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FOREWORD

The Subcommittee on Radlochemistry is one of a number of
subcommittees working undex the Committee on Nuclear Science
within the National Academy of Sciences - National Research
Council. Its members represent government, industrial, and
"university laboratories in the areas of nuclear chemistry
and analytical chemistry.

The Subcommittee has concerned itself with those areas of
nuclear science which involve the chemist, such as the col-
lection and distribution of radiochemical procedures, the
egtablishment of specifications for radlochemically pure
reagents, the problems of stockpiling uncontaminated
materials, the availability of cyclotron time for service
irradiations, the place of radiochemistry in the undergraduate
college program, etc.

Thlis serles of monographs has grown out of the need for up-
to-date ¢ ilations of radiocﬁemical information and pro-
cedures.. e Subcommittee has endeavored to present a
series which will be of maximum use to the working sclentist
and which contains the latest available information. Each
monograph collects in one volume the pertinent information
required for radiochemical work with an individual element
or a group of closely related elements.

An expert in the radiochemlstry of the particular element
has written the monograph, following a standard format
developed by the Subcemmittee. The Atomic Energy Commis-
sion has sponsored the printing of the series.

The Subcommittee is confident these publications will be
useful not only to the radiochemist but also to the research
worker in other fields such as physics, biochemlstry or
medicine who wishes to use radiochemical techniques to solve
a specific problem.

Wo Wayne Melnke, Chairman
Subcommittee on Radiochemlstry
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INTRODUCTION

This volume which deals with the radiochemistry of grot-
actinium is one of a series of monographs on radiochemistry
of the elements. There is included a review of the nuclear
and chemical features of particular interest to the radio-
chemist, a dlscussion of problems of dissolution of a sample
and counting techniques, and finally, a collection of radio-
chemical procedures for the dement as found in the literature.

The series of monographs will cover all elements for which
radiochemical procedures are pertinent. Plans include
revislon of the monograph perlodically as new techniques and
procedures warrant. The reader is therefore encouraged to
call to the attention of the author any published or unpub-
lished material on the radiochemistry of protactinium which
might be included in a revised version of the monograph.

Any new review on protactinium at this time has been rendered
largely superfluous by the recent\publication of the critical
article by Haissinsky and Bouissieres!. This excellent
comprehensive monograph covers the published (and much of the
unpublished)literature through November 1, 1957. Except for
translation from the French, it can hardly be improved upon.
Such a translation has been made;, and it is hoped that per-
mission for its general distribution will be granted by the
publisher in the near future. . '

The present regort has the limited objective of acquainting
the reader with the broad outlines of protactinium chemistry,
especially in relatien to methods of preparation, segaration,
and analysis. The literature survey gas been limited to
materlal reported since about 1950; for the older literature,
the author gas rellied heavily on the Hailsslnsky-Bouissieres
review. Critical comments, however, are those of this
writer. Patents, as such, have been largely ignored, as in
the opinion of the author, thelr significance is more legal
than scientific, .

iv
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The Radiochemistry of Protactinium*

By H. W. Kirby
Mound Iaboratory
Operated by Monsanto Chemical Company
Miamisburg, Ohlo
December 1959

I. GENERAL REVIEWS OF THE CHEMISTRY OF PROTACTINIUM

Hézssinsky,'M. and Bouissféres, G., Protactinium, Nouveau

Traite de Chimie Minérale, XII, pp. 617-680, ed. by P. Pascal;
Masson'ef Cie., Paris (1953). (This should be required read-
ing for anyone working with.protactinium. The bibliography,

containing 165 references, is complete to November 1, 1957.)

Salutsky, M. L., Protactinium, Comprehensive Analytical Chem-
istry, Vol. 1, Chapter IV, Section 44, 11 pp.,'ed. by Cecil
L. Wilson; Elsevier Publishing Co., Amsterdam (In'Press).

(Primarily devoted to analytical aspects. References, #49.)

* J : - Permission for the use of copyrighted

material has been kindly granted by Pergamon Fress, publishers
of the Journal of Inorganic and Nuclear Chemistry, and by
the editor of the Journal of the American Chemical Society.



Katzin, L. I., editor, Production and Separation of 0233.

Collected Papers, U. S. Atomic Energy Comm., TID-5223, 728 pp.

in 2 vols. (1952). Avallable at $3.25 from Office of Tech-
nical Services, Dept. of Commerce, Washington 25, D. C. (79
papers devoted to thorium, protactinium, and uranium
chemistry, radiochemistry, separations, and nuclear charact-
eristics. Not a true review, but a valuable collection of

research papers and data.)

Gmelins Handbuch der anorganischen Chemle, Protactinium und

Isotope, System Number 51, 99 pp., Verlag Chemle, G.m.b.H.,
Berlin (1942). (Reviews the literature to 1940.)

Elson, R. E., The Chemistry of Protactinium, The Actinide

. Elements, Chapter 5, pp. 103-129, National Nuclear'Energy
Seriles, Division IV, Plutonium Project_Record, Vol. 14A, ed.
by G. T. Seaborg and J. J. Katz, Mchﬁerill Bock Co., New
York (1954). (Refereﬁces, 69, the latest original reference
being dated 1951.)

Hyde, E. K., Radiochemlcal Separations of thé Actinide Elements,

Ibid., Chapter 15, pp. 542-95,

Literature Survey on: 1. The Chemistry of Actinium and Prota-

actinium -- Especially in Aqueous Solutions. 2. Determination

of Actinium and Protactinium. 3. Technical Information on

Radium Industry Residues. Anon., Atomic Energy Commission,

Tel-Aviv, Israel, LS-6, 34 pp. (Sept., 1958).



IT. TABLE 1 ISOTOPES OF PROTACTINIUM&

Mass Mode of Decay Half-Life Source

225 a 2.0 sec Th + d
226 a 1.8 min Th + a
227 a ~ 85% 38.3 min Th + d, U + a, daughter Np23l

EC ~ 15%
228 EC ~ 98% 22 hrs Th + d, daughter y228

aw~ 2%
229 EC - 99+% 1.5 days Th230 4 4

a = 0.25%
230 EC ~ 85% 17.7 days Th + d, Pa23l 4 g, Th230 4 ¢

B~ ~15% '

a?,pt?
231 (Pa) a 32,500 yrs h230 n, Th + n, descendigg

. . U

232 B™ 1.31 days Th + d Pa23l 4+ n, Th + o
233 - BT 27.0 deys Th +d, Th + n
234™(UXp) BT - 99+% 1.175 min Descendant U238 (metastable)

IT - 0.63% '

- C 234M

234 (UZ) g 6.66 hys Daughter Pa
235 8" 23.7 min U+ p, U + d, daughter Th2>>
237 B~ 11 min U+ d
EC - electron capture P - proton
IT -~ 1isomeric transitior n - neutron
d - deuteron

III. CHEMISTRY OF PROTACTINIUM

1. General

The only naturally occurring protactinium isotopes are prot-

actinium-231 and protactinium-234. Because of their - short



half-1l1ives, 1.2-minute protactinium-234 (UXp) and its 6.7-hour
isomer (UZ) Are of relatively little interest to radiochemists.
The 27-day protactinium-233 is readily produced by neutron .
irradiation of thorium and 1e of considerable value both as

a tracer and as the parent of fissile uranium-233. Signifi-
cantly, the y-p branching ratio of UX; was determined with the

aid of protactinium-233 as a tracer.9

Although the natural abundance of protactinium is almost as
great as that of radium, the known world supply of the iso-
lated element and its compounds did not exceed one or two

grams untlil the late 1950's.

