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FOREWORD

The Subcommittee on Radiochemistry ls one of a number of
subcommittees working under the Committee on Nuclear Science
within the National Academy of Sciences - National Research
Council. Its members represent government, industrial, and
university laboratorlies 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 collec-
tion and distribution of radiochemical procedures, the estab-
lishment of specifications for radiochemically pure reagents,
avallabllity of cyclotron time for service irradiatlions, the
place of radiochemlstry in the undergraduate college program,
etc.

This series of monographs has grown out of the need for
up~to-date compilations of radiochemical information and pro-
cedures. The Subcommittee has endeavored to present a series
which will be of maximum use to the working scientist and
which contains the latest available information. Each mono-
graph 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 radiochemistry of the particular element
has written the monograph, following a standard format developed
by the Subcommittee. The Atomic Energy Commission has sponsored
the printing of the serles.

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, biochemistry or medicine
who wishes to use radiochemical techniques to solve a specific
problem.

W. Wayne Meinke, Chairman
Subcommittee on Radlochemistry
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INTRODUCTION

This volume which deals with the radiochemistry of
uranium 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 discussion of problems of dissolution of a sample
and counting techniques, and finally, a collection of radio-
chemical procedures for the element as found in the litera-
ture.

The series of monographs wlll cover all elements for
which radiochemical procedures are pertinent. Plans include
revision of the monograph periodically as new technliques 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 uranium which might
be included in a revised version of the monograph.

iv
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II. General Reviews of the Radlochemistry of Uranium.
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III. Table of Isotopes of Uranium® .

Isotope

227
228

U
U

U229

230

Half-Life

1.3 min
9.3 min

58 min

20.8 day

4.3 day

74 year

Type and Ener
of Radiation (Mev)

a 6.8
o (~BO%) 6.67
EC(~20%)
EC(~80%)
a (~20%) 6.42
a 5.884 (67.2%)

5.813 (32.1%)
5.658 ( 0.7%)

EC (99+%)
a(5.5x10"°%) 5.45

a 5.318 (68%)
5.261 (32%)
5.134 (0.32%)

Method of
Preparation

™32 (a, 9n)
Th232(a,8n); ~2%
daughter 36 min pu?32
™?32 (0, 7n); ~0.1%
daughter 20 min Pu233
™?32(a,6n); ~15%
daughter 17.7 day
pa®30;

~6% daughter 9.0
234 .
hour Pu

" ™?32(q,5n);

Pa231(d,2n);

3 x 10'3% daughter
26 min Pus30
Th232(a,4n);
daughter 1.31 day
Pa232; daughter

2.85 year Pu236;

U233(n,2n)



Table of Isotopes of Uranium (Continued)

Isotope Half-Life

ye33 1.626 x 10°
yearDd

U234(UII) 2.48 x 10° year

ya3sm 26.5 min

0235(AcU) 7.1 0% 108 year

y236 2.39 x 107 year

ye37 6.75 day

of Radlation

Type and Ener%y
Mev)

[

IT

Q
S S T = e

134

B~ 0.248

4,816
4.773
4,
4
i

717

.655
.582
. 768
.717

-559
.520
.370
.354
-333
.318
117
499

(83.5%)
(14.9%)
(1.6%)
(0.07%)
(0.04%)

(72%)
(28%)

6.7%)
2.7%)
25%)
35%)
14%)

e e e e

5.8%)

Method of
Preparation

daughter 27.0 day
pa?33

natural radioactivity .
0.0056%;

daughter 1.175 min
pa®34M(ux,);

daughter 6.66 hour
pa?3*(uz) ;

daughter 86.4 year

Pu?38; 1233 (n,9)
daughter 24,360
year Pu239

natural radiocactivity
0.720%;

daughter 26.5 min
U235m; daughter

410 day Np235;

daughter 23.7 min
paé3d

51% daughter

Np236 25

daughter 6,580 year
P20, 1235(n, )
daughter 11 min
Pa237 g—;

%ﬁ%gif% daughter

U238(
U236(

n,2n);

n,7)



Table of Isotopes of Uranium (Centinued)

Isotope Half-Life Type and Ener Method of
of Radiation %%ev) Preparation

U238(UI) L.51 x 107 year a 4.195 natural radio-
activity

99.276%
ye39 23.54 min B” 1.21 1238 (n,);
v238(4,p)
14.1 hour g~ 0.36 daughter ~7.6 x

107 year
24

Y

; 2nd order

neutron capture
on U238

2 pata concerning half-lives, radiations and branching ratios, unless
otherwise noted has been obtained from the "Table of Isotopes" by
D. Strominger, J. M. Hollander and G. T. Seaborg, Reviews of
Modern Physiecs, 30, No. 2, Part II, April, 1958. This compila-
tion may be consulted for more complete information on the

isotopes and for references to the original lilterature.

lo

Ya. P. Dokuchayev and I. S. Osipov, Atomnaya Energiya, 6, 73 (1959).
J. E. Gindler and R. K. Sjoblom, J. Inorg. Nuclear Chem., 12, 8
(1959).

The half-life of Pa237 has been reported recently to be 39 = 3

[[=]

min, K. Takahashi and H. Morinaga, Nuclear Physics, 15, 664
(1960).

IV. Review of Those Features of Uranium Chemistry of Chief
Interest to the Radlochemist.
A, Metallic Uranium

1. Preparation. Uranium metal may be prepared by several methods:L
the reduction of uranium oxides with carbon in an arc-melting
furnace; reduction of uranium oxides with magnesium, aluminum,
calcium or calclum hydride; the reduction of uranium halides

with alkalli or alkaline-earth metals; electrolytic reduction

of uranium halides; and the thermal decomposition of uranium

lodide.



2. Physical properties. Metalllic uranium exists in three allo-

tropic forms:g’1 the orthorhombic alpha form, stable below
663°C; the tetragonal beta form which exists between 663°C and
770°C; and the body-centered cubic form which exists at higher
temperatures (> 770°C). The physical properties of the metal
as complled by Graingeri are given in Table I. Because of the
method of preparation, impurities may be contained in the

metal which alter its properties. Also, a number of the physi- ‘
cal characteristics depend upon anisotropic and structural
effects, eg. thermal expansion. Therefore, if physical proper-
ties are pertinent to an experiment or design, it is best to
determine them individually for the metal used.

The changes wrought in metalllc uranium by radiation and
thermal cycling may be considerable. The results of reactor radla-
tion on the metal are: dimensional instabillity, surface roughening
and pimpling, warping, high hardness, extreme brittleness, cracks
and porosity, broadened x-ray diffraction lines, and decreased
thermal and electrical conductivity.i Thermal cycling growth 1s
simlilar in many respects to that caused by radiation damage.
However, differences exist, the fundamental difference being
in the mechanism of growth. (The reader is directed to reference

3 for more detalled discussion of this subject.)

3. Chemical properties. Uranium is a highly reactive metal. A

potential of +1.80 volts for the half-cell reaction, U - U"'3 + 3e, .
places it below beryllium and above hafnium and aluminum in the
electromotive force series.i The metal forms intermetalllc

compounds with Al, Be, Bi, Co, Cu, Ga, Au, Fe, Pb, Mn, Hg, Ni,

Sn, Ge, In, Ir, P4, Pt, Tl, and Zn;g solid solutions with Mo, Ti,

Zr, and Nb.g It reacts at varying temperatures with H B, C, 8i,

2’
HQS, NH3' NO, HCl(

N I H

27 T2 o g)’
In air, at room temperature, massive

s P, As, 0,, S, Se, F,, Cl,, Br
1,2
N0y, CH,, CO, CO,. ='%

uranium tarnishes to form a yellow and eventually a black oxide

0, HF( g)

-,



coating. Finely divided powder may burn spontaneously. In boiling
“water, massive uranium corrodes slowly with the formation of uran-
jum dioxide and hydrogen. The reaction products with steam are
uranium oxide and hydride. The dissolution of uranlium metal 1is

discussed in section IV-F.

Table I. Physical Properties of Uranium Metal?

Density (high purity) 19.05 * 0.02 gm/cm>
Density (industrial uranium) 18.85 = 0.20 gm/cm3
Melting point 1.132 = 1°C.

Boiling point 3,818°C.

Heat of fusion 4.7 kecal/mole

Vapor pressure (i,600°C.) 10'4 mm

Thermal conductivity (70°C.) 0.071 cal/cm-sec-°C.

Electrical resistivity (25°C.) 35 x 10° ohm/em>

Mean coefficient of linear 16 x 10'6/°C.
thermal expansion (random
orientation 25-100°C.)

Specific heat (25°C.) 6.65

Enthalpy (25°C.) 1,520 cal/mole
Entropy (25°C.) 12.0 cal/mole/°C.
a8

= L. Grainger, reference 4,

IV-B. Compounds of Uranium

Uranium combines with most elements to form a large number
and variety of compounds. "Gmelins Handbuch der Anorganischen
Chemie,"é which surveys the literature through the year 1935,
describes several hundred compounds. Katz and Seaborgg describe
some of the more recently prepared compounds, principally of
organic character, such as chelates, alkoxides, amides, mercap-

tides, and w-cyclopentadienyl compounds.



The oxidation states of uranium in the combined form vary
from II to VI. Divalent uranium compounds reported are U0 and
US. Trivalent uranium compounds are more numerous and include
the hydride, nitride, sesqulsulfide, hallides and borohydride.
Uranium (III) sulfate UH(SOu)2 has also been reported.l A
large number of tetravalent compounds are known varying in

complexity from the oxide and simple binary salts to more com-

plicated organic structures. Complex salts such as 3(CN3}+16)2003 . '

U(COB) 4H20 and 2(NH4)2C204 . U(ceou)e . 6H20 form an impor-

» .
tant group of uranium (IV) compounds. Complex salts are formed

also wilth halide, sulfite, sulfate, and phosphate ions. Inorganic

compounds of pentavalent uranium are UF5, UClS, UCl5 . SOCl2, 8

5 . PClB,é and UF5 g xHF.é UOCl3 has been reported as an inter-
mediate compound in the chlorination of uranium oxides with

carbon tetrachloride.i Uranium (V) alkoxides have been pre-

ucl

pared.2 Also, the compounds (CoHgN), UOC1; and UOCl, - EtOH

3
have been reported.2 Hexavalent uranium is represented by

UF6, UC16, UO3, uranates, and uranyl (Uoé*) compounds. Uranyl
compounds are the most numerous uranium compounds and vary in
type from simple salts to complex organic arrangements. Complex
salts are formed with hallde, lodate, nitrate, carbonate, cyanide,

acetate, oxalate, sulfate, phosphate, arsenate, chromate and

vanadate lons. Triple acetate salts of the form

I II
MM (er) (CH3002)9 . 6H20,

3
where MI is an alkall metal (Li, Na, or K) and MII is a divalent

metal (Mg, Ni, Zn, etc.), are used in analytical separations of

uranium. Addition compounds, such as U02(N 2CH,COC,H

O .
3)2 3
represent a large number of uranyl compounds.

9’

Uranates and peruranates are important in the analytical
I

chemistry of uranium. Uranates have the general formula xMQO
yUO3 or xMIIO ’ yUOB. They may be prepared by different methods.é’ig
However, in usual analytical procedures, they are precipitated -



from a uranyl solution by the addition of a soluable metal hydrox-

“ide, NHuOH, NaoOH, Ca(OH) etc. The uranates are insoluble in

o7
water but dissolve 1n acids.

Pe;-uranatesé are formed when uranyl solutions containing
hydrogen peroxide are made alkaline. The composition of the
peruranates depends upon the concentration of the alkall and
peroxide. The following groups have been ldentified:

M2U2010 . xHeo, M2U06 . xHEO, M6U2013 g " xHQO.
The peruranates are generally soluble in water. The least soluble

xHQO, and MuUO

t

are those of the MQUEO1O . xHQO group. The peruranates are
soluble in dilute mineral acids.

Table II lists a number of uranium compounds together with
their behavior in different solvents. The compounds listed are
primarily binary compounds or simple salts. The order in which

they appear 1s the order in which they may be found in "Gmelins

Handbuch der Anorganischen Chemle." &

Table II. Uranium Compounds and Their Solvents.
Compound Solvent
Uty 5. HNO3(v1gorous), conc. HC10,, hot

conc. Hgsou, a. +H202 1. alk., liq. NH3

UO2 5. HNO3, ag. reg., conc. Hgsou, slowly
converted to U(IV)-salts in hot fum. HC1

UBOS s. HNOs; heated to redness U308 is only
v. sl. s. dil. HCl and Hesou, more s. conc.
a., 8. hot conc. HQSoa; HF forms s. U02F2
and 1. UF4

Uo3 . s. mineral a.

UOz'xHeq[U(OH)n'(x-2)H20] 5. dil. a.

U308 . xH20 s. a.

UO3 . 2H20 s. a., converted to UOB-HEO in boiling
HQO



Table II. - Continued

Compound Solvent
U03-H20,[H2U04,U02(OH)2] s. a., warm conec. U02(NO3)2 soln.

U0y * 2H,0 solubility in H,_O: 20° C-.0006 g/100 ml,

2 2

90°C-.008 g/100 ml; 4. HCl; alk.
hydroxides form UO3 and 8. peruranates

U3N4 s. HNO 1. conec. HC1, H2SOA

3}

UO2(NO3) . 6H0 & solubility in H

. © -
5 - 0: 0°C-170.3 g/100 mil,

2
60°C-soluble in all proportions; s. al.,

ether, acetone, dil. a.

UF3 s. h. HClou, h. HNO3, h. Hesou, H3B03 +
mineral a.
UF4 i. H2O; s. fum. HClOu, HNO3 + H3BO3;

metathesized to U(IV)-hydroxide by
heating with NaOH

UFS’ U2F9, U4F17 d. HZO forms s. U02F2 and 1. UFM

UF6 8. Heo-vigorous reaction, CClu, CHC13;
v. 8. C2H2014; d. alcohol, ether

U02F2 8. H20, alcohol; 1. ether, amyl alcohol

UCl3 s. H20, HCl, glac. acetic a.; 1. CCIA,
CHC13, acetone, pyridine

UClu si H20, C2H50H, acetone, ethyl acetate,
ethyl benzoate; 1. ether, CHCl3, benzene

U015 s. Hzo(d.); absolute alcohol, ethyl
benzoate, trichloracetic acid, ethyl '
acetate, benzonitrite, CSz, SOCl2

UCl6 d. H20; 8. CClu, CHCl3

UOCl2 s. H2O

U02012 s. H2O: 18°C~-320 g/100 ml; s. alcohol,
ether

UBr3 s. HZO

2 41- and tri-nydrates are also well established. .

10



Table II. - Continued

Compound

Uo + K0

3)2 2

Us

UES3
Us
U0,.S
0,80 4H20
U(s0

UOSOu . 2H20

UOQSON . 3H20

ersou . HEO

USe2

U0,Se

Solvent
8. HEO, acetone, methyl- and ethyl-acetate,
pyridine; 1. ether
s. H2O
s. H2O, alcohol, ether

5. HEO

- HEO

v. 8l. s. H20: 18°C-a form, 0.1049
g/100 ml, B form, 0.1214 g/100 ml;
cold ppt. s. HNO3 and H3Pou, 1. a.
after previously heating to bolling
temp.; 8. alk. carbonates

v. difficultly s. conc. HCl, d4il. HNO

3
+0 aq. reg., conc. ENO

3

d. steam, HNOB; s. hot cone. HCl

sl. s. H,0; s. dil. a., alcohol, (NH4)2C055
1. absolute alcohol

1. Heo; 5. ag. or alcoholic 502 solution

s. dil. H2504

hydrolyzes 1in HQO wlth separation of

bagic sulfate, UOSOA . 2H20; s. dil.
mineral a., acetic a.

hydrolyzes in Heo(d.); 8. dil. H,50,,

HC1

5. a.

5. H20: 15.5°C-20.5
22.2 g/100 ml; s. mineral a.

g/100 ml, 100°C-

- j20

ignites with HNOB; chemical properties
similar to Us2

d. H,0; 8. cold HCl - forms UO

2 €1,

2

11



Table II. - Continued

Compound

U0,Se0, * 2H,0
UB,
UB4

UB12

U(BH4)4
uc

U02CO3

er(CH co H

300y " 2
U(ceou)2 . 6H20
U0,C,0, * 3HyO

U(CHH406)2 . 2H20

UOZ(CuHuO6) < 4H,0

2

UOQ(CNS)2 . 8H20

Solvent

and H2Se; reacts violently with HNO3 -

Se is first formed and is then oxidized
i. H20; s. HC1l

s, aq. reg., HNO HF

3)
s. cold HF, cold HC1, HNO3, conc. H2 59

reduces conc. HQSO4 *

i. hot conc. HCl, HF; slowly s. hot conc.

stou
a. HEO’ alcohol
d. HQO, dil. HC1l, dil. HNOS, dil. Hesou;

reacts vigorously with heated conc. a.
s. a.

8. HEO:
alcohol; sl. s.

15°C-420 g/100 ml; 8. methyl
formlc a.; 1. ethyl

alcohol, ether, acetone, CS CClu,

29
CHCl3, benzene, petroleum ether
less s. HQO than neutral salt; more
s. formic a. than neutral salt

s HQO: 15°C-7.694 g/100 ml; v. s.
alcohol; 1. ether

i. H20, dil. a.; s. warm conc. HC1,
conc. HNO3

sl. s. H,0: 14°C-0.8 g/100 ml, 100°C-
3.3 g/100 ml;: s. mineral a., H,C,0, and
alk. oxalate solutions

1. HEO’ organic solvents; s. tartaric a.,
tartrates, conc. a.

sl. s. H,0: 17°C-3.28 g/100 cc solufion
s, HQO, ethyl and amyl alcohol, acetone,

ether

12




Table II. - Continued

Compound

USi2

U3P4

U(H2P02)4 + xH,0

2
U02(H2P02)2
U(HP03)2 * 4H0
UO,HPO,
UB(POA)M
UH,(PO,), * 2H0

(U0,)5(POY), « xHO
UO,HPO, « xH,0
UP,0,

(V0,) B0, - 5H,O

U(PO3)u

er(Po3)2

U3Asu

U3(Asou)u
UH2(A804)2 * 3H0
UHQ(Asou)e * 2H0
UOHASO, + 4H,O

(Uo2)2 As 0,

500, * 3Sby0g * 15H0
3 V05 ¢ xH,0

3+ V05 ' HLO

2005 -+ V04

UOQCrOu . xH2O

Uo
Uo

Solvent

1. cold or hot conc.: HCl, HN03, Hasou,

aq. reg.; s. conc. HF; converted to

sllicate and uranate by molten alk. and
alk. carbonates at red heat

d. boiling conc. HNO3, aqg. reg., alk.
hydroxide

i. H2O, dil. &.; 8. conc. a., 50% H3PO

2

. HQO, ail. HQSOu; 8. HNO

3

. HQO, dil. a.; s.

i

i conc. a., 50% H3P
i. Hzo, dil. a.; s. conc. a.
1

O3

. HQO; attacked by a., esp. HNO

s. conc. HCl

3

i. K.O0, acetic a.; 8. mineral a.

2

i. H,0; s. mineral a., xs.(NHu)ECO

1. Heo, cold a.

1. H,O0, alcohol, ether; s. xs. Na4P2O7,

3

1. K,0, HC1, HNO,, H,S0,

3)

1. H.O; s. dil. a., esp. arsenic a.

i. H.O, acetic a.

s. ag. reg., hot conc. HCl, 4. HNO3

13



Table II. - Continued

Compound Solvent

U(Mo0,,) s. HC1 )

UOEMoOu 1. Heo, CHCIB, benzene, toluene, ether,
alcohol, acetic a.; s. HCl, Hgsou,
HNO3’ H28207
i. H,0; s. mineral a.

3UO3 . 7MOO3

U * 8MoO

: 13H20 s. HNO

% 3 3

UO2 . 3WO3 . 6H20 s. HCl; 4. HNO3; i. H2SOu

UO3 : 3W03 SHQQ s. HLO

UO3 : W03 . 2H20 sl. HZO

Abbreviations used:
a. - acid fum. - fuming
alk. - alkall h. - hot
aq. - aqueous 1. - insoluble
aq. reg. - aqua regila 1. - liquid
conc. - concentrated 5. - soluble
d. - decomposes sl. - slightly
dil. - dilute V. - very
esp. - éspecially XS. - excess
Iv-C. The Chemistry of Uranium in Solution

1. Oxidation states.

Four oxidation states are known for uranium

lons 1n agueous solution: the tri-, tetra-, penta-, and

hexapositive states.

n

Ions in these states are usually repre-

sented as U+3, U+ , U0 * and UO+2 , respectively. The

2

2

potentlals between the various oxldatlon states are given
below for acidic and basic solutions.ﬁ

Acidic solution:

k=80 U+3 0.61 T+4 -0.62 UO;— -0.08 Uq;Z

-0.334 ‘

1 M HC10, at 25°C

14



Basic solution:

2.17 2.14 0.62
=t U(OH)3———— U(OH)u———- U02(OH)2

Tripositive uranium, U+3. Evidence for the existence of

U3 comes from the reversibility of the U({III)/U{IV) couple.
Solutions may be prepared by the dissolution of a uranium
trihalide or by the electrolytic reduction of a uranium (IV)

or (VI) solution. Chloride, bromide, iodide, perchlorate

and sulfate solutions of uranium(III) have been 1r-epor‘ced.-:-L-L

They are deep red in color and unstable, with oxidation of U+3

to U+4 occurring and hydrogen belng evolved. Strongly acidi-
fied sc>lu‘(:ions-l-g or those kept at low ‘cemper'atur'es-l-9 appear

to be more stable.

+4

Tetrapositive uranium, U . The existence of the U+1‘l

ion in solution has been confirmed by measurement of the
acid livberated on dissolving UClu i3 and by solvent extraction

studies of U(IV) with thenoyltrifluoroacetonelﬂi and

acetylacetone.lﬂh Uranous solutions may be prepared by dis-
solution of a water-soluble salt: the chloride, bromide,
iodide, or sulfate; by dissolution of uranium or » uranium
compound in an appropriate solvent, e.g., uranium metal in
sulfuric or phosphoric acid; or by reduction of a uranyl
solution by chemical, electrochemical or photochemical means.
The solutions are green in color. They are stable in the
absence of alr but are oxidized by oxygen. Uranium(IV) under-
goes hydrolysls with evidence in the first stages for the
formation of the mononuclear species, UOH+3. 13,15-18 Poly-
meric specles also are formed which apparently are not in
equilibrium with the monomer.li&lé&-l-2 }*Iietanenz‘-Z found that
in addition to the monomeric species, a polymer of the type

Ul (oH) U]ﬁ+n

3 could account for the hydrolysis of uranium(IV)

to good approximation. Table III, based primarily upon the

data complled by Bjerrum, Schwarzenbach, and Sillén,-e-9
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Ion Method

U magnet
3p
sp
sp

sp

gl, red

sol

sp

2+
UO2 qh

2+
U02 qh,

qh, gl
8l, fp, sp
gl, fp, sp

p(H,0)

8ol

ap
dist
(3%
gl

2+
002

qh, gl

qh, gl

20

25
10-43
10-43

15-25%
25
25
25

25

25-26
20-25

25
15
20
20
20
25°

25°

25

25

25

25
25-40

25
25

25

Table III. Hydrolysis of U

Medium

var
C(NaC10y)
0.5(NaC10y)

- 0

0.19(¥C10,)
0 corr
3(Na)C10,

0 corr

2(c10,")

0 corr

var

¢ cerr
ClBa(Nog),]
1{(Na)Cloy
1(Na)C10,
1(Na)C10,

0.15(NaC10,,)

0.1 C10,

2U02(C10u)
+U03
0 corr

var

0.1(Na)C10,

0 corr
0.347(Ba(C10,),1
0.0347(Ba(C10,},!

9.03471Ba(C104),)
1(Na)C10,,
24
0. 403
3(Ne)Cl0y,
2+
1.4005

5+ and Uog+ Ionsl

Log of equilibrium constant, remarks

B, -2.30

’Kl -1.63(C=2), ~1.56(C=1}, -1.50(C=0.5)
"Ky  +1.90(10°), -1.47(25°), -1.00(43°)
K, -1.12(10%), -0.68(25°), -0.18(43°)
a%Hy = 11.7, a%S; = 36(25°)

Ky -1.38(15.2°), -1.12(24.7°)

, = 10.7, 8%S) = 33, 85, = 52

'xl -2.0, .B?n,n+l -l.2-=<3.b4n

K, -3:7TU(OR) ()7

R, ~1.68, K, -1.74

R, UM+ 8,0 e voR3t 4 8

3 0"+ D0 @ vop™ 4 p*

s, UM+ 2m,0 =2 U(oH)ZY 4+ aw*
B ner (0A1)UYY 4 38,0 @ Ul(OK) 010
‘K1 4.3

"B, =587

‘Kl -4.50, "B,, -4.95

ev UO,NO,0H, uoE(No?)?oHQ‘

‘K, -4.09

1
Bp -5.97(Cx0.6), -5.72(C=0.06)
'Kl ~4,70(”, see ref. 43), ev polyn cpx
)
B

0.30-=~6.35n
2n,n+l 0.30-~<€.40n
"Bap -5-94, "Byg -14.29
Ky 10505 (OME™) - -3.55(n=0), -6.5(n=1),
-7.4(n=2), -11.0(n=3), -11.4(n=4)

8oy -5:9%, By, -12.90

ev (U0,0H)3*, not vo,08*

2n,n+l

"Kq 6.04, "Kq 1.90, K -2.60, Ko 32,77
So S, sy -1

ﬁ% -4.14, ev polyn cpx

'Kl -4.19

Ky ~4.2, 'K, -5.20

. «

Bap -5:06, "By, -1.26

K, -5.40, ‘8,, -5.82

%, -5.82(25%), -5.10(40°), 4 "H,e20.8
Bop -6:15(25°), -5.92(40°%), o H522-6.7
. .

a%s; = 4.3, 8 s522 - -6

8y, -3.66, "By, -6.02

"B, - 3.68, "By, - 6.3, *By- x-12.6(gn),
“Byq - 12.9(g1)
‘s ¢ 24
on,nel ° n+1)T05" + 2nH,0 e
00, [ (0K) 00, 12% + 2nK™ ete.

a
= After J. Bjerrum, G. Schwarzenbach, and L. G. S11l@n, reference 20.

16

Reference

21
13
22
13,21

16

16

23

18

49

38

25¢
39,52,53
42
42, er43
42, crss
40

4o
4y

48

50
51
45
46
46

46
47
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O corr

01
1 MaCio,

1(NaC10,)

1(NaC10,)

1{Na})Cl0o,

Table III {Continued)

TABLE NOTATIOM

The notation used in this and in the tables on complex ior

formation is patterned after that used by Bjerrum, Schwarsendach,

and S111én, reference 20

The explanstion of the table which

follows i: taken primarily from part II of reference 20 and thie

ahould be consulted for further detalls concerning notation

Part 1 of reference 20 may be consulted for a description of the

various methods by which equilidrium constants are determined

Column one,

the complex i& formed

Columr two,

constents were measured The abbrevistions used sre

ani ex anion exchange

cfug centrifuge or wltracentrifuge
tol colorimetry

cond cenductivity

aist distridbution between two phases
e’ emf, not specified

ba ) freezing point

gl glass electrode

iex ion exchange

magnet magnetic susceptibility
p(hQO) partis) pressure of substance

indicated

Column three, °T,'
cates room temperature, and

known to the compllers

Column four,

which the aquilibrium constants refer

"ot

23
pol
prep

d-rey
a6

Pt
AezC20

»

gives the temperature in

.,

"lor,' refers to the central ion M sbout whicr

"Method,' refers to the metho¢ by whieh the

PpH method, not specitied
POLATORTAPNY

Preparztive work

Quinnydrone electrode

emf with redox elecirode
solubility

spectrophotometry

X-ray diffrectior

combination of thermodynamic dats
emf messurement with Pt eiectrode
emf messurement with As.‘.c;o“ elecyrode

method not known to compilers

“RT’ indi-

15 used i the temperature is un-

"Madium,’ denoter the nature of the mediur to

The concentrations giver

in terms of moles per liter or moles per kilograr are not dis-

tinguished
Symbols used are

constants extrapolated tc zero ionic strengtr
constants corretted to zero lonic strengty
applicatior of some theoretica. or empirica.
formule

ar ienic strength of O 1 mole per liter
constant concentration of the substance
stated (1 moie per liter Nalll,

ionic strength held constant at value statec
(3 mole per liter) by additior of the inert
salt indicated

measurements made at » series of ionic
strengths (I, with NaClO, as the tnert salt
concentratior of the anion (C10,7) held

constart &t the value atated (1 mole per liter

Columr five, 'Log of equilibriur constart, remarss

following convertions are used

cleie, )

var

KC1 var

EvoF
org

50% Mel-

Water is the solvent unless otherwise stated

with the 1on showr in parentheses as tne
inert catiorn

measurementes wade at & seriss of perchlorsge
concentrations

diiute solution, concentration usually not
more tnar 0.0, mole per liter

lonic medium varied, and ir some cases nc
special attempt was made to control the lonle
strengt-

the mediur wats mainly aqueour XTI at various
concentrations

ethanol as solvent

varioas organic solvents

50% metnanc.-wate~ as solvert

‘' The

"Kl €' means ')oszl =€,

"K2 > ' means ')og}CYE >3, 4.e, the 'log' and 's' szvmbols are

omitteq

Concentrations | ) are usually expressed as moles per

liter, tut i3 not distinguished from moles per kilogram Pressures p

are ir atmospheres

The equilidbriur constants refer tc variocus types of reactions

indicated or the next page



Table III (Continued)

- Consecutive or step-wise constanta K
& Addition of ligand (L)

( ML,

ML 4L e ML K w R
n-1 n n !m‘n-ll“‘)

b Addition of protonsted ligand (HL) with elimination

ot proten
.
(ML, HET,
ML

nel T LTI

¢ Addition of protonated ligand (H L)
_— ( ) (M(H L »
M(H + HL = MEL P LK » bl
P 'n-1 p- = p'n P n
(B ),y IR
d Addition of central atom (M}
MLl

M L+ Mem M. K, & ———
n-1 o 3y, I

2 Cumulative or gross conatants B
.

In ﬁnm and Bnm the subscripts n and m denote the
composition of the complex Han formed When m s . the
second subseript is omitted

8 Addition of central atome (M) and ligands (L)

ML
mM + L e M L S — . T,
mn ™o Pt

b Addit.on of central atoms (M) and protonated ligands
{HL) with elimination of protons

[CRARIt AL
+ . mn
mM + nHL =2 M L+ nH B e——
= mn nm MR EL I

3 Seludility constants K’
a Solid ML, in equilibrium with free lons in solution
Mly(3) o=t a¥ + BL L tmyrey®
b  Solid M‘Lb in equilidrium with complex Han and ligand
L in solution
m md
e M.Lb(l) - ML (—; - n)L
mb
X, = mramiE -
L. mn

In K,

the complex M‘nLn formed in solution

the subscripts n and m denote the composition of
When m = 1 the second
subscript is omitted

¢ Protonated ligand reacts with the elimination of proton

RO AR

. mx0w) % -0
Kl = [.1
o (T -n)
4§ Acidic and basic constants
4 When L 1s hydroxide (OH”) HL is water and "Kl,1 1s

the nth acid dissociation constant for the hydrolysis of

a metallic ion

Column six, References

found at the end of this work

A reference such as

b The use of H' as the centrsl atom to represent pro-
tolytic conatants is illustrated by 1 4 above

¢ Other acidic constants are denoted by K followed
by parertheses enclosing the formula of the species donating
the proton

¢ Basic constants are denoted by K’b follow if necessary,
by parentheses enclosing the formula of the species accepting
the proton
5 Special constants

& X {equation)

The equation defines the reaction to which K refers

The corresponding reaction is given in parentheses
after the constant when the latter 1s first used for s
particular ligand or central atom or the reaction 1is
given immediately below the equilibrium constants for a
particular ligand or central atom

¢ {formula}

The formula gives the composition of the complex in
terms of the species from which it 1s formed Species with
negative subacripts are eliminated in the formation of the com-

plex
d K, (formuls)

The formula gives the composition of the solld phase
in terms of the species with which it 13 in equilidbrium in
solution Species with negative sudacripts are eliminated
in the formation of the solid

Heat content and entropy changes are included in column
five AH is usually written in kilocalories and AS in calories
per degres They are relatad to the corresponding cumulative
By Bl By OHy "B e
Where the symbol K is used for the equilidbrium constant

equilibrium constants as follows
.

