Flotation of undesir-
able gangue materials such as sulfides has met with some success, but no
flotation agents have been developed for uranium minerals that give concentra-
tion factors approaching those obtained in the processing of sulfide minerals.
Flotation has met with some success in splitting carbonate-containing ores into
a carbonate and a non-carbonate fraction so that the former fraction can be
leached by the carbonate method and the other with sulfuric acid. Both manual
and mechanical sorting methods have been applied to the upgrading of uranium
ores. In this procedure individual lumps of ore are sorted either by hand or by
mechanical devices usually on the basis of radiation readings for the individual
lumps. Merritt (1971) reviewed various mechanical upgrading techniques in
some detail.

5.4.2 Roasting or calcination

It is frequently desirable to subject ores to high-temperature calcination prior to
leaching. Several functions can be performed by such roasting operations. An
oxidizing roast can remove carbonaceous material and put the uranium in
soluble form. It can oxidize sulfur compounds to avoid subsequent polythionate
and sulfur poisoning of ion-exchange resins. It removes other reductants, which
might consume oxidant during the leaching step. Reducing roasts can convert
uranium to the reduced state and prevent dissolution of uranium during
by-product recovery.

Roasting also improves the characteristics of many ores. Many of them
contain clays (particularly of the montmorillonite class), which cause
thixotropic slurries and create problems in leaching, settling, and filtering.
Dehydration of these clays alters their physical properties and decreases these
problems.

Roasting with sodium chloride is commonly used with vanadium-containing
ores to convert the vanadium to a soluble form. Sodium vanadate is formed,
which is believed to form soluble uranyl vanadates (Merritt, 1971). Salt roasting
has also been used to convert silver to silver chloride for easier separation from
soluble components.

5.4.3 Leaching or extraction from ores

The object of this procedure is to extract the uranium present in the ore into
solution, usually aqueous, from which the recovery and purification of the
uranium from accompanying metals can be carried out. The leaching operation
is usually the first of the chemical manipulations to which the ore is subjected,
and all present chemical processing methods for any type of ore involve diges-
tion of the ore with either acid or alkaline reagents. The acid reagent may be
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generated in situ by bacterial or high-pressure oxidation of sulfur, sulfides and
Fe(mr) in the ore to sulfuric acid and ferric [Fe(u)] species. The choice of a
reagent for a particular case will be determined primarily by the chemical nature
of the uranium compounds present in the ore and the gangue materials that
accompany them.

The extraction of uranium from the majority of the ores is generally more
complete by acid leaching than with alternative leaching procedures and is
therefore used in most mills. While other acids can be used, sulfuric acid is
employed because of its lower price, except when hydrochloric acid is available
as a by-product of salt roasting. As a general principle only uranium (vi)
minerals are readily dissolved in sulfuric acid. For uranium minerals, such as
uraninite, pitchblende, and others, containing uranium in lower oxidation
states, oxidizing conditions must be provided to ensure complete extraction.
Oxidizing conditions are provided by agents such as manganese dioxide, chlo-
rate ion, ferric ion, chlorine, or molecular oxygen. Manganese dioxide and
chlorate ion are most commonly used and iron must be present in solution as
a catalyst in order for either of them to be effective.

Manganese dioxide to the extent of perhaps 5 kg per ton (but typically about
one-half of this in U.S. practice) or up to 1.5 kg NaClOj3 per ton of ore are
usually adequate for all but the very refractory ores. Free ferric-ion concentra-
tions larger than 0.5 g L' generally give adequate dissolution rates. Sufficient
iron is normally provided by the ores themselves and by the ore-grinding
process. Typical dissolution reactions are

UO; + 2Fe*" — UO3" + 2Fe**
2Fe*" + MnO, + 4H" — 2Fe*" + Mn*" + 2H,0
6Fe’" + ClO; +6H™ — 6Fe*™ + Cl™ + 3H,0

To avoid excessive consumption of oxidant this is in general not added to the
acidified ore until the reaction with free iron and sulfides is practically complete.
Manganese can be recovered at later stages as manganese(i1) hydroxide followed
by ignition in air at 300°C to the dioxide. When only a small fraction of the
uranium is in reduced form, agitation with air is often sufficient to maintain
oxidation by ferric ion. Various other oxidants are effective, including chlorine,
permanganate, bromine, etc., but cost or difficulty of handling (corrosiveness,
etc.), have relegated their use to very special situations. Proper addition of
oxidizing agent can be controlled by an empiric potentiometric measurement
of the redox potential. If the potential between a platinum and a calomel
electrode inserted into the digesting ore mixture is adequately controlled, the
iron will be present principally as Fe’>" and suitable oxidizing conditions will
have been imposed (Woody and George, 1955).

The most common form in which acid leaching is applied is in the form of
aqueous leaching with agitation. The sulfuric acid concentration is adjusted so
that it close to pH 1.5 at the end of the leaching period; the period of extraction
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is generally 4-48 h, in U.S. practice typically 4-24 h. Elevated temperatures and
higher acid concentrations increase the rate of extraction but are often uneco-
nomic and result in higher reagent consumption, increased corrosion, and
increased dissolution of non-uranium minerals. Counter-current leaching in
several stages is sometimes used but is less common than single stage processes.
Recycle circuits have also been devised to use the acid leachant more efficiently.
A less common procedure is acid pugging, in which a small amount of dry,
ground ore is mixed with a more concentrated acid to form a plastic mass, which
is allowed to cure and then leached with water. Percolation leaching, in which
solution percolates slowly through an ore bed, is well-suited to ores in which the
uranium minerals occur as coatings on sand grains, particularly when the ore is
of low grade. A variation of percolation leaching that has important application
to low-grade ores is heap leaching, in which 5-10 m deep piles of ore of about
100 m length are leached by slow percolation of an acid solution that is collected
in the pile drainage. In situ leaching is another method that has been applied to
certain ore bodies with low permeability of the rock underlying the deposit and
adequate porosity of the ore body itself. In this procedure, wells are drilled into
the ore body and leachant is pumped into some of these while the enriched
solutions are pumped from other wells.