Interest in thorium breéder reactors gave necessary lmpetus
to the recovery of gram quantities of protactinium for study

of its macrochemistry.

Abundant source material was avallable as a result of the
accelerated prodﬁction of uranium for nuclear reactors.
Chemical technology (solvent extraction) and instrumentation
(scintillation spectrometers) had advanced to a point where
éeparations and analyses which were previocusly difficult or

impossible could be made with relative ease and rapidity.

Almost 100 grams of protactinium-231 was recently isolated
from uranium fefiuery wastes In Great Britain, and groups at
Cambridge, Harwell, and elsewhere are actively engaged.in
studying the chemistry (as distinct from the radiochemistry)

of protactinium.



Dr. A. G. Maddock has kindly supplied this reviewer with an
unpublished report on the 1958 activities of the Cambridge
protaétinium grouplo, in which he describes the preparation,
in centigram quantities, of the penta~ and tetrahalides of
protactinium and polarographic studies of its oxalate,
chloride, fluoride, and sulfate sclutions. These data will

be published shortly.

It is safe to predict that the 1960's will see much of the
mystery and witchcraft eliminated from protactinium chemistry.
Nevertheless, the greatest amount of information published to
date has come from work done with protactinium-233 on tracer

levels.

These data have not been consistently applicable to the
macrochemlstry of protactinium-231. To some extent, the
discrepancles are due to the origina of the isotopes. Prot-
actinium-233 1s likely to be contaminated bnly by thorlium.
Protactinium-231, on the other hand, may be contaminated
with any or all of the elements in groups IVa and Va of
the Periodic Table, as well as with phosphate ion, which
tends to make its chemistry somewhat erratic. Furthermore,
radiochemical analysls of protactinium-231 is complicated

by the presence of its own a-, B-, and y-active descendants

(Table I1) and those of uranium-238.

Protactinium-231 can also be produced by the neutron irradia-
tion of thorium-230 (ionium), in which case it will usually

also be cbntaminated by thorium-232 and protactinium-233.

Too much has been made of the apparently capriclous chemical

behavior of protactinium. In the pentévalent state, its

5



TABLE II. URANIUM-ACTINIUM SERIES (4n + 3)
.-Tnotope Synonym Mode of Decay Energles, Mev. Half Life
U235 AcU a 20% 4.6 - ' 8
. 8.8 x 10¥Y
1 80% 4.4
Th231 UY p- 0.2 25.65 H
| 1
2 .9
pa23l . a 3% 4.8 32,500 Y
L 13% 4.7
Ac227™7 I: - 0.02 -
: 22.0 Y
H 248 6.1
w22 L I
!  RdAc a 7€ 5.9 18.6 D
! 25% 5.8
i _225 5.7
Fre23e g B~ 1.2 21 M
755 2.1
7% 5.
EE
Rn21? An a 12% 6.4 3.92 8
1 | 4% 6.2
a 7.4
Po?L5._  AcA l: 0.00183 S
1 ! 0.0005% B7) (?)
E [ 20% 0.5
b2ll | AcB p- _ 36.1 M
; '80% 1.4
[ ]
At & ... e 8.0 10-% s
) ﬁuz 6.6
a
B2l accC 16% 6.3 2.16 M
j i (0.328 8~) ()
1
11207 i AccC" B- 1.5 4,76 M
]
. 1
Polll &  acce a 7.4 0.52 S
pb207 AcD Stable ——— —




chemistry is similar to that of its homologues in group Va
of the Periodic Table. Like niobium and tantalum, prot-
actinium is almost completely insoluble in all the common
aqueous media except sulfuriec and hydrofluoric acilds. I+
18 readily precipitated by hydroxides and phosphatea; and,
1n.trace quantitiea,.is carried more or less quantitatively

by precipitates of a wide varlety of elementa.

The well-pubtliclzed tendency of protactinium to deposit on
the walls of glass vessels 1s primarily due to its insolubility;
this tendency 1s not apparent 1in appropriate concentrations of

gulfuric and hydrofluoric acids.

2, Metallic Protactinium

Metallic protactinium hau been prepared by thermal decom-
position of its halldes on a tungsten filament and by
electron bombardment of the oxidell, by reduction of.the
tetrafluoride with barium at 1400°12, and by electrodeposi-.
tion on various metal cathodes from very dilute, slighfly
acid, fluoride solutionsl3.

The metal is grey in color, malleable, and approximately as
hard as uranium. On exposure to alr, it acquires a thin
skin of PaO.

3. Soluble Salts of Protactinium

Nowhere 1s the literature of protactinium more confused or
ambiguous than in the references to its solubility in common

mineral aclds. The only aystematic study in this area is the



L4 with solution volumes of the

preliminary work of Thompson
order of 0.05 ml}_(Table I11). The avallability of gram
quantities of protactinium makes this a potentially fertile

field for investlgation.

'The bast solvent for protactinium is hydrofluoric acid, which
rdudtly dissolves the ignited pentoxide and nearly all pre-
cipitates, forming the stable complex ion PaF7’.
Protactinlum pentoxide disaolves slowly in hot concentrated
sulfuric acid, but the solubllity 1s low. Prolonged diges-
tion convarts the oxide to a sulfate, which dissolves on
dilution of the acid.

A solution containing 17 mg./ml. of protactinium-231 in
approximately 7.7 N HZSO4 hag been stable for over a year15,
and one contalning 36 mg./ml. in approximately 3 N D,SO, has
been stable for six monthslé.

In the author's experience, only hydrofluoric and sulfuriec
acids permanently dlssolve ‘appreciable quantities of prot-
actiniup. With all other mineral acilds, golutions are
unstable, resulting in precipitates or colloidal guspensions’

after perlods ranging from a few hours to several weeks.

