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Vorwort

Das zwischen den beiden kerntechnisch sehr wichtigen Elementen Thorium (Ordnungszahl 90)
und Uran (Ordnungszahl 92) stehende Element Protactinium (Ordnungszahl 91) hat nach seiner
Entdeckung kurz vor dem Ersten Weltkrieg mehr als vierzig Jahre lang eine Art Dornréschenschlaf
gehalten. Erst gegen Ende der fiinfziger Jahre wuchs das Interesse an diesem Element, und zwar
hauptsédchlich aus zwei Griinden:

@ -~

— einmal dadurch, daB in England mit mehr als 100 g 23'Pa,05 die erste groBere und sehr reine
Menge dieses/Elements aus Riickstanden der Urangewinnung isoliert wurde und

— zum anderen dadurch, daB 232Pa auf Grund seiner Kerneigenschaften als Zwischenprodukt der
Umwandlung von 232Th in 233U die Bruteigenschaften von Thoriumhochtemperaturreaktoren
stark beeinfluBt.

Obwohl Protactinium ein natiirliches Element ist, sind bei der Handhabung wéagbarer Mengen
von 231Pa, des einzigen langlebigen Isotops, VorsichtsmaBnahmen zu ergreifen, die denjenigen beim
Umgang mit den leichten Transuranen entsprechen. Dies hat zur Folge, daB die Untersuchung der
Eigenschaften des Protactiniums nur an wenigen Orten in gut ausgeriisteten Laboratorien moglich
ist. Dennoch besitzen wir heute eine relativ gute Kenntnis der chemischen, physikalischen, nuklearen
und metallurgischen Eigenschaften dieses Radioelements, die z.T. weitaus vollsténdiger sind als die
mancher klassischer und nichtradioaktiver Elemente. Protactinium zeigt dabei eine Art zwiespéltigen
Verhaltens:

— in festen Verbindungen besitzt es typische Eigenschaften eines Actinidenelements, wéhrend

— beim chemischen Verhalten in wiRriger Losung eine sehr starke Ahnlichkeit mit den Elementen
der fiinften Hauptgruppe (Nb, Ta) festzustallen ist.

Eine Art ,,Pa-boom” war in den sechzigef Jahren zu bemerken. Dies schlug sich z.B. auch in
drei Symposien nieder, die speziell diesem Element gewidmet waren. Heute hat sich die Welle der
Verdffentlichungen iiber Pa wieder etwas beruhigt, nicht zuletzt deshalb, weil das in England isolierte
231Pg,0s weitgehend ,,aufgebraucht” ist. Der gegenwirtige Zeitpunkt ist daher sehr geeignet,
durch die Herausgabe des Pa-Bandes des Gmelin Handbuchs eine Art Bestandsaufnahme zu diesem
Element zu geben. Damit konnten dann auch neue Forschungen initiiert werden, wenn durch die
Aufarbeitung von Brennelementen von Hochtemperaturreaktoren und die Isolierung von 23'Pa aus
radioaktiven Riickstinden in den achtziger Jahren die Pa-Forschung einen neuen Auftrieb gewinnen
kann. Ein genaues Studium dieses Bandes zeigt deutlich, wo noch groBe Liicken vorliegen — z. B. bei
den Legierungen und Verbindungen wie Hydriden, Nitriden oder Sulfiden, speziell im Hinblick auf
Untersuchungen zu Phasengleichgewichten und zur Thermodynamik. Auch in die Chemie des Pa
in waBriger Losung sollte Licht gebracht werden.

Die Herausgabe des Pa-Erg@nzungsbandes des Gmelin Handbuchs schlieBt auch die erste
Liicke bei den leichten Actiniden. Die Erganzungsbénde zu Uran werden voraussichtlich in den Jahren
1979/80 herausgegeben, die zu Thorium daran anschlieBend.

Der Herausgeber dankt dem Gmelin-Institut fir die gute Zusammenarbeit, im besonderen der
Leiterin, Frau Prof. Dr. Becke und dem verantwortlichen Redakteur, Herrn Dr. Buschbeck. Spezieller
Dank gilt auch den einzelnen Autoren dieses Bandes fiir ihre ausgezeichneten Beitrdge. Ich mochte
noch einen persdnlichen Dank an die Literaturabteilung des Kernforschungszentrums Karlsruhe und
ihre Mitarbeiter, im besonderen gilt dieser Dank fiir Fraulein Schneider, aussprechen, ochne deren
intensives Bemiihen manche Literaturstelle nicht zuganglich gewesen wire.

Karisruhe, im Mai 1977 Cornelius Keller



Preface

The chemistry of the element protactinium, atomic number 91, has been virtually dormant for
more than 40 years since its discovery shortly prior to World War I. During the late fifties, however,
the interest in protactinium increased, primarily due to two reasons.

Firstly, more than 100 g of very pure 23'Pa,05 could be isolated from the residues of uranium
processing in England. Secondly, 233Pa is an intermediate in the transformation of 232Th to 233U
and, hence, strongly influences the breeding properties of high-temperature thorium reactors.