I3 Bm
H or S is glven the same superscript or subscript aa the corre-

t
sponding K e g Kn AHH l(.o M&O 1'I(m” & Hm atc

Other abbreviations used in column five are

ev Mm"'n evidence for the existence of the camplex M L,
epx complex

cat cationic

ani anionic

unch uncharged

polyn polynuclesr

” authors doudt expressed in refersnce given
(") compilers doubt

list the references as they are

6 cf 25

indicates that calculations have been made in reference 25 based

upon data in reference §



summarizes the results of several studles on the hydrolysis
of the uranium(IV) ion.

Pentapositive uranium, UG5 . The existence of uranium(V)

ion in solution has been confirmed by polarographic peasuée-

ments.gﬁ:gé

Support for the U02+ ion comes from the reversi-
bility of the U(V)/U(VI) couplegz and from infrered2® and
cr-ys'callograx::hicg-gl-39 studies of uranium and transuranic ele-
ments. Solutions of U02+ may be prepared by dissolution of
UClsél or by reduction of a uranyl solution, electrolytically
or with U(IV) ions, hydrogen, or zinc amalgam.-li The formation

of U(V) is an intermediate process in the photochemical reduction

of U(VI) in a sucrose solution.3§ The solutions are unstable
and disproportionate to U(VI) and U(IV). The rate of dis-
proportionation is second order in uranium(V) concentration
and first order in acid concen‘cratj.on.3-?31-lé The U02+ ion 1is
most stable in the pH range of 2 to 4.li It is oxidized to
the uranyl ion by molecular oxygen, Fe(III) and Ce(IV).lé

Hexapositive uranium, Uogg . A number of physical-chemi-

cal measurements as well as crystallographic, infrared and
Raman spectra studies support the existence of U(VI) ion as
Uo'gg.g--hlg Uranyl solutions are easlily prepared by dis-
solution of water-soluble salts: the nitrate, fluoride,
chloride, bromide, iodide, sulfate, and acetate. Other water-
soluble uranyl salts include those of other organic acids:
the formate, propionate, butyrate, and valerate; and certain
double salts such as potassium uranyl sulfate, sodium uranyl
carbonate, sodium uranyl chromate, etc. Uranyl solutions
may be prepared alsc by dissolution of a uranium(VI) compound
in an appropriate solvent, by dissolution of a lower valence
uranium compound in an oxidizing medium, or by oxidation

of lower valence uranium lons already in solution. Uranyl
solutlions are yellow in color. They are the most stable of

uranium solutions. As indicated in preceding paragraphs, the
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uranyl lon may be reduced by reducing agentsii or by electro-
chemical or photochemical means. The degree of dissoclation

of uranyl salts in aqueous solution variles. Uranyl perchlorate
is apparently completely dissociated;lg whereas, uranyl
fluoride is undissociated and tends to form dimers (see section
on complex lion formation - IV-Cz).iii-ié Hydrolysis of the
uranyl lon has been the subject of extensive investigation.
Considerable evidence has been adduced for the formation of
polymerlic specles of the type UOE(UO3)§+.EZ:£Z According

to Sutton,ig formation of polymers beyond the trimer U3082+
1s negligible. However, the trimer itself may undergo
further hydrolysis with the formation of U308(OH)+, U308(OH)2,

and eventually anionic species.ﬁg&il Ahrland,Eg in his

origlinal paper, proposed the formation of the monomer UOE(OH)+
as wall as polynuclear species. In a reappralsal of the
work, Arhland, Hietanen, and Sil.‘L’en-lii stated that there was
no certain indication of mononuclear complexes being formed.
Rather, tﬂe experiﬁental data was explained on the basis

that complex ions of the type UO2[(OH)2U02]§+ were formed.
From the data 1t was not possible to distinguish between a
limited mechanism in which n varied from 1 to 3 or 4 or an
unlimited mechanism in which n assumed all integral values.
The authore were 1nclined to prefer the latter. Krauslg
suggested that reactions leading to the formation of polymers
may have a less positive value of AH than the reaction
leading to the formation of the monomer. Consequently, the
latter process might be 1ldentified more readily at high
temperatures than at room temperature. This 1s apparently
the case as was shown by Hearne and Whiteié who determined
the enthalpy change to be 20.8 kcal/mole for the monomerilc
reaction (U020H+ formed) and 6.7 kecal/mole for the dimeric

reaction (U2052+ formed). Table III summarizes much of the
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data available on the hydrolysis of the uranyl ion. Included
in the table are values of the equilibrium constant *Kl, the
constant for the formation of the monomeric species. This
constant has been evaluated by at least seven groups of

2>c,38,42,48-51 exclusive of Hearne and Whiteié.

investigators
The values obtailned agree very well (log *Kl = -4,09 to -4.70).
However, the experimental conditionsgés&3§*29 and assump-
tionsgig#ig used in some of the evaluations have been
questioned.£§ Also, the re-evaluation of Ahrland'sig work
already has been mentioned, and Rydbergzl has proposed an
explanation for not detecting polynuclear species in his
experiments. None-the-less, one must concur with Rydbergéi
who wrote, "---1t seems remarkable that the same constants
should be obtalned for a fictive mononuclear hydrolysis
product with different U(VI) concentrations and so different

)

methods of investigation---.'

Complex ion formation. The ability of uranium to form complex

ions in solutions 1s of considerable importance in its analytical
separation and determination. Hydrolysis, mentioned in the
previous section, 1s but a special case of complex ion formation.
Numerous complexes have been reported.ii However, the amount

of quantitative data for the various ligands is rather limited
and often contradictory.

Tripositive uranium. Evidencé has been reported for

uranium(III) cupferrateéi and uranium(III) chloroié complexes.

Tetrapositive uranium. Inorganic complexes of uranium(IV)

which have been recognized through the formation of complex salts
include the fluoride, chloride, sulfate, sulfite, and phosphate.ii
Table IV lists the equilibrium constants and thermodynamic

data available for some of the uranium(IV) complexes in aqueous
solution. In addition, a carbonate complex, possibly U(COB)S- ,

has been found to be stable 1n solutions of excess carbonate

or bicarbonate 1ons.§3
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Table IV. Complex Formation with Uu+ Ions - Inorganic Lignnda%

Complexing agent Method T Medium Log of equilibrium constant, remarks Reference
Thiocyanate, red 20 1(NaC10,), o.64% Ky 1.49, K, 0.46, K, 0.23 57
SCN™ atst 10 2(Na)ciq, 1HY K, 1.78, K, 0.52 58
" 25 " K, 1.49, k, 0.62 58
8H)= -5.7, AH,= -1.8, aS;= -10, 45,= 9.7
" 40 " K, 1.30, K, 0.68 58
Phosphate, sol 35 var ev UAIG(HL)g+or UAle(HL)éE+ 59
3—
POy
Sulfate, 502" aist 25 2(HC10,) ‘K, 2.53, 'K, -0.13 Y
" " " 'k, 2.8, K, 1.32 e, et
60
" " " K, 3.24, K, 2.18(K (¥)1.1251(?) l4a,cf.
60, 61
" + . .
10 2(Na)C10y, 1H K, 2.63, K, 1.3k 58
" 25 " "k, 2.52, 'K, 1.35 58
8Hy= -3.2, AHy= 0.9, 85;= 0.7, AS,= 9.3
" 40 " "k, 2.38, K, 1.38 58
Fluoride, F~ atst 25  2(NaC10,), 1H* 'k, %6, "B, 3 8 58
Chloride, C1~ sp 25  0.5(NaCl0,) K, -0.20 13
" 25 0 corr K1 0.85 13
red 20 1(Na)Cl0,, 0.6H" K, 0.30 57
atst 10 2(NaCloy), ¥ K 0.52 S8
" 25 " K, 0.26; or K; 0.08, K, -0.02 58
" " .
40 K1 0218; or K1 -0.04, K2 -0.06 58
ani ex 25 HC1 var ev ani cpx in >5.5M HCl 62
Bromide, Br~ red 20 1(Na)Cl0,, 0.6H' K, 0.18 57

SAfter J. Bjerrum, G. Schwarzenbach, and L. G. Sillén, reference 20.
Column one denotes the complexing ligand (L). The notation is explained following Table III.
Numerous organic complexes are formed with the uranium(IV)
ion: the acetate, oxalate, tartrate, malate, citrate, lactate,
glycolate, e’cc.i-li However, the amount of quantitative data
avalllable on their formation 1is very‘meager. Tishkofféﬂ has
calculated dissoclation constants for acetate complexes on the
basls of the oxygenated uranium(IV) ion vos* being formed. The
formation constants measured for acetylacetone, thenoyltrifluoro-
acetone and ethylenediamine tetraacetic acid complexes are gilven
in Table V.

Pentapositive uranium. Although 1t appears that uranium(V)

complexes should be formed in the reduction of uranium(VI) ions
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in complexing 1'ned1a,-6-i little data is availabile.

’ Hexapositive uranium. Inorganic uranium(VI) complexes

which have been identified through the formation of crystalline
salts include the fluorides, chlorides, nitrates, sulfates,
carbonates, cyanldes, and phosphates.zi Uranyl solutions with
these anions present have been studied. The results are listed
in Table VI. A number of discrepanclies appear 1n the data. For

example, evidence for some complexing of the uranyl ion with

nitrate1£&1§izz and chloridvézL76’71*105'107ions has been reported

by some investlgators; but a complete lack of evidence has been

reported by others.ég Day and Powerszz have pointed out that the

constants calculated by them are concentrat}on constants rather than
activity constants. Consequently, the small complexing effect may
be caused by the variation of activity coefficients with a change
in medium. Other 1nvestigators, however, who have corrected
thelr results to apply to pure agueous solutlons have found some
complexing to occur with the chloride 10n,§z;222;l91

The type of complex formed between uranyl and fluoride lons
also is subject to some question. Ahrland and co-workerslggﬁlgﬂ
have determined equilibrium constants for the formation of
complexes U02F+, UO2F2, U02F3-’ and U02F42' and found no evidence
for the dimerization of UO2F2 for uranyl ion concentrations less
than 0.1M. Day and Powers,Zl however, found no evidence for the
formation of complexes beyond U02F+; and Johnson, Kraus and
Youngié have reported the dimerization of UOEFQ in solutions
not very different from those investigated by Ahrland, 52_21.395

Numerous organic complexes have been reported.ii Much of
the quantitative data 1is summarized in Table VII.

There 1s often disagreement between different investigators
concernling the nature of the complexing ligand. Uranyl-oxalate
complexes serve as an example. The oxalate ion, 02042', has been

proposed by some 1nvest1gatorslu6 4 as the complexing ligand;
the bioxalate ion, HC,0,”, by otherst¥ o116, 216 He1at?2 nas

(Text continues on nage 30.)
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Table V. Complex Formation with U'Y lons - Urganic Ligandsd

Complexing agent Method T Medium PK of H L Llog of equilibrium constant, Reference
P remarks
CSH8°2 dist 2? O.l(Cloh ) 8.82 K1 8.6, K2 8.4, K3 6.4 14b, 111
acetylacetone: HL Ky, 6.1
" " " 8.82 Kl 9.02, K2 8.25, K3 €.52 1bv, ef. 112,
K, 5.96, 8, 17.27, B, 23.79 113
8y 29.77
C3H502F3$ sp 25 0.1 K1 7.2 114
thenoyltrifluoro-
acetone *HL
clOH1608N2 HyL 2.21 K1 25.6 115
ethylenediamine- - 24 +
tetracetic acid- col 25 (stou)(”) H3L .77 pK[HeL =2 HyL + 2H .91
HyL H,L%" 6.16
w3~ 10.26

a
“After Bjerrum, Schwarzenbach, and S5illén, reference 20.

T™e gata, witr the exception of reference 111, has beer compilled oy J. 3indler.

Column one lists the empirical formula, the name of the ligand, and a formula of the type HpL
whick defines the ertity L ip terms of which the equilibrium constants are expressed.

TMe ligands are placed ir order of tneir empirical formula according to Bellsteir's system

Columr fise 1llsts the pK values (-logWOY\ of the acid-tase equilibria involving the ligands

ard refer to the d}ssogiation rutiry  _p(b¥l=pley
E-]—'

-p)- -lap)-
-pL c-p — _p_lL(t lephe ot K = —E
The notatior is explaired following Tabie IIZI P
Tatle VI Complex T>rmation with UOS‘ Ions - Inorganic ” 1gand=g
Complexirg agert Method . “Medium Log of equilibrium constant, remarks Reference
Cyanoferrate(II’,
Fe(n) g sol 25 var LR ERE €s
Thiocyanate, sp 20 1(NaClOu) Kl 0.76, K2 -0 02, K, 0.44 65
sCen” sp 25 -0 Kl 0.93 &7
Carbonate, prep solid ev U02LI;' 68
cog’ sol sp? 257 O corr K, 178 69 quoted in
ref. 70
sol sp 252 O corr K[U02(0H)2H20(5) + coz(g) P U°zc°3‘°) 63
+ ZHEO]M
xsz/xpolcf (5" 1.42, K,/Kpoxf (5*) 1.81 63
AG 25 0 corr By 14,6, B, 18.% 63
sp -2 KB ~3 5, ev (uoz)z(oH)BL' 70
sol 6 =0 Ks[Na;{UOZL,)“'J-z.e to -2.0 70
KSE/Kpoxf(u*) U0,004(s) + 2HCOS w 10,(00,027 + Cople) + 1,0
KB/xpcxf(H‘) Uoz(cc3)§' + 2Hco] = U0,(C0,)3" + co lg) + Hy0
sol 25 l(NHuCl) 51 22.77 71
ap 0. 4(KN0,) ’K[uoz(cox)?' - H 0, er(c03)goon3' e
+ HC0Z12.0
sp -0 k2.2
sp var K(00,(C0,1,00%" + 1" @ U0,(C0,), 00K "110.6 73
Nitrate, NO3 sp 25 5.38(NaC10,), 2H" K, -0.68 74
sp 25  7(xaC10,), 2" K, -0.57 74
X-ray solid ev UOEL; in RbUOeL.l(s) 5
qr 20 1(NaCl0,' K, -0.% 76
aist 10-40 2{NaClO,) Xy -0.%2{10°), -0.62(2%5°), -0 7T7T(40°) laied
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Table VI.

Complexing agent

Phosphate, POE'

- Continued

Method T
sp ?
sp 22-28
B8p

cond 25
cond 25
8p 25
8ol 25
sol 25
anl ex 20
sol 19-20
sp 25

sp 25
dist 2%
anl ex 20
&p 25
sp 25

Medium

org
Me _CO
EtOH

Me,CO

2
IHCIOu

1HC10,

a1l

var

var
+ 07(NaC1o,)
1 07(NaCl0,)

¢ corr

1(¢10,7)

o Corr(”)

Log of equilibrium constant, remarks Reference
no ev cpx 150-fold excess L~ 50
ev 002L3 78
Ky 3.6 in Me,CO 79
K,(?)3.15, X3(?)1.39 in EtOH 80
KE(”)B 96, K (®)2.46 1n Mech 80
2+ x+ +
KIU0Z* + hol ,a UOH,  L¥ 4+ (2-x)K711 58 81
2+ x+
K(UO2 + H,L &= v02H1+x + (2-x)8*11.57 82,83
x=1or?2 cf 8%
2+ - -+
KIUCZ™ + 2h,L 2 U, (KLY, + 29731.18
2 - -
KIUOS™ + Rb,L & U0, (ML) -0l + 2¥712 208
-+ -23
K IUOHL(s) + 28" g UOZ¥ + H,L1-2 85
+ X+
KSIUOQHL(S) + x= ;é UOEH1+XL 1-1.29
x =1or?2e
FIUOHLIs) + Mol @@ VO, (*,L)p)-1 ™

KgIUOHL(3) + 2hyL g U0, (kL) KL 1-0.55

K [(UC, 1 Lyi5) + 617 emb 3U0EY + 2h,L1-6 15
K 1(00,) 5L, (2) + oL + ¥ 2 200 4 L% )e2 40
K [(vo,),L (s
Kel(U0,)1p(8) + Thol & 200, (R,L) 4

HPO, (F,0),(s)

)+ WL = zuc?(rzL)?l-z.ss
,L1)0.53

"ue HL(S)' = UOP

U0, (¥,L
Bl Ky 3.00, K, 243, K, 1
<1.88, £, 3.88, £, 5.2°
12*)e0.53, S
K, U0, (B,1)5¥) 1. 52,
(w* Ky 2.22)

P4yt 13-
K (UCZTNH L77)-26 36

8L,85
8€

Vo, F,L2,

ev UOEH2L oz

)2
90

1
Kl[U02(H1L

H3L K
-2.27,
-1.18

87
T)e23.11
K, (002 HL27)10.67,
1.96

24,4 R
Ks(uc2 K'L

(r* Kk, 12 44, Ky, 671,

1
1?

e o, vo w1t

2"k 88

wL*, v Sl

2+ +
s(ueg'¥,

s U0, (¥oL)

ERALT 80,90

=[U02 h ?(F,L) 11 3= 82,00

+ (100870 Ky 0.98, Ky € 1.8, Koo 1 2,

24 Ky 75, K11, K

Koy

Kyp 4.8, Kgp 5 3
.

N

QT Ky 3.0, £, 55, £ 7.k
b Ky < 1.8, B, 39, £, 57 (same as
1o Kopr Kaa)

(1" Xy, 210

K Kio 07, K11 0.8, K20 04, K?l 14 88,cf

l.2, K 173, K2l 2.2 88,cr

20
(n*
3 same equilibrium
X same equailitriur
£ same equilibriur

different notation
different notatior

reactior,
reactior,

reactior, different notatior

25
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Table VI. - Continued

Complexing agent Method T Medium Log of equilibrium constant, remarks Reference
Polyphcsphate, pH 25  dil n~5 ¥ 320, or8, 5.0, or 83 9.5 92
(n-2)- °
[P 03y
Arsenate, Asoz' sol gl 20 var KS(UQS* m2-3-10-50, KS(U0§+L1+L2')-18.82 912
K (UoZ*na*13") 21,87

-2 N 2+ P
K (VOSTKTL ") ~22.60, K (VOS“NH,™L "V-23.77
+
(H" K, 11.53, Ky, 6.77, K, 2.25)

Sulfite, sog' sp var ev UO,L2", strong epx ok
sol 25 (NH“)zsoavar '(so-e.sg oF

8, 7.10
Sulfate, $02°  sp 25 2.65(Nacl0,), 2K" 'K 0.70 74
25 3.5(°), 28" X, 1.831K {¥")1.125) 74, ¢8. 61
ah 20 1(NaCl0,) K, 1.70, K, 0.84, K, 0.86 96

8(003*1%7Ac") 3.78
24 2, -
8(U03 L5 Ac”) 4.60

sp 20 1(NaCl0,) Ky 1.75, K, 0.90 96
cond 25 J corr K1 3.23” 97
aist 10 2(Nac10,) K, 1.80, K, o.96(x1(n*)1.011 77
dist 25  2(NaCl0),) Xy 1.88, K, 0.97(K (K")1.08) 77
AHy = 2.3, 8H, = -0.9, 4S5, = 16, a8, = 2
dist 40 2(NaCloy) Ky 1.98, K, o.gafxl(ﬂ*)1.171 77
ani ex var ev UOEL;', 0205Ll3" 98
ani ev 25  var ev U0,L, U027, UOZL;', ueong' 99
sp 25 -0 K1 2.96, K2 ~1 67
Fluoride, F~ ani ex 25  HCl var "k, 1018 100
K, &.32 100,c£ 101
sp var l(1 5.5, B,‘ ~8 101
sp ~0  UOF, var "Ry (2U0,F, md (UO,P,),10.18 35
qh 20 1(NaC10y) K, 4.59, K, 3.34, K3 2.56, K, 1.36
(%, (5%)2.9%) 102
cond 25 0 corr K, ~k.4, ev other cpx 103
dist  10-40 2(NaC10,) 'Kl 1.74(10°), 1.42(25°), 1.32(4c°) 77
25 2(NaC10y) 6"y -5.24, 275 = -12 77
dist 25 C{NaC10y) ", 1.%2(0=2), 1.¥3(C~1), 1.38(C=0.5), 77
1.57(¢=0.25), 1.71(C=0.05)
cfug  0-30 UO,F, var "Kyp 0.48(0°), 0.85(30%) 6
gh 20 1(Na)Clo, Ky 458, Ky 3.3, Ky 2,57, Ky 1. 102, 104 .
[K.l(H+)2-93], no ev polyn cpx for < o.m-uog"’ ef, 104
Chloride, C1~ gh 20 1(Nac10,) K, -0.10 76
= 20 1(NaC10y) K, -0.30° 76
pol sp gl 25 O corr K.‘1 0.38 105
dist  10-40 2(NaCl0)) K, -0.24(20°), -0.06(25°), 0.06(40%) 77
25 2(NeC1oy) AHy = 3.8, 85, = 12 77
ani ex 25 HC1 var ev ani cpx in > 0.5M - HC1 106
25 0 corr k) -0.1, K, -0.82, K3 -1.70 106,¢z, 107
°p 25 =0 kK, 0.21 67
sp k4 var no ev epx : 150-fold excesa L~ 50
sp Me,,CO ev U02L+, Uo,L,, UO,LY 108
Perchlorate, C10; sp 25 2-6 c1o; no ev ¢px 109
Bromide, Br- qh 20 1(NaC10,) K, -0.30 76
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Table VI

Complexing agent

Iodate, 3

2 After Bjerrum, Schwarzenbacn

10"

- Continued

&p
8ol

s0l

Method

Log of equilibrium constant

T Medium

25 -0 Kl
25 0 2(NH,C1)

60 0 2(NH,C1)

and Sillen,

-0 20

reference 20

remarks

K, =7 01, B, 2 73, £, 3 67
xso-e 65, B, 2 Th, B, 3 b4

Reference
67

110

110

Data which appeared in the literature prior to the middle of 1957 has been complled mostly

by the above authors

Subsequent data has been compiled by J Gindler

The notation 1s explained following Table III

Complexing agent

C2h2

oxalic acid H2L

Oy

c2ﬂu02
acetic acid HL

CQH,‘O3
glycolic acid HL

02H302C1

Table VII
Method

Pt

cat ex

cat ex
cat ex

Ag2020“

ABoCR0,

ABoC20,
80l

8ol

cat ex

cat ex

sol

sp gl
sp gl
sp gl
emf 8p

pol

cat ex
ion ex
8l

cat ex
pH

emf

T

25

25

20

20
20
25

25
25

20

RT
20
25
25
20

Complex Formation with U02

Medium

0 corr
0 16HC10H
1HC10M
2HC10u

0 060

0 022

© 008

>1
>3

HC10,,
HNO,
1HC10,

2HC10,,
- 0

0 nz
005
0 n2
18aC10,

Nal-~-HL
buffer

0 16{NaCl1)
o~5(n;n03)

1NaC10,

0 16(NaCl)

0 16-0 19
1NaCl0y

2+ Tons - Organic Ligands2
pK of H L Log of equilibrium constant Reference
P remarks
H,L 1 27 Ky 582 K, 47k L K 257 by
HL™ 4 29
ul1l 28 HL™ K, 240 K, 2 56 116
HL™ 3 75
Hol 1 28 HL® K, 2 83 K, ~1 85 116
HiL 1 28 HLT K, 2 89, K, =1 85 116
TKI(UO,) 12" « 2187 =
6
(002)2:{.5 Y442 117
* t 2- 2~
K 4 60 K[(u02)2L3 + 157 -
2-
2(Uo,L,) 71 32 117
2- 2- 6-
K{2(U0,L, )" + 177 e (U0,) L7 )3 28
*x -0 48 117
B,L 0 g7 K, 677 K, 523, 6,12 118
HL™ 419 KIUo2* + HyL = oL + 2HYI1 60
2+ 2~ +.
K(UoS™ + 2K L = U0 L5™ + ¥H'I1 68
+ 24,2+
Sh KlU0Z L7 (K,0)5)-8 66 118
su* K, 1V05” Le'(neo)z)-a 52 118
K1 6 58 graphically, 6 40 analyti-
116, ¢
cally 8, 10 T4 118
K, 692 116,cf 118
K, 600, K, 508, 4 4k (pre- 119
ferred value)
Ky 21 120
KI2U0,L + F,0, @ (U0,L),(00)%" + 2r*}-1 62 220
KI2U0,L2" + K0, g (U0,),(00)L7" + 2H¥)-2 66 120
4 59 Ky 2 38, K, 1 98, K32 98 121
64
X, 2 63, K, 2 03, X5 1 60
122
K, 238, 85 638
Ky 1.22, 85 5 89 123
3 58 K, 2 2, K, 1 54, K, 1.2 124
116
K, 278, K, 130
116
K) 275 K1 52
2 66 K, 1 44, X, 0 85, K, 0 51 125
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Table VII -~ Continued

Complexing agent Method T Medium pK of H L Log of equilibrium constant, Reference
P remarks
chloroacetic acid HL sp 20 1NaC10u 2.66 Kl 178, K2 0 80, Ka 0 7 125
+
C HON dist 25 0.45(NaCl) HjL® 232 K 143 122
glycine HL pH 1 90
C2H60N2 pH 25 0 15-0 25 HLY 8 06 Kl 5 15 126
glycine amide L
C3¢05 sp RT ev U0S*/L cpx 1n ratio 1/1 pH £ 127
lactic acid HL sp,pH  RT ev uog*ﬂ. cpx in ratio 1/1 pH 6, 128
presupposes dimerization
" +
C3H 04N dist 25 0 45(NaCl) H,L" 221 K, 087 116
serine HL pi 2 05
Cuﬂso5 sp RT ev UO§+/mAlate cpx in ratio 1/1 127
malic acid HZL and 2/1 pH R §
sp,pH  RT ev U03*/malate cpx in ratio 1/1 as 128
dimer acid solution, 3/2 and
3/2 pH =8
CHHCOG sp RT ev UOS*/cartra:e cpx in ratio 1/1, 127
tartaric acid H,L 2/17, and }/1 pg 1 5, 4 6
sp, pH RT ev UO§+/tartrace cpx in ratio 1/1 as 128
dimer acid solution, 3/3 and /2
pH ~8
Cs"so2 gl 30 -+ 0 8 95 Kl v Ty K2 6 43 129
acetylacetone HL gl 10 - 0 9 10 K1 7 94, K2 6 53 129
dist 25 0 1(c10;) 8 82 K, 68, K, 07 51, 111

KIuoZ*+ L™ + FL b UO,L(HL)Y18 7
T
K(JO5™+ 2L° + HL = UO,L,(HL)T14 3

sp 25 EtOH HL Kl 2 41 80
CeHgOg sp,pH  20-21 O 1(NaCl0,) H,L 4 07 HL® K, 2 48 120
ascorbic acid (HEL) ph 22
CgHgOr ‘sp RT (NaC1) ev UO§+/cxttace ¢px in ratio 1/1
citric acid H,L and 2/1 pH 2-6 171
pol 30 ev U0§+/c1cra:e ¢px in ratio 1/1
present as dimer pH & 6 132
sp,pH  R®T ev Uog*/c1Crnte epx in ratio /7
and 3/2 pH 8 128
sp,pH ° var #L3" Ky 3 165 pH 47 153
cond ev UOHL” e UO,LE™ + ¥* pi 4 6
ev Uog*/cibrnte cpx in ratio 2/? pH "-2
gl 25 015(7) a2 HY K 85 134
vl W 3
H2L2_ 5 62
Ceh0,Ys p 25 015-025 urto1v Kk "7 126
histidine FL WL 9 20
C..rlso2 sp k4 50% EtOF K1 1 81 uranyl acetate, 135
salicylaldehyde HL acevic acid preeent, pH 3
var 52 2 €3 uranyl nitrate, pH §
C.,Héc3 sp K1 13 4 136
salicylic acid HZL dist 25 0 l(NaClOu) deL 2 82 HL™ K1 22 138
LT 13 £1Uod*" + HL” + OH™ = UO,(HL)(0H)}12 1
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Table VII - Continued

Complexing agent Method T Medium
C7H6°b Bl 30 50% dioxan
koJic acid KL
C7H606$ sp 25 =0 015
S5-sulfosalicylic
acid H,L
C7H702N Bp
salicylamide HL
CTH1102N3 pH 25 0.15-0.2%
histidine methyl
ester.l
C8H60h2 gl 20 50% dioxan
8«hydroxycinnoline HL 03 NlClOu
CB'-XGON2 gl 20 50% dioxan
5~hvdroxyquinoxaline HL [ NaClcu
CBHGONE gl 20 50% dioxan
8-nydroxyquinazoline HL 03 NaClou
c8h8°3 dist 25 0 l(NaClOk)
methoxybenzoic acid HL
CQH,ON gl 20 50% dioxan
8-hydroxyquinoline o3 NnClOu

{oxine) HL dist 25 01
Cgﬁsohz gl 20 50% dioxan
B-hydroxy-t-methylcinnoline HL 0 3 NaCl0,
Cgh, O NS PR, 8P 25 0.1 KNO,
8-nvdroxyquinoline-5-sulphonic acid PEL
C1ohgOM & 20 50% dioxan
8-hydroxv-2-methviquinoline HL 0 2 NaClo,
ClO‘QOh 8l 20 50% dioxar
B-hydroxy-S-methylquinoline FL C =2 NaClou
Cloucoh gl 20 B50% dioxar
8-hydroxv-6-methylquinoline %. 0 ? NaCl0,
CIOFCOR gs 20 50% dioxar
&-hvdroxv-7-methviquinoline HL © 2 NaClOu
Clokloohz gl 20 50% dioxar
S-hvdroxv-2 4-dimethilquinazoline ¥FL
C13P130h gl 20 50% dioxar
1 2 3 L-tetranydro-S-hydroxv-

acridine Fl 0 * NaCll0,
515¥120k2 gl 2C BO% dioxan
benvdroxv-4-methyl-2-

phervlquinazoline HL [sle) NaClOL
C22P23C9k3 sp 25 var

ammonium aurintricarboxylate
(aluminor reagent) (NH,)F,L

K of PpL

9 4o

HoL 2.86

8.09

L% 5 38
HLY 7 3%

+
th 177
HL B8.84

+
Hylw <1
HL G 29

+

HEL 3 30

HL 9 59

3 89

+
H2L 4 48
HL 10 80

.
HEL 2 59
HL 9§ 00
H2L 3 B4
e 35

.
LY 5.00
HL 11 01
it
<

HL 11 11
"

¢
FEL 4 7€

ML 1071

He 11 3
315
HL 1C 14

+
w1
L
2

.
hpL” 5 40
HL 11 3§

+
Hzl <4

4L

2

w

e

log of equilibrium constant,

remarks
K 10.1, Ky 7 4

H2-

K, 389

K, 6 4o,

K, 4 97
K 576

K, 8 68, K, 7 16

K, 8 40, X, 7 51

K, 895, K, 7 70

Reference

139

140

4]

126

42

142

142

24 - -
K[UOZ™ + L7 + OH™ &= UO,(L)(OH) 121 9 138
Ky 11 25, K, 9 64 142
B, 23 76 143
K, 900, K, 7 30 142
K, 8 52, K, 7 1€ 144
£ + 2-
K[UC, (OH)L; ; BY @ UO,LST € 68
- + 2-
KI(UC,(OK)L,) " + 2H @ 2uch2 17
Ra -

K[2U0, (OH)L," wm (UO,(OH)L,}S"11 7

Ky ~9 &4, K, ~ 142
K, 11.25, 9 52 142
K, 10 8BS K, § 2¢€ 142
K 11 26, X, § 7€ 142
Ky 877, K, 7?7 142
K, 10 10, K, 8 20 142
Ky 857, K, 7 &5 lk2

2-
(R )FLET(?) Ky 4 77 145

2 after Bjerrum, Schwarzenbach,

and Sillen, reference 20

Data which appeared in the literature prior to 195¢€ has been compiled mostly by the

above autnors

Subsequent data has beer compiled by J

The notatior 1s explained following Tatles III and 1
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stated that a complex i1s formed with undissociated oxalic acid,

H2C204. In more recent work, Moskvin and Zakharovallg conclude

that complexes may be formed with both C2Ou2' and HC204' ions and
that the amount of each formed will depend upon its stability and
the condltions of the experiment.