Solutiona containing 10-3 to 10°* M protactinium in 6 M MNO,
(0.2 - 0.02 mg./ml.) hydrolyzed slowly, but, at concentra-
tions between 10-% and 10~7 M protactinium, the solutions
were sufficiently stable for 24 hours to yleld reproducible

extraction and ion exchange datal?,

Although the literature is prolific of references to the

solvent extractlon and ion exchange of protactinium frem



TABLE III, SOLUBILITY OF Pa IN COMMQN ACIDSlq*
Solubility Starting
Acids Normality {g./liter) Material
HC10,, 11.1 0.030 Hydroxide
7.1 0.0027 Dilution
HC1 ' 9.61 0.30 Hydroxide
4,90 0.01 Dilution
3.33 0.0085 Dilution
0.99 0.0015 Dilution
HNO, 15.3 4.2 Hydroxide
13.8 6.6 Evaporation
(o] HNOB
9.44 545 Dilution
5.66 0.043 Dilution
1.88 0.0056 Hydroxide
1.17 0.0037 Hydroxide
H2504 32.5 0.093 Evaporation
of H,S0
21.9 1.8 Dilutlion
9.93 3.3 Dilution
8.89 6.8 Dilution
0.92 0.78 Dilution
HF 0.05 3.9 1IN HNO3

# Reviewer'a Note:

This table is included because it is
the only one of its kind avallable.
recent experlence, however, the values, which were

based on volumes of the order of 0.05 ml., are highly
questionable.

In the light of

HC1 solutlons, no data other than Thompson's are given to

indicate the limits of solubility.

The insoiubility of prot-

actinium in 6-8§ HC1l is useful as a method of separation from

decay products:

When the lodate precipitate of protactinium

1s digested with concentrated KCl, the protactinium dissolves

temporarily, then reprecipitates quantitatively.

After



digestion on a hot water bath and'centrifugation,;the'éuﬁer-
nate contains no detectable protactinium15e

Where an occaslonal reference occurs to solubllities of the
order of 1 mg./ﬁl. of profactinium in 6 N HCllB, it must be
regarded as questionable. When elaborate precautions are
taken to eliminate organic complexing agents and fluoride
ion, the subsequeﬁt HC1 solutions are unstable. A solution
containing 2 mg./ml. of protactinium, in 8 M HCl was prepared
from a veroxide precipltate, but, over a period of three

weeks, about 80 per cent of the protactinlum precipit&tedl9.

4. 1Insoluble Salts Useful in Separation and Analysis

The normal oxldation state of protactinlum is + 5, but prot-
actinium (V) probably does not exist in solution as a simple
cation. On reduction to protactinium (IV) [e.g., with zinc
amalgaml, the fluoride can be preclpiltated and is insoluble
in water and most aclds. Tetravalent protactinium is slowly
oxidized in air to the pentavalent state, and the fluoride

redissolveszo.

Protactinium (V) can be precipitated from fluoride solution
by the addition of a stoichiometric amount of KF, which forms
an Inscluble double fluoride, KzPaF7. A double fluoride with

barlum has also been reported21.

Alkall hydroxides and carbonates precipitate frotactinium in
both oxidatlon states, and the precipitate 1ls not soluble in
excess 6f the reagent. Depending on the concentrations,
NHyOH mav fail to precipitate protactinium quantitatively

from fluoride solutionzz.

10



The phoéph;te'and hypophosphate of profactinium can be pre-
cipitated from acid solutioms. ‘It has been reported that the
preclpitate wlll not redissolve even in strong mineral aclds.
However,:the author has regularly redissolved protactinium
precipitated by phosphate, whether in trace amounts carried

by titanium or niobium, or in carrier-free milligram quantities.
The precipitate, upon digestion with a sufficient quantity of
warm 18 N H5504 either dissolves or becomes soluble on dilu-

tion with HC1l to which some H,0, has been added.

The phosphate can alsc be precipitated from fluoride solution,
depending upon the relative concentratione of the anions. If
excess phosphate is separated by filtration or centrilfugation,

the protactinium is soluble in dilute HF.

Iodates precipitate both protactinium (IV) and protactinium
(V) from moderately acid solution (e.g., 5 N H,504). The precip-

ltate is gelatinous and voluminous, but becomes more dense on

standing, especially if it is warmed on a water bath. Iodate
precipitation from acid solution provides excellent separation

from phosphate.

Sodium phenylarsenate precipltates protectinium in either
oxidation state; the gelatinous precipitate is readlly soluble
in dilute HFZO.

Diltution of a sulfuric acid solution of protactinium(V)
produces a precipitate which redissolves in ammonium sul-
fate. Potassium sulfate, however, yields a crystalline pre-

clpitate, probably a double sulfate.

Tartaric and clitric aclds dissolye the hydroxides of both

protactinium(V) and protactinium(IV), and the solution 1s

11



stable on the addition of NH40H. Sodium hydroxide precipil-
tates protactinium from a citrate, but not from a tartrate

~solution.

With Hy;0, in large exéess, protactinium(V) fo;ms a precip;tate

which ie insoluble in NH OH and NaOH. The precipitate is

i
soluble in dilute HZSO4 only after decomposition of the per-

oxide on a water bath.

Freshly precipltated protactinium hydroxide dissolved rapidly
in warm aqueous oxalic ac1d23. Addition of Nﬂuoﬂ to 3 M Hzczou
containing 0.15 mg./ml. of protactinium resulted in peféistent
turbidity at pH 5-6, but preciéitation ﬁas not éomplete until
pH 8-9 was reached. Addition of an equal volume of 1 N HCL

to the original oxalate solution had no effect in the cold,

but a white crystalline precipitate contalning approximately

90 per cent of the protactinium was formed in warm solutions.

This precipitate dissolved completely in 8 N HCl.

In general, protactinium(V) follows the chemistry of niobium,

while protactinium(IV) follows that of thorium.

5. Coprecipitation and Carrying of Protactinium

Most methods for the recoverj of either protactinium-231 or
protactinium-233 rely, for an initial concentration step, on
the entrainment of protactinium by an insoluble carrier of
another element. From the foregoing discussion of insoluble
compounds of protacfinium, it follows that hydroxidé, carbon-
ate, or phosphate precipitateé of tantalum, zirconium, niobium,

hafnium, and titanium will carry protactinium quantitatively,



or nearly so. In addition, protactinium is carried by most
other flocculent hydroxides (e.g., calcium and iron), probably

by adsorption rather than by isomorphous replacement. .

Protactinium 1is carried by.Mnoz produced by the additlon of

KMnO, to a dilute HNO, solution containing Mn(N03) In

3 2°
solutions of high lonic strength the entrainment is not com-
pletely quantitative, but it becomes more so as the precipi-

tate is repeatedly redissolved and fractlionally precipitated.

Since titanium and zirconium are also carried, these
impurities, 1f present, can serve as carrlers for the sep-

aration from manganesezu.