Although protactinium is a naturally occurring element, weighable quantities of 231Pa—the only
long-lived isotope of the element—must be handled as cautiously as the light transuranium elements.
Consequently, studies of the properties of protactinium can be performed only in a few rather well-
equipped laboratories. Nevertheless, the present relatively detailed knowledge of chemical, physical,
nuclear, and metallurgical properties of this radioelement exceeds that of various classical non-
radioactive elements. Solid protactinium compounds exhibit properties typical of those of an actinide.
In contrast, the chemical behavior in aqueous solution strongly resembles that of elements of the
fifth main group (Nb, Ta). S

Studies on protactinium were most actively pursued during the sixties, as is evidenced by three
symposia that were devoted especially to this element. At present (1977) most of the 231Pa,0g that
was isolated in England (see above) has been consumed and the number of scientific publications
in the protactinium area has decreased. Hence, the present edition of a Gmelin volume on Protactinium
appears to be appropriatef Future studies in protactinium chemistry might be anticipated for the
eighties, once the work-up of consumed fuel elements of high-temperature reactors will provide
a new supply of 23'Pa,

A thorough study of the present data clearly illustrates wide gaps of knowledge, for example on
hydrides, nitrides, or sulfides of protactinium, particularly with respect to phase and thermodynamic
studies. Also, its aqueous solution chemistry appears to be little developd.

The present volume of the Gmelin Handbook on protactinium closes a gap within the series of
the light actinides. Volumes dealing with uranium will be published during 1977/78 and are to be
" followed by those on thorium.

The editor is grateful for the splendid cooperation encountered by the representatives of the
Gmelin Institute, particularly by the director, Professor M. Becke, and the responsible editon-in-chief,
Dr. Buschbeck. Particular thanks are due to the individual authors for their excéllent contributions.

. A personal thanks is due to the literature department of the Nuclear Research Center Karlsruhe,
especially to Miss Schneider; without their intensive engagement a number of references would not
have been available. )

Karlsruhe, Mai 1977 Cornelius Keller
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2 ' Allgemeines Pa Erg.-Bd. 1

General Properties of Protactinium

Although element 91, protactinium, was discovered in the earliest times of radioactivity, owing
to difficulties associated with isolation from ore residues its chemical and physico-chemical behaviour
could not be satisfactorily elucidated until about twenty years ago, when more than 100 g of pure
231Pa, 05 were isolated from the etheral sludge in the Springfield/United Kingdom uranium refinery.

Today 19 isotopes of protactinium are known, only two of them (23'Pa, 234Pa) occurring in
nature whilst the others rhust be synthesized by nuclear reactions. Most are very short-lived. The
two longest-lived isotopes, 23'Pa and 233Pa, are of special interest in nuclear technology since both
are formed in the nuclear fuel of the “High Temperature Reactor” and of the “Molten Salt Reactor”,
with 222Th and 233U as breeding and fuel materials, respectively.

For all investigations with macro-amounts, the only very long-lived (32500 a) a-emitter 231Pa
is suitable. Many data on the chemical behaviour of Pa in solution have been obtained on the tracer
scale using the 27d isotope 233Pa. On account of the severe hydrolysis in dilute PaV solutions, many
of the results need be confirmed, where possible, by using more concentrated solutions of the isotope
231Pg,

Pa-metal, which exists in two modifications, one with a unique structure, has recently been
obtained pure by the van Arkel-process, with a PaC-iodine mixture. It can be converted to the hydride
PaH;-,, nitride PaN, and a variety of halides.

Some intermetallic compounds coptaining noble metals have been prepared by.the coupled
reduction technique, PaBe,5 by reacting Pa,0s with Be in excess at high-temperatures. With the
exception of halides and oxides therg are very few and insufficient data on other binary compounds
like carbides, sulfides and nitrides.

Two oxidation states of protactinium are known in solution and in the solid state: tetravalent
and pentavalent protactinium. Trivalent protactinium has been reported to exist in the iodide Pals,
but definite proof of this low valency is still lacking.

Tetravalent protactinium seems to be more unstable in aqueous solutions than in the solid state.
It is prepared by reduction of Pa¥ with, e.g. Zn or Cr2+ in solution, or by treatment of the corresponding
solid compounds with hydrogen or Al at higher temperatures. Pure-.compounds of Pa'V, e.g. PaCl,,
may also be used for the preparation of Paji-solutions. It is noteworthy that organometallic com-
pounds are known only for Pa'V. Thus, even when using PaV as the starting material, e.g. in the
reaction PaClg + Be(CgHs)2, the product is Pa(CgHg)s.

The chemical behaviour of pentavalent protactinium- is distinctly ambivalent. Its solid state
chemical reactions and those in _non-aqueous solutions are similar to those of other pentavalent
elements at the beginning of the 5f series. Furthermore, the compounds obtained by solid state
reactions, e.g. halides or polynary oxides, are mainly isostructural with the corresponding compounds
of the other pentavalent actinides, one notable exception being PaCls, which exhibits a structure
unique to pentahalides.

In contrast to this expected behaviour, its chemical reactions in aqueous solutions are very
similar to those of the Vb-group elements niobium and tantalum, with the chemistry in aqueous
solution of all three species being determined by several hydrolytic effects. There are no convincing
indications for a stable linear and covalent PaO%-group, analogous to the MO%-groups for U, Np, Pu,
and Am. Stable aqueous solutions of Pa¥ only exist in hydrofluoric and strong sulfuric acid media,
and éven in concentrated hydrochloric and nitric acid solutions hydrolytic processes occur, especially
in very dilute solutions of Pa and at elevated temperatures. Such solutions mostly contain Pa in the
colloidal state, part of it being adsorbed on the walls of the glass tubes.

This very uncommon behaviour also complicates the interpretation of extraction and ion-exchange
data and the complex-chemical reactions in solution. This means that most data obtained in this way
must be regarded as only qualitative. The strong hydrolysis also renders the separation of PaV very
difficult, especially in the case of very low Pa concentrations. Therefore, for the quantitative deter-
mination of protactinium mainly a- and/or y-spectrometric methods are used, or, on the macroscopic
scale, ignition of the insoluble hydrous oxide to stoichiometric Pa;0g.