The composition of a complex is sometimes decided upon by
comparison with complexes having similar ligands. For example,

Hak-Bernstrom,lig in her work with salicylic acid, H, A, and

2
methoxybenzoic acid, HB, was able to show that complexes of the
+

)

type U0, (HyA) (H') |, U0,(HyA) (B and U0, (HB) (") , were

2( 2 -2’ 2
formed in the aqueous phase. (The negative subscripts indicate
that H+ was eliminated in.the formation of the complex.) The

experimental data for methoxybenzolc acid was approximated by

assuming only the complex UO.(B)(OH). For salicylic acid, the

)+

2

complexes U02(HA corresponding to UO,.{H A)(H+)_l and

2< 2
oA corresponding to UO2(H2A)(H+)_2 were postulated.

It was not possible to distinguish between the latter two.

UOZ(HA)(OH) or U0

However, from the simllarity of the distribution curves found for the
two acids, 1t was suggested that the salicylate complexes are
formed by HA™ ligands.

A vast amount of work other than that listed in Table VII
has been done on the preparation and identification of organic
uranyl complexes. Some of the complexing agents studied recently
include dihydroxy-maleic acid,éﬂg 1:riose-r-eductone—l-ﬂg-*--}--s-9
(enoltartronaldehyde), reductic acidlél (cyclopentene-E—diol-E,3-
one-1), cc>mplexones.}--i-z--&ii3 (iminodiacetic acid and its derivatives),
xanthates and <:1:Lthiocar'bamates,l-éi protoporphyrin,léi o-cresotic
ac:Ld,;L-éé miricitrine,;él dialkylphosphoric acids,iég&lég and

160

pyrazolone derivatives.——

3. Non-aqueous solutlions of uranium.

Solubility studies. A number of uranium salts are

soluble in organic solvents. Uranyl nitrate is the notable

example. As the hexahydrate, this salt 1s soluble in a
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varlety of ethers, esters, ketones, alcohols, aldehydes,
and substituted hydrocarbons.lél;léé The following generali-
zatlons have been m&tde--l-éé concerning its solution in organic
solvents:

(1) In a given homologous series, the solubility decreases
as the molecular weight of the solvent 1ncreases.l§l&l§2

(2) Solutions occur w:H:h:l'-é-‘Ié

Ethers: aliphatic
ethylene glycol

diethylene glycol
saturated cyclic

Acetals
Ketones: aliphatic

aromatic

allcyclic

mixed aliphatic-aromatic
Alcohols: aliphatic

alicyclic
Various esters

Nitrogen~containing solvents: nitriles
aromatic bases

(3) Solutions do not occur with:
Hydrocarbonslél

E‘chers:-lé-i aromatic
unsaturated cyclic

Sulfur-containing solvents.iéi

Glueckaufléé has made the phenomenological observation
that a plot of the solubility of uranyl nitrate agalnst the
oxygen-to-carbon ratio in the solvent molecule results in
a single curve for alcohols and ethers; but in a double curve
for ketones; one for symmetric and one for asymmetric ketones.

Ionization. The gquantity (An/constant)* has been used
by McKay and co-workersléz:lég to estimate the degree of

ionization of uranyl salts in organic solvents. By this

criterion, uranyl nitrate in concentrations of 0.01 - 1M is

* A = molar conductivity. 7 = viscosity. The constant 60 is
used for 1:1 - electrolytes; 120 for 1:2 - electrolytes.
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substantially unlonized in water-saturated solutions of ethers,
ketones, alcohols and tributyl phosphatef Only in saturated
dlethyl cellosolve and in 1sobutyl alcohol is lonization in
excess of 10%. The large amount of water which dissolves in
the latter solvent may account for this.

In tributyl phosphate, the dissociatlon of uranyl nitrate
increases as 1ts concentration in the organlic phase is de-
creased. At 10'5M the salt is approximately 40 per cent .
dissociated,lég i.e., An/120 = 0.4 Uranyl perchlorate at
this concentration is almost completely 1onized.iég Ion
assoclation occurs at higher concentrations, but significantly
less than for uranyl nitrate. At approxlimately 0.01M, the
assoclation of uranyl perchlorate is maximum (A1/120 has a
minimum value of ~0.1) in the concentration range 1072 to M.
The ionizatlon of this salt may well be associated with the
amount of water contained within the tributyl phosphate since
the electrical conductivity 1s decreased by dehydration.lég

Jezowska - Trzebiatowska and co-wor-kers—e-9 have measured
the molar conductivity of uranyl nitrate in organic solvents
that contain only water from the hexahydrated uranyl saltf*
The conductivity was found to be low and to decrease with a
decrease of the dlelectric constant of the solvent.

Conductivity measurements of UClu in methyl alcohol
indicated the salt to be somewhat dissociated.§9 The

dissoclation was found to lncrease on addition of tributyl .
phosphate.
Kaplan, Hlldebrandt, and Ader~-1-z9 have classifled into

Solvents tested other than tributyl phosphate: diethyl
ether, diethyl cellosolve, dibutyl carbitol, methylisobutyl

ketone, isobutyl alcohol, and isoamyl alcohol.

*¥Solvents tested: methyl alcohol, ethyl alcohol, acetone,
ethyl-methyl ketone, methyl isobutyl ketone, acetylacetone,
stannous chleride in acetone.
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types the absorption spectra of uranyl nitrate in a number of
*
solvents and solvent mixtures. Differences between types
were attributed to a series of hydrated and solvated nitrate
2+ +
complexes, UOZ™ , UO2NO3 , UOE(NO3)2,
relative concentrations of the complexes depend upon the nature

and U02(N03)3'. The

of the solvent, 1ts water content, and the concentration of
added nitrates. It 1s interesting to note that the absorp-
tion spectrum of uranyl nitrate in tributyl phosphate (0c.016 -

1.6 M) is characteristic of the complex UOQ(NOB)2 and indicates

little ionization.l§§ A similar spectrum is given by uranyl

nitrate in methyl isobutyl ketone (0.02 ﬂ).zg Uranyl perchlor-

ate in methyl isobutyl ketone (0.02 M), however, exhibits a
spectrum characteristic of the uranyl ion, Uopé+ . These
results appear to be in general agreement with those obtained
through conductivity-viscosity measurements.iéz-:lé2

The trinitratouranyl complex UOE(NOB)B' has been studied

by a number of workerst8272:173=173 1¢ 15 rormed by the
addition of a second soluble nitrate to a solution of uranyl

nitrate in a non-aqueous solvent such as anhydrous nitric

acid,lz; dinltrogen tetr'oxide,lzg acetone,Z§LZ§ methyl
isobutyl ketone,Z§ dibutyl ether',i-z-3 etc. Kaplan and co-
78

workers— also report that the complex is formed in 16 M
nitric acid, but that its formation is far from complete.
The negative character of the complex has been demonstrated
by electrolytic transference experiments.1§ Its composition
has been deduced by the isolation of solid compounds from
solutions of the type described abovezg"--lZL’-iZ-g and by the
similarity of the absorption spectrum of such soclutions with

that of crystalline cesium uranyl nitrate,CsUO2(NO3)31§412

*
Spectra classified: uranyl nitrate in water, acetone-water,
dioxane-water, n-propanol-water, ethanol, chloroform + 0.7%
ethanol, pyridine, acetic acid, ethylacetate, tetraethylene
glycol dibutyl ether, nitroethane, methyl isobutyl ketone,
cyclohexanone; uranyl perchlorate in methyl isobutyl ketone.
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The stability of the complex depends upon the nature of the
assoclated cation as well as the nature of the solvent and
the presence of water in the solvent. The general order of
the solvents with respect to-rstability of the trinitrate
complex 1s: ketone > ether > alcohol > waterazg

The formation of chlorouranyl complexes in non-aqueous
solvents has been reported by Vdovenko, Lipovskii, and
Nikitinar2® The complexes UO,C1%, U0,Cl,, U0,CL,” were
formed by the addition of pyridine hydrochloride or hydro-
xylamine hydrochloride to a solution of uranyl perchlorate
or uranyl chloride 1n acetone. The stability of the tri-
chlorouranyl complex was found to be dependent upon the
amount of water preéent in the solvent. A compound was
separated and identifiled as (CSHSNH)2UO2014'

Hydration. In partition studles of uranyl nitrate
between aqueous solution and organic solvent (alcohols,
esters, ethers and ketones) it 1s generally found that the
water content of the organic phase increases with uranyl
nitrate concentration.ié}ilélf For alcohols, the relatlon
between the water content Mw and uranyl nitrate concentration
Mu appears to be a complex function.** For esters, ethers,
and ketones the relation 1s linear except possibly at high
values of Mu' This relation may be expressed

M, = MO+ hM, .
The quantities are expressed in terms of molalities of the

dry solvent. MS 1s the solubility of water in the pure

solvent; h 1s a constant. The slope of the line, h, repre-

*

The water content of alcohols may decrease initially as the
uranyl gitrate concentration is increased from O to 0.1-0.2
molal.107
*%/ . lﬂ
Katzin and Sullivan report a linear relation befween
M and M, for 1sobutyl alcohol. McKay and Mathiesonifl point
offt that if the data of Katzin and Sullivan at low M, are given
significance, then a more complicated relationship between the
two quantities exists.
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sents the degree of hydratlon. For many of the linear
solvents h 1s very nearly 4.0. 163,167 This has been inter-

174

preted by Katzin=—— to mean that the species U0, (H O) (NO

No3)
is. extracted. McKay,;zi however, considers this to be a
mean hydration number; that a serles of hydrates are present
ranging from the di- to the hexahydrate; that these hydrates
are in equilibrium with each other and are of comparable
stabllity. The latter view is supported by isopiestic
measurements. 176

Infrared measurements on ethereal and ketonic solutions*
of uranyl nitrate, indicate two molecules of water to be
strongly bound to theé uranyl nitrate and the remaining
water molecules to be more weakly bound.lZZ&lzg

The extraction of uranyl nitrate from an aqueous system
into tributyl phosphate (TBP) causes the displacement of
water from the organic phase.léé The displacement is roughly
linear with h being -2.l§§ This is in agreement with the

168

formulae TBP'H,0 and U0, (NO.),*2TBP.== Uranyl perchlorate,

%3)2
however, apparently does carry some water into tributyl
phospha’ce.ié2 Whether this water is associated with free
uranyl ions or unionized U02(0104)2 1s undetermined.

Solvation. The isolation of solvated uranium salts,
in particular uranyl nitrate,is reported in the literature.é’
léﬁ;l§9;2§2 In phase studies of ternary systems: uranyl
nitrate, water, organic solvent, Katzin and Sullivanléz
have concluded that uranyl nitrate in aqueous solution is
largely hexasolvated, subject to the activity. As organic
molecules are dissolved, 2,3,4 and perhaps 6 water molecules
may be displaced, depending upon the electron-donor capabilities
of the organic molecules. The total solvation is a function

of the activity levels of the water and organic molecules,

* Solvents studied: dlethyl ether, acetone, methylethyl ketone.
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If a particular configuration 1s stable enough, it may survive
as a crystalline solld. The particular stability of the final
two water molecules 1s in agreement with the results of qukin
and co-wc.»rke7:'3-:-"-11-"--lzg obtained through infrared absorption
measurements. The ablllty of solvents to displace water is
in the order: alcohols > ethers > ketones.léi This general
order of solvate stabllity 1s confirmed by heat of solution
measurements.lg3 It is in agreement also with the order of
base (electron-donor) strengths of the solvents determined by
other means.lé:ﬁlgi Methyl 1sobutyl ketone 1s anomalous in
that 1t behaves stronger toward uranyl nitrate than i1ts base
strength would indicate.lé}éléi Tributyl phosphate, according
to heat measurements, competes with water almost as well as
diethyl ether and isobutyl a.J.col'ml.A'--s-i

The order of solvents with respect to solvate stabllity
is opposite to that with respect to the stabllity of the
trinitratouranyl complex. This suggests a competition be-
tween solvent molecule and nitrate ion for coordination
with the uranyl ion.iZl

Feder, Ross and ngelléi have studied the stability of
molecular addition compounds with uranyl nitrate. The com-
pounds were prepared by shaking uranyl nitrate dehydrate with
various addenda in an inert solvent: benzene and/or 1,2-
dichloroethane. 1l:1 molecular addition compounds were found
with uranyl nitrate and ethyl alcohol, n-dodecyl alcohol,
tetrahydrofuran, propylene oxide, mesityl oxide, tributyl
phosphate, and N,N-dibutylacetamide. 1:2 compounds we{e
observed with uranyl nitrate and acetone, methyl isobutyl
ketone, cyclohexanone, ethyl acetate, 2,4-dimethyltetrahydro-
thiopene 1,l-dloxide, B-chloroethylacetate, ethyl chloroacetate,
ethyl cyanoacetaée, diethyl ether, allyl alcohol, ethylene
chlorohydrin, and acetonitrile. Formation constants were

determined from changes in the solubility of uranyl nitrate.
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It was shown that the stability of the addition molecules,
for those addenda having similar functional groups, was in
agreement with the base strength of the addend; 1.e., the

more stable the molecule, the greater the base strength

df the addend.

The average number of solvate molecules n assoclated
with uranyl nitrate in its partition between water and
various organic solvents* has been studied by McKay-l-gzL-l-s-é
and co-workers. The value of n was found to vary with the
uranyl nitrate concentration of the organic phase. For
most of the solvents studied, n varied.between 1 and 4.
For cyclohexane, consideradbly larger values were found for
low uranyl nitrate concentrations.

A saturated solution of uranyl nitrate hexahydrate
in tributyl phosphate corresponds closely to the unhydrated
'2TBP.£§§4;§Z Evidence for

disolvated compound UO,.(NO

2 3)2
the existence of the single species is:-l-—6-§-'-lgz

(1) The solubility is not appreciably temperature
dependent over the range 0-50°C.

(2) On freezing and rewarming a saturated solution, a
sharp melting-point of -6.0 * 0.5°C is observed.

{3) The mole ratio of uranyl nitrate to TBP approaches
the value 1:2 asymptotically under a varlety of condlitions.

(4) Tne effect of inert diluents for the TBP on uranyl
nitrate partition coefficients supports a 1:2 formula, i.e.,
the partition coefficlent of uranyl nitrate varies as the
square of the TBP concentration.

The experimental conditions under which Feder, Ross

184

and Vogel™— reported the formation of U02(N03) *TBP were

2
considerably different from those of Healy and McKay.léé

*

Organic solvents studied: diethyl ether, diisopropyl ether,
diethyl cellosolve, dlbutyl cellosolve, dibutyl carbltol,
penta-ether, iscamylacetate, methyl isobutyl ketone, cyclo-
hexanone.
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Jezowska - Trzebiatowska, et 5129 report that the

absorption spectrum of uranyl nitrate in tributyl phosphate
gives no indication of the formation of a stable complex.
Attempts to ldentlfy a complex specles in the concentration
range 0.02-0.06M were unsuccessful.

Hesford and McKaylég report evidence for the formation

of UOE(CIM)Z-QTBP under certain conditions. From a 10.3M

aqueous perchloric acid solution, the partition coefficient

of uranium varies as the square of the TBP concentration in
benzene. Under other conditions, other solvates may be formed.
Jezowska - Trzebiatowska, gg_gigg report the formation of a
1:1 complex between UClu and TBP in methyl alcohol.
Tributyl phosphlne oxide, like tributyl phosphate,
forms an anhydrous disolvate with uranyl nitrate.iéz Healy
and Kennedyiéé report a number of other neutral organophos-
phorus solvents which form solvates with uranyl nitrate.
Most, but not all, of the solvates reported are anhydrous.
All of the solvents extract uranium from aqueous solution
in proportion to the square of the solvent concentration
(4in benzene). However, not all solutions of the solvent in
benzene and saturated in uranyl nitrate give mole ratios of
solvent to uranium of 2:1., For the two diphosphanates and
one pyrophosphate studied the mole ratios were 1:1. This
may be indicative of chelation or polymer formation. The

mole ratio in triphenyl phosphate was ~22:1. Thils 1s

probably the result of the solvent being unable to displace
188

water from the coordination sgphere of the uranyl lon,==
Solvate formation between uranyl salts and acld organo-

phosphorus compounds, eg. mono- and di-alkyl phosphoric acids
80,158,159,188

has been the subject of some investigation.
1:1 complexes between uranyl nitrate and mono- and di-butyl
phosphate and mono- and di-amyl phosphate in ethyl alcohol

have been reported.§g In explanation of distribution data
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in conjunction with isoplestic and viscosity measurements,

" Baes, Zingaro and Colemanlég have hypothesized that uranium
(VI) 1s extracted from agueous perchlorate solutions into
n-hexane sclutions of di-(2-ethylhexyl)-phosphate, HL, as

the species UOQ(HL)ZLQ. As the uranium concentration of

the organic phase 1s increased, there is strong evidence

that polymerization occurs.iég Similar conclusions have been
made by Dyr's,sen-l-22 on the basls of the distribution of uranium
(VI) between aqueous perchlorate solution and dibutyl phos-
phate, HK, in chloroform. In hexone, the species Uoz(HK)zK2
and  UO,K, have been identiried.222 Tne extraction of

uranium (VI) by dibutyl phosphate from agueous nitrate

solutions into benzene has been studled by Healy and Kennedy.lﬁé
In addition to the species er(HK)zKQ’ the polyuranyl species

2
postulated to explain the shape of the extraction curve as a

(U02K2)x2HK and the nitrated species UOQ(NO3) . 2HK have been

function of nitric acid concentration.

It has been postulated that the formation of mixed sol-
vates or solvated chelates enhances the extraction of uranium
into certain solvent mixtures. These systems are discussed

in a later section on solvent extraction.

IV-D Separation of Uranium

A number of review articles have been written on the analyti-
cal chemistry of uranium.§&3£&1§2:ggg These, together with many
texts on chemical analysis (see, for example, references 201-209),
serve well as guides to the separation and purification of the ele-
ment. More specialized surveys have been made by Hechtgl-Q on the
quantitative micro-~analysis of uranium-bearing minerals, and
by Lawrowskigll on separation processes for the recovery of
nuclear fuels.

Two general techniques are avallable for the separation of

uranium. (1) Uranium is removed from solution in the presence
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of contaminants by precipitation, solvent extraction or some
alternative method. (2) Uranium is kept in solution and contam-
lnants are removed. These techniques are facilitated by the
fact that uranium 1s reasonably stable in two oxidatlon states,
(IV) and (VI), and that complex formation may be effected to
prevent the removal of either uranium or contaminant from solution.
In the following paragraphs, the separation of uranium by
precipitation, solvent extraction, and ion exchange are described
in some detail. Reference is made also to other methods of separa-
tion: chromatography, electrodeposition, volatilization and

pyrometallurgy.

1. Precipitation. 1In classlcal systems of analysis, uranium
is a member of the third group of elements.* That is,
1t 1s not precipitated by hydrochloric acid or by hydrogen
sulfide in an acidic solution, but it is precipltated by
ammonium hydroxide or ammonium sulfide (see references 204,
206, 208, 213). Unfortunately, for the separation of
uranium, many other elements also are precipltated by the
same reagents. However, there exists a large number of
reagents capable of preclpitating uranium over a wide range
of  pH. These, combined with Judicious use of the two oxidation
states and/or the cémplexing ability of uranium, may be used
to provide reasonably pure uranium deposits.

Precipitants. With the advent of nuclear energy as a
source of power, numerous precipitants have been investi-
gated in an effort to find one specific for the separation
and/or determination of uranium. None have been found to

date. Waregli has summarized early work using organic rea-

* In the system outlined by Noyes and Bray,ggg uranium 1s

precipitated in the sixth group with ammoniwn hydroxide and
is converted to the sulfide with hydrogen sulfide. In the

system of West and Parks,212 uranium is precipitated in the
fifth (baslic benzoate)group.

40




gents as precipitants. Shegli and Baileyglé have investigated

some of the more promising ones. Rodden and Wa.r'fi-li have
discussed the use of many reagents, both inorganic and organic,
and have described procedures for the use of many of them. The
latter precipitants, i.e., those for which procedures have been
given by Rodden and Warf,ii are denoted by a dagger (t) in the
following discussion.

Inorganic precipitants. The reagents are listed alphg-

betically according to anion.

Arsenates.T Arsenic acid and ammonium, sodium and
potassium arsenate precipitate uranium as uranyl metal arsenate.
Silver, titanium, zirconium, thorium and lead interfere,
Separation is made from the alkall metals, alkaline earths,
aluminum, iron (TI), and rare earths, including trivalent
cerium.ii

Carbonates.6,§3,201,204,206,217-224

Precipitation of
uranium with ammonium, sodium, or potassium carbonates is not
very satisfactory. Highly soluble carbonate-uranyl complexes
are formed. Under proper conditions, the metal uranyl tricarbon-
ate salts M4U05003§are formed. The solubilities of the
respective ammonium, sodium, and potassium salts in water

224 1218

are 50(15°C),22% 150(RT),222 and 71(18°C grams per

liter. The solubility of the potassium salt in a 50% solu-
tion of potassium carbonate is 0.200 grams per liter.ggl
The solubility of the sodium salt 1s decreased by increasing
temperature and by increasing sodium salt concentration.ggi
Teéakgll has studied the precipltation of uranium by
ammonium and sodium carbonate. From a 0.0433 uranyl nitrate
solution, precipitation was observed to be maximum in the
region of 0.1N precipitant concentration. Two maxima were
observed for ammonium carbonate; one for sodium carbonate.

Above and below these falrly narrow regions of precipltant

concentration, uranium enters into solution.
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The uranium (IV) salt, Na60(003)5 «+ 11H,.0 is precipitated

2
from reduced carbonate solutions at high uranium and carbonate
concentrations.éi

Barium uranyl carbonate salts are reported to be very
1nsoluble.éi However, in the presence of carbonate solutions
the alkaline earth salts are unstable according to the
reaction,éi

MyU0,(C05)5 (g) + 2co§' - [Uog(co3)3]4' + MCOg ).

Tezakglz has found the precipitation of uranium to be nearly
complete when the barium:uranium ratio 1s greater than 600
and the excess carbonate is less than four times the barium
concentration.

A suspension of barium carbonate may be used to pre-

34,226 \nontum salts interfere. A

cipitate uranium.
suspension of basic zinc carbonate may be similarly used.éﬁ&ggz
Iron, aluminum and thorium also precipitate.

Cyanides. Alkall cyanides form a yellow precipitate
when added to uranyl solutions.éi

Ferrocyanides.? The addition of potassium ferrocyanide

to a uranyl salt solution causes the formation of a deep-

red precipltate or suspension, depending upon the concentration
of uranium. The reaction is used much in qualitative anal-
ysis for the identification of uranium. However, it is

little used for quantitative separation. The separation is

poor and there are many 11r11:er£‘er~enc<-:ss.-'r‘ii Separation can be

made from beryllium in a weakly acidic sulfate solution.32§

Fluorides.f Hydrogen fluoride precipitates uranium (IV)
a8 the tetrafluoride. The precipitate 1s gelatinous and
difficult to filter.iﬂ Separation is made from metals com-
plexed by fluoride ions, eg., tantalum and zirconium. Uran-
ium may be reduced to the (IV)-state with zinc in a solution

mae slightly acidic.i28
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The double fluorides, eg., NaUFS, are sparingly soluble
. even in the presence of strong acids.igé Separation can be

made under these conditlions from Mo, Ti, Ni, Co, Mn, Cu, Fe
(1), and V (III). Aluminum precipitates as the double salt,
Na2A1F6. Iron (ITII) precipitates in part. Reduction to
uranium (IV) may be done in the presence of fluorides with
sren (11).2201:222 Rongalite (NagH,S,0, + 2CH,0 - 4H.0) also
has been used to effect reduction.239

Hydroxides. The addition of a metal hydroxide to a
solution of uranyl salts results in the formation of the
metal uranate. It has commonly been assumed that the metal
diurante, M2U207, is precipitated by ammonium, sodium, or
potassium hydroxide. However, experimental evidence indi-
cates that the composition of the precipitate depends upon
the conditions which exist during precipitation and upon
the subsequent treatment, such as washing, which it re-
ceives.gﬁl:gil

Ammondium hydroxidef precipitates uranium quantitatively
atpH 4 or gr-ea’cer'.ii The presence of ammonium salts and
macerated fllter paper facllitate precipitation. Separation

is made from alkall metals, alkaline earths, and cations

forming ammonla complexes. Repeated precipitations may be
necessary to give sufficient separation. Phosphorus, vana-
dium, silicon, boron, aluminum, iron and other elements of
the ammonium hydroxide analytical group also are precipitated.glg—
Complexing agents: carbonate, oxalate, citrate, tartrate,
fluoride, etc., interfere.

Precipitation with alkall metal hydroxides is similar to
that with ammonium hydroxide. Uranium may be precipitated
in the presence of carbonate with sodium or potassium hydroxide
of sufficlent concentration. Carbonate lon interference may

be removed by heating.
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Pale green gelatinous UO2 . H20 is precipitated from

uranium (IV) solutions by ammonium and alkall metal hydr-ox:tdes.lg-9
Todates.  Uranium (IV) is precipitated from an acid

solution by‘potassium 1oda‘ce.ii Separation can be made from

copper, molybdenum, and reduced vanadium.g§§ Aluminum 1in

amounts up to fifty times that of uranium does not interfere.