6. Solvent Extraction of Protactinium

At tracer levels (10'5 - 10'10

M) protactinium is extracted,
to some extent, from hydrochloric, nitric, sulfuric and even
perchloric acld solutions by a wlde variety of unrelated
organic solvents. At the macro level (ca. 1 mg./ml.) the

roster of effective extractants is more exclusive.

In geﬁeral, protactinium is extracted readily by long-chain
alcohols and certain ketones, but poorly by the lower ethers.
Extractions from aqueous chloride media give better ylelds
and more reproducible results than those made from nitrate
solutions??. This would follow from the relative rates of

hydrolysis previously noted.

Maddock and hls co-workers (18,.19, 21, 26, 27, 28) have

studied the extraction of protactinium from hydrochloric acid
by various organic solvents (Figure 1). For extraction of

macro amounts, they found diisopropyl ketone most satisfactory,

13
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(Goble, A. and Maddock, Ae Ge, Jo Inorge. Nucl. Chem. 7, 8l (1958).)
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but- diisobutyl ketone was used because 1t was commercially

available.

Regardless of the organic solvent used, protactinium (V)
exhibits its highest distribution coefficients from strongly
acid aqueous media, consistent with its existence in aqueous
solution as a complex anion. In this respect, it resembles
most of the elements of groups IVa and Va of the Periodic
Table. Thorium and uranium, which can be extracted from
solutions of low acidity with the aid of sélting agents,

can, therefore, be easily separafed.

In this laboratory, solvent extraction of protactinium has
been largely confined to diisobutyi carbinol diluted with
kerosene or benzene, primarily because of the extremely
high distribution coefficients, capaclty, and decontamina-
tion attainable wilth this solvent.

The author does not subscribe to the hypothesls of a soluble
but ine.xtractable epecies of protactiniung. In numerous
extractions of solutions containing both traces and milli-
grams of protactinium per milliliter, no such phenomenon
has been observed so long as the protactiniuﬁ was in true
solution and fluoride ion wae absent. A transient speciles,

preliminary to hydrolysis, remains a possibility.

The following conditions have ylelded apparently inextract-
able protactinium: (a) the “protactinium" was actually
actinium-227 and its decay products; (b) £luoride ion was
present; (c) the solution was colloidal; (d) interfering
elements (e.g., nlobium and iron)_were present in large

amounts and were preferentially extracted; (e) the organic

15



solvent was excessively soluble in the aqueous phase (usua-
1ly due to insufficient diluent); and (£f) there was insuf-
ficient sulfuric acld or hydrochloric acld to complex both

protactinium and the 1lmpurities.

It has been suggested that a polymer of protactinium alone

26,30 renders the protactinium

or 6f protactinium with niobium
inextractable or :educes the distribution coefficient. Such
& suggestion 1s unténable unless the polymer is regarded as
the precursor of a colloid §r a preclpitate. As has been
stated previously, aqueous solutions (other than sulfate or
fluoride solutions) contalning macro amounta of protactinium

invariably yield precipltates after a perlod of time varying

from a few hours to several weeksl7! 19.

It 1s significant to note that, whenever protactinium 1s
extracted from an acid phase containing only hydrochloric
or nitric acid, 1nvestigatoré report that the exfractions
are carried out soon after dissolution of the protactinium
[or after addition of fluoride-complexing cations such as
aluminum (III) or boron (III)]. Aging of these solutions
increases the percentage of the "inextractable species", a’
behavior consistent with slow hydrolysis and formation of

a colloid.

The addition of sulfuric acid, originally recomménded by
Moore30 to break a "nonextractable complex of niobium-
protactinium oxalate”, has been found to be necessary for
the complete extraction of protactinium by dlisobutyl
carbinol even In the abserice of niobium15. The precise

conditions required have not yet been fully determined,
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but an aqueous phase containing 9 N #,50, - 6 N HCl has
been useful for all protactinium concentrations and degrees
of purity. Solutions contalning up to 20 mg./ml. of prot-
actinium in dilsobutyl carbiﬁol have been preparéd.

The extraction of protactinium-233 from nitric &acid by
diisobutyl carbinol has been examinéd, and high decon-
tamination factors for uranium, thorium, zirconium, nio-

bium, and rare earths are reportedaj.

Tributyl phosphate extraction of protactinium from hydro-
chloric_acid29 and from nitric_acid17 has been studied.
Dibutyl phosphate diluted with dibutyl ether extracted
protactinium-233 quantitatively from an equal volume of

1 M }NO; containing 2% H,C50y 3%, Long-chain amines

extract protactinium from strong HCL solutionslt,

The effect of HF on the exfraction of pfotactiniﬁm,from

HCl by diisopropyl cafbinol 1s shown in Figure-zzg. Since
the extraction of nlobium is not inhibited by HF, separa-
tion of protactinium is obtalmed if the niobium is extracted.
from 6 M H,50, containing 0.5 M HF. Protactinium remalns in

the aqueous phasejz.

7. Ion Exchange Behavior of Protactinium

A series of anion gxchange studies by Kraus and Moore,
using protactinium-233 and Dowex-1 resin, has provided
distribution coefficientsBu, a separation from zirconlum,

niobium, and tantal , a4 separation from iron36, and a

separa;ion from thorium and uraniﬁm37, (Figures 3,4,5.)
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Fig. 2. Effect of HF on solvent extraction of Pa from
" hydrochloric acld (shown for di-isopropylcarbinol and
5,79 ¥ K1), (Nairn, J. S., Collins, D. A., McKay,

H. Ae C., a-nd ."&ddock’ A. G., Second U. Nt Intl. Conf.
on Peaceful Uses of Atomlc Energy, A/CONF.15/P/1458).

Typically, the feed solution is 9 M in HC1, from which 'Pa(V)
is strongly adsorbed by Dowex-1, along with Fe, Ta, Nb, Zr,
and U(IV or VI). Thorium is only weakly adsorbed and

aﬁpears in the feed effluent.

The elutriant is a mixture of HCl and HF, the concentrations
of each depending upon the separation required. Zirconium
(IV) and Pa(V) are eluted with 9 M HC1-0,004 M HF, with

the Zr preceding the Pa. Niobium(V) is eluted with

9 M HC1-0.18 M HF., Tantalum(V) is eluted with 1 M HF-4 M
NH,Cl. Iron(LII), U(IV¥), and U(VI) remain adsorbed when
Pa(V) is eluted with 9 M HCl-0.1MHF. They are subse-
quently eluted in dilute HC1,

18
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Fig. 3. Separation of zirconium(IV), protactinim(V),
niocbium(V) and tantelum(¥) by anion exchange: 6-cm.
Dowex-1 columm, 0.32-8q.-ch. crfas-a_gtional area,
average flow rate 0.2 ml. min.™ cm. (Eraus, K.
~.A. and Mocre, a. E.; Jo Am. Chem. Soc. 73 2900—2
(1951).)