Two acid leaching methods require no reagent addition in some ores con-
taining sulfides or sulfur. These methods are pressure leaching, in which air is
the oxidant at elevated temperatures (~150°C) and pressures, and bacterial
leaching, where air is also the oxidant but at temperatures near ambient. In
both cases uranium dissolution is brought about by the oxidation of iron and
sulfur compounds to Fe*™ and sulfuric acid. Typical reactions in pressure
leaching are

4FeS,; + 150, + 2H,0 — ZFez(SO4)3 + 2H,S0O4
UO;, + FCQ(SO4)3 — UO,S04 + 2FeSOy4
4FeSO4 + 2H,SO4 + O, — 2F€2(804)3 + 2H,0

Similar overall reactions occur in bacterial leaching through the action of
bacteria, such as Thiobacillus ferrooxidans and others, on ferrous ion, sulfur,
and sulfides. Although there are several reported advantages of high-pressure
leaching, such as improved extraction and shorter extraction times, particularly
with refractory ores, there is also larger corrosion and higher maintenance costs
and the method has received little actual use. Bacterial leaching appears to be
particularly attractive as a low-cost recovery method for very low-grade ores
when used with heap or in situ leaching.

While acid leaching is excellent for many ores, and is essential for primary
refractory ores such as euxenite, davidite, and brannerite, it is subject to
certain limitations. Most uranium minerals are soluble in dilute sulfuric acid
with an oxidant present, but many ores contain other minerals such as calcite,
dolomite, and magnesite, which consume sufficient amounts of acid to make
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acid leaching uneconomic. In such cases, carbonate solutions are used to extract
uranium.

Carbonate leaching is usually carried out with sodium carbonate. The utility
of carbonate solutions arises from the high stability of the uranyl(vi) tricarbo-
nate ion, UOZ(CO3);‘7, in aqueous solution at low hydroxide-ion concentration.
Uranium(vi) is thus soluble in carbonate solution, unlike the vast majority of
other metal ions, which form insoluble carbonates or hydroxides in these solu-
tions. The sodium carbonate leaching is thus inherently more selective than the
sulfuric acid procedure. In general, compounds of uranium(vi) are readily
soluble in carbonate leach solutions although silicates dissolve, albeit with
some difficulty. Minerals containing uranium in its lower oxidation states are
insoluble in carbonate solutions, and oxidants are required. Under oxidizing
conditions, simple uranium oxides and some other uranium(iv) minerals such as
coffinite can be leached, particularly at elevated temperature.

In addition to the advantage of low reagent consumption in carbonate-
containing ores, carbonate leaching is relatively (but not completely) specific
for uranium and carbonate solutions, which are moderately non-corrosive.
Disadvantages include lower uranium extraction than by acid leaching and
that the method is not suitable for ores having high gypsum or sulfide content.
Important refractory minerals such as euxenite, brannerite, and davidite are not
attacked significantly without a prior fusion step. Since few ore components
other than uranium minerals are attacked to any appreciable extent by car-
bonate solutions, any uranium imbedded in gangue will escape leaching. A
carbonate leach thus requires sufficiently fine grinding to liberate the uranium.
Economics dictate that the reagents must be recovered and recycled in the
carbonate leach process.

Oxygen (often under pressure) is the commonly used oxidant in carbonate
leaching and the dissolution of simple uranium oxide follows the reactions
(Merritt, 1971).

2UO; + 0, — 2UO3
UO; + H,0 4 3C02™ — U0, (CO3)5™ + 20H-
OH™ + HCO; — CO3™ + H,0
As shown in the equations above, bicarbonate is used to prevent increase in the

hydroxide concentration, which would result in precipitation of uranates or
polyuranates by the reaction

2U0,(CO3)3™ + 60H™ 4 2Na* — Na,U,0; + 6CO3~ + 3H,0

The detailed dissolution mechanisms are more complex than represented here
and several possible alternatives have been proposed (Clegg and Foley, 1958;
Wilkinson, 1962; Merritt, 1971). Although air is the most commonly used
oxidant in carbonate leaching, other oxidants have been used. Potassium per-
manganate was commonly used in the past but was expensive and replaced
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by pressurized leaching at 95-120°C in air. This was followed by the use of
cupric-ammonia complexes, a catalyst for air oxidation, but current practice is
toward simply using air at atmospheric pressure and longer dissolution times at
about 75-80°C in Pachuca-type (air-agitated) tanks (Merritt, 1971). Pure oxy-
gen has been used (Woody and George, 1955) in place of air with some
advantages. Other oxidants that have been considered are NaOCI, H,O,, and
K»S,0g. Various catalysts such as MgCl,, Ag,SO4, K3Fe(CN)g, copper—cyanide
complexes, and copper—, nickel-, and cobalt-ammonia complexes have also
been studied.

Although sodium carbonate is the only reagent used commercially in alkaline
leaching, ammonium carbonate has been extensively tested in the laboratory
and pilot plant (Merritt, 1971). Since the concentrations of sodium carbonate
and bicarbonate used are typically 0.5-1.0 M, the recovery of reagents is neces-
sary. The specificity of carbonate leaching for uranium is such that the uranium
can usually be recovered from the leach solution by precipitation as sodium
polyuranates (‘diuranate’) with sodium hydroxide. The filtrate is then treated
with carbon dioxide to regenerate the desired carbonate/bicarbonate ratio.

While the amounts of carbonate, bicarbonate, and oxygen consumed during
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