Larger amounts of aluminum and divalent iron in any concen-

tration cause incomplete precipltation. Titanium, zirconium, .

cerium (IV), and thorium precipitate with iodate.ii

Mercuric oxide. Uranium is preciplitated when a

suspension of mercuric oxide 1s boiled in an aqueous solution
containing ammonium chloride.gi Separation is made from
alkali metals and alkallne earths. Hydroxy acids interfere.
Per-oxfr.des.'r Hydrogen peroxide precipitates uranium
peroxide, Uou . xH2O, from slightly acidic solutions. The
reaction occurs in the pH range 0.5-3.5. The optimum range
is 2.0-2.5. Hydrogen ilons released with the formation of
uranium peroxide are neutrallzed with ammonia or ammonium
acetate. Complete precipitation requires an excess of
hydrogen peroxide. Quantitative separation may be effected
by freezing the solution, allowing it to stand, and filtering
at 2°C. The separation from most elements is good since it
1s done from an acidic solution.ii&gig Plutonium, thorium,

hafnium, zirconium, and vanadium alsoc precipitate. Iron

interferes by catalytically decomposing hydrogen peroxide.
Small quantities of iron may be complexed with acetic, lactic,
or malonic acid. Low yields may result from the use of
malonic acid. Ammonium, potassium, and alkaline earths re-
tard the rate of precipitation. Complexing ions such as
oxalate, tartrate, sulfate, and fluoride in large quantities,

also interfere. Fluoride ion may be complexed with alumil-

num. 2322
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Phosphates. Phosphoric acid and sodium monohydrogen
phosphate precipltate UOEHP04 from uranyl solutions. Uranyl
ammonium phosphate, UOENHAPOu’ is precipltated by (NHA)ZHPOA
or Na2HP04 in the presence of ammonium acetate.* Precipitation
is made in the pH range 1.2-2.3, 1.7 being optimum. It 1is
not very selective. Zirconlum, bismuth, and thorium pre-
cipitate under similar conditions. Alkall metals are retained.
Separation 1s made from vanadium. Both UOEHPou and U02NH4P04
are soluble in mineral acids.3i

Phosphate precipitation of uranium (IV) is more selec-
tive. It is made from dilute hydrochloric or perchloric
acid solutions. Separation 1s made from manganese, iron,
vanadium and most other elements. Zirconium, thorium, and,
to a smaller extent, titanium and tin pr'ec:\.pita’t:e.-l-2-6-;}-2§
Aluminum interferes by the formation of soluble complexes with
uranium and phosphate 1ons.22 With sulfate and aluminum
present, uranium 1s precipitated in a narrow pH-range around
one. At higher pH, the soluble aluminum-uranium-phosphate
complex is formed; at lower pH, the soluble uranium-sulfate
complex. Chromium in excess of 0.2 gram per 100 milliters
causes incomplete precipitation.lﬁg Large amounts of fluoride
ion prevent precipitation.l2§

Sodium hexametaphosphate [(NaPO3)6] also precipitates
uranium (IV) from acid solutions.gﬁg Adherence to fairly
stringent conditlions allows for complete precipitation. A
3N K010, solution of uranium (IV) is heated to 60-70°C. If
more than 2 mg. of uranium are to be precipltated, a freshly
prepared 2% hexametaphosphate solution is added until its
concentration in the precipitating medium is 0.30-0.35 per
cent. To precipitate smaller amounts of uranium, a 0.5
per cent solution of thorium chloride 1is added as carrier

and the hexametaphosphate added until 1t is in excess 25 per

cent with respect to the thorlium, l.e., molar ratio of Th:PO3
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is 1:5, Coagulation is improved by heating in a water-batn
for ten to fifteen minutes after precipitation. Under tnese
conditions separation i1s made from V (I1x) and (IV), Fe, Cu,
and other di- and tri-valent metals. Incomplete precipitation
occurs with increased or decreased acidity -- probably because
of enhanced solubility of the compound and complex formation,
respectively. Precipiltation from sulfuric acid is incomplete

Pecause of uranium-sulfate complex formation. Under certain .

conditions both uranium (IV) and (VI) form complexes with
hexametaphosphate.

Hypophosphoric acid (H4P2O6)’ sodium dihydrogen hypo-
phosphate (Na2H2P206), and sodium pyrophosphate (Na2P207)
precipitate uranium (IV) from acid solutions.f Other
tetravalent metals, Tl, Zr, and Th, also precipitate. Separa-
tion 1s made from uranium (VI) and trivalent metals in general.y-L

Phosphites. Sodium hypophosphite (NaH2P02) and ammonium
thiosulfate or sulfurous acld precipitate uranium from a
boiling, dilute aciad solu'cion.g-lil Zirconium and titanium
precipitate under simllar conditions. These elements may
be separated prior to uranium by bolling with sodium hypo-
sulfite alone. Elements forming acid-insoluble sulfldes
are removed wlth hydrogen sulfide before adding sodium hypo-
phosphite and ammonium thiosulfate.

Sulfates. Uranium (IV) sulfate is practically insoluble
in 47 per cent perchloric acid. Precipitation is made in a .
sulfuric acld medium. Uranium is reduced on a mercury cathode
and concentrated perchloric acid is then added.

Sulfides. Ammonium sulfideT or polysulfide precipitates
brown, amorphous uranyl sulfide. Numerous other elements are
precipitated under similar comit:ﬂ::mns.-2-}-i Complexing agents
such as carbonate, pyrophosphate, and cltrate interfere.zi
Uranium (IV) salts are precipitated as UO2 4 H20 by ammonium

sulride.x20
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Hydrogen sulfide bubbled through a nearly neutral solu-
tion of uranyl salts containing hexamethylene tetramine pre-
cipitates uranium in a readlly filterable, crystalline form
of Muranium red."f Separation is made from alkali metals and
alkaline earths.3&¢121

Vanadates. Ammonium metavanadate precipitates ammonium
uranyl vanadate from uranyl solutions buffered with ammonium
aceta‘ce.i-li Uranovanadlc acids are precipitated at pH 2.2-
6.5.gig Within these limits, the composition does not depend
upon the hydrogen ion concentration. It does depend upon the
vanadium : uranium ratio present in solution. Compounds
corresponding to the formulae
H[Uo, (OH) Vo31 H, 0, H[UO,(0H) (VO 3)3
have been identified.— 242 Ammonium salts of these aclds have
242

J:2H O, and H[UO (vo ]'4H2O

3)e
been synthesized in the presence of ammonium chloride.
Ammonium uranyltrimetavanadate 1s the least soluble., However,
its formatlon 1s a long process at room temperature. Heating
greatly accelerates its rate of formation.

Organic precipltants. Organic preciplitating reagents

are listed alphabetically.

3-Acetyl~-4-hydroxycoumarin (3-acetyl benzotetronic acid).

An alcoholic solution of the reagent added to a uranyl salt
solution forms a pale yellow precipitate insoluble in ethano%g3
Precipitation occurs between pH 1.5 and 7. Below pE 1.5 the
reagent precipitates. The thorium complex is soluble in
alcohol, but precipitates from an aqueous solution at pH 2-4.
Lanthanum and cerium (III) do not interfere when present in
amounts ten times that of uranium. Cerium (IV) interferes
even in small amounts.

Acradine. Uranium (IV) and (VI) are precipitated by
the reagent with the addition of ammonium thiocyanate.gli
Iron (III), cobalt, copper, zinc, cadmium, mercury, and bis-

muth precipitate. glﬁkgié
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.

Alizarin and Alizarin Red S (sodium alizarin sulfonate).

Aldehyde ammonia precipitates UO

Uranium is preclpitated slowly by the reagents when the
uranyl ion concentration is less than 20 micrograms per
milliliter.232

Aluminon (ammonium salt of aurintricarboxylic acid).

The reagent precipitates both uranium (IV) and (VI) from
216

sulfate solutions at pH 3.5.5%— .
Amines. Ammine salts, generally of the form U02(Amine)2 Xy,
where ¥ is an acid radical such as acetate, chloride,

nitrate, etc. have been prepared from acetanlllide, antil-
pyrene, bromoantipyrine, diethylanlline, exalgin, nitroso-
antipyrine, p-nitrosodimethylaniline, phenacetin, pyramidon,
pyridine, quinaldine, and quinoline. Mono-, tri- and tetra-
ammine salts also have been formed. The salts are generally
prepared in anhydrous chloroform or amyl alcohol solutions.
However, some of the more stable salts may be precipltated

from aqueous or alcohollc solutions.gliLg&&_
216
3=
Ammonium benzoate. Uranyl ion is precipitated by the

2-Amino pyridine precipitates UO

reagent from slightly acldlic solutions heated to boiling.
A 0.05 N solution of the reagent containing about 2.5%
NHHOH is bolled separately and added 1n an excess of three
to four times the uranlum present. Carbonate ion prevents

quantitative precipitation.18 24

Ammonium dithiocarbonate precipitates uranium (VI).

Derivatives also are formed with Al, Mn(II), Fe(II), Co,

Ni, Cu(II), Zn, Ag, Sn(IV), Pb, and Bi.gf*é

Anthragallol forms brown precipitates or solutions with
v, vod , Fed*, cu®*, and Mool . 212

Anthranilic acid. Uranium (IV) is precipitated from a

solution of the reagent buffered with ammonium acetate. The

reagent added to a O.lgtEE(NOB)2 solution forms a heavy
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yellow preclipitate. The amount of precipltate 1is increased
by the additlon of 1M acetic acid; decreased by the addition
of 1M sodium acetate. Fifty micrograms of uranyl ion per
drop of solution gives no observable precipitate. In acetic
acld-sodium acetate buffered solutions, slightly soluble
salts are formed with the reagent and Mn, Co, Ni, Cu, Zn,
Cd, Hg(II),and Pb.232

Arsonic acids. Benzenearsonic acid* precipitates
uranium (IV) in a weakly acidic solution, pH 1-3. Titanium
and cerium (IV) are partially precipitated. Thorium, zir-
conium, hafnium, tin (IV), niobium, and tantalum are
guantitatively precipitated.gi

Arsonilic acid (p-aminobenzenearsmic acid) precipitatei
uranium (VI) 4in a weakly acidic solution, pH 1-4 or great%?%
At pH 2.1 or greater the precipitation 1s quantitative as
evidenced by negative ferrocyanide tests of the filtrate.
Other lons which precipltate from neutral or slightly acidic

solutions include Cu2+, Zn2+, Cd2+, and U4+.

With the
addition of sodium acetate, aluminum and ferric lons also
precipitate.22

Other substituted arsonic acids which give difficulty
soluble uranyl salts are 3-nitro-4-hydroxybenzene- and

methane-arsonic acids.ii

Bis~-benzenephosphopnic acid. Tests on 50-150 mg/i

uranium (VI) in sulfuric acid solutions in the presence of

approximately 100- to 1000-fold excess ferrous, sulfate,

aluminum, magnesium, and phosphate ions gave nearly 99%

precipitation with the reagent, Optimum conditions for

precipitation are pH 1 25°C, and 10/1 molar ratio of reagent
248

to uranium.—

Beazenesulfinlc acid precipitates uranium {(IV) in

acidic solutions. Iron (III) and the tetravalenc ions Ti,

Ce, 214

Sn, and Th also precipltate,.~—~—
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Benzopurpin precipitates uranium (IV) and (VI).glé

Benzoylacetone precipitates uranium (VI). 216

5-Bromo-7~carboxy-8-hydroxyquinoline precipitates

uranium (VI), copper, zinc, cadmium, mercury, and lead.gﬁg

5-Carboxy-8-hydroxyquinoline precipitates uranium (VI)

in solutions buffered with acetic acid and sodium acetate.
Iron, copper, zinc, cadmium, mercury, and lead precipitate.gig

7-Carboxy-8-hydroxyquinoline precipitates uranium (VI)

in ammoniacal tartrate solutions.

Catechol forms compounds with tetravalent uranium, silicon,
214

titanium, zirconium, and thorium.=— Catechol combined with
pyridine precipitates hexavalent uranium.gii—

Cresotinic acid in the presence of sodium acetate pre-

cipitates uranium (IV) from solution. Aluminum and iron
(III) also precipitate. Separation is made from Cr, Fe(II),
Co, Ni, Cu, Zn, Cd, and Mo.222:218

Cupferron (ammonium nitrosophenylhydroxylamine).T
Uranium (IV) is precipitated from acidic solutions by the
reagent. Good separation 1s made from other elements 1f this
precipitation follows one in which uranium was kept in the
hexavalent state. Ions whlch are precipitated by cupferron
from acidic solutions include Ti, V, Fe, Ga, Zr, Nb, Sn, Sb,
Hf, and Ta. Ions which are not precipitated under such
conditions include the alkall metals, alkaline earths, Be,
B as borate or fluoborate, Al, P, Cr, Mn, Ni, Zn,and U(VI).
Precipitation 1s usually made in a sulfuric acid medium
but hydrochloric or organic acids may be used. Nitric acid
should be avoided; also perchloric acid if the precipitate
is to be ignited. The presence of a reducing agent, hydrcx-
ylamine or sodium hydrosulfite, facilitates complete pre-
cipitation of uranium (IV). The cupferrate may be flltered

or extracted with an organic solvent such as chloroform.ﬁﬁ#gég
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Hexavalent uranium 1s preclpitated by cupferron from
neutral solutions.gig

Dibenzoyl methane forms a yellow precipitate with

uranium (VI).glé
3,5-Dibromosalicylaldoxime precipitates U(VI), Co, Ni,
Hg(II), and Pb.23L1

ﬁLﬁ'-Dihydroxy—315L3:,5'-tetra(hydroxymethyl) -diphenylmethane

precipitates U(VI), Mn, Pe(III), Cu(II), and Hg(II).-E-lé

Dimethylammonium dimethyldlithlocarbomate forms a red

precipitate with uranium (vI).2%8

Diphenyl thiocarbagzide precipitates uranium (VI) from

neutral solutions. Copper (ID), silver, lead, and bismuth also

precipitate with the reagent.2:2

Dipropylamine forms & yellow precipltate with uranium.glé

Disalicylalethylene diimine precipitates uranium (IV)

and (VI). Most heavy metals are precipitated by the r-ea.gent.«zi
216

3=

Ethylenediamine and uranyl nitrate form an insoluble

Ethanolamine precipitates UO

double salt, ersou(stou)QNHQCﬁecnzhmz’ in &leoholic-sulfuric
acid solution.gég Double salts of the same type are formed
with plperazine and dimethylpiperazine. Siemssengii observed
that a solution of ethylenediamine added to a uranium solution
gives a bright yellow crystalline preclpltate that is soluble
in excess reagent.

Ethylenedlamine tetracetic acid. Uranium is precipltated

when a uranyl acetate soclution 1s boiled with solid r-eagent.géi
Gallic acid precipitates U(IV), U(VI), Fe(III), Cu(II)
and Zn.gii
Guaiacol. A brown precipitate results from the reaction of
the potassium salt of gualacol and uranyl acetate in an
agueous solution.252

Hexamethylene tetramine (urotropine)T is a weaker base

than ammonium hydroxide and does not absorb carbon dioxide.
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This reduces the likelihood of carbonate interference and of
alkaline earth carbonate precipitation. Uranium is precipi-
tated when the reagent is boiled in a uranyl solution that
contains ammonium lon and no excess xa.cil.cl.i-li Ions that form
stable complexes with uranium interfere. Separation can be
made from alkall metals, alkaline earths, Mn, Co, Ni, and
Zn. 2r, Ti, Fe, Al, Ce(IV), Th, and some other elements
precipitate.

A double salt, U0,S0,-H,S0,*(CH,)gN,, is formed with the
reagent and an excess of sulfuric acid and uranyl sal‘c.géé

a-Hydroxyacetophenone forms a white precipitate with

hexavalent uranium.glé '

1-Hydroxyacridine (l-acridol or benzoxine) precipitates

uranium (VI) in neutral solutions. Calcium precipitates from
neutral solutions; Mg,Ca, and Ba from alkallne solutions;
Cr(III), Mn(II), Pe(II and III), Cu(II), 2n, Cd, Hg(I and II),
Te{(II), and Pb from solutions containing acetic acid and
sodium acetate. Al, Sn(II), and Bi do not precipitate.géz

l-Hydroxyanthraquinone forms slightly soluble complexes

with uranyl, cobalt, cupric, nickel, magnesium, and man-

ganese ions.233

1-Hydroxy-3-methoxyxanthone may be used to separate

uranium, thorium, ceric salts and cerite earths.géé The

ceric salts and cerite earths are not precipitated by the
reagent. Thorium is precipitated at pH 2.6-4.0. Uranium
(uranyl ion) precipitates at higher pH.

8-Hydroxygquinaldine. Tetravalent uranium is precipitated

by the reagent with the addition of ammonium acetate. The
precipitation of hexavalent uranium is almost quantitative
in the pH range 7-9 from carbonate-free ammonium acetate
buffer.gig Iron, cobalt, nickel, copper, cadmium, and
chromium are precipitated by the reagent.glé

8-Hydroxyquinoline (oxine).T Hexavalent uranium is
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precipitated as U02(09H6NO)2 . C9H7NO from weakly acidic or
basic solutions.3£ Quantitative recovery has been reported
over the pH range 4.1-13.5. A large number of other elements
are precipltated by oxine including Mg, Al, Cr, Fe, Co, Ni,
Cu, 2n, Cd, Mo, Bi, and Th.glﬁ&gég:géi Uranium cen be pre-
clpltated in the presence of small amounts of complexing
agents: fluoride, hydroxylamine, oxalate,lactate, and tar-
trate.iﬂ Separation from small amounts of phosphate also can
be made at pH 10-12 using an excess of oxine. Ammonium
carbonate interferes. Tetravalent uranium and oxine form

a2 brownish-yellow deposit.glé

Isatin-B-oxime (B-isatoxime).T Uranyl and mercuric

ions are precipitated by the reagent from weakly acidic
solution. Precipitation is incomplete but can be made
quantitative by increasing the pH with sodium acetate. A
number of other elements precipitate under these conditions
including Fe(II), Co, Ni, Ag, Hg(I), and Pb.-g-é--)'i Separation
can be made from Mn(II), Zn, and alkaline earth ions.géé
In alkall tartrate solutions, uranium can be separated from
cobalt and nickel.géé

Isojuglone. The sodium salt of this reagent and uranyl
acetate form a carmine-red preclpitate after washing with
ethanol. Iron, cobalt, nickel, zinc, cadmium, mercury, and
lead are precipitated by the reagent.géz

Isonitroso-N-phenyl-3-methylpyrazolone., Uranyl nitrate or

acetate forms a reddish-orange precipitate with a 1% solution
of the reagent in a 50% alcoholic solution. Precipltation is
quantitative with the addition of sodium acetate. Mercury (I)
and (II), copper (I) and (II) and uranyl ions precipitate

in acidic media (nitrate or sulfate). In acetate solutions,
Ag, C4, Ni, Co, Zn, Cu(II), and U022+ ions precipitate. By
reducing the acidity with sodium acetate, salts of Ag, Pb, Bi,

Cd, Mn, Ni, Co, FPe(II), and Fe(III) can be precipitated from
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nitrate solutions. Salts of T1(I), Spb(III), sSn(II), Al,

Cr(III), and the alkaline earths do not precipitate.3§§

Lauramidine hydrochloride. This reagent has been

tested for the separation of uranium from phosphate solutions.gﬂﬁ

At pH 2.45, 75% of the uranium was precipitated.

N-Lauryl-lauramidine. This reagent also has been tested

for the separation of uranium from phosphate solutions. At
pH 2.45, 85% of the uranium was precipitated.
Mercapto-acetic acld forms a greenish-white preclpitate

with tetravalent uranium.21 216

Methylamine precipitates uranium (VI).gl&

Methyl red causes uranium (VI) and aluminum to pre-
cj.pj.tate.-g}-2

Morpholine precipitates uranium {IV) and (VI) as well
as a number of other metal 1ons.glé A 1 mg per ml sclution
of uranyl nitrate shows only a yellow color with the reagent.

No precipltate 1s fonned.gli

B-Naphthoquinoline in the presence of thiocyanate ion

precipitates uranium (VI), mercury, bismuth, copper, cadmium,

nickel, cobalt, zinc, and iron (III) from sulfuric or nitric

acid soluthons.gé-2

Neo-cupferron (ammonium a-nitrosonaphthyl hydroxylamine)

is similar to cupferron in its application. Uranium (IV) is

precipitated by the r-eagent.gii

Nitrilotriacetic acid forms derivatives with uranium (VI),

iron (III), nickel, and copper (II).gzg

m=Nitrobenzolc acid precipitates uranium (IV).-zi

o=Nitrosohydroxylaminophenyl p-toluenesulfonate forms a

yellow precipitate with hexavalent uranium. Many other me-
tallic ions are precipitated by the reagent including Al, Cr,
Fe(III), Co, Ni, Cu(II), C4, La, Ce, Hg(II), Bi, Pb, and Th.2L:

a=Nitroso-f-naphthol t deposits uranium (VI) as a very

fine, yellow-orangez’-i to browng-l-2 precipltate. Precipitation
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is made in the pH range M.O-9.4.gzg Metals such as iron,
cobalt, nickel, and copper are precipitated from slightly acid
solutions. Molybdenum as molybdate ion, zinc, and uranium (IV)
form colored soJ.utions.g12 Aluminum, chronium, and cadmium
glive no visible reaction.glé The uranium compound can be
extracted with amyl alcohol.ii

B-Nitroso-a-naphthol precipitates uranyl ion from slightly

acidic solution. Iron, cobalt, nickel, copper, zinc, and
molybdate lons also are precipitated by the reagent. Alumi-
num, chromium, cadmium, and uranium (IV) glve no visible
reactions. The precipitation of uranium (VI) is most nearly
complete 1in an acetate buffered solution.glé

Oleic acid is a precipitant of uranium (VI). 216

Oxalic acid’ precipitates uranium (IV) from acidic
solution.iﬁ Strongly complexing organlic compounds and
fluoride, sulfate, and large amounts of phosphate ions inter-
fere. Uranium 1s precipitated from 2-3N hydrochloric acid
media. At lower acldities other metal oxalates precipitate,
eg., Fe(II), 2Zn, Cu. At higher acidities the solubility of
uranium (IV) oxalate increases. Immediate filtration of the
precipitate may result in losses up to 1% of the uranium to
the flltrate. Recovery of uranium may be made more quanti-
tative by chilling the solution and allowing 1t to stand.
Small amounts of manganese, iron, and nickel may be carried
with the precipitate. Niobium, the rare earths, and thorium
precipitate under similar conditions. If uranium is reduced
on a mercury cathode prior to precipitation, no cations in
moderate amounts interfere except rare earths and thorilum.

Precipitation of uranium can be made 1n cold 1N nitric
acid solutions.gig The uranium content should be less than
70 grams per liter. Enough oxalic acid is added to give a
10% excess of the amount theoretically required to precipltate

U(Cgou)e' The uranium then is reduced to the (IV)-state by
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adding sufficient rongalite (Na2H2820u°20H20'4H20) to glve a
7-10% excess of 1 mole of rongalite per mole of uranium.

Phenanthrene quinone monoxime precipitates uranium (IV)

and (VI), aluminum, iron, cobalt, nickel,copper, and zinc.232

Phenoxarsinic acid precipitates hexavalent uranium.gﬂg

Phthiocol precipitates U4+, UO?é+ , Zn2+

:!.cms.—e-i2

Picrolonic acid precipitates tetra- and hexa-valent

, and Mooi"

uranium and most other metalllc 1ons.g£2

Piperazine. (See ethylenediamine).

Exridine? does not absord carbon dloxide like ammonium
hydroxide does. This reduces the possibility of carbonate
interference or of alkaline earth precipitation in a uranium
separation. Ammonium nitrate facllitates uranlum precipltation.
Sulfate ion hinders 1t. Separation can be made from alkalil
metals, alkaline earths, Mn, Co, Ni, Cu,and Zn. 2r, Ti, Fe,
Cr, Al,and others are precipitated by the reagent.iﬂ

Pyrogallol and pyridine comblne to form a derivative with
hexavalent uranium.gi&

Quinaldic acidf forms a yellow, amorphous precipltate

with uranyl icn.glé Precipitation is made from a neutral or

weakly acidic (pH 2-3) sclution in the presence of ammonium
chlorlide. The reagent precipitates a number of metals includiné
copper, zinc, cadmiumell and uranium (IV).gié Uranyl ion
1s not precipitated in the presence of alkall tartr-ate-g-z-}i or
a2 high concentration of acetate 1on.2l'-2

Quinizarin (1,4-dihydroxy-anthraquinone) precipitates
uranium (IV) and (VI), iron and copper.gié—

Rhodizonic acid forms a blue-black precipitate with

tetravalent uranium. In neutral solutions, Ag, Hg(I and II),

T1, Pb, Cu(II), C4, BL, 2Zn, Sr, Ba, Fe(II), and UO,(II) ions

are precipitated. At pH 2.8, Ag, Hg(I), Tl, Pb,Cd, Ba, and & (II)
are precipitated.2L2
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Sallicyclic acid. The sodium salt of the reagent forms

2 greenish-white precipitate with uranium (IV). Under con-
aitions tested, Al, Cr, Fe, Co, Ni, Zn, Cd, Mo®y , and UGS’
ions were not prec:Lp:l.’t:a‘ced.g-l-2

Sebacic acid precipitates uranium (IV).Ei

Sodium acetate precipltates sodium uranyl acetate from

neutral or weakly acidic solutions of uranyl salts.lgg The
method 1s not very useful for the preciplitation of traces of
uranium. The solubillity of sodium uranyl acetate in a
solution 5M in sodium nitrate, 1M in acetic acid, and 0.5M
in sodlum acetate is about 100 mg per liter.gzg Neptunium
(VI) and plutonium (VI) also preciplitate under these condi-
tions. The addition of sodium acetate and zinc acetate to
a2 neutral or weakly acidic uranyl salt solution precipitates

the triple salt, sodium zinc uranyl acetate.lgg

Sodium diethyldithiocarbemate precipitates tetravalent

uranium, aluminum, iron, cobalt, nickel, copper, and cadmium.-z-l2
Hexavalent uranium may be precipitated when both uranyl and

reagent concentrations are sufficlently large.giéigZZ

Sodium ethyl xanthate <forms an orange precipitate

with uranium (VI).-glé

Strychnine in the presence of fluoride ion precipitates
hexavalent uranium as 7(021H2202N2HF) . 6(U02F2) * 2HF. The
solubility of the preclipitate in water at 25°C 1s 47.5 mg/100
ml; in 60% alcohollc solution at 25°C, 30 mg/100 m1,21§

Tannic acid (digallic acid)'r and tannin (a glucose ester
of tannic acid)* react with uranium (VI) to give a deep~browr
precipitate.ﬁi Elements arranged according to decreasing
ease of precipitation by tannin are Ta, Ti, Nb, V, Fe, Zr, Hf,
Th, U, Al.gzg The position of chromium iIn thils series is
uncertain. Tantalum, titanium, and niobium may be separated
by tannin in a slightly acidic oxalate solution. Uranium and

others are precipitated by adding more tannin and by making

57



the solution ammoniacal. Uranium may be precipltated from
such solutions in the presence of arbonate, acetate, or tartrate
:I.ons.g-Q-2

Thilosinamine. Uranium and cadmium are precipitated when
an alkaline solution contalning these elements is boiled with
the reagent.gég

Carriers. Trace amounts of uranium ma® be removed from
solution by the use of gathering agents or carriers. The
cholce of a particular agent depends upon the conditlons
under which precipitation 1s to be made and upon subseguent
chemistry to which the precipitate is to be subjected.
Rodden and Warfii have described the application of several
carriers: ferric, aluminum, and calcium hydroxide. The use
of barium carbonate and thorium hexametaphosphate has been
mentioned in the section on ilnorganic precipitants. Mag-
nesium oxide and thorium peroxide have been ussed.:ﬁi The
oxide and salts of antimony,g§i&2§g calcium fluoride,ii
and the phosphates of z:!.rconium,-Jﬁz bism.uth,252 and thoriumigz’
3&9 have been used to carry uranium from reduced solutions.
Uranium (IV), in general, should behave similarly as nep-
tunium (IV) and plutonium (IV). These are carried by
lanthanum fluoride, ceric and zirconium lodates, ceric and
thorium oxalates, barium sulfate, zirconium phosphate, and
bismuth arsonate.gz-é Uranium (VI) does not carry with these
agents providing the concentration of either carrier or

uranium is not too large.

Complexes. The preclpltation of uranium in normally

precipitating media is 1nhibited by the formation of

soluble complexes.iﬁ Carbonate ion 1is a very efficient
complexing agent of uranyl ion. In ammonium hydroxide

solution, uranium can be separated fqom iron, titanium,
zirconium, and aluminum with carbonate lon present. In ammonium

sulfide solutions, carbonate ion makes possible the separation
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of uranium from manganese, lron, cobalt, zinc, and titanium.
Ammonium carbonate prevents the precipitation of uranium with
phosphate. Precipltation with sodium carbonate makes possible
the separation of uranium from beryllium, manganese, iron, cobalt,
nickel, zine, titanium, zirconium, and the alkaline earths.

Sodium peroxide facilitates the separation of uranium and
other metals with sodium carbonate. The addition of the per-
oxlde alone to acid solutions c¢f ilron, cobalt, rare earths,
titanium, zirconium, hafnium, and thorium causes their preci-
pitation while uranium, if present, remains in solution.

Uranium does not precipitate with tannic acid in slightly
acidic solution with oxalate ion present. Titanium, niobium,
tin, tantalum, and tungsten are precipitated under such con-
ditions. Oxélate ion also interferes in the precipitation
of uranium by ammonila.

Tartrate, cltrate, and malate ions prevent the precipl-
tation of uranium by ammonium hydroxide or sulfide.ai

Salicylic acid and hydroxylamine have both been used to
complex uranium 1in separations from rare earth elements.iﬁ
Hydroxylamine has been used 1n separations between uranium and
beryllium, aluminum, iron, and thor-ium.-ii

Complexing agencs that form weak complexes with uranium
and relatively strong complexes wilth other metallic lons make
separation possible between the two: uranium is precipitated
by a suitable reagent; the other lons remaln in solution.
Ethylenediaminetetracetic acid (complexone II) and its
disodium salt (complexone III) have been used successfully
in this respect. Uranium has been precipitated with
ammonla 1n the presence of complexones without interference
from Al, Cr, Mn, Fe, Co, Ni, Cu, 2n, Cd, La, Ce, Hg, Pb, Bi,
and the alkaline earths.gg& The recovery of uranium is not
entirely quantitative since the complexing agent increases

the solubillity of the ammonilum uranate.196 28 The absorp-
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tion of impurities in the precipitate may necessitate
dissolution and reprecipltation of the uranium.lgé Beryllium
and titanium follow the uranium chemistry.ggé

Quantitative recovery of uranium from the aforementioned
cations: Al, Cr, Mn, Fe, etc., can be made with ammonium
monohydrogen phosphate, (NHM)QHPOAF in the presence of
ethylenediaminetetracetic acid.2822287 Bervi1ium and
titanium again interfere. Small amounts of titanium may be
complexed with hydrogen peroxide before the addition of

other reagents.ggz

Sen Sarma and Mallikggg have studied the separation
of uranium from other elements using 8-hydroxyquinoline (oxine)
as precipitant and complexone III as complexing or masking
agent. It was found that complexone had no masking action
on uranium in the pH range 5-9. In a solution buffered with
acetic acid and ammonium acetate at pH ~5.3 quantitative
separation was reported between uranium and Al, Mn, Fe(III),
Co, Ni, Cu, Zn, 2r, C4, rare earths, Pb, Bi, Th, and PQOS'
In ammoniacal medium at pH ~8.4, a similar separation was made
from V205, Moo3, and WOB' Steele and Taverner,lgg however,
were unable to duplicate the above results.