Zirconlum and protactinium can be separated by elution with
HC1 alone’®:39.  Both elements are feebly adsorbed.from HC1
solutions below 5M, but strongly adsorbed above 9 MHCL1.
From Amberlite IRA-400 resin, at least 95 per cent of the
Zr(IV) is eluted with 6-7 M HC1l in about six.column volumes
with not more than 0.1 per cent of the Pa(V). The latter
is eluted in small volume with HC1 below 3 M. (Figure 6)

Relatively few elements are adéorbed on anion exchange
resins from strong HCl solurions, or if adsorbed, eluted

by strong HCl contailning small amountes of fluoride. Prot-
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Fig. 6. Relation between distribution coefficlent K, and molarity of
hydrochloric acid for Pa23l and Zr9 on different angon—emchange resins.
(Kahn, S, and Hawkinson, D. E., J. Inorg. Nucl. Chem. 3, 155-6 (1956).)

actinium(V) in trace amounts can, therefore, be purified
to a considerable extent by this method. The protactinium
eluted in solutione containing HF can be resorbed if HBO5

or A1C13 1s added to complex the fluorldeao._

Hardy and co-workers17 have studied the ion exchange of
10'5 M protactinium from HN03 solutions in batch experi-
ments with ZeoKarb 225 cation resin and DeAcidite'FF anion

resin in the H' and NO, - forms, respectively (Figures 7
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and 8). Equilibrium between the catlon resin and 6 M HN03
was reache& within 15 minutes, about 73'per cent of the
protactinium being adsorbed. About 95 per cent of the
protactiniﬁm was adsorbed on the anion resin after one to
two hours. The samé investigators found that, from a 10-5 M
protactinium solution in 0.01 M HF-6 M HNO 16 per cent of
the protactinium was adsorbed on ZeoKarb 225 cation resin

and 75 pér cent on DeAcidite FF anlon resin.

On the other hand, the au;hor15 has found that 1077 M
protactinium-231 in 0.05 M HF-1 l_'l-HNO3 or in 0.004 M HF-
0.04 M HNO3 passes freely thrbugh a column of Dowex-50
cation'resin._ Whereas the decay products, actinium-227,
thorium-227, and radium-223; are qgantitativeiy adsorbed,
more than 99.5 per cent of thé protactinium-231 appears

in the effluent.

8. Miscellany

Paper Chromatography: The R¢ value of protactinium(V)

inc:eases yith increasing HCl concentration when the chro-
matogram 1s developed with a mixture.consisting of 90 parts
acetone and 10 parts HCl + H,0 41. Evidence for a soluble
form of'protactinium-ZBj in alkaline solution is based on
its movement on filter paper developed with 1 N KOH and

its slow migration toward the anode in paper electrophoresis
with 1 N KOH as the electrolyteuz. Paper chromatographic
aeparations of protaétinium.from tantalum, niobium, titan-
ium, bismuth, iron, and polonium have been méde by varying
the elution mixture, butanol-HF-HC1-H,0 wilth respect to

the HCl or HF concentrationhj.

23



10° T T S
: o Protactinium 231
- | ° Thoriurn 230 +232}ref.
& Uranium 233 (29)

N

/L

ViP

\

10

o > 4 6 B
'Aqueous HNO; _concentration, M

Fige 7« Adsorption of thorim(IV), protactinium(V), and uranium
(VI), on DeAcidite FF resin. (Hardy, C. J., Scargill, D., and
Fletcher, J« Me, Jo Iniorge Nucl. Cheme 7, 257—75 (1958).)

o



r

I

o Thorium 230 + 232

o Protactinium 231(forward)
a Protactinium 231(strip)
¢+ Uranium 233

10

AN

1 [ 1

|

.

O 2 4

6.

- 8

10

12

Aqueous HNO; concentration, M

Fig. 8. Adsorption of thoriwmm(IV), protactinium(V), and urenium

(V1), on ZeoKarb 225 resin,

(Hardy, Ce Je, Scargill
Fletcher, J. M., J. Inorge Nucle Chem. 7, 257-75 (195

25

s Doy and
28). )



Electrochemistry: The spontaneous electrodeposition of

protactinium from HF and HZSOh'solutions on various metals

has been studieduu’ k5, 46. The eritical potential for

cathodic deposition of protactinium by electrolysis of
neutral fluoride solutions is -1.20 volts with respect to

the hydrogen electrodelB’u7.

Spectrophotometry: The absorption spectra of solutions

'containing 0.006 mg./ml. protactinium in varying concen-

tratlons of HCl have been examined by Maddock and his

, I. I.ON HC! IMMEDIATELY AFTER PREPN.
7 2. I.ON HC! ISHRS. AFTER PREPN.
6\ 3. 50ONHCI
u 4 7.0N HCI
5 5.85N HClI
6. 9.5N HCI

Q.2f

7 10-2N HCI

o}

OPTICAL DENSITY

200 240 280 320 360 400
WAVELENGTH IN ‘™.

]

Pig. 9. Absorption Spectra of protactinium in hydro-
_ chlorlc acid solutions., (Nairn, J. S., Collins, D.

A., McKay, He A. C., and Maddock, A. G., Second U.

N. Intl. Conf. on Peaceful Uses of Atomic Energy,

A/CONF.15/P/1L58).
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Fig. 10. Absorption spectrum of Pa(IV) in 1 M HCl.
(Fl'ied, S. and Hindman, J. Cey J« Ame Chem, Soc,.
76, k8634 (195L).)



co_workerslg’zs

. They report that the onsét of hydrolysis
and disappearance of the solvent extractability of prot-
actinium coincide with the appeavance of an absorption band
with its maximum at 260 mu. (Figure 9). In 2.4 - 11.8 M
HC10y containing about 10'5 M protactinium(V), a weak peak
at 210 mp. disappeared in eight to ten daysusa A pesk at
213 mu. was observed for 0.7 - 4 M H,80, containing

4 x 10°5 M protactinium(V}; in 6.5 M H,S50;, the peak was
displaced to 217.5 mu, and, in 9 - 18 M acid, it was
resclved into two components at about 212.5 and 220 mu.
The absorption spectrum of protactinium(IV) in 1 M HCL is

49

shown in Figure 10 {Also see reference 5Q)

Dry Chemistry: Protactinium metal, Pal, Pal,, Pa205, PaHs,

PaF,, PaCl,, and PaOS have been prepared on a 50 - 100 micro-

LL’
gram scale and the compounds identified by x-ray analysislze
Most of the compounds were found to be isostructural with

the analogous compounds of uranium.

The extraction of protactinium tracer from solid Th¥, by
fluorine and other gases was investigated under a variety

51

of conditions” .