Solvent extraction. The solubllity of uranyl nitrate in

organlc solvents has long been recognized.lgé The ability
of dlethyl ether to extract this salt has been used in
systems of analysls for many years. However, 1t is only
within recent years (starting in the 1940's) that widespread

use has been made of solvent techniques as a means of

separating and purifying inorganic substances in general 289-299

and uranium in pa.rticular.3'91’192’]‘91‘5;97'1‘99’300'395

The conditions under which uranium may be extracted are
many and varied. 1In the present paper, extraction from
aqueous solution is considered. However, extraction from

solid phasessgé;igl and slurr':Les-392 has been investigated
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and a favorable uranium partition has been found. Conditions
which affect the extraction of uranium from aqueous solution
by organic solvent are the composition of the agueous phase,
the nature of the organic.phase, the temperature, and the
time of equilibration. In the aqueous phase, such factors
as uranium, acid, common anion, forelgn anion, and foreign
cation concentration must be considered. The nature of the
organic phase depends upon the type and concentration of
solvent and diluent. If the organic phase is not initially
barren, its concentration of uranium, acid, etc., affects
partition.

Because of the number of variables and the large number
of uranium solvents, one cannot consider, in a volume of this
size, each solvent in the light of each variable. Indeed,
the behavioral relation between solvent and the afore-men-
tioned variables is known for only a few well-studied solvents.
The purpose of the present paper 1s to provide information
on the conditions best-sulted for the quantitative extraction
of uranium or for the separation of uranium from interfering
elements. This is done as much as possible in graphic or
tabular form.

The solvents are divided into five general classifications:
1) ethers, esters, ketones, and alcohols; 2) organo-phosphorous
compounds; 3) amines and quaternary ammonium salts; 4) carboxylic
acids; 5) chelating agents. Dialkylphosphoric acids, eg.,
dibutyl phosphate, are classified as organophosphorus com-
pounds rather than chelating agents. Carboxylic acids are
classified as such,although some may also be considered
chelating agents, eg., sallcylic acid. A number of extrac-
tants may serve also as diluents or secondary solvents for
other extractants. Such systems are described under the
primary extractant. For example, a cupferron-hexone system

is described under "cupferron" rather than under "hexone.'

61



In the discussion, the terms "extractant" and "solvent"
are often used interchangeably. "Diluent" is used to describe
a secendary solvent rather than the term '"inert solvent." The
cholce of diluent may appreciably affect the partition of
uranium. A number of terms that are frequently used are
defined below.

Partition or extraction coefficient:

o = ‘0 - concentration of a substance in the organic phase
T, ~ concentration of the same substanceé in the aqueous
phase

Percentage extracted:

P = I%E X 100, when equal volumes of both phases are present

after shaking.

Mass ratio:

_ Mo _ amount of a substance In the organic phase _ Vo
b= M; amount of the same substance in the aqueous V;
phase

Separation factor:

concentration of substance A in the organic phase

B = concentration of substance B in the organic phase
~ concenfration of subsfance A in the aqueous phase
concentration of substance B in tThe aqueous phase

o |2

Equilibrium laws. The physical chemical principles

involved in the solvent extraction of uranyl nitrate have
been summarized in references 308-312. Detailled methods
of treating the various equilibria involved have been
devised.é—l-i--'-i-lé:iii A more simple approach, adapted from a
paper by Carleson;}i is herewlth presented.

It may be assumed that within a certain concentration
range an average uranium complex is extracted. The complex
is representative of a whole set of complexes and may be
M

(+x) .
written HyM L(x+y)(H2o)h (S)n. , in this case,

may be U+4 or UOEZ. L, as written, 1s a singly, negatively
charged ligand. It may be more highly charged. S represents
a solvent molecule. The subscripts y, h, and n need not be
integers. The reaction for the extraction mechanism may be

written
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M*aq + yHtaq + (x+y)L aq + nS org -
HyML(x+y)Sn(H20)horg + mHZO.
The thermodynamic equilibrium constant for the reaction is
m
‘. [HyML(x+y)Sn(H20)hJ org {320?
) w1 ) (siBeg - £(9)

where {-} and [ ], respectively, represent the activity and
concentration of a quantity in the aqueous phase unless
otherwise ldentified by the symbol "org." f(¥) represents
the product of the activity coeffilclents. The partition

coefficient is approximated by
[HyML(x+K)Sn(H20)h]org

a = [M+X]

The relation between the partition coefficient and equilibrium
constant is

log a =y 1og[H+Jaq + (x+y)log(L Jaq + n loglSlorg

-m log {§2§} + log f(vy) + log K.

Information concerning the extracted species may be obtained
by measuring the partltion coefficient whille varylng the
concentration of only one of the quantities. A knowledge of
the activity coefficlients is then required or the product of
the activity coefficients in both phases must be kept constant.

As stated previously, the above approach to solvent
extraction 1s a simplified version. It represents only an
average extracted species. Among other things, it does not
conglder the effect of water activity in the organic phase,
solvent activity in the aqueous phase, complex formation be-
tween the various components 1n either phase, or the formation
of polynuclear specles. These effects may be large or small
depending upon the solvent, aqueous medium, and uranium con-

centration involved.

ETHERS, ESTERS, KETONES, AND ALCOHOLS. Uranyl nitrate

is extracted by many polar solvents which contaln donor

oxygen atoms such as ethers, esters, ketones, and alcohols. 16-320
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Extraction from water solutions 1s small unless the uranium
concentration is appreclable. This 1s shown in figures 1-5
in which the data of McKay and co-workers,lzg&léé Warner,igléigg
and Vesel&, gg_gkigi are plotted. In general, 1t has been
observed39£ that: .

1) the extraction coefficient of uranium decreases when
the number of carbon atoms increases for a given homologous
series of organic solvents, .

2) for a molecule with a given number of carbon atoms
and a given chemical functional group, solvents with straight
chains are more efficlent extractants than those with
branched chains,

3) one or more double bonds in a molecule increases the
efficlency,

4) primary alcohols are more efficlent than secondary
ones,

5) the coefficient of extraction increases with the
solubility; but there 1s no well-defined relation between
the two.

Evidence considered in the section on non-agqueous sol-
utions indicates that uranium is extracted from agueous
nitrate solutions as hydrated, solvated uranyl nitrate,
U02(NO3)2(H2O)hSh. Under appropriate conditions, the
hydrated, solvated trinitrate-uranyl complex may be extracted.
The relationship between partition coefficient and equilibrium .
constant for the extraction mechanism shows the extraction of
the former species to be favored by large free nitrate and
free solvent concentrations and by small water activity.

Effect of nitric acid. The addition of nitric acid to

the aqueous phase favors the extraction of uranium by pre-
venting or decreasing the hydrolysis of uranyl lon and by
Increasing the nitrate ion concentration.zgi Nitric acid

is extracted also by the organic solvents. This requires
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Figure 1. Partition of uranyl nitrate between water and simple ethers. O, diethyl ether. A,
ethyl-n-propyl ether. 0O, ethyl-n-butyl ether. ¥V, di-isopropyl ether. @, di-n-butyl ether. A,
dl-n-hexyl ether. 0O, 2,2" -dichlorethyl ether,

1-A. After E. Glueckauf, H. McKay, and A. Mathieson, reference 185. Temperature, 25°C except for
diethyl ether: first three points at 25°C, last point at 20°C, remailnder at 18°C.

1-B. After R. K. Warner, reference 321. Dashed curve represents the partition of uranyl nitrate
between diethyl ether and a saturated ammonium nitrate solution. Temperature, 20°C.
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Figure 2. Partition of uranyl nitrate between water and complex ethers. O, phenyl cellosolve.
A, dibutyl cellosolve. V,V, dibutyl carbitol. wm,0, pentaether.

2-A. Open symbols, after E. Gleuckauf, H. McKay, and A. Mathieson, reference 185. Solid symbols,

after A. Gardner, H. McKay, and D. Warren, reference 176. Temperature, 25°C.
2-B. After R. K. Warner, reference 321. Temperature 20°C.
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FPigure 3-A. Partitlion of uranyl nitrate between water and isoamyil
acetate. After E. Glueckauf, H. McKay, and A. Mathieson, reference
185. Temperature, 25°C.
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Figure 3-B. Partition of uranyl nitrate between water and nitro-
methane and saturated ammonium nitrate (dashed curve) and nitro-
methane. After R. K. Warner, reference 322, Temperature, 20°C,
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Figure 4. Partition of uranyl nitrate between water and ketones. O, methyl ethyl ketone. e,
methyl isobutyl ketone. A, methyl n-amyl ketone. A, di-isobutyl ketone. 0O, cyclohexanone. MHC,
methyl cyclohexanone.

4-p, After E. Glueckauf, H. McKay, and A. Mathleson, reference 185. Temperature, 25°C.

4-B. MHC curves, after V Vesely, H. Beranovd, J. Maly, reference 323. Dashed curve--aqueous
solution, 6M NH yNO3. Remaining curves, after R. K. Warner, reference 321. Temperature, 20°C,
Dashed curve--aqueous solution, saturated ammonium nitrate.
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Figure 5. Partition of uranyl nitrate between water and alcohols.
O, n-butanol. @, n-pentanol. A, n-hexanol. V¥, methyl isobutyl
carbinel. 0O, 1socamyl alcohol. m, sec-octyl alcohol

5-4. After E. Glueckauf, H. McKay, and A. Mathieson, reference 185,
Temperature, 25°C.

5-B. After R. K. Warner, reference 321. Temperature, 20°C.
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that it be replaced in continuous or multicontact extraction
process. Large concentrations of nitric acid are generally

not desirable. The formation of HNO3 + S_ complexes reduces

n
the amount of free solvent, the extraction of other elements
is enhanced, and the danger of an explosive reaction between
solvent and acid is increased. The formation of HM(NO3)x+1
species, which may be more easlily extracted than M<NO3)x’
is promoted by the addition of nitric acid. For uranium,
however, the formatlon of the trinitrate-uranyl complex is
far from complete, even in 16 M HNOB.Z§

Effect of nitrate salts. The nitrate lon concentration

may be increased by the addition of metal nitrates of significant
solubility to the aqueous phase. This not only promotes the
extraction of uranium but also the extraction of other elements
whose nitrates are soluble in the organic solvent. In some
cases, nitrates which serve as salting-out agents, eg. thorium
may also be extracted in significant amounts. The extraction
of other salting-out agents, eg., ceslum, may be enhanced

by the formation of uranyl trinltrate complexes, MUOQ(NO3)3‘322
The ability of various nitrates to salt-out uranium has been
related to the hydration of the cation,32§ the activity
coefficient of the pure nitrate salt,igl and the radius

and charge of the cation.32§ A salting-out agent which 1is
highly hydrated facilitates extractlon of uranium by reducing
the water activity. In figure 6, the partition coefficient

of uranium 1s plotted as a function of aluminum nitrate

for several solvents. The partition of uranium between
saturated ammonium nitrate solutions and diethyl ether,
nitromethane, and methyl ethyl ketone is shown by the dashed
curves in figures 1B, 3B, and 4B, respectively.zgi&igg
Ammonium nitrate is widely used as a salting agent in spite

of 1ts relatively poor salting-out abillty. The ease with

which it is removed from solution or from heated samples
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Pigure 6. Effect of aluminum nitrate as salting-out agent on the
extraction of uranium by various solvents.

Curve 1, dibutoxytetraethylene glycol (pentaether); Curve 2, dibu-
toxytriethylene glycol; Curve 3, dibutoxydiethylene glycol (dibutyl
carbitol); Curve 4, methyl isobutyl ketone (hexone); Curve 5, diethyl
ether; and Curve 6, dibutylmonoethylene glycol (dibutyl cellosolve).

Data adapted from E. Evers and C. Kraus, reference 332.

Conditions: Aqueous phase - 2.0 to 6.0 grams of U per 100 cc of solu-
tion contalning aluminum nitrate. Organic phase - solvent represented
by curve. Equal phase volumes¥* eguilibrated at 27°C.

*Equal or approximately equal phase volumes were employed in distribu-
tion experiments with dibutyl carbitol (C. A. Kraus, A-2322(1945)) and
with hexone (C. A. Kraus, A-2324(1945)). It is assumed that the same
volume ratio was used for other experiments.
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makes 1ts use advantageous.

The presence of nitrate salts which are sufflcliently
soluble in the organic solvent facllitates the extraction
of uranium by formatlon of the trinitratouranyl complex,
RUOE(N03)3‘Z§ T™is 1s discussed further under "Hexone.'

Effect of other salts. Anions that complex uranium

in the agueous phase may seriously interfere with the ex-
traction of the latter. Chloride, fluoride, sulfate, phos- ‘
phate, and several organic anions have been studied for
thelr interference. The adverse effects of these ions may

be minimized by renow;'ing them from solution prior to uranium ex-
traction, by complexing the anions with cations of salting-
out agents, or by using an excess of an efficlent salting-
out agent to over-ride the anion interference. The inorganic
anjions may be precipitated as silver chloride, lanthanum
fluoride, barium sulfate, zirconium phosphate, or ammonium
phosphomoclybdate. Fluorlide ion is complexed by aluminum

and calcium. Sulfate lon 1s complexed by ferric ion. Large
amounts of sulfate lon are also precipitated by calcium
nitrate. Phosphate lon is complexed by ferric and aluminum
lons. Calecium nitrate has been used to counteract the effect
of acetate and oxalate. The effect of chloride on the
partition of uranium may be reduced in the presence of a

strong salting-out agent. Chloride ion is more objectionable

from the fact that 1t promotes the extraction of other elements, .
notably iron. In the presence of large amounts of interfering

lons, particularly sulfate and phosphate, it is advisable to

separate the uranium from solution prilor to extraction. This

may be done by precipitation with carbonate-free ammonium

hydroxide. The precipitate 1s dissolved in nitric acid and

the extraction is initiated. Ferric hydroxide may be used

to carry trace amounts of uranium.

Uranium may be extracted from aqueous media other than
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nitrate. Thiocyanate solutions have been found satisfactory.
The extraction, however, 1s less selective from thiocyanate
than from nitrate solutions.

Solvent action. The partition of uranyl nitrate 1s

dependent upon the free solvent concentration. This 1is
reflected in the coefficlents of extraction of micro and
macro amounts of uranium from highly salted agueous solutions.
The partition coefficient of trace amounts 1s larger than
that of large amounts as a result of more available solvent.
As mentioned previously, macro amounts of uranium extract
more readily from water sclutions or less highly salted
aqueous solutions than do micro amounts. This effect may
be attributed to the salting-out ability of uranyl nitrate
itself.

The extraction of other elements is affected also by
the uranium concentration. High loading of the solvent
by uranium reduces the extraction of less preferred complex
specles., High uranium loading may be achleved by diluting
the solvent with a secondary solvent in which uranyl nitrate
i1s insoluble or significantly less soluble than in the primary

extractant. Solvent dilution, in general, causes a decrease

in the partition coefficient.319’321’329’330 Wohlhuter and
Sauteronii; have listed a number of aromatic and chlorine-
substituted diluents in order of increasing harmfulness to
uranium extraction: benzene, toluene, xylene, carbon tetra-
chloride and dichloroethylene, chloroform. Solvent dilution
may be used also to improve upon the physical properties
of the organic phase, eg., density, viscosity, etc.

The sultability of mixtures of oxygen-containing

solvents as extractants for uranyl nitrate has been
studied.318'320,329,33o

Stover and co-worker's329 reported
that none of the mixtures they investigated were better than

the pure solvent. Recently, however, Fomin and Mor'gunovi-?-2
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and Vdovenko and Krivokhatskiiiﬁg have reported enhanced
uranyl nitrate partition coefficients from solvent mixtures.
Vdovenko and Krivokhatskil report that over ten such mixtures
have been found. Among them are: di-isopropyl ether and B,B'-
dichlorodiethyl ether, dibutyl ether and B,8'~-dichlorodiethyl
ether, dlethyl ether and acetophenone, isocamyl alcohol and
methyl isobutyl ketone. The enhanced extraction by solvent
mixtures has been attributed to the formation of mixed sol-
vates of uranyl nitrate.igg&iig

Effect of temperature. The extraction of uranyl nitrate

is decreased by a temperature increase. The partition co-
efficlent of uranium is plotted as a function of temperature

for several solvents in figure 7.§§§
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Figure 7. The effect of temperature on the extractlon of uranium by
organic solvents. O, dibutyl carbitol. 0O, hexone. @, dlethyl ether.
A, pentaether.

After E. C. Evers and C. A. Kraus, reference 332.
The triangles represent aqueous solutions salted with 36.6 grams
of Al(NO 3 per 100 cc of water. All other symbols represent solu-
tions saltéd with 58 grams of A1(NO3)3 per 100 cc of water. 2 to 6
grams of uranium per 100 cc of solution were extracted. i
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Re~-extraction. Uranlum is re-extracted from the or-
ganic solvents considered In this section by contact with
water. Several water contacts may be required if large
amounts of uranium or nitric acid have been extracted. Water-
soluble salts whose anions complex uranyl ion, eg., ammonium
sulfate, facllitate re-extraction.

Extraction of other elements. A number of elements

other than uranlum are extracted by oxygen-containing sol-
vents. Those commonly found with 1rradiated uranium are
hexavalent Np and Pu*; pentavalent Pa; tetravalent Th, Np,
Pu, Zr(+Nb), and Ce; and ruthenium complexes. Neptunium,
plutonium, and cerium are made less extractable by reduction
to lower oxidation states. Favorable separation of uranium
from the other elements may be achieved by control of the
nitric acld and salting-out agent concentrations. Free
halogens are extracted. These elements may be eliminated
from solution prior to uranium extraction. The halogens
also comblne chemically with & number of solvents; eg,,
lodine and hexone. The combined halogen i1s not re-extracted
by water contacts.

.

General survey. The extraction of uranyl nitrate by

polar oxygen-contalning solvents has been investigated under
a variety of conditions. The results of three survey 18-320
in which the experimental conditions were all different, are

given in Table VIII.

* Am(VI) forms an extractable nitrate. Strong oxidizing
conditions are necessary, however, for americlum to be .
present in the (VI)-state. It is generally found in
solution as Am{III).
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Table VIII. Distrivution of Uranyl Nitrate Between Various Oxygen-containing Solvents

and Aqueous Nitrate 3olutions,

Survey 12 % Totai Survey 22 Survey 3%
Solvent Percent extracted volume 1in , Percent extracted
1) Th Z-INO3 org. layer v Th Pa %a

Dietnyl ether 96 60 - 62.5 35 0.0 0.19? 0.09
n-Propyl ether 78 1.8 4y 55 2.2 0.0 0.10
Isopropyl ether 88 20 66.5 58 0.00
Dibutyl ether 48 <1 45 53.5 1.6 0.0 0.0% 0.00
Ethyl n-butyl ether 85 <1 49 55
Benzyl methyl ether 85 8 41 55
8-p-Dichloroethyl ether 45 <1 37 53.5
Diethyl cellosolve 55 24 0.29
Ethyl butyl cellosolve | 95 60 57 61.5 59 7
Dibutyl cellosolve 90 17 80 56.5 0.01
Phenyl cellosolve 0.00
Benzyl cellosolve 21
Dibutyl carbitol 95 84 | 100 63.3 T59 2.71 o.ast 0.09
Dibutoxytetra-ethylene ‘0.54
glycol {pentasther) D>9s 99 100 66.6
Dimethyldioxane ' KL 3.8
|Esters
Ethylacetate 88 |77 - 65 ¥ | o.6 0.26"
n-Propyl acetate 95 46 92 60 50 1.2 9.1
Isopropyl acetate 54 1.2 11.9
n-Butyl acetate 89 26 - 58 39 0.06 10.6
sec-Butyl acetate 39 22.2
Isobutyl acetate 21 0.02 0.18

Amy) acetate 86(?)| 16 . 56.5 1 |o.2 .9
2-Ethylbutyl acetate 9 0.02
2-Ethyl hexylacetate 72 <1 95 54
Butyl carbitol acetate | 98 85 - 67
Glycol diacetate 0.25%
Ethylacetoacetate 0.11
Methyl proprionate 10-20 | 0.2 0.06
Ethyl proprionate 22 0.03 [+
Ethyl butyrate 88 6 75 57.5 10 [
Ethyl a-bromobutyrate | 35 <1 42 54
Methyl benzoate 7.5{ 0
Ethyl benzoate Leo 1-3 54 56.5
Ethyl caproate 80 3 60 55
Diethyl maleate 0.07
Diethyl malconate 22
Ketones
s s e b e
Methyl n-propyl ketone 53 11
" naone) 57 |20 [20.9°% 0.004
dethyl n-amyl ketone 47 0.9 | 30" 0.02
Methyl n-hexyl ketone 0.01
Diethyl ketone 0.08
Diisopropyl ketone 56 0.3 | 48.7*
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Table VIII .« Continued

Survey 12 % Total Survey 2t

Solvent Percen® extracted volume ip Percent extracted Survey 3-c
U Th HNO, org layer v ™ Pa o,

Acetophenone 0 05
Cyclopentanone 0 BO
Cyclohexanone 11 0 B
Methvl cyclohexanone large
m-Methyl cyclohexanone o 2k
p-Methyl cyclohexanone 0 30
Mesityl oxide 98 77 € - 62 12 7 0 24
Isophorone 27
|Alconols
n-Butanol 44 52
2-Ethyl butanol 0 0l
sec-Buty) carbinod 30 o€ o 013"
tert-Amyl alcohol 88 62 - €1
Diethyl cartinol a2k o~
Diisopropvl carbinol 11 6 o0
Tri-n-butvl carbinol 48 56 51 54
2-Etnyl hexanol 75 10 775 56 5 00 721
Heptanol 24 c 65 72 53
Methyl n-amv. carbinol 26-50 47
n-Octanol o5 L8
Heptadecanol 00 a7
2~Ethylhexanediocl-1 3 0 O«
Miscellaneous
Nitromethane 60 32 &2 54
1-Nitropropeane o 00
2-Nitropropane 25 Trace 0 25
Nitrobenzene 21 Trace | 0 10
o-Nitroanisole 35 Trace | O
Trichloroethane o 0 o]
Trichloroethylene 15 o2
Chloroform o 0
Dimethylsulfalone 168

= C A Johnson and A
Equnl volumes of o
0 045 gm/mx UO,(NO
p-bromoannole, p-%rﬁ
butyl bromide, and tr

S Newton, reference 31&

} mixed 10 minutes

anic solvent and aqueous solution (3M HNO
No extraction was d

dtected wit

3¢ Ca(NC,),, O 635M Th(NC,)y,
< %henyl ether, b

mophenetol, anisole, isoamyl nitrite, chlorobenzene, xylene, ethyl iodide,

ichloroethylene

+ indicates mutual solubility of agueous solution and organic solvent

—E K Hyde and M J

Wolf, reference 31%

Equal volumes of organic solvent and aqueous solution (1) HNOB, 3N NH,‘NO.{, 2N Th(NO, )u,
5 x 103 - 10 c/min U233 g¢ 52% counting yield) mixed 5 minutes

Aquecus phase
counting yield

& Aqueous phase
counting yield

w

HNO,, 2N NHNO,, 2N Tn(NO,)y, 10% - 3 x 10% c/m Pa?3 4t 208

£ ¢ N Stover, Jr , B W Crandall, D C Stewart, and P

Equal volumes of orgl.nic solvent and aqueous solution (0 34M HNO3, O 50M 1102(!103)2

mixed 2 hours at 25°C

[+

1§ H¥0,, 2¥ A1(Nog)y, 38 Th(No,),, 10" - 3 x 105 c/in Pa?3 av 102

Mayer, refarence 320

6H,0)

Solvenc identified as methyl isobutyl carbinol, formula given as CH.*CH CH{CH )CHZ,OH

(seg-butyl carbino

1)

ki)



ETHERS

Diethyl ether

Agueous_nitrate systems. The extractlion of uranyl nitrate

by diethyl ether 1s widely used in radiochemical separations
because of the selectivity of the extraction. Disadvantages
of the method are the high volatility and low flash point

of the solvent and the relatively low distribution of
uranium into the solvent.

The partition of uranyl nitrate between diethyl ether
and water is 1llustrated in figure 1.2822321 yitn botn
phases saturated with uranyl nitrate at 25-26°C, the dis-
tribution coefficient is about 0.68.3gé The effect of nitric
acld upon the partition of uraniumﬁii&jii and nitric acidigé’
333-335 itself 1s represented in figure 8. Furman, Mundy,
and Morrisonﬁgé report that the pH of the agueous phase
should be 4 or less for complete extraction of uranium to
occur. The influence of ammonium nitrate and calcium nitrate
upon the extraction of nitric acid is alsc shown in figure

g.328

Flgures 9 and 10 demonstrate the influence of various

salting-out agents on the distributlion of uranyl nitrate. 26,328

The nitrate concentratlion plotted in figure 9 includes that
of the salting-out agent plus that of uranyl nitrate left
after extraction by an equal volume of ether. The latter
contributes only a few percent to the total nitrate concen-
tration in most cases. A notable exceptlon i1s the iron (III)
point at 1.18M nitrate concentration. In this instance,
0.82M nitrate lon 1s attributable to ferric nitrate and

the remainder to uranyl nitrate. The nitrate concentration
of the salting-out agent 1s plotted in figure 10. Uranyl
nitrate contributes little to the nitrate concentration since
only one gram of uranyl nitrate was used per 100 grams of

initlal aqueous solution. Furman, Mundy, and Morrisonigé
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FPigure 8. The extraction of uranyl nitrate and nitric acid by

diethyl ether.

Uranyl nitrate extraction:
O, after R. Bock and E. Bock, reference 333.
tion, 0.1M; Temperature, 200 + 1°C; Vo/Vgy
curves, after J. Kool, reference 334,
Initial U concentration,
(hexahydrate) per 15 ml;
drate) per 15 ml.

Nitric acld extraction:
O, after R. Bock and E. Bock, reference 333.

= 1.
Temperature, 25°C; Vo/Vy = 1;
........... 50, 150, 450 mg uranyl nitrate
........... 1350 mg uranyl nitrate (hexahy-

Initial U concentra-
Dashed and dotted

Temperature, 19° +

10C; Vo/Va = 1.

25.0 + 0.1°C;
reference 335,

e, after J. Kool, reference 334,

Temperature,

Vo/Va = 1. 0O, after A. Grinberg and G. Lozhkina,

Temperature, 20°C; V,/Vy = 1.

AN,V Y, after

N. Furman, R. Mundy, and G. Morrison, reference VO/V

a = 1; HNO

Ca(N03)2, 100 g. of Ca(NO3)2 .

4HpO per 100 ml of initial solu

gi;n

plus

03;

HNO

solution plus

ﬁN_ NH4NO3, 80 g. of NH4NO3 per 100 ml of initial
03.
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Figure 9.
Effect of varlous nitrates upon the partition coefficlent of
uranium with diethyl ether.
After N. Furman, R. Mundy, and G. Morrison, reference 326,
The nitrate concentration plotted as the abscissa
includes that attributable to the equilibrium

concentrations of uranyl nitrate in addition to
that of the initial concentration of salting-out

agent.
Conditions:
Salting-out Agent (U], g/1 T.°C V./Vy
NHuNOB 25 25-6 1
NaNO3 (25) 246 1
LiNo3 (25) 1
Ca(No3)2 (25-100) 25~29 1
Mg(N03)2 (25-100) 27-28 1
Zn(NO3)2 (50) 28-31 1
Cu( No3)2 (~8->600)
Fe (No3 ) 3 (~8->200) 1
Al(NO3)3 (25-100) 29 1
Th(No3)4 (50) 1

The uranlium concentrations in parentheses have been
estimated by roughly adding the equilibrium uranium
concentrations of both agqueous and solvent phase.
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Figure 10. Effect of various nitrates upon the partition coefficlent
of uranium with diethyl ether.

After V. Vdovenko and T. V. Kovaleva, reference 328.

Conditions: 1 g. UO2(NO3)o in 100 g. of initial aqueous solutions;
Temperature, 25°C; and Vo/Vy = 1,
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e
observed that the salting action of a mixture of nitrates

could be reasonably predicted by the followlng method:

The logarithm of a_ for each salt at a given total

nitrate molarity 18 divided by the total nitrate

molarity. These individual quotients are then mul-

tiplied by the nitrate molarity of the respective

salts. The sum of the resulting products is then

equal to the logarithm of the predicted partitilon

coefficlent.
Hellman and Wolfizé have studied the salting action of
various nitrates 1in the presence of nitric acid and thorium
nitrate. Some of their results are listed in Table IX.
From the date it may be observed that (1) thorium nitrate
1s generally a less effective salting-out agent on a
normallty basis than other metal nitrates and (2) the
extraction of uranlium becomes less efficlent as the amount
of extracted thorium becomes appreciable.

The effect of several foreign anions on the extraction
of uranyl nitrate by diethyl ether is glven 1in figure 11331
and Table X.32§ Arsenate, molybdate, and vandate ions also
interfere with the extraction of uranium. The effect of
these ions may be offset by the addition of ferric nitrate
to the solution.zzg

The partition of a large number of elements between
various aqueous nitrate systems and diethyl ether 1s given
in Table XI and 1llustrated in figures 12-14. The increased
distribution of heavy elements and fission product elements with
increased nitric acld concentration should be noted. For a
selectlve uranium extraction the nitric acid concentration
should be minimal. Hydeﬁ-2 has recommended an aqueous
phase 0.5-1M in nitric acid and 2.5M in magnesium nitrate
for the quantitative extraction of uranium by dilethyl ether.
More selective extraction of uranyl nltrate may be made from
a saturated ammonium nitrate-solution, 0.05-0.1M in nitric

acid. The extraction can be made quantitative by repeated

contacts with ether;

83 (Text continues on page 92.)