IV. DISSOLUTION OF PROTACTINIUM SAMPLES

Protactinium-233 or protactinium-231 made by neutron irrad-
iation of Th-232 or Th-230 offers no special problem other
than that of dissclving the thorium. Concentrated HNO3
containing 0.0l M HF will dissolve thorium without render-
ing it passive520 The HF alsc insures the solubility of

protactinium.

28



In the case of'Pa231 from natural sources; the'variety of

these sburces defies any attempt to offer a gemeral dissolu-
tion procedure. Typically, residues from processes for
recovering uranium. and/or radium contain oxldes of Si, Fe,
Pb, Al, Mn, Ca, Mg, Ti, and Zr, aﬁd a random selgction of
trace elements which are usually more abundant than prot-
actinium. Virgin pitchblende or other uranium ores will

contain other elements as well, usually in a refractory

condition.

Hahn and Meitner53 mixed a siliceous residue with Ta205
and fused the mixture with NaH$0, . After washing the

cooled melt with water, they dissolved the Pa and Ta in HF.

Pitchblende was digested with a mixture of HNO, and H,S0,,

" and the digestion liquor was treated with Nazcgj5un The
protactinium in the carbonate precipitate'remained lnsoluble
when the carbonates were dissolved in excess HNOB. When

the washed residue from the HNOj ;reatment was digested
with a mixture of HF and H,50,, at an elevated temperature,
over 90% of the protactinium went into solution, while tne

bulk of the residume remalned insoluble.

A slliceous material consistingimainly of lead, barium, and
calcium sulfates was digested wi;h 60% oleum, . and the sul-
fates dissolved. The siliceous fesidue, containing the
protactinlum, was separated and dissolved in HF. Alterna-
tively, the original materlal was attacked with 40% HF,
dissolving the Pa and leaving the heavy-metal sulfates as

residueZI.

Depending upon the amount of material to be processed,
alkaline fusions are sometimes useful in separating large

amounts of silica, etc., while leaving the Pa insoluble.
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In general, the following treatments can be recommended, in

the order given:

1. Digest the materlal with strong HCl to remove

- Fe.

2. Digest the residue from the HCl treatment with

hot, concentrated stou.

3. Digest the residue from the H,S0, treatment
with 25-48% HF or a mixture of HF and H,S0y.

L. Digest the residue with a hot mixture of HNO3

and stou.
5. Digest the residue with hot 40-50% NaOH.
6. Fuse the residue with Nazcoj, NaOH, XOH,
or Kﬂsog.

Throughout the dissolution, the fractionms should be examined
by gamma-ray spectrometry, as the 27 kev peak of protactinium-
231 1is unique and distinctive (Figure 11).

While Pa233 has sometimes been used as a tracer to follow
" the course of the Pa23l dissolution?l, it is doubtful that
isotopic exchange takes place to a great extent between a

reffactory 8olid and a tracer-contalning solution.

V. COUNTING TECHNIQUES
1. Protactinium-233

Protactinium-233 decays by beta emission, with a half-life
of 27.0 days, to uranium-233, an alpha emitter.with a half-
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Fig. 11, Gamma spectrum of protactinium-231.
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Fig. 12. Gamma spectrmm of protactinium-233. (Heath, R. L.,
Ue. Se Atomic Energy Comm. Repert IDO-16408, July 1, 1957) _
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life of 1.62 x 105 yearsu7. The princlpal beta energiles
in mev are: 0.15 (37 per cent), 0.257 (58 per cent), and
0.568 (five per cent)35., The gamma spectrum is shown in

Figure_1256.

In most work, only relativé values of protactinium-233 are
needed, hence the counting problems are essentiallybthe
same ag with other relatively weak beta-emitters; sélf-
absorption, geometry, an& backscattering must be carefully
controlled; For the absolute determination of pure prot-
actinium-233, a method based on 1fs growth from neptunlum-
237 has been suggested57. Here, é highly purilfied sample
of néptunium-237 1s electrodeposited and allowed to decay.
The beta-counting rate of protactinium-233 is compared with
the alpha-counting rate of neptunium—237.and the counting
efficiency calculated from the tHeoretical growth curve.
Altefnatively, the neptunium-237 may be permitted to decay
to secular equilibrium, when the disintegration rateé of

the two 1lsotopes are equal.

A simpler and more versatile method58 consists of standard-
izing a scintillation gamma counter with-é solution 6f -
purified protactinium-233 whose disintegration rate has been
determined in a 4™ beta counter. A scintillation spectro-
meter is useful for identifying and determining protactinium-
233 in the presence of other activities. Correction for
interference by Compton conversion electrons must be made

if more energetlic gamma rays are present.'

2. Protactinium-231

Protactinium-231 decays by alpha emission to actinium-227,
also an alpha emltter (Table II). The half-1life has been
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reported to be 34,300 yearsjg, and 32,000 yeafszz. A Tecent
calorimetric measurement on approximately 0.5 gram of prot-

actinium pentoxide15 yielded a value of 32,480 * 260 years.

Protactinium-231 has ten groups of élphﬁ particles, of which
43 per cent have energies below 5.0 mev. Thié_fact, combined
~with its low specific activity (about 5b mc/g);_makes prot-
actiﬁium-23l alpha counting especlally susceptlble to self-
absorptién. Care must.be taken to keep the radioactive
deposit as thin as possible. A higher degree of counting
precision is attainable with a proportionalzalpha counter
than with either a parallel-plate ailr-ionlzation counter or

a zinc sulfide scintillation counter. .

Ideally, the alpha plateau should be determined individually
for each samplé, but this is a tedious and time-consuming
procedure. The following mounting and counting technique
has been found to give high alpha-counting'precision15:

Trﬁnsfer one ml. or less of a fluoride solution
of protactinium-231 to a platiﬁum or gold plate,
or to a stalnless steel disk coated.with a thin
plastic film (a clear plagtic spray coating or a
- dilute collodion solution is convenient for this
.purpose). Evaporate the solution to dryness
under an infrared lamp, tilting the plate as
necegsary to retain the solution in the center
of the plate. Cool the plate and cover the resi-
due with one ml. of 0,; N HNOB. Add one drop of
concentrated NH,OH and again evaporate the solu-

tion to dryness. Lower the lamp sufficiently to
drive off all the NH,NO,, and 1gnite the plate
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over a flame until the organic coating has burned
off (or, 1f gold or platinum was used, lgnite to

just below red heat).

Determine the alpha platéau-of the proportional
counter by counting 2 standard alpha source _
(Pu?3?, radium D-E-F, or Po2l?) at 50-volt inter-
vals. At the high-voltage end of the alpha
plateau, count a sample of Sr9°/Y9° at'25-volt
inﬁervals,.and find the voltage below which only

0.0l per cent of the betas are counted. The
protactinium-231 sample can be counted at this

point with goo& precision and no significant

interference from beta emitters.

A gammﬁ-ray scintillation spectrometer is virtually a
necessity in modern work with protactinium-zjl. The 27,

' 95, and 300 kev photopeaks (Figure 11) are characteristic,
and the 27 kev peak in particular is unique in the gamma
spectra of the naturally occurring radioisotopes. {Compare

Figures 13 through 16.)

The sensitivity of this method of detectlon is shown in
Figure 17, where 0.2 ppm of protactinium-231 is positively
lidentified in a uranium refinery residue by the presence

of the distinctive photopeak at 27.kev.

The high susceptibility of the 27 kev peék to absorption
precludes its use for the quantitative determination of
protactinium-231, but it is particularly valuable in the
preliminary dissolutidn of a raw material. The 300 kev peak
is useful for quantitative work if correction is made for
the contribution of decay products and other gamma-active

materials.
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Fig. 17. Camaa spectrum of raw material (uranium refinery residue.)
(Kirby, H. W., unpublished.)

V1. DETAILED RADIOCHEMICAL PROCEDURES FOR PROTACT_INIUE

Procedure 1

"Preparation of carrier-free protactinium-233", according to
J. Golden and A. G. Maddock, J. Inorg. Nucl. Chem. 2, 46 (1956)

Protactinium-233 was prepared by the neutron irradiation of
samples of acid-insoluble thorlum carbonate. Thls material,
of uncertaln composltion, 1s reasonably thermally stable, but
completely soluble in dilute HND, and HCl. After irradiation
the material was dissolved in 8 N HCl and extracted with dliso-
propyl ketone (DIPK). The extract was treated with 2 N HCl,

when the Pa passed back to the aqueocus layer. The aqueous .
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Procedure 1 (Continued)
extract was then made 8 N again and the extraction repeatéd.
The protactinium was kept in solution in 8 N HC1 in a poly-
ethylene vessel. It was observed that losses by adsorption
quickly took place on the walls of glass containers even with

solutions of the chloride complex in DIPK,

Better recoveries were obtained if the irradiated carbonate

was dissolved in 8 N HF. Thié solution was nearly saturated
with AlCl3 before the first solvent extraction. -The subsequent
separation followed the first procedure. WNeither product con-

tained detectable amounts of thorilum.

(Reviewer's Note: - Irradiation of one gram of Th232 4t

1013n/cm2-sec. for one day will produce 0.25 curie of Pa233.)

Procedure 2
Preparation of carrler-free protactinium-233, according to
F. Hagemann, M, H. Studier, and A. Ghiorso,
U. S. Atomic Energy Comm. Report CF-3796 (1947),
as quoted by Hyde (&)

The bombarded Th metal was dissolyed in concentrated HNO4,
using a small amount of F~ as a catalyst. The aqueous solu-
tion was salted with Ca(N03)2 to give solutions of 2.5 M
Ca(NO;),, 1 If HNO,, and 0.42 M Th(NO,),. The bulk of the y233
was removed by ether extraction, following which Pa233 was iso-
lated by diilsopropyl ketone e#traction; Further purification
wag obtained by three MnO, cycles in which 1 mg/ml of MnO, was
successively precipitated from HNO3 solution and redissolved

in HNO5 in the presence of NaNOz. After the third cycle the
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Procedure 2 (Continued}
solution was made 3.5 M Ca(NO3)2 and 1 M HN03 and was extracted

with ethyl ether again to effect complete removal of uranium.
The protactinium was again coprecipitated on MnOj, dissolved
in concentrated HCl, and diluted to an acidity of 0.05 M; the
protactinium was extracted into A 0.15 M solution of thenoyl-

trifluorocacetone in benzene.

Procedure 3
-Prepafation of carrier-free protactinium-233, according to
W. W, Meinke, U, S. Atomic Energy Comm. Reports
AECD-2738 and AECD-2750 (1949) as quoted by Hyde (6)
The bombarded thorium-metal target is dissolved in concentrated
HNO;, using 0.01 M (NH4)ZSiF6 as a catalyst. The solution is
diluted to approximately 4 N HNO3 and a thorium concentration
less than 0.65 M. Then Mo’ in excess and KMnO, are added to
precipitate 1.5 mg/ml MnO, to carry the protactinium. The MnO2
is dissolved in a small amount of 4 M NH,O0H, The MnO2 is
reprecipltated and redissolved three times to reduce the final
solution volume to a few milliliters. After it is made 6 M
HCl or HN03, it is extracted with two to three volumes of diiso-
propyl ketone. The ketone phase is washed three times with 1 M
HNO3 and 3 M NH,NO; wash solution. The protaétinium is finally
stripped out into 0.1 M HNOy. The protactinium left behind is
recovered by using fresh ketone to repeat the extraction cycle.
All 0.1 M HNOj re-extraction solutions are combined, made 6 M
HNO3, and contacted with an equal volume of 0.4 M thenoyltri-

fluoroacetone (TTA) in benzene. The benzene solution of prot-

actinium-TTA complex is washed with 6 M HNOj once.
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Procedure 4
Preparation of carrier-free protactinium-233, according to
Max. W. Hill (Thesis), U. S. Atomic Energy Comm. Report
UCRL-8423 (August, 1958)
The targets were either Th metal or ThCl; powder, some of

which was converted to ThO, during the bombardments.

Concenfrated HC1-0.01 M HF was used for'dissolving relatively
small amounts of powder. Thorium metal was dissolved in con-
centrated HCl - 0.2 M HF, The flﬁoride was complexed by the
addition of borax (Na,B,0;-10 H,0) or AlClj béfore the solu-

tion was passed through the column.

The colurm was 3 mm. in diameter and was filled to a.height
of 55 mm. with Dowex-1 anion-exchange resin. The colum
volume, defined as the number of drops required for a band to

traverse the length of the resin column, was 5-6 drops.

In 10 M HCLl solutions, Pa(V), Zr(IV), and Nb(V) stick to the
resin, while Th(IV) passes through with the other alpha

emltters below Pa in the periodic table.

With 6 M HCl as the eluting agent, Zr(IV) is rapidly stripped
off in a few column volumes, without loss of Pa(V) or Nb(V).
The Pa is then eluted in 9.0 M HC1-0.1 M HF. The Nb(V) is

eluted in 1-4 M HCL.

The 9.0 M HCL - 0.1 M HF solution containing the Pa was com-
tacted with an equal volume of diisopropyl ketone (DIPK).
Under these conditions, such species as Fe(1I1I) and Po(1V)

extract quantitatively into the DIPK along with appreciable
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Procedure 4 (Continued)

amounts of Sn(IV), Nb(V), and others. Protactinium(V) ex-

tracts to the extent of less than 0.4%.