Table IX Distribution of Uranium and Thorium between Diethyl Ether and Aqueous

’
Solutions Containing Various Amounts of Metal Nitrates2

Salting Total nitrate Composition of initial aqueoua solution

agent normality O 5N HNO, + salting agent 0 5N HNO, + 1N Th(NO,),
+ salting agent
U _extracted, % U extracted, % Th extracted, %
HNO 3 23 10 01
3 5 52 40 33
7 62 36 21
7 47
LiNo, 2 10 22 o
35 36
5 1
55 T4 25
7 66 19
75 81 53
NH,, NO 3 8 00
472 5 20 01
55 25
7 47 05
9 57 o8
1¢ 5%
.2 59 12
ca(NO.,) 2 37 13
3’2 2 75 1 )
3 62 32
Lo 25 00
4 g7 63
525 59 01
7 50 99 36 12
Mg(NO, ), . 50 R
21 9 00
2 o8 18
315 18
¥ ° 5 i
44 0 00
55 99 99 0 31
Mn(NO3) , g g 18
21
2 o T4 0 0o
0
70 65 55
g g 87
70
85 72 43
Cu(No,) 25 12
ye ; 8 69 12 00
0
;3 o : )
62
10 5 87 19
10 8 52
La(No,) 25 14
33 : g P 1 oo
P . 18 02
6 5 29 21
A1(NO,) 20 18
3’3
25
2 s 1? 0o
55 o3 28
€0 96
75 57 17 6
Th(N03)“ 30 8 00
50 32 Q14
90 58 80
110 52 11 b

2 after N N Hillman and M J Wolf, reference 336

Five ml of ether were shaken 10 minutes with 5 ml of the aqueous phase of appropriate
composition 5,000 to 8,000 c¢/m of U232 tracer (52% counting yleld) were supplled to
the aqueous phase Variation of the tracer from 100 to 100,000 ¢/m in 5 ml did not
change the % extracted
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Figure 1l1. The effect of various anions on the extraction of uranyl
nitrate by diethyl ether.

After T, R. Scott, reference 337.

Conditions: Aqueous phase - varying amount of anion, 3N HNO3, 1M
Fe(NO3)3; aqueous phase and organic phase shaken 1 minufe at”room
temperature.
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Table X. The Effects of Various Acids and anions upon the Mistribution Coefficlent of

Uranyl Nitrate to Diethyl Ether.2

Acid or salt Composition of aqueous phase
present 4,234 Ca(NO,), - 4HM0 8M NH, NO 6.86M NH,NO,
(1000 g/1) (640 g/l? (549 g/1) ~
None 19.95 0.645 0.364
HC1, 1N 10.24 0.336
HC1, 2N 6.34 0.182
HNO,, 1N 43.56 1.162
HNO,, 2N 71.2 1.95 '
CH,COH, 1N 15.7 0.662, 0.616
CH,COH, 2N 10.52 0.720, 0.762
H,S0,, 0.0039N 0.613
H,S0y, 1N 29.6 0.024
H,S0,, 2N 23.5 0.019
HyPOy, 0.0058N 0.609
HyPOy, 1N 0.01 0.01
HyPOy, 2N 0.01 0.01
H.PO,, 1N
3774 5= 3.98 0.067
HNOg, 2N
(NHy) 5C00, - HpO, 0.7 §/100 ml 0.0847
HyCa0, - 2H0, 0.7 g/100 ml 0.0800

2 After Furman, Mundy and Morrison, reference 326.

The initial volumes of ether and aqueous solution were equal. Room temperature.
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FPlgure 12. The extraction of various metal nitrates by diethyl
ether.

After R, Bock and E. Bock, reference 333, Conditions: egual
phase volumes.

Metal nitrate Initial aqueous Temperature
concentration
Th 0.1M 20 + 1°c
Saturated LiNO3, Ca(N0O3)2, or Zn(N03)7 solutions
Ce(IV) 071M 28 + 1°C
Au IIIg 0.1M room
Sc(III 0.1K 20°C

Saturated LiNO3 solution
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Table XI. Distribution Coefficients of Elements between Diethyl Ether and Various Nitrate
Solutions.
Element H 0% o.smmo.2 o.gmmo2  ummo,l 1ypmo33 BMHNO,L BMINO.S 1. 4MHNO.S 1. 3o S
1OMNH,NO,  4.2MCa(NO,), sataNd, w0y satdLiNo, BMNH,NO, GMAL(NO,),
Al €0.001 <0.001 €0.001 0.0006 €0.0001
Am(VT) 0.622
sB(V) €0.01
- * -
As 0.0015%0.007 0.0u48 0.168
Ba €0.0005 <0.0005 €0.0005 <0.0001
Be 0.014 0.002
B1 0.0001 0.0003 0.007 0.073 0.00031  0.021
.
B 0.01" 0.033-0.39
ca <0.00001 <0.00001 0.00001 0.003 €0.0001 0.0002
Ca 0.0003 0.0005 0.0005 €0.0001
Ce(II1) €0.0009
.

Ce(IV) 27 0.095 0.314 30.3(29.4)
Cr(III) <0.000l <0.0001 €0.0001 . 0001
cr(vI) <17
Co <0.0001 <0.0001 <0.001 0.002 €0.0001
Cu 0.0004 0.0002 0.0004 0.005 €0.0001 0.00082

0.0004 0.0003 0.002
ad 0.0001 0.00001 0.00076
Ga < 0.002
Ge 0.022
Au(III) 32.3(36.5-50)
K 0.72{0.71)
In €0.0004 ¢0.0004 0.0003 0.001
Fe 0.0005 0.0005 0.001 0.0013 <0.0001  0.0017
La <0.0001
Pb 0.0037 ¢0.0002 €0.0002 0.005
L1 €0.00002 0.0001 0.0002 0.0003
Mg 0.0002 0.0001 0.0002 <0.0001
Mn(II) €0.0001 <0.0001 €0.0001 0.002 <0.0001
Mn(VII) €0.005
Hg 0.003  <0.0001 <0.0001 0.049 €0.0001  0.0003

.

Mo <0.001"**s 0.0065
Nd €0.0009
Ny <0.0001 <0.0001 <0.0001 0.0006 €0.0001
Np(1V) 0.2
Np(V) 1.1
Np(VI) '
P 0.256
Pu(III) <0.001
Pu(1V) 10.3
Pu(VI) 2.4 1.5
K 0.0005 0.0002 0.0027 €0.0001
Ra €0.00025 <0.00025  <0.00025
Rare
earths  0.00076 <G.00005  ¢0.0031
Re €0.015%* <0.015% <0.015%+
Rb 0.00014
sm €0.0009
Sc 0.013 0.146 0.001
Ag 0.025 €0.0001 0.001
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Table XI - Continued

Element H,02  ogminc.® o ewano®  1mwmo,E  amEne. X emENo.t eMaNO.S 1 umrNo S 1 amno, &
> 2 - - - - -
L0MNE,NG, 4 2MCa(RO,), satdNHNG, satdliNoy 8MNH,NO,  6MA (NO,) ,
Na <0 0001 <O 0001 <0 0001 €6 0001
sr <0 0008 <O 0008 <0 0008 <0 0001
ver  ee sas
TI(I)  <C 0005 <0 0005 <0 0003 <0 005
TL{IIT) 0 083
™ a oo1° 00036 120 0528(05%1) 05 0 007 0 =2
™ <<0 005
L(vD) o 6er 13- 165" 2 00 78  18c(.78) 185 22 208
v(Iv) ¢ 0006-0 001" O O0k-O 008*
V() <0 0005* © O10° 0 ouo- 0 02
y 0001 <0 0009
zn €O 0005 <O 0005 <O 000S 0 001 <O 0001
zr 0 001° ~0 087  0.0031 0 011

2 pfter Furmar, Mundv, ané Morrison, reference 32€

Conditions were arranged, in generzl so that approximately 5g of U,0, were recovered
from the ether extract prior to spectographic examination In general survev studies
01 g of eacr of the elements Ag Al, E, Ba, Bi, Ca, Cd, Co, Cr, Cu, Pe, Hg, K, Li,
Mg, Mn, Na, Ni, Pt, Sr, T1l, 2r, and C 05 g eacn of In & Re was present along with
urenyl nitrate and 8 salting agent, 80 g per 100 m. of ammonium nitrate and 100 g
per 100 ml of calcium nitrate (The latter is equivalent to 4 23 ﬁ Af the salt 1is
considered to be Ca{NOz)z  4Fp0, 4 SE ¥ Af 1t is considered to be Ca(N03),)  The
description of the experiment giver ir Teference 32c gives the nitric acid concentra-
tior as 5 m. of concentrated acid per 100 ml A table of the partition coefficients
gives *he acid concentratior as 5 g of HNO: per 10C ml If the concentrated acid
concertratior is considered to be approximatelv 161 both of the above values give
& nitric acid concentra“ion of tne aqueous solution as C 8N The aqueocus sclutions
were shaken to equiliprium with ar equal volume of ether at 20°C

Tne uranium partitlon coefficierts are the maximum values determined (see, also,
figure 9)

Rare earths were present ir amounts such tha* only limlting values could be given
for individual elements DY spectrographlic meant except fur Dy and 1}

: Large amourts of clements were used V 1-2g, As or Cr 16-20g, Ns or Ca nitrate 70-100g,
Fe 1ig Mo O 3g per 100 ml Analysis of the etner phase made by means otner than
spectrograpnic

b Limit set by lack of sensitivity of spectrographic test a probably much smaller

* Valence state not designated
crre

a 1s much gregter for Mo present as a heteropoly acid

)3 After Bock and Bock, reference 333

Values of a for BM WMND3 solutions have been calculated from F-values given by Bock
and Bock Those values In parentheses are a-values given directly by Bock and Bock
or interppaiated fror their data

Concertratior of element concerned in initial solution O 1M with the exception of
Al O O4F, Sb, BL O 2F, Ge O O3F, H 8F HO,, Fe(II1) © 4™, La O P7%, Pb 0.075M, Sc O 2M
for 8 HD3 2Zn O 4¥ - = = -

Elements were present as the nitrate with the following exceptions e as GeOp,

P as (NHy)oHPO,, As as NapHAsOy, V as NHLVO3, Cr as K;Crp07, Mo as NHy-molybdate

The 5b(?) soclution hydrolyzed strongly The largest part of the antimony wae
precipitated as hydroxide and onlv traces were detected in the ether phase

Cr{VI) extracted well but an exact value could not be determined because of
reduction of the chromium

Mn(VII) was reduced with the separation of MnO, from the ether so that practically
ne Mn was extracted

Temperature 20° for the saturated NH4NO3 and LiNO3 solutions Room temperature
for the 8¥ Hté solutions

EE—Aaprey, Stephanon and Penneman, reference 343

Am(VI) was prepared by peroxydisulfate oxidation

£ After Kooi, reference 334

The values given in this column are values taken from curves given in thie reference
(dee, alsc, figures 8 and 13)

Copcentrations of the various elements in the initial aqueocus solution Th, 22 mg
per mI of Th(NO3)y  4Hp0, U, 3 3, 10, 30 and 90 mg per ml of UOp(NO3)p  6HpO, Np and
Pu, tracer quantities No detectable difference was observed in the partition data for
the first three quantities of U listed, 2 lower a (1 7) was observed for the latter
concentration

Shaking times for the Np and Pu experiments were -kept short (15 sec to 3 min) to
minimize disproportionastion to other oxidation states The shaking time for U solutions
was never less than 5 minutes An increase to two hours did not make a difference in
the results

Arter Vdovenko, reference 344

The initial aqueocus layer contained, in addition to the acid and sslting agent, about
C 1M of the nitrate examined Equal volumes of the aqueous sclution and diethyl ether
were shaken for 5 minutes After 12 hours equilidration a sample of the organic
solution was taken for analysis

"
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Figure 13.
The extraction of actinide nitrates by diethyl ether.
After J. Kooi, reference 334.
Conditions:

Tracer amounts of Np239 and Pu239 in aqueous solutions
were equilibrated with an equal volume of diethyl ether
at 25°C and room temperature, respectively. 330 mg of
‘I‘h(N03)u + 4Ho0 per 15 ml of initial aqueous solution
was equilibrated with an equal volume of ether.

The oxidation, states of neptunium have been the subject of
some question.iga
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Figure 14. Partition coefficlents of fisslon products between
diethyl ether and aqueous solution containing Ca(NO3)z and different
initial acidities. After V. Vdovenko, reference 344, Conditions:
Aqueous solution--required amounts of nitric acid and radioactive
material added to 3.5M solution of Ca(NO3)z; Vo/Va, 1.

91



Aqueous_thiocyanate systems. Uranium may be extracted
from aqueous thiocyanate solutions by dilethyl ether.iﬁg&iil
Table XII lists the partition coefficients of several
elements from aqueouc solutlons of various thiocyanate con-
centratiors.i)il— A number of substances not listed in the
table give negligible distributions or distributions of

only a few percent under the conditlons tested: NHu, Sv(II11),
As{III), As(V), Bi, Cd, Cu(I), Cr(III), Ge(IV), Li, Hg(II), .

Table XII. - Partition Coefficients of Various Elements between Diethyl
Ether and Aqueous Thiocyanate Solutions.2
Composition of the initial aqueous solution

HC1 °t NH, SCN concentration
n c 1] 3 5 ™

0.1M a1 0.5 20 0.011 0.099 0.275%
0.2M BeCl, 0.5 RT 0.039 0.987 5.29 11.9
0.1M CoCl, 0.5 RT 0.037 1.39 2.98 3.04
0.1M GaCl, 0.5 RT 1.89 9.56 152

HC1 0.5 20 2.67 12.7 31.1 59.4
0.1M InCl, 0.5 RT 1.06 3.05 2.15 0.908
0.1M FeCl, 0.5 RT 8.00 5.13 3.08 1.14
0.1M MoOC1, ~0.5 RT 140 34,9 36.44
0.1M SeCl, 0.5 RT 0.145 3.95 : 8.06
0.1M(NHy)pSnClg 0.5 RT 144 950 > 1000 > 1000
0.1M TiCl, 0.5 RT 1.43 5.25 3.94 3.22
0.1M TiC1, 0.5 RT ~0.15 .
0.1M U0,C1, 0.5 RT 0.821 0.417 0.160 0.072
0.1M VOC1, 0.5 RT 0.176 0.095 0.022
0.1M 2nCl, 0.5 RT 23.7 37.8 18.3 12.9
& After R. Bock, reference 341.
D as AlCl3?
S 6.2M
2 6.6m

Equal phase volumes equilibrated at room temperature.
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Ni, PA(II). Pigure 15 represents the change in a, with
thiocyanate concentration for aqueous solutlons of different
aciditieszE Analysis of the ammonium, uranium, thiocyanate
concentration of the ether phase indicates that uranium is
extracted as UOQ(SCN)eéil

by diethyl ether from aqueous fluoride solu‘cions.:ﬁg Table
XIII lists the partition coefficients of a number of elements
from aqueous solutions of various hydrofluoric acid concen-

trations.

Dibutyl ether

ether as an extractant far uranium has been investigated
extensively by workers in the Soviet Union.iﬂ&é}ié;i&g Di-
butyl ether offers several advantages over dlethyl ether.

It is less soluble in water, less volatile, and has & higher
flash point. The distribution coefficlient of uranyl nitrate
is, however, less for dibutyl ether than for diethyl ether.
The partition of uranium between water and dibutyl ether 1s
represented in figure 1.-]:--8--5-?--3-2-l The distribution of uranyl
nltrate and nitric acid is plotted as a function of aqueous
nitric acid concentration in figure 16.329 Karpacheva,
Khorkhovina, and Agashkinaiﬁg have studied the effect of
various salting-out agents on the distribution of uranyl
nltrate. The salting-out action was found to increase with
increasing valence of the cation. The partition coefficient
of uranium from an aqueous solution 1nitially 0.5M UO2(N03)2,
4,5M ca(NO

and 0.5M HNO. into an organic phase 85% (by

302’ 3
volume) dibutyl ether and 15% carbon tetrachloride is 0.70;
py(VI) is 0.42.351 Zirconium, niobium, and ruthenium are
the main fission product elements ex‘.:r'ac‘ced.3£-l£-?-§-l-tg Heyn
and Baner,jee:iig have studied the extraction of bismuth

nltrate by dibutyl ether and several other solvents.
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Figure 15.
The extraction of uranyl thiocyanate by dilethyl ether at
various initial NHusCN and HCl concentrations.
After R. Bock, reference 341,
Conditions:
Aqueous phase-~-initially 0,1M, UO,Cl, and NHACNS and

HC1l concentration indicated. 2772
Equal phase volumes equilibrated at room temperature.
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Table XIII.- Partition Coefficients of Various Elements between Agqueous
HF solutions and Diethyl Ether®
HF concentration of the starting aqueous solutlor

Element2 1.0MHF 5.OMHF 10.0MHF 15.0MHF 20.OMHF
Sb(I1T) <0. 0005 0T.003 0.01%9 0.0580 0.067
As(III) 0.111 0.227 0.432 0.530 0.605
As(V) <0.001 0.017 0.048 0.121 0.157
Be <0.0005 <0.0005 0.005 0.019 0.042
cd <0.0005 0.002 0.006 0.009 0.014
Co <0.002 <0.002 <0.002 0.005 0.017
cu(II) <0.001 <0.001 <0.001 0.010 0.013
Ge(IV) <0.002 <0.002 0.005 0.028 0.072
Mn(II) <0.0005 <0.0005 0.002 0.005 0.013
Hg(II) <0.0005 <0.0005 <0.0005 0.009 0.028
Mo (VI) 0.007 0.018 0.031 0.062 0.103
Ni <0.0005 <0.0005 <0.0005 0.005 0.007
Nb(V) 0.006 0.044 0.480 1.08 1.92

P(V) <0.001 0.011 0.032 0.110 0.173
Re(VII) 0.0005 0.121 1.58 1.78 1.62

Se(IV) 0.0006 0.022 0.080 0.131 0.148
Ta 0.012 0.774 3.80 3.82 3.84

Te(IV) 0.0001 0.020 0.071 0.237 0.298
Sn(I1) 0.020 0.029 0.052
sn(IV) 0.0065 0.0062 0.053¢ 0.055
U(VvI) <0.002 <0.002 <0.002 0.005 0.011
V(III) <0.0005 0.003 0.03 0.10 0.13

v(V) <0.001 0.004 0.017 0.056 0.093
Zn <0.001 <0.001 <0.001 0.002 0.009
Zr 0.004 0.005 0.005 0.012 0.030

2 After Bock and Herrmann, reference 342.

Equal phase volumes equilibrated at 20.0 * 0.5°C,

b The concentration in the 1initial aqueous solution of the ionic species
of the element llsted in the table was 0.1M in each case with the
excepticn of Re(VII) which was 0.05M.

Fluoride stock solutions were prepared in the following manner:
carbonates (Cd, Co, Cu, Mn(II), Ni, 2Zn), oxides (Sb(III), Ge(IV),
Hg(II), Nb(V), Se(IV), Ta(V), Te(IV), V(III)) or hydroxides or
hydrated oxides (SN(IV), Zr) were dissolved in an excess of HF;

A3203 was dissolved 1n a known volume of 0.1N NaOH and the calculated

amount of HF added to the solution; BeF2 and SnF2 were dissolved; KZHAsO,
NaEHPOa, KReOu, ammonium vanadate, ammonium molybdate, and sodium uranate
were dissolved in HF.

£1.2 MHF

[

5.4 M HF

10.4 M HF

o
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Figure 16.
Partition of uranyl nitrate and nitric acid between dibutyl

ether and aqueous solution.

After V. Vdovenko, A. Lipovskii, M., Kuzina, reference 346,
Conditions:

Equal phase volumes equilibrated at room temperature for
both UO»(NO3)o and HNO, extractions. For nitric acid,
points corrgsponding té an acid content in the aqueous
solution of greater than 13.4M were obtained by the ex-
traction of previously acidified dibvutyl ether with con-
centrated nitric acid. For uranyl nitrate, points greater
than 12.0M HNO3 were similarly obtained. The uranium
concentration was 78 mg/ml.

Dibutyl "Cellosolve" (Dibutoxymonoethyleneglycol)

Aqueous nitrate systems. A number of cellosolve
derivatives have been investigated for the extraction of
uranium (Table VIII). Diethyl cellosolve 1is an excellent
extractant.332 Unfortunately its solubllity in water 1is
large (21% by welght at 20°C). Dibutyl cellosolve 1is less
soluble in water (0.2% by weight at 20°C). However, it does

not extract uranium as well as dlethyl ether, either from water
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solution (figure Elgééigl) or from agueous aluminum nitrate
solution (figure 6§3g). The partition coefficient of uranium
into dibutyl cellosolve from nearly saturated solutlions of
ammonium, calcium, or ferric nitrate 1s 1, 50, and 20,

respec‘cively.i:ig

Dibutyl "Carbitol" (Dibutoxydiethyleneglycol)

Agueous nitrate systems. Dibutyl carbitol (Butex) is
used in the recovery of irradiated fuel material.iﬁl As a
solvent, 1t has been subject to considerable study.zigiiég
The partition of uranium between water solution and solvent
is given in figure 2.178:185:321 m o Lantition of uranium
between nitric acid solution and dibutyl carbitol 1is
illustrated in figure 17.-32-3 For agueous solutions in this
range of acid concentration, the partition coefficient is
observed to increase with increased uranyl nitrate concen-
tration. The partition coefficlent of nitric acid is plotted
as a function of acid concentration in figure 18.33&4323432&
In figures 19 and 20, the partition coefficlents of uranium
and several other heavy elements are plotted against nltric
acld concentration. The 1nltlial acid concentration of the
agueous phase is plotted in figure 19.53& The equilibrium
acid concentration of the aqueous phase 1s given in figure
20.iii Best, et aliié have observed that the steepness of
the extraction curves (figure 20) is compatible with the

formation of the species HMOQ(NO3)3 and HQM(NO )6 in the

3
organic phase rather than just MOQ(NOS)2 and M(NO3)4. The
curves given in figures 19 and 20 are in general agreement
considering the difference in acid concentration plotted.
There is a large discrepancy between Np(IV) data. The
ablliity to malntain neptunium in the pentavalent state during
extraction may be subject to question. The partition of some

fission product elements is given in figure 21 for various
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Flgure 17. Distribution of uranyl nitrate
between dibutyl carbitol and nitric acid
solution. Adapted from C. A. Kraus,
reference 353, Conditions: Approximately
equal volumes of organic and aqueous

phase, initially at the uranium and nitric
acid concentrations indicated, equllibrated
at about 27°C.
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Figure 18. Distribution of nitric acid between dibutyl carbitol and
agueous solution.

O, After C. A. Kraus, reference 353. O, After J. Kooi, rﬁferince 334,
A, After D. G. Tuck, reference 354, Conditions: Equal33%4,35% or ap-
proximately equal353 volume portions of solvent and aqueous solution
equilibrated at ~27°C,353 250C,334% and ~210C.354%
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Figure 19.
The extraction of actinlde nitrates by dibutyl carbitol.
After J. Kool, reference 334.
Conditions:

Tracer amounts of Np239 or Pu239, 330 mg of Th(NO3)4
4Ho0 per 15 ml, or 300 mg of UO2(NO3)z (hexahydrate) per
15 ml in aqueous nitric acid solution equilibrated with
an equal volume of dibutyl carbitol at 25°C or room tem-
perature.

The oxidatioﬂ states of neptunium have been the subject of
some question.343
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The distribution of actinlide elements between dibutyl carbitol
and aqueous solutlon as a function of equilibrium aqueous nitric
acid concentration.

After G. Best, E. Hesford, and H. McKay, reference 345,
Conditions:

Tracer concentrations (~10'3ﬂ) of actinide. Temperature, 25°C.

100




Q

PARTITION COEFFIGIENT,

1.0

Tl

1072

1073

10-4

The partition of tracer amounts of yttrium,

Figure 21.

o ] | ! L ] ! ] L=
- J
- -
= -
o Zr
- A Ce(IlV) -
C ]
" -
- -
g .
i N
| A Ce(ll) i
Y
b -
L 4
| | | |
0 8 9 10 1 12
M

cerium, and

zirconium between dibutyl carbitol and agueous solution

as a function of aqueous nitric acid concentration.

After H. McKay, K. Alcock, and D. Scarglll, reference 355.
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Figure 22. The effect of salting-out agents on the extraction of

uranium by dibutyl carbitol oCu(NO3)2, mCa(N03)2, AZn(NO3)p2,

OA1(NO3)3, D Fel NOC31 » & La(Nog) After E. Evers and C. Kraus,
i

reference 332. Con lons: Uran um concentration, g/loo cc

of phase. Temperature, 27°C; Vo/Vy = 1. X Al(NO3)3. After D. Lee,

R. Woodward, G. Clewett, reference 358. Conditiofs: Trace amounts

of uranium. Temperature, 27°C; V,/Vy, varied. .

aqueous nitric acid concentrations.ﬁ The distribution of
iron into dibutyl carbitol i1s increased by an increase in
a.c:Ld:H:y.ﬂ Chloride ion promotes the extraction of iron.
Boron 1s extracted by butex, especially in the presence of
coppér nitrate as salting-out agent.12 Vanadium and molyb-

352

denum are extracted to several per cent.=== The extraction

of cadmium, chronium, nickel and titanium 1s sma.ll.-ég
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The effect of salting-out agents on the distribution
of uranium into dibutyl carbitol has been sutdied.232:322,
3§§:3§§ Some of the results are presented in figure 22,

Aqueous_chloride systems. Uranium (IV) and (VI) and
thorium are poorly extracted by dibutyl carbltol from
aqueous solutions 2-6M in hydrochloric 2c1d.222 The extrac-
tion of protactinium 1s 1ncreased as the acid concentration
is increased. From 6M HC1, ap, is 10. The extraction of
hydrochloric acid 1s negligible from aqueous solutions less
than QM in hydrochloric acid. A third phase is formed upon
equilibration with 7.5M HCl. The third phase contains a

large amount of the acid. One phase results upon equilibra-
tion with 8.5M HCl.
Pentaether (Dibutoxytetraethyleneglycol)

Aqueous nitrate systems, References 332 and 360 summerize
much of the data pertinent to the extraction of uranium by
pentaether. The distribution of uranyl nitrate between
solvent and water is given in figure 2A&Z§Ll§i The parti-
tion coefficient of uranyl nitrate from various nitrate
media 1s plotted in figure 23.3§9 The distribution of
nitric acid as a function of aqueous acld concentration 1is
also shown in figure 23.:iél The effect of salting-out agents
on the partition of uranium is 1llustrated in figure 2&.333
Table XIV 1ists the partition coefficients of a number of
elements other than uranium between pentaether and various
aqueoug media.iég Uranium is extracted by pentaether from
aqueous solutions containing ammonium nitrate and/or nitric
acid in the presence of sulfate, phosphate, or silicate 1ons.3§3
Phosphate 1lon, in large quantity, and soluble sillcate ions
are extracted by the solven’c.zég Fluoride 1ion, in signifi-
cant quantity, interferes with uranyl nitrate extraction.
This effect may be overcome by complexing the fluoride ion

with calcium or aluminum n:L't:rate.i-q-a
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Figure 23. The partition coefficients of uranyl nitrate and nitric
acld between pentaether and aqueous solution. AxUOQ(NO3)2 : 1.0 g.
U308 dissolved in HNO;, diluted to 50 ml with acid of desired
strength, and shaken minute with an equal volume of pentaether.
DUOQ(NO3 2+ NH4NO§ 1.0 g. U308 dissolved in 10 ml of HNO3 of
desired strength affer addition of 5 g. NHyNQO3; shaken with an equal
volume of pentaether for 1 minute at room temperature. Adapted from
D. Musser, D. Krause, and R. Smellie, Jr., reference 360. O HNO
equal volumes of nitric acid solutlion and pentaether equilibrateé
fgr 1 hour at 25°C. After C. Stover, Jr. and H. Crandall, reference
361

Cyclic ethers.

A number of cyclic ethers have been investigated as ex~
tractants for uranium. i—ibi—- Those solvents that contain
the furane nucleus have been found to glve good extractions
of uranyl nitrate from aqueous solutions. Solvents of the
hydrocarbor substituted tetrahydrofurane type have been
found to b? especlally good.iéi The extraction of uranium
and thorium by four cyclic ethers }s 1llustrated in figure

25 as a function of acid concentration 1n the aqueous pha.se.géi
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Figure 24. Effect of salting-out agents on the extraction of uranium
by pentaether, ANaNO%r V NH4NO3, mCa(NO3)p, O A1(NO3)3, OFe(NO3)3.
After E. Evers and C aus, reference 332. Condltions: Uranium con-
centration, 2-6 g/100 cc of phase. Temperature, 27°C or room tempera-
ture.

From figure 254, 1t can be seen that uranyl nitrate is ex-

tracted more efficiently by the various solvents than is

uranyl perchlorate. Better separation of uranium and

thorium 1s also achieved from nitrate solution rather than

perchlorate.

ESTERS
Information is less complete or less readily available
for the extraction of uranium by esters than by ethers.
The distribution of uranyl nitrate between iso-amyl
acetate and water 1s represented in figure,}A.l§i
Karpacheva, et al.iﬂg have found the extraction capacity
of butyl acetate to be intermediate between diethyl ether

and dibutyl ether. Hyde and Wolf,zié in addition to their
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Table XIV.

Element

Partition Coefficlents of Elements between Penta-ether and

Various Aqueous Medial
b

Concentration in
aqueous phase

Aqueous solutio

before extraction Nitrate Nitrate + Sulfate Sulfate
(mg,/25 ml) Chloride + Chloride
N1 500 0.003 0.003 0.000 0.003
Ba 362 0.02
" 7 0.35
cd 501 0.024 0.003
" 500 0.026
" 10 0.053 0.01
" 10.5 0.004
Ca 521 0.011 -c
" 500 0.0001 --c
" 10.4 0.020 0.00
c1 496 0.026
" Lol 0.02
" 10.3 0.025
" 9.9 0.03
Cr(III) 500 0.003 0.004 0.0001
" 10 0.0023 0.013 0.0004
Co 555 0.007
" 500 0.002 0.00013
" 11 0.012
" 10 0.009 0.0065
Cu(II) 500 0.026 0.024 0.000
" 10 0.017 0.018 0.000
Fe(III) 515 0.031 0.003
" 500 1.2
" 10.3 0.035 0.002
" 10.0 0.046
Pb 500 0.017 --c
" 10 0.007 0.005
Mn{II) 500 0.0011 0.00006
" 10 0.0014 0.00075
Hg(II) 497 0.21 0.015
" 127 0.19 0.036
" 10 0.41 0.176 0.23 0.03
Mo(VI) 500 0.028 0.10 0.001 0.001
" 10 0.10 0.015

IOQ




Table XIV. - Continued
Element Concentration in Aqueous solutiong
aqueous phase
before extraction Nitrate Nitrate + Sulfate Sulfate
(mg/25 ml) Chloride + Chloride
Ni 516 0.0001
" 500 0.0018
" 10.3 0.0008
" 10 0.0032 0.00064
P(Poi‘ ) 500 0.00005 0.00001
" 10 0.00024 0.00
Ag 500 0.09 0.005
" 10 0.32 0.005
sof' (as(NHy),S80,) 500 0.00
" 10 0.00
Th 500 9.12 11.5 0.0001 0.0001
" 10 87.5 0.005
Sn(IV) 500 0.0024 0.37 0.00015 0.000
" 10 0.019 0.0006
T1(1IV) 11 0.003 0.00 0.035
W 10 0.081 0.0025
v(V) 140 0.22
" 107 0.11
" 14 0.12
" 8.5 0.07 0.009
Zn Lot 0.15
" Ly7 0.018
" 10 0.14 --c
" 8.9 0.022 0.000
Zr 10 0.040 0.013

2 Adapted from A. G. Jones, C-4.360.3(1945).
Equal volume portions of aqueous solution and pentaether.

D Nitrate
Sulfate
Chlcride:

present.

: 3/4 saturated ammonium nitrate solution.
: saturated ammonium sulfate solution.
chloride added as ammonium chloride equivalent to the metal

< Precipitates of insoluble sulfete obtained in ammonium sulfate layer.
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Flgure 25, The effect of initlal nitric and perchloric acid concentra-
tion on the extraction of uranyl salts (Fig. 25-A) and thorium salts
(Fig. 25-B) by tetrahydrosylvane (THS), tetrahydropyrane (THP), 2-
ethyltetrahydrofurane (ETHF), and 2,5-dimethyltetrahydrofurane (MTHS).
After M. Branica and E. Bona, reference 364, Conditions: Uranium
concentration, 2 x 10-3&. Thorium concentration, tracer UX;. Tempera-
ture, 25 + 0.2°C. Vy/Vz, 1.
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general survey work (Table VIII), have studied the extrac-
tion of thorium and uranium by ethyl acetate, n-propyl
acetate, and lso-propyl acetate as a function of the

nitrate concentration of the agueous phase. It was the
observation of the latter groupilé that the extraction of
uranium tends to decrease with increasing molecular welght

of the ester. Therefore, only acetates and propionates
need to be considered seriously. Increased protactinum
extraction was observed with increasing length of the

alcohol portion of the ester.iié It was further observed
that hydrolysls of the ester tends to increase the extraction
of both thorium and ur'a.nium.}lé It was not determined whether
the addition of alcohol or organic acid causes the increased

extractlon.

Ethyl acetate

- o - ——— - = =t vy ——— -

nitrate between ethyl acetate and water has been studied by

deKeyser, Cypres, and Her'mann.E"--6--)i The partition coefficient

was found to vary from 0.17 at 22% U02(N03) . 6H20 in the

2
aqueous phase to 0.78 at 43% aqueous concentration. In

laboratory practice, uranium is extracted by the solvent
from aqueous nitrate media. The following conditions have

been used by various groups to extract uranium:

Grimaldl and Levines®2: 9.5 g. of AL(NO5)y * 9H,O
are added to 5 ml of solution approximately 2.4N
in HNO3. 10 ml of ethyl acetate are added and
shaken at least 30 seconds.

Rodden and Tregonningiéé: Uranium precipitated in the
presence of aluminum (20 mg) with NH)OH 1s dissolved
in 1 ml of HNO3(1 to 1). 8 g. of Mg(No3)2 + 6H,0
1s added and the volume adjusted to 10 ml with water.
5 ml of ethyl acetate are added and vigorously shaken
for 2 minutes. (Used with 20-400 mg samples of U308')

109



Nietzel and DeSesa 67 68: Approximately 15 ml of sat-

urated aluminum nitrate solution are added to 3 ml
or less of sample containing 0.30 to 15 g. of U3O8
per liter. 20 ml of ethyl acetate are added and
shaken for 1 minute.

Guest and Zimmermaniég: To 5 ml of sample containing
5% concentrated HNO3 by volume, 6.5 ml of hot alumi-
num nitrate solution, having a boiling point of 130°C.,
are added. The resulting solution 1is cooled, 20 ml
of ethyl acetate are added, and the mixture shaken
for U5 to 60 seconds.

Steele and Tavernerlggz Approximately 5 ml of aqueous
solution are saturated with aluminum nitrate. The
resulting solution 1is shaken with 10 ml of ethyl
acetate for 1-2 minutes.

In the procedure of Rodden and Tregonning,zéé aluminum ni-
trate is used instead of magnesium nitrate if extraction

is to be made in the presence of phosphate. DeSesa and
Nhuelm found that 1 molar concentrations of phos-
phate, sulfate, or carbonate ion could be tolerated wlth

no 111 effect on uranium extraction. Small amounts of
sodium phosphate have been used to suppress the extraction
of thorium without affecting the extraction of uranium.lgé
Steele and Taverneplgg report the extraction of appreciable
amounts of thorium and zirconium and small amounts of
vanadium, molybdenum, and platinum by ethyl acetate.
Grimaldl and Levine,iéi Guest and Zimmerman,éég and Nietzel
and DeSesaﬁéZLiég have investigated the effect of a number
of elements on the recovery and/or determination of uranium
according to thelr respective procedures. Nietzel and
DeSesa19143§§ found vanadium, present in 100 mg amounts, was
precipitated and uranium was occluded in the precipitatate.
Titanium was observed to partially extract. This was pre-
vented by precipitation of titanium with p-hydroxyphenylarsonic

acld before extraction.
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Aqueous_thiocyanate systems. VanossiZlS has descrived e
procedure in which uranium is extracted by ethyl acetate from
an agueous phase containing an excess of ammonium thiocyanate.
Dizdar and Obrenoviciz; have also investigated the extraction

of the uranyl-thlocyanate complex by ethyl acetate.

KETONES

Methyl ethyl ketone.

nitrate between methyl ethyl ketone and water and between
methyl ethyl ketone and saturated ammonium nltrate solutlon
is given in figure 4-p. 221 Pa.leilgé reports a uranium
partition coefflcient of approximately 25 between methyl
ethyl ketone and an agueous solution of 60% NH4N03 and

1N HNO3. Methyl ethyl ketone 1s not as selective as
diethyl ether.-’-%-?-l Homogeneous solutions are formed be-
tween the ketone and an equal wlume of saturated ferric or
cupric nitrate at 20"C."’:\"2"i

cient of uranium between methyl ethyl ketone and an agueous
60% NH,NO_, 3% NH,SON solution is about 2000.22%  1ron 1s
extracted.
372
Milner and Wood report the separation of tantalum
and niobium from uranium by extracting the fluorides of

the former elements with methyl ethyl ketone.

Hexone (Methyl iso~butyl ketone).

Aqueous nitrate_systems. The partition of uranyl nitrate
between hexone and water 1s represented in figure u,lﬁi;igl
The partition coefficients of uranium, nitric acid, and
several other actinide elements are plotted as a function

of aqueous nitric acid concentration in figure 26.33& The

effect of several salting-out agents on the partition coeffi-
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Figure 26.
The extraction of nitric acid and actinide nitrates, Th, U,
Np,and Pu, by methyl 1sobutyl ketone (hexone).
After J. Kool, reference 334,
Conditions:
Tracer amounts of Np239 or Pu239, ?30 mg of Th(NO3)y -
4Hp0 per 15 ml, or 300 mg of UO2(NO3), (hexahydrate%
per 15 ml in nitric acid solution or nitric acid alone

equilibrated with an equal volume of hexone at 25°C or
room temperature.

The oxidation stﬁtes of neptunium have been the subject
of some question.3%45
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clent of uranium 1s given in figure 27.3}-2 Vdovenko and
co-workers322 have observed an increase in the partition
coefficlents of cesium, calcium, strontium, and lanthanum
when the uranyl nitrate concentration in the initial

aqueous solutlon 18 increased. This has been related to

the extraction of the elements as metal uranyl trinltrate
salts. The partition coefficient of uranium from a highly
salted aqueous solution is decreased by an increase in
uranium concentration. Kraus-z-zi observed o to decrease
from 153 to 78.3 as the initial uranium concentration was
increased from 5 to 100 grams in an aqueous solutlion con-
taining 580 grams of aluminum nitrate. Jenkins and McKa.in-li
found a, to decrease from 1.58 to 1.28 as the initial uranium
concentration was increased from 144 to 348 grams per liter

in an aqueous solution 8M in NH4N03 and 0.3N in HNO In

3
the latter case, commerclal hexone adjusted to 0.15N HNO3

was used as the extractant. Figure 28 represents the ex-
traction of uranium by hexone from aqueous solutions containing
various amounts of nitric acid and calcium or sodium ni‘crat:e.é-z2
The distribution of U(VI), Pu(VI), Pu(IV), Th, la, Ca, Na,

and HNO3 by hexone from agueous solutions containing nitric

acld and calcium nitrate has been investigated by Rydberg and
Bernstrgm.31§ Hyde and co-worke.,s have studied the extraction
of uraniumzlé and thoriumﬁlé&izz by hexone as a function of

the total nitrate concentration of the aqueous phase. Distri-
bution curves (a or P versus nitric acid or total nitrate
concentration of the aqueous phase) are presented for the
various elements in the different papers. The effect of
aluminum nitrate concentration on the extraction of fission
product gamma-activity in general and zirconium-niobium,

cerium, and ruthenium in particular is shown in figure

29.31§— Increased extraction is effected by an increase

in salting-out agent. An increase in nitric acid concentra-

113



1000

T

100

ay

LI | lTlll'

A lllllll

o
T ll"l’r

L
1

PARTITION COEFFIGIENT,

1.0 3
C ]
0.1 = =
] | | | | ] | 1 1 | 1 |
Nell
0.0 o 1 2 3 4 5 66 7 8 9 10 it 12 13

NITRATE CONCENTRATION, M

Figure 27. The effect of various salting-out agents on the extraction
of uranium by hexone. ¥ NHyNO mNaNO3, OcCa(N03)p, A Co(NO3)2, &

2, .Be(NO; 2, O Al(NO ;’2 After W, H. Balidwin, referénce 319.
Condi ions volumes of‘ pure hexone used to extract aqueous con-
taining 30 g U/liter.
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Figure 28.
The partition coefficient of uranium as a function of the
nitrate concentration of the salting-out agents, Ca(NO3)2
and NaN03, for an initlal concentration in the agueous
phase of 100 g/1 of uranium and 1,2,3, or iM HNO3.
After A. Cacciari, R. Deleone, C. Fizzotti, and M. Gabaglio,

reference 375.

tion also causes an increased extraction of fission products
(rigure 29).3L8

The extraction of uranium by hexone is facllitated by
the presence of substituted ammonium nltrates which are
sufficiently soluble in the organic solvent. A number of
these salts and their effect on the extraction of uranium
are listed 1n Table XV.zg Tri-n-butylamine, 2-hexyl pyridine,
and dibenzoyl methane increase the extractlon of fission
products.31§ Maeck, 53_53.312 have investigated the extrac-
tion of uranium by hexone from an aqueous solution con-

taining aluminum nitrate and tetrapropylammonium nitrate.

The extraction conditions adapted as a result of the
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Pigure 29. The effect of salting-out agent, Al1(NOz)3, on the ex-
traction of uranium and fission products by hexone ffom aqueous
solution at various nitric acid concentrations. After F. R. Bruce,
reference 378.

Conditions:

The results on uranium and gross fission product activity
were obtained using C.h Al(NO3) as salting-out agent and
pretreated hexone as solvent. Rn irradiated uranium slug,
cooled 144 days and dissolved in HNO3, was used as activity
source. Extractions were made at 30°C from an agueous
phase oxidized 1 hour with 0.1M NaxCr 07 at this tempera-
ture. The nitric acid is the sum of %hat in the aqueous
and organic phases, expressed as moles of nitric acid per
liter of aqueous phase.

Ruthenium extraction:aqueous phase--0.1M K5Crp07, 0.2M
HNO3, A1(NOg)s.

Cerium extraction:aqueous phase--0.025M Na.Cr,.0., 0.S5M

- TertevT -

HNO,, Al1(NO.)..
3 373

Zirconium-niobium extractlon:aqueous phase--0.1M K,C

r207,
0.25M HNO3, 8 g U per liter.
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Table XV. Effect of Substituted Ammonium Nitrates (RNO3) on the
Extraction of Uranyl Nitrate by Hexone.Z
Cation, R Total RNO3 a,
concentration
(mol/1 x 103)
None o] 2.62
(CyH. ) NH 2.1 6.2
47973 T 10.7
11.0 32.4
21.0 68
b
(CoH.- ) NH, = 2.5 6.0
817’272 5.0 9.4
10.0 16.5
20.0 33
C..H.-NH = 2.0 5.4
11715 5.0 1354
10.0 26.7
20.0 57
C, H yNH 2.1 5.5
1272472 10.5 25.%
(CyHL )y N 10.0 97
4797k 10.0 84
e
06H7NH - 10.0 2.8
(02H5)3NH 10.0 4,0
(CH20H20H) yN 10.0 2.67
2 pfter Kaplan, Hildebrandt, and Ader, reference 78.
Conditions:
equal volumes of hexone and of an aqueous solution. 8M in
NHyNO3, 0.4M in HNO3, and about 0.02M in uranyl nitrate.
> di-2~ethylhexylammonium
< 2-n-hexylpyridinium
g methyl 1sobutyl ketazinium
£ 2-methylpyridinium

investigation were 4.0 ml of 2.8M aluminum nitrate, 1N

acid~deficient, containing 0.1%(weight/volume) tetra-

propylammonium nitrate; 2.0 ml hexone; and a sample size

of 0.5 ml (~2 mg of uranium). These conditions provide

a good separation of uranium from many lons. The separation

from zirconium-niobium is particularly good. The recovery
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of uranium is excellent even in the presence of forelgn
anions (10 to 1 mole ratio of anion to uranium). Of those
anions tested, tungstate ion interferes most seriously

(only 64.28% uranium extracted). Chloride, sulfate, phos-
phate, acetate, oxalate, etc., in the amounts tested, exhibit
no appreciable interference in the extraction of uranium.
Chloride does promote the extraction of those lons which
form anionic chloride complexes, eg. gold (III). Certain
other anions enhance the extraction of flssion products, eg.

dichromate and thiosulfate increase cerium extraction.

- ——— o > U e s Bt 2 O s e e e

by hexone from aqueous thiocyanate solution.iz;kigg Rea.s:i-e-9
has investigated the separation of uranium and thorium by this
means. Some of his results are given in Table XVI. The
effect of sulfate ion (experimental conditions B) is to
hinder the extraction of both thorium and uranium. The
effect, however, 1s greater for thorium than for uranlum.
Consequently, greater separation of thorium and uranium

can be made in the presence of the complexing sulfate ion.

The extraction of protactinium from an aqueous solution 1.2M
in NH4N03, 0.20M in HNO

about 0.01M in Th(NO 0.00987M

3’ 3020
in Nazsou, and 0.501M in KSCN by an equal volume of hexone
was < 4.4%. Decontamination from fission products 1s not

too good. Equilibration of equal volumes of hexone and

an aqueous solution approximately 0.04M in UOQ(NOB)E’
resulted

0.504M in Th(NO,),, 0.485M in Na,50,, and 1M in HNO

3) 3
in a beta decontamination factor of about 6.6 and a soft
gamma decontamination factor of about 1.5. Zirconlum was

found to be the principal fission product extracted.

Methyleyclohexanone

Aqueous_nitrate systems. This solvent has been studied
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Table XVI. Separation of U(VI) from Th(IV) by Thiocyanate Systems,2

Experimental conditions KSM U extr;cted Th extracted
M
A 0.27 64.5 1.03-1.6
A 0.54 82 1.5-1.8
A 0.97 89.5 2.1-3.1
A 1.62 95 5.2-6.2
A 0.32 + 0.11M 79 3.3
antlpyrine

*
B 0.501 63 0.14
B 0.25 35 0.015"

2 After W. H. Reas, reference 380.
Experimental conditilions:

A: 0.16M UOg(NO3)2, 0.81M Th(NO3)y, volume of aqueous
phase = 2 ml, volume of hexone = 10 ml.

B: 0.0974M UO2(NO3)p, 0.252M Th(NO3)y, 0.2M HNO3, 0.224M
Na2804, volume” of agqueous phase”= 10 ml, volime of
hexone = 10 ml.

The thorium extraction was performed under slightly
different conditions in that NHyNO:; was substituted
for UOo(NO3)p. An ionium (Th230) fracer was added
to the solution and the distribution was measured
by the determination of ionium in each phase.

by workers in Czechoslovakla as a means of separating uranium
from thorium3§l and fisslon produc‘cs.32-3*1--3§-g The extracta-
bility of uranium by methyleyclohexanone from sodium nitrate
solution (6-8M) 1is considerably better than that of thoriuméél
From nitric acid solution (BM), the extractablility of uranium
is only two- to three-fold greater than that of thorium.é-g-l
Ammonium nitrate is comparable to sodium nitrate as a salting-
out agent for ura.nium.ig-3 Aluminum nitrate is more effectlve
than either. However, the order of salting-out agents in
causing increased fission product extractability 1s Al > Na >
NHu. The best separation of uranium from fission products

18 achlieved with ammonium nitrate as the salting-out

a.gen'c.z-?--3 Methylcyclohexanol present in commercial methyl-

cyclohexanone suppresses the extraction of uranium and fission
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products. The separation factor between the two activities,
however, is increased since the partition coefficient of
fission products is decreased more than that of ur'an:l.um.g-gi
The partition of uranium between methylcyclohexanone and
water and methyleyclohexanone and €M ammonium nitrate solution

is given in figure lkB.égé

Other ketonic solvents

Hyde and WOlfilé have studied the extraction of uranium
and thorium by methyl n-amyl ketone and diisopropyl ketone
as a function of total nitrate concentration in the aqueous
phase. In both cases, uranium was better extracted than
thorium. The extraction of thorium did not become appreciable
(¢5%) until the aqueous nitrate concentration was greater
than 5M. Diisopropyl ketone was found to be an excellent
extractant of protactinium.ilé

Veself, Eeranové, and Maliiég have investigated the
extraction of uranium and fission products by several
methylalkyl ketones: methylhexyl, methylamyl, methlbutyl,
and methylpropyl in addition to methyl 1sobutyl and methyl-
cyclohexanone. The partition coeffilcients of both uranium
and flssion product activity vere measured as a function of
acid concentration in the range of -0.4 to 3M nitric acid.
In this acidity range, fission product extractlion was found
to be maximum in the O-1M nitric acld region.. The partition
coefficient, Opps in this region was greatest with methyl-
propyl ketone (22 x 1073 at 0.61M) and least with methyl-
hexyl ketone (2.4 x 1073 at 0.03M). In the acid-deficient
region, app increased as the acid-deficlency was decreased
(the solution was made more acidic). After the maximum
app was reached in the 0-1M acid region, the partition
coefficient was decreased and then increased as the aqueous

solution was made more acidic up to 3-4M. The partition
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coefficient of uranium, %y increased as the nltric acid
concentration was increased over the entire range. At 3M
nitric acid, a, varied from about 0.7 for methylhexyl
ketone to about 2 for methylpropyl ketone and 3 for methyl-
cyclohexanone. The greatest separation, B, of uranium
from fission products was found in the 0.1M acid deficiem:
region (-0.1M). For methylhexyl ketone £ was found to be
>1500; for methylpropyl ketone, B was about 400. The extraction
coefficients of uranium were < 0.2 for methylhexyl ketone
and about 0.5 for methylpropyl ketone at this acid concentration.
!-\llen:ig3 has tested dilsobutyl ketone, diisopropyl
ketone, and methylhexyl ketone as solvents for the purifi-
cation of uranium from iron, copper, chromium, and nickel.
Diisobutyl ketone was found most satisfactory under the
conditions tested. Diisopropyl extracted some iron and
chromium, Methylhexyl ketone extracted 1ron, chromium,
and copper.
Uranium and thorium may be extracted quantitatively
from a nitrate medium by mesityl caxide.i-s-i Under the condi-
tions tested* zirconium 1s extracted to a large extent;

vanadium and yttrium to a lesser extent; cerium only slightly.

ALCOHOLS
Hyde and WOlfilé found alcohols to be only fair ex-
tractants of uranium and the extraction capacity to decrease
rapidly with the length of the carbon chain. This 1s borne
out by the work of Poston, gg_él.igé who measured the ex-
traction coefficients of uranium and ruthenium as a function

of aluminum nitrate concentration of the aqueous phase for

*

Experimental conditions: A salt of the elements tested was
dissolved in 10 ml of HNO3(15 + 85). Nineteen grams of alum-
inum nitrate crystals weré added and dissolved. The solution
was shaken for 15 seconds with 20 ml of mesityl oxide. The
extract was washed once with 20 ml of aluminum nitrate solution
and analyzed.
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hexone and several tertlary alcohols: tertiary amyl alcohol,
2-methyl 2-pentanol, 2-methyl 2-hexanol, 2-methyl 2-heptanol.
Only tertiary amyl alcohol extracted uranium better than

hexone (0.5 - 1.5M Al(NO 0.2_@-IN03) and all four alcohols

3)3s
extracted ruthenlum better than hexone. Ruthenium was
ex?racted as well or nearly as well as uranium by the al-
cohols.

Dilsobutylcarbinol extracts ruthenium nearly as well
as ura.n:l.u.m.&6 Thorium and zirconium-rioblum are poorly ex-

tracted. Protactinium is extracted much more efficiently

than uranium.

MISCELLANEOUS SOLVENTS »

Nitromethane has been recommended by Warnerég?- as an
extractant for uranium. It is resistant to oxldation,
stable to high concentrations of nitric acid, and highly
selective. The distribution of uranyl nitrate between
nitromethane and water and nitromethane and saturated ammon-
ium nitrate solution 1s given in figure 3-B. The extraction
of thorium nitrate by nitromethare from aqueous solution is
much less than that of uranium. Color tests indicate that
neither copper, cobalt, iron 'IIIL nor chromium nitrate 1is
extracted by the solvent. With diethyl ether, considerable
amounts of copper nitrate and trace amounts of ferric nitrate
are extracted. Nitric acid enhances the extraction of uranyl
nitrate by nitromethane. However, above a critlcal acid
concentration (~5§ initial acid concentration with equal
phase volumes at 20°C) only one liguid phase is formed.

ORGANOPHOSPHORUS COMPOUNDS. Within recent years, a

large number of organophosphorous compounds have been developed
and investigated as extractants for uranium. These compounds
have been subdivided in the present paper into neutral and

acidic organophosphorus compounds.
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NEUTRAL ORGANOPHOSPHORUS COMPOUNDS

Solvents included in this category are trialkylphosphates.
(RO)BP—> 0; dialkyl alkylphosphonates, (RO)ZRP—) 0; alkyl

dialkylphosphinates, (RO)R,P~— 0; and trialkylphosphine oxides

2
R3P-e 0. The ability of the solvents to extract uranium is
in the order

P 0.

(RO)3P-» 0 < (ROz)RP—> 0 < (RO)R,P= 0 <CR

2 3
This is also the order of increasing base strengthe of the
phosphoryl oxygen.égg In Table XVII, the four types of
compounds are compared as extractants of uranium (VI),
plutonium (IV), thorium, fission products, and acids.§§1

It should be noted that although uranium is extracted almost
quantitatively by tributylphosphine oxide (Table XVII), other
elements are also highly extracted. In fact, in spite of
lower extraction coefliclents, tributyl phosphate affords &z
better separation of uranium from thorium, plutonium (IV),
and fission products under the conditions listed in Table
XVII than does tributylphosphine oxide.

Tables XVII13§§-I-=§§2 and XIXJ329 list the distribution co-
efficients of uranium and some associated elements for a number
of neutral organophosphorus extracvants. Similar information
on other solvents may be found in papers by Burger,égl Healy
and Kennedy,l§§ and in numerous ORNL reports. The latter have
been summarized by Blake, et 21.2% ana Brown, gg_glégi&égi

The mechanism of extraction by neutral organophosphorus
reagents appears to be similar to that of tributyl phosphate.l§§’
égg&éél From nitrate systems, the extraction of uranium by
tributyl phosphate and trioctylphosphine oxide is described

fairly well by the equili“rium reaction

2+ - -

uoz" + 2NO3 + 28 U02(NO3)2 (s)2,
302

where S represents the solvent molecule. Extraction may

be made by tributyl phosphate from chloride solution. Stronger
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Table XVII. Comparison of the Extractive Capaclities of Various Types of Organophosphorus

Compoundsg
Extraction of U02(N03)2 ' Extraction of U, Pu, and Fission Exgraction of
Productsﬁ Th—
Nitric acid concentration
oM 0.6M 3M No added HNO3 0.65 HNO3
U | — Acid (U Reld [ U Pu | Gross |Gross Pu | Gross) Cross | Th
ext'd| ext'd ext'd|ext'd| ext'a] (VI) iIV) B ~( VI iIV) B ext'd
() () |(®) (&) [(%®) z) |(%) | (%) %) %) |{(®) | (%) T%) (%)
Tributyl
phosphate 11 56 4 96.5 |8 17.4]0,7 | 0.01 {0.01 |58 |6.6 |0.07 {0.08 3.5
Dibutyl
butylrhos-
phonate 55 97 6 99.4 |11 64 11.1310.05 {6.13 |97 |54 |o.72 1.0 18
Butyl
dibutylphos-
phinate 98.5199.9 |15 99.9 |14 94 20 J1.9 |7.9 ]999| 98 |23 38 T4
Tributyl
phosphine
oxlide 99.7 199.9 | 39 99.9 | 17 99.9197.3] 37 64 999| 994 72 17 98.7

1.4

After Higgins, Baldwin, and Ruth, reference 387.

Experimental conditions: equal phase volumes equilibrated 30 minutes at 25 * 0.2°C; organic
phase ~ 0.75 M phosphorus compound dissolved 1n CCly; aqueous phase - 0.1M uranyl salt with
or without salting agent.

Aqueous phase - O.1M UOQ(NO3)2 from dissolving irradiated U slugs in HNO3 -~ 6 months cooling.

|

16

Aqueous phase - 0.1M Th(N03)q.



A

Extractiog Extraction Extraction of acids£

of U0sSOu- of UOoClo

H,80), concen- | HC1 concen- % extracted

tration tration
oM 2M OM M Ace{ Cit-| Tar- HNO3 HZSOM H3P04 HC1
tic|] ric jtaric

¢) U U U

ext'd ext'd ext'd ext'd
Teibubyl # | @ | @ (%)
phosphate 0.001 | 0.001 | 0.3 0.8 25 |0 0 7 o] 0 o]
Dibutyl
butylphos- 0.1 0.03 1 26
phonate
Butyl
dlbutyl-
phosphinate 16 48 4o 92 b9 |20 |20 27 2 3 0
Tributyl
phosphine
oxide 95 96.8% | 90 all pre- 58 139 |23 39 0 10 7

some ppt. cipitated
formed

a

£

|+

Aqueous phase - approximately 1N acid.

Aqueous phase - 0.1M UOstu; acid as 1ndicated.

Three phases were present, two of which were largely aqueous.
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Table XVIII. Extraction of Actinldes and Zirconlum by Phosphates and Phosphonates at 30°C$

Solvent b c Extractiog Coefficignt
o Th Mp(IV)2  Pu(IV)= U(VI) Np(VI) Pu(Vvr) Zr
Trialkyl phosphate—
n-butyl 2.9 3.2 16.1 26 15.6 3.5 0.22
isobutyl 2.4 2.7 11.8 22 15.9 3.4
n-amyl 2.9 4,2 15.6 32 19.3 4.1
180-amyl y.2 4.7 17.8 34 18.9 by 0.12
n-hexyl 3.0 3.6 15.6 38 20.0 4.5 0.14
n-octyl 2.4 3.4 15.3 33 15.7 3.9 0.14
2-ethylhexyl 2.5 4.3 25 58 23 5.7 0.14
2-butyl 0.45 4.9 28 yo 20 N)
3-amyl 0.22 3.5 18.1 4g 22 5.0
3-methyl-2-butyl 0.18 3.0 2y h 25 5.4
4-methyl-2-amyl 0.047 3.5 22 3 24 4.9
cyclohexyl 3.5 106 0.64
Dialkyl alkylphosphonate£
di-n-butyl n-butyl 24 92 0.17
di-n-butyl cyclohexyl 17 125 0.14
di-n-amyl n-amyl 33 133 0.092
di-n-hexyl n-hexyl 26 89 0.0708
di-2-ethylhexyl 2-ethyl-
hexyl 10.6 176 0.12
& After T. H. Siddall III, references 388 and 389.
b Aqueous phase contained 0.01M ferrous sulfamite.
4 Aqueous phase contained 0.01M NaNOQ.
4 Aqueous phase contalned O. O1M ceric ammonium sulfate.
e

1.09M trialkyl phosphate in n-dodecane; extractants washed with 1M NaOH, water, and nitric
acld before use; aqueous phase 3. oM HNO3 at equilibrium; tracer concentration of element.

1.09M phosphonate 'In n-dodecane;aquecus phase O. 8M HNO3 at equilibrium; tracer concentration
of eYement.

& Ectrapolated value.



extractants may extract uranium from sulfate and phosphate
solutions, especlally 1f a small amount of nitrate is added

to the solution.

Tributyl phosphate (TBP)

Aqueous nitrate systems., Investigations on the ex-
traction of metal nitrates by TBP indlcate the catlons are
extracted as single, well-defined species: M{NO )3(TBP)3,
M(NO,), (TBP),, and Moz(No3)2(TBP)2.w This
differe from the extraction of ethers, esters, and other
oxygen-containing solvents, consldered previously, ?n which
a whole series of complexes contalning varylng numbers of
nitrave, solvate, and water molecules is extracted. The
stability of the TBP-solvate molecules increases 1n the orderill
H,0(TBP) < Pu(N03)3(TBP)3 < Pa(NO3)5(TBP)3 < HNo3('I'BP),
HN03(TBP)(H20) < Th(NO3)4(TBP)2 < Pu02(N03)2(TBP)2 <
Pu(N03)4(TBP)2 < UOZ(NOS)E(TBP)z.