The solvent phage was discarded, and borax or anhydrous AlCl3
was added to the aqueous phase. (Although AlCl, seemed.to have
-slightly better complexing characteristics, it appeared to be
appreciably soluble in DIPK, and excess quantities in solution

gave voluminous precipitates.)

The aqueous phase was then contacted with an equal volume of
fresh DIPK, Under these conditions, Pa(V) is extracted
quantitatively by the solvent phase, sei:)arating it from Th(IV),
Ti(Iv), v(V), Zr(Iv), U(VI), and other species. The Pa was
then re-extracted from the solvent phase into an equal volume

of 2.0 M HCI.

To remove all extraneous mass and reduce the volume to a very
few drops, the geolution containing the Pa was then made apprqxi-
mately 10 M in HC1l and pa;ssed through a small anion resin
colum (3 mm. in diameter, 12 mm. in height). After being
washed with 10 M HCl, the Pa was eluted with 2.7 M HCl. The
third through sixth drops contained more than 90 i)er cent of

the protactinium.

Procedure 5

Determination of protactinium-233, according to
F. L. Moore and S. A. Reynolds
Anal. Chem. 29, 1956 (1957)
1. The sample drawn from the process should immediately

be adjusted to 6 M HCl or greater. Add an aliquot of suitable
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Procedure 5 (Continued)

counting rate to a separatory funnel or 50-ml. Lusteroid tube,
Adjust the aqueous phase to 6 M HCl-4% H2C704. (1f the original
sample contains Th, omit the HyC,0, in the original aqueous
phase and perform tﬁe extraction from 6 M HCl. Wash the di-
isobutyl carbinol (DIBC) phase (see next step) for L to 2
minutes with an equal volume of 6 M HCl before beginning the
three scrubé of 6 M HCl-4% H,C,0,).

2. Extract for 5 minutes with an equal volume of DIBC
(previously treated for 5 minutes with an equal volume of
6 M HCL). | |

3. After the phases havé disengaged, draw off and
discard the aqueous phase. Scrub the organic phase for
5 minutes with- an equal volume of wash solution (6 M HCL -
4% HpoCy0z). Repeat with two additional scrubs of

the organic phase. Draw the organic phase into a

50-ml, Lusteroid tube,.centrifuge for 1 minute, and draw off
an aqueous phase which appéérs in the bottom of the tube,
being careful.not to.lose any of the organic phase. (In many
samples, an aiiquot of the organic phase may be taken at this
stage for counting. Only if a substantial activity of Nb, Sb,
or free I, is present is it necessary to-strip the organic
phasé.)

4. Strip the organic éhase by extracting for 3 minutes
with an equal volume of 6 M sto

4
to disengage, centrifuge for 1 minute, and draw off most of

-6 M HF. Allow the phases
the organic phase, being careful not to lose any of the aqueous

)



Procedure 5 (Continued)
~ phase. Add an equal volume of DIBC and extract for 3 minutes.
Centrifuge fdr 1 minute and draw off most of the organic phase,
being careful not to lose any of the aqueous phase. Centrifuge
for 1 minute.

5. Pipet suitable aliquots of the aqueous phase for
233

Pa counting. The expected yield is 97-98%.

The folloﬁing table is given by the authors:

Per Cent Extracted by DIBC from 6 M HCl-47% H202°4

Pa23 w3 g% El24 3 pult6 2%
99.5 0.4  0.07 0.003 0.01 9.2 <0.04
99.6 0.5 0.13 0.003 0.04 0.3  <0.04
0.3 0.12 0.005 0.01 0.1 <0.01
0.3 0.11 0.003 0.02 0.2
0.06

* Oxallc acid omitted from original aqueous phase, values
given for Th represent lower limit of detectlon of analytical

" method used.

(Revlewer's Comment: - The procedure is basically sound; but

the degree of separation is affected by the concentrations of
Pa and Nb, A DIBC solution containing 2.5 mg._Pa231 and 20
mg. Nb per ml. plus a stoichiometric amount of phosphate was
scrubbed with an equal volume of 6 M HC1-5% H,C,0,. The
aqueous phase contained 1.5% of the Pa and 75.3% of the Nb,

When the organic phase was scrubbed a second time with fresh
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Procedure 5 (Continued)

aqueous, the aqueous phase contained 92.1% of the residual

Nb and 2.3% of the Pa.

The presence of iron also interferes significantly, presumably

because of the formation of a strong oxalate complex. bThe

concentration of oxalic acid is probably less important than
the total amount relative to the amount of niobium and other

oxalate-complexing cations.)

Procedure 6
Determination of protactinium in uranium residues,
according to J. Golden and A. G. Maddock,
J. Inorg. Nucl. Chem. 2, 48-59 (1956)

The siliceous material consisted mainly of the sulfates of

Pb, Ba, and Ca.

Two methods of opening up were used. In the first, one-gram
samples were treated with 10 ml. of 60% éleum, and a known
amount of Pa233 added to the mixture. The Pb, Ba, and Ca
sulfates were dissolved, and the siliceous residue, containing

the Pa, was separated and dissclved in 5 ml. of 40% HF,

' Alternatively, it was found that the original material could
be attacked with 40% HF containing the pa233 tracer, leaving

the heavy-metal sulfates as residue and dissolving both Pa23l

and Pa233. (Reviewer's Comment: - It is highly questiomable

that isotopic exchange was complete.)

Either solution was dilufed to 100 ml., and an excess of

BaCl, was added. The BaF, precipitate was washed until no
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Procedure 6 (Continued)

obvious decrease in bulk took place. The remaining precipitate

consisted presumably of fiuosilicates and was dissolved in
LM AL(NO5)3-6 N HN03._ The Pa was then carried down on a
MnO2 precipitate, sufficient MnCl2 and KMn04 solutions being
added to produce about 10 mg. of precipitate per ml. of
original solution. The mixtﬁre was digested at 100°C. for

half an hour.

The resulting precipitate was separated, washed, and dissolved
in 20 ml. of 7 N HCL with a trace of NaNOZ. Alternatively,
the precipitate was leached with 10 ml. of 1 N HF,

In some analyses, the MnO2 stage was omitted entirely, and

the fluosilicate precipitate was dissolved in 7 N HCl-1 M

AlCl3. The HCl solution from either of these three variations

was extracted with an equal volume of diisopropyl ketone.

Separation from most of the polonium can be effected by re-

extraction from the solvent into 7-8 N HCl - 0.5 N HF."

Procedure 7
Determination of preotactinium in uranyl solutiomn,
according to J. Golden and A. G. Maddock,
J. Inorg. Nucl. Chem. 2, 46-59 (1956)
The solution was made 8 N in HC] and 0.5 N in HF and the

tracer protactinium~233 added.

Direct extraction with diisopropyl ketone removed many impuri-
ties, e.g., iron and polonium. Extraction after adding AlCl3

to complex the fluoride present brought the protactinium into
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