The unexpectedly large extraction of nitric acid, thorium, and
zirconlum at very high acld concentrations indicates higher
complexes may be extracted.il;

The distribution of uranyl nitrate between TBP and water
18 represented in figure 30.52& The extraction coefficient
of uranium 1s plotted as a function of acid concentration for
various concentrations of TBP in figure 3]..322 The observed
effects of (1) decreased a, wlith increased acid concentration
and (2) increased o, With increased TBP concentration, may
be explained on the basis of free solvent concentration.
First, as the acld concentration is increased, more nitric
acid is extracted resulting in less free solvent. Second,
more free solvent is obviously avallable as a result of in-
creasing the solvent concentration. Since the partition
coefficient of uranium depends upon the second power of the

free solvent concentration, e, will decrease in the filrst case
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Table XIX. Extractive Power of Tributyl Phosphate, Alkyl Phosphonates, Diphosphonates, and Phosphine oxides®

Initial concentration of HNOg,N | 0.5 1 2 |o.5 1 2 |o.5 1 2 l 0.5 1 2
Distribution coefficients
Solvent U Pu(1V) LZr-Nb Nb
(cu“9°)3"° 0.68 1.42 4,651 0.19 0.67 2.73] .64 .86 1.05 .011 .01%  .010
(CuH90)2P-\CH3 4.50 10.35 21.50] 5.4%6 11.15 14.90] .0058 .0040 .015 | .0001 ,0020 .017
N\
W]
(1-c5ﬂno)21>-cu3 6.95 21.10 70.60{ 1.53 T7.43 16.90] .15 .22 .33 .52 .34 .20
N
o]
(06H130)2P~CH3 5.72 18.45 45.70] 3.51 11.65 18.95f .10 .053 .13 .0050 .012  .021
\\
(C7H150)2PQCH3 ' 21.30 ¥7.1 1031 3.25 10.95 17.15| .0078 .o40 .12 . 00040 Qo .00080
\
CgH,.0) P = CH 22.10 50.70 178.0 5.71 13.65 19.45] .037 .1 .2 .0061 .019  .Oobk
(CgHy70), Q 3 8 6 Y 8 6
N\
(c9H190)2P3cn3 27.60 32.60 61.40] 23.25 24.15 21.70} .97 .67 .55 .013 .014  .017
N
(010“210)2"\\' CHy 6.73 14.65 34.30] 16.60 21.65 21.50| .38 40 .54 L0043 L0043 .0060
0
(0—06H110)2P\— CHy 17.45 84,10 100.0] %.%7 17.35 25.15] .020 .061 .30 .015 .013  .0057
A\ .
0
(06H50)2P—CH3 0.083 0.0563 0.15] 1.8% 1.3% 1.71}1.31 142 .86 .40 .15 .086
QA
0
(C‘GPQO)\P—CH3 13.43 28.80 69.90] 3.80 11.60 19.60] .24 .16 .24 | .0056 .0053 .0062
(CeH130)/ N\
0
(CyH O} (¢ - cn 12.20 36.3 65.8 | 7.89 17.85 24.50).80 .47 .47 .0038 .0041  .0051
(c7H150)/\\
0
{n-C,H_C).P - C_H 4.97 13.05 44.20] 2.58 7.58 14.85}.031 .091 .33 - - -
ylg¥l2 § 25
0
(1_cuH90)2P_02H5 7.58 22.50 57.30| 2.53 7.67 14.85] .0085 .018 .11 .0021 .0089 .039
N
(cungo)ap_(?aﬂrn 10.45 22.20 74.70| 2.58 8.65 16.75] .0039 .020 .10 | <.000M6 .0028 .0063
|
0
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(1—CSH110)2P\\- C3H7-n 9.4%0 22.30 73.80}] 2.02 7.36 14.15 - .013 .099 | .0022 .0027 .0022
(Cuﬂgo)zl’\‘ (?qu 8.98 24,00 65.30] 2.82 9.46 17.50)| .003% .02% .097 | <.001 .0028 .025
(C,‘H90)2P\:): 05"11 8.26 25.75 103.5 2.4 B.g1 17.65| .0032 .024 .11 .0035 .010 .032
(1-c H 1o),‘,g\- CSHn 13.65 28.%0 58.%0) 2.50 9.00 15.75}) .012 .036 .13 .01} .022  ,OT%
(1-05H110)2p£ CoHyy -1 7.68 21.10 30.95] 2.18 7.69 13.05] .om1 .031 .13 .0017 .002%  .0031
(1-05Hno)al:\ -008H17 9.60 11.50 85.4% 2,65 8.92 17.00| .026 .038 .13 .0012 011  .029
(ChHQO)QP\- 8H206H5 2.45 6.3% 21.10{ O0.47 1.91 6.00f .003% .008% .022] .92 .0011  .0012
(c,‘}lgo)gli\?cnaocn3 1.13 3.09 7.79]0.28 1.16 .24l .029 .075 .12 .0029 .0046 .0061
(cungo)ai;?cugoczns 1.31 3.11 B8.86] 0.3% 1.50 5.03] .13 42 B2 .0046 .0057 .0067
(c,‘Hgo)21’;3(:“20}{200,‘}{9 3.15 8.68 »#2.20} 0.80 3.26 10.95| .031 .O77 .062 | .0050 .0060 .012
(cu“go)e*:;‘)c"("%)c“z(‘i'°°u"9 2.30 6.35 34.50] 0.15 2.35 6.39] .021 .025 .043 | .0031 .0081 .0058
(cuﬂgo)QP\\- CH,CH,C00Cy Hy 2.1% 5.57 16.436] 0.79 2.38 6.24) .o74 .12 .057 | .0058 .0080 .0066
(C,‘Hgo)aP\\(-) CH, - P(c,‘ngo)2 1.73 12.55 17.26| 2.72 6.72 19.2h} .23 .28 .29 .01l .011  .o1
(1-05Hno)2p\- CH, - g(ocs 11-1)2 1.32 2.98 9.60] 3.33 8.45 24.70] .41 31 b2 .032 ,031 .03
(C,‘H9)3 ° o 1880 1360 352 | 365 299 83.2 {1.00 1.8% 2.45 .64 .60 .47
(1-(:,‘}{9)3?0 5.33 7.26 7.19] .15 21.85 22.55] .61 .55 .55 12.95 4.%0 2,15
2 After Petrov, et al., reference 390.
Init1al aqueous phase - 50 g/1 U, 1 g/t Pu(IV), 1 o/1 Zr%2 + M%7,

Organic ase - 0.5M phosphorus compound in CCl
8

1 ¢/1 N7°, nitric acid as indicated.

Temperature, 20° t 1°C.
1 = 1B0; ¢ = cyclo.

Volume ritio (organic}aqueons),

Time of shaking and of settling, 30 minutes.
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Figure 30.
The partition of uranyl nitrate between 100% TBP and water at 25°C.

After T. Healy, J. Kennedy, G. Waind, reference 394.

and increase in the second. The effect of uranium concentration
on a, is given also as a function of nitriec acid concentration
in figure 32.§2§ The decreased extraction with increased
uranium concentration may agaln be interpreted in terms of

the solvent available. The partition coefflcients of other
metal nitrates are also decreased, in general, by indreased
uranium concentration. More efficient separation may there-
fore be achieved by increased uranium loading of the solvent.

For small amounts of uranium, a high uranium concentration may

be attained in an organic phase suitable for handling by
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Figure 31, The extraction of uranyl nitrate by varlous concentra-
tions of TBP in kerosene as a function of initial agueous acid
concentration, After T. Sato, reference 395. Conditions: Organic
phase - volume % TBP in kerosene as indicated. Aqueous phase - 5 g.
uranyl nitrate per liter, nitric acid concentration indicated.
Temperature, 200C; Vo/Vy, 1.
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Pigure 32.

The effect of initial uranium concentration on the extraction
of uranyl nitrate by 20 volume per cent TBP in CClA as a
function of initial aqueous nitric acid concentration.

After R. L. Moore, reference 336.

Conditions:
Equal volumes of phases shaken in a water bath at 25°C.

dilution of the solvent. Duncan and Holburtégl have measured
the dlstributlon of uranium,initially present in 1.2 to 1200
micrograms per liter between 20% TBP in kerosene and nitric
acld solution. Although the results were somewhat erratic,

it was generally shown that the partition coefficient is nearly

constant over this range of uranium concentrations.
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The extractive capaclty of TBP is affected cons;derably
by the choice of diluent. Taubezgg extracted U(VI), Np(IV),
Np(VI), and Pu(V1) from 5M HNO; aqueous solutions with 0.15M
TBP dissolved in a number of solvents, including benzene and
chloroform. Larger extraction coefficients were obtained for
&1l the elements tested with benzene rather than chlioroform
as diluent. In the case of uranium, the difference in a, was
greater than ten-fold. Little difference in extractive
capaclity was observed with TBP diluted by benzene or carbon
tetrachloride. Similar results were obtalined by Dizdar, et
a1.222 Uranyl nitrate (0.0038M) was extracted from 2M nitric
acid solutions by various concentrations of TBP diluted with
carbon tetrachloride, xylene, kerosene, hexane, dibutyl ether,
diethyl ether, and isopropyl ether. The partition coefficilent
was found to increase with increasing TBP concentration to a
maximum for pure TBP. For carbon tetrachloride and xylene
the maximum value was already attained at 40 mole per cent
TBP. The other diluents are listed above in the approximate
order in which they inhiblt the extraction of uranium by TBP.
Differences in a,,for various dlluents, were found to become
smaller with increased uranium concentration. Bruceiz-§ has
found that the extraction of fission products is also affected
by the choice of diluent.

The extraction of uranium by TBP is considerably en-
hanced by the presence of salting-out agents in the aqueous

pl'm.se.igg:ﬂ-o-é The resultes of Satoﬁgé are given in Table XX
and figure 33.

The extraction of uranium by TBP decreases with increased
temperature.igz:&ll

Phosphate, sulfate, and fluoride ions reduce the extrac-
tion of uranium by TBP from nitrate media..igg Uranium is
extracted from chloride solution but less efficiently than

from nitrate solution. Silica causes poor phase separation
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Table XX. Extraction of Uranyl Nitrate by TBP Using Various Nitrate

Salting-out Agents.i

Salting-out agent Percentage extracted
oM HNO3 M x-mo3 3M HNO3 &M rmo3

(HNO.a) 2.96 82.10 95.52 97.10
NH4N03 70.00 92.30 96.50 97.40
L1N03 73.05 94.60 97.50 97.95 .
NaN03 72.50 93.00 97.10 97.80
KN03 65.00 90.50 96.00 97.10
Cu(N03)2 86.02 97.50 97.70 99.00
Mg(NO3)2 8%.35 97.20 97.50 99.40
Ca(N03)2 82.48 96.60 96.60 97.50
Zn(N03)2 79.75 98.05 98.10 99.40
Al(N03)3 95.90 99.60 98.20 99.50
Fe(NO3)3 99.80 99.50 98.20 98.90

2 After T. Sato, reference 406.

Organic phase - 19% TBP in kerosene.

Aqueocusg phase - 5 g/l uranyl nitrate, 1M salting-out agent, initial
acid concentration indicated.

Equal phase volumes shaken together for 30 minutes at 20°C.

and the formation of emulsions.

Uranium may be re-extracted from TBP by contact with
sodium carbonate solution.ﬂgg Ammonium sulfate, sodium sul-~
fate, and urea solutions have been used :sai:isf.‘act;or:'.ly.&-(?-2
Water or hydrogen peroxide 1s ineffective for TBP containing
considerable nitrie acid.igg

The distribution of nitric acid between aqueous solution
and 100% TBP is demonstrated in figure 3)4.&ig The distri-

bution of various metal nitrates between TBP and nitrate
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Figure 33.

Effect of nitrate salting-out agents upon the extraction of
uranyl nitrate at 1M initial nitric acid concentration.
After T. Sato, reference 406.

Conditions:

Organic phase - 19% TBP in kerosene.
Aqueous phase - 5 g/l uranyl nitrate, 1M HN03, salting-
out agent concentration indicated.

§qual phase volumes shaken together for 30 minutes at
o°C.
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Figure 34.

The distribution of mineral acids between 100% TBP and aqueous
solution at 25°C.
After E. Hesford and H. A. C. McKay, reference 412.

solutions has been extensively investigated. The sxtraction
coefficients of some actinide elements are plotted agailnst
aqueous nitric acid concentration in figures 35 and 36.£L-:i—'“—16
Ishimori and Na.lca.mura—u-]-‘-'E have also measured the partition co-
efficients of Hf, Th, Pa, U(VI), Np(IV)(V)(VI), and Pu(IV)(VI)
at various aqueous nitric acid concentrations. Figure 37
represents the partition coefficient of several fission pro-

ducts as a function of the niltric acld concentration.—-—uls'uao
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Figure 35. The partition coefficlent of actinide nltrates between
19% TBP in kerosene and aqueous solution as a function of equili-
brium nitric acld concentration. eU (VI), TNp (VI), ®Np (IV),
APu (VI) at 209-239C., after K. Alcock, G. F. Best, E. Hesford,
H. A. C. McKay, reference 413. APu (IV), VPu (III), at 25°C. or
20-239C,, after G. F. Best, H. A. C. McKay, P. R. Woodgate, ref-
erence 414. OTh (IV) at 259C., after E. Hesford, H. A. C. McKay,
D. Scargill, reference 415.
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Figure 36.

The distribution of trivalent actinides between 100% TBP and
aqueous solution as a functlon of equilibrium nitric acid
concentration at 25°C.

After G. F. Best, E. Hesford, and H.-A. C. McKay, reference 416.

The extraction of rare earths, ¥, 2r, Sc¢, Th,and Am by TBP
from aqueous nitric acid solutlon has been investigated by
Peppard and co-worke::-s.Eg-l-l-igg Iodine is extracted. It
forms addition compounds with carbon-unsaturated compounds
in the solvent. The extraction of lodine is minimized by
keeping it in a reduced state and by careful selection of
TBP diluents.ézg Ruthenium 1s also extracted by TBP. 1Its

extraction may be reduced by increased solvent saturation with

uranium, by digestion in a nitrate solution of very high ioniec
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Figure 37. The distribution of fission product elements between
TBP of several concentrations and aqueous solutlion as a function of
equllibrium nitric acid concentration. 2r, after K. Alcock, F. C.
Bedford, W. H. Hardwick, and H. A. C. McKay, reference 418. Y, la,
Ce, Eu, after D. Scarglll, K. Alcock, J. M. Fletcher, E., Hesford,
and H. A. C. McKay, reference 419. Nb, after C. J. Hardy and

D. Scargill, reference 420, Conditions: Tracer, carrier-free or
with less than 1 g/1 of carrier, used in all cases, Zr equilibra-
tions made at 20-23°C.; Nb,-206C.; all others at 25°C. TBP diluted
with kerosene.
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a

strength, or by treatment with a reducing agent.ézg Susic
and JelicEgi and Satoigé have studled the TBP extraction of
metal nitrates that may be used as salting-out agents. The
order of extraction of 0.1 mg per ml concentrations of metal
from 2N HNO, solutions by 20% TBP/kerosene with no uranium
present is BL > Co > Cu > Fe > Zn > C4d > Pb.-‘-*g3 The partition
coefficient of blsmuth under such conditions, with equal phase
volumes, is about 0.1. The results of Sato£9§ are listed in
Table XXI.

The partition of uranium and other metal nitrates be=-
tween tributyl phosphate and aqueous solution 1s affected

greatly by the presence of hydrolysis products in the organic

Table XXI. Extraction of Metal Nitrates by 8p. &
Vetal nitrate Percentage extracted
oM HNO3 M HN03
LiNO3 - -
NaNO3 - -
KNO3 - -
Cu(N03)2 0.050 0.025
ME(NOB)Q = -
Ca(N03)2 0.118 0.064
Zn(No3)2 0.005 -
Al(N03)3 0.004 0.003
Fe(N03)3 0.010 0.008

2 After T. Sato, reference 406.

Aqueocus phase - 5 g/1 uranyl nitrate and 1M metal nitrate at 1lnitial
nitric acid concentration 1ndicated.

Organic phase - 19% TBP diluted in kerosene.

Equal phase volums shaken together for 30 minutes at 20°C.
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phase, eg., mono~ and di-butyl phosphates. These products
may be eliminated by washing or boiling the solvent with an
alkaline solution. Two procedures for the removal of TBP
impurities are given,

Procedure 1&2&; TBP is purified by boiling with a dilute

caustic soda solution. Add 500 ml of
0.4% NaOH solution to 100 ml of impure
TBP. Distlill at atmospheric pressure un-
t1l 200 ml of distillate have been collected.
The remaining TBP is washed repeatedly with
water. It may be drlied by warmlng under
vacuum.

Procedure 25£l: TBP is stirred with an equal volume of
6M HC1l at 60°C for 12 hours. The separated
TEP is cooled to room temperature and
scrubbed with two equal-volume portions
of water, three equal volume portions of
5% aqueous sodium carbonate solution, and
three equal volume portions of water. The
resultant TBP is dried by heating to 30°C
under reduced pressure.

Aqueous chloride systems. Uranium i1s extracted from

chloride solution as U02012 * 2TBP although higher uranyl

chloride complexes may also be extracted.ﬁgé-'-igg

The par-.
titlon of uranium between TBP and aqueous hydrochloric acid
solution 1is shown in figures 3832g&5g2 and 39.£39 The effect
of uranium concentration on the distribution is given in

figure 40;3-?-§ the effect of TBP concentration, in figure
51428821 11 maple XXII, the influence of salting-out

agents on the extraction of uranyl chloride by 30% TBP in
dibutyl ether is recorded.ﬁzl The distribution of hydro-
chloric acid between TBP and aqueous solutlon is shown in
figure 34.322 In figure 37, the partition coefficients of

Pa, Th, Zr, and Sc are plotted as functions of aqueous HCl
conoentratiqn.ﬂ’gg&&g2 In figure 39, the partition coefficlents
of Ni, Mn, Cu, Co, Zn, In, and Fe {III) are similarly plotted.ﬁig
Ishimori and Nakamuraﬂil have measured the partition coeffi-
cients of Hf, Th, Pa, U (VI), and Np (IV)}(V)(VI) as functions

of aqueous acid concentration. Gal and Ruvaraciﬁl have similarly
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Pigure 38. The extraction coefficient of U, Pa, Th, Zr, and Sc
between pre-equllibrated 100% TBP and aqueous hydrochloric acid
at 22° + 20C., After D. F. Peppard, G. W. Mascn, and M, V. Gergel,
reference 429, and D. F. Peppard, G. W. Mason, and J. L. Maler,
reference 422,
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Figure 39. The extraction coefficients of U, In, 2Zn, Cu, Co, Fe,
and Mn between pre-equilibrated 100% TBP and agueous HC1l solution
at 21 + 0.19C. After H. Irving and D. N. Edgington, reference

430, Conditions: TBP and HCl pre-equilibrated by stirring equal
volumes together for about 10 minutes. Tracer concentrations or
about 0.02M U and Cu used. Equal volumes of pre-equilbrated phares
stirred together about 5 minutes.
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Pigure 40.

The distribution of U0201 between 100% TBP and aqueous HCl

2
solution as a function of uranium concentration of the aqueous
phase. Curve 1l represents the partition with the equilibrium
aqueous uranium concentration plotted as abscissa; curve 2,
the partition with initial aqueous uranium concentration as
abscissa.

After A. S. Kertes, and M. Halpern, reference 428.

Conditions:

Constant HC1l acid concentration of 8.83M; equal
phase volumes equilibrated for 15 minutes at room
temperature, 18° - 22°C.
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Figure 41. Partition coefficient of uranium as a function of TBP
concentration for various initial ajueous HC1l concentrations.
10.7M, 6.75M, and 1.02M HC1l curves, after V. M. Vdovenko, A. A.
Lipovskii, and S. A. Nikitina, reference 426. Conditions: TBP
dissolved in benzene. Extraction made at room temperature using
U233, 4.6M, 5.9M and 7.6M HC1 curves, after V. B. Shevchenko,

I. G. Slepchenko, V. S. Schmidt, and E. A. Nenarokomov, reference
427. Conditions: TBP dissclved in CCly. Equal phase volumes
(10 ml) mixed together for 30 minutes and allowed to stand for
12-15 hours.

examined the partition coefficlents of Fe (II)(III}, U (VI),
cd (II), Sr (II).Zr (IV), Ce (III), Ra (IV),and V (V).

Agueous _perchlorate systems. The distribution of uranyl
perchlorate between TBP and water at 25°C 1s shown in figure
42.;92 Figure 43 gives the partition coefficient of uranium

169

as a function of the agueous perchloric acid concentration.——=
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Shevchenko gﬁ_g;.iig have studied the extraction of uranyl
perchlorate in the presence of HClOu, LiClOu, and NaClO4.

The salting-out capacity of these salts increases in the order
listed. The choice of TBP diluent also affects the extraction
of uranyl perchlorate. From an aqueous solution of 0.065ﬂ
HC10y and 1M NaCl0,, the extraction of uranium by 2.20M TBP
was found to decrease in the following order of diluents:ﬂig

isoamyl acetate > n-butyl acetate > isocamyl alcohol >
toluene > Xylene > benzene > carbon tetrachloride.

The distribution of perchloric acid between TBP and agueous
solution is glven 1in figure 34_&2@ The partition coefficlents
of Th, Zn, Pm, Y, and Ce are plotted against aqueous per-

chloric acid concentration in figure 44.533 Ishimori and

Table XXII. Effect of Salting-out Agents on the Extraction
of Uranyl Chloride by TEp.2

Salting-out agent a

u

- 0.03

NaCl, sat'd 2.85
KC1, sat'd 0.38
NH,C1, 5M 0.71

LiCl, 5M 0.90
HC1, 5M 17.6

CaCl,, 2.5M 5.06
MgCl,, 2.5M 11.7
ALC1g, 1.67M 23.8

2 After Gal and Ruvarcc, reference 431.

Initial composition of organic phase - 30% (v/v)
TBP in dlbutyl ether, sat'd with 1.225M HCl.

Initial composition of aqueous phase - 1.225M HC1,
0.1M UO 012, salting-out agent at concentration
indIcat®d.
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Figure 42.
The partition of uranyl perchlorate between 100% TBP and
water at 25°C,
After E. Hesford and H. A. C. McKay, reference 169.
‘ Nakamuraill have studled the extraction of Pa, and Np (IV)

(v) (VI) by TBP as a function of perchlorate concentration.
Aqueous sulfate systems. Sulfate ion is normally con-
sidered an interfering ion in the extraction of uranium from
aqueous solution by TBP. Veereswararao,ii& however, found
that significant amounts of uranium may be extracted from
sulfuric acid solution and that the extraction is increascd

as the acid concentration is increased (figure 45).53&
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Pigure 43.

The extraction coefficient of trace amounts of uranium between
100% TBP and aqueous solution as a function of equilibrium
aqueous HC10, concentration. 25°C.

After E. Hesford and H. A. C. McKay, reference 169.
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Pigure 44, The distribution of Th, Pm, Ce, Zr, and Y between 100%
TBP and aqueous solution as a function of initial equilibrium aque-
ous HC1Qy concentration. After S. Sieklerski, reference 433. Con-
ditions: Equal phase volumes (15 ml) shaken together for about 20
minutes at 21°9-250C,

149



| { 1 | 1 ! 1 |
pe
°LoF =
3 - ]
w _ ]
S ! -
w
W =
L 1
3
O.l =~ -
< - ]
Ez - -
= [ © ]
‘— d
m -
g i i
| ] B | | } 1 i
0.0l
| 2 3 4 5 6 7 8 1]

[HZ 804] aq» M
Figure 45.
The partition coefficient of uranium between 30% TBP (v/v)
in kerosene and aqueous solution as a function of equilibrium
aqueous H2804 eoncentration.
After U. Veereswararao, reference 434,

Conditions:
Equal phase volumes (10 ml) equilibrated by shaking
1°c.

for 5 minutes at 18° %
The presence of sodium chloride in sulfuric acid solution
]
augments the extraction of uranium by TBP.Eii Molybdenun
and iron (III) are well extracted from such solutions.
Vanadium and iron (II) are poorly extracted compared %o

434

uranium.—=— The¢ distritution of sulfuric acid between

!
TBP and aqueous solution is represented in figure 34.i;2

Aqueous_thiocyanate solution. Petrow and Marenburg 2
have studied the effect of thiocyanate ion on the extraction
of uranium from sulfate liquors by TBP. From an aqueous

solution containing 1.5 g/l of U308 as uranyl sulfate and
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2.1 g/1 total sulfate concentration at pH 1.5, the partition
coefficlent of uranium varlied from 3.5 to 100 as the thio-
cyanate to uranyl molar ratio was increased from 2 to 6.
Twenty per cent TBP dissclved in kerosene was used as ex-
tractant. The partition coefficient, Gy increases with
increased TBP concentration, increases with inereased pH,
and decreases wlth increased sulfate concentration. Vanadium
and iron (III) are appreciably extracted by TBP from thio-
cyanate solutions. Copper, titanium, cobalt are weakly
extracted. Iron (II), cadmium, molybdenum, magnesium and
aluminum are essentially not extracted. Phosphate lon may
cause the preciplitation of uranium or complex formation when
present ln large amounts. Okada, et al.£3§ reporé the ex-
traction of uranium by TBP, mesityl oxide, and methyl ethyl
ketone from phosphoric acld solutions having 20 times as much

ammonium thlocyanate as uranium.

Tri-n-octylphosphine oxide (TOPO)

Much of the work on this solvent has been reported by
White and co-workers.-lﬁ-z-:&ii Uranium is extracted by TOPO
from nitrate and chloride solutlons and to a smaller extent
from sulfate and perchlorate solutions. It is essentially not
extracted from phosphate :.aolut::l.a:n'xs.-lﬁl The extraction of U,
Th, Bl, Mo, Zn, and Cr by O0.1M TOPO from aqueous solutions
is glven as a function of nitric acid concentration in figure
46; as a function of hydrochloric acid concentration in

ﬁﬁg!fﬁi Iron and titanium extraction curves are

figure 47,
also included in figure 47. The extraction of over 40 ions
by 0.1M TOPO from hydrochloric, sulfuric, perchloric, and
nitric acld solutions is qualitatlively indicated in Table
XXIII.£3§ The extractvion of mineral acids by 0.1M TOPO as
a function of acid concentration is given in figure 1+8.£“-l

Uranium may be stripped from TOPO solutions by contact
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Figure 46.

Extraction of some metal ions by 0.1M tri-n-octylphosphine
oxide from nitric acid solutions.

After J. C. White, references 440 and 441.
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Pigure 47.

Extraction of metal lons by 0.1M tri-n-octylphosphine oxide

from hydrochloric acid solutlons.

After J. C. White, references 440 and 441.
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Extraction of Ions from Acid Solutions with O0.1M TOPO in

Table XXIII.

Cyclohexane.2

HCL

Ton

ats
sp*3
as?>
Ba*2
P2
ng*2

N

Hg+2

Mo+6
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Table XXIII.-Continued.
‘Ion HC1l

i=
E

Nat3
.
Pd+2
pe+2
prt3
Ry*2
Sm+3

- - -
Z =2 =2 w o= =z =2

agt

Sr+2

=4
=z

mt+3

=
-4

Th*“

T3
Sn+4

T1+4
U+6
V+4
vo+3
v+3
Zn+2

o ow o= 2 = " =+ =
[co IS - RS-~ A A ¢ I > I > B s B~

Zr+4

E = complete extraction

M oz = = 2 6 v H =

Z o= = =z =

[he)

A A < I 5 I o I

-J

=

=z =2 2 =2 E =2 =z

-~

B2 = =2 o2 ooy oW

- A - - A A -

-~

b =z = = =2 M W b =2

N

N

2 W od" 2 oy =2 =

.

s
=

=

P = partial extraction N = no extraction

2 After J. C. White, reference 438.

Equal phase volumes equilibrated 10 minutes.
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Figure 48.
Extraction of mineral aclds by tri-n-octylphosphine oxlde.
After J. C. White, reference 441,
Conditions:
Aqueous phases - acid solution of indicated molarity.
Organic phase - 10 ml of 0.1M TOPO in cyclohexane.
VO/V - 1.
a
with acid (HF, H3P04, or concentrated (NH4)2304 solutions
at pH 2), hydroxide (NaCH or NH,OH), or carbonate [(NH,),COg
or Na20C3] solu‘.:.ions.ﬁ'ié Sodium carbonate is the most
effectlive stripping agent.
Tetraphenylphosphonium chloride (TPPC)

A recent study has been reported in which uranium was

extracted into chloroform as the tetraphenylphosphonium uranyl
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tribenzoate complex.ﬁﬁé Uranyl ion was converted to an anionic

form by benzoic acld. Tetraphenylphosphonium chloride was used
as extractant. The extraction of uranium was found to depend
upon pH, TPPC concentration, and uranium concentration. At
~pH 3-8, the extraction of uranium was nearly quantitative.
The partition coefficient, a,, Was increased with increased
TPPC concentration and was decreased with increased uranium
concentration. The decrease in e, wlth increased uranium
concentration was observed with a constant uranium-to-TPPC
molar ratio. At 25°C and pH 5.2, zinc, zirconium (niobium),
and ruthenium were appreciably extracted (~10-20% compared
to 100% for uranium). The extraction of zinc and zirconium
may be depressed by the use of a complexing agent, EDTA, in

solution.

ACIDIC ORGANOPHOSPHORUS COMPOUNDS

Uranium 1s efficiently extracted by acidic organo-
phosphorus compounds which include di- and mono- alkylphosphoric
acids, (HO)(RO)EP-a 0 and (HO)2(RO)P-4 0; dialkylphosphinic
acids, (HO)RZP-a 0; alkylphosphonic aclds, (HO)QRP-e 0; and
dialkylpyrophosphoric acids, H2R2P207. The latter aclds are
discussed separately.

Table XXIV compares the extractive capacities of several
dialkylphosphoric, dialkylphosphinic, and monoalkylphosphoric
acids for ura.nium.ég-g The ablllity to extract uranium, within
A glven class, appears to decrease with increased branching
of the alkyl chain near the phosphate group. The acidity of
the reagent decreases roughly in the same order.ﬁgg Where
comparisons can be made for the same alkyl group between classes
of reagent, the extraction coefflcient of uranium increases in
the order

dialkylphosphoric acid < dialkylphosphinic acid <
monoalkylphosphoric acid.

The cholce of diluent affects the extraction of uranium. For
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Table XXIV. Extraction of Uranium by Acidic Organophosprhorus
Reagents.E

Reagent Uranium extraction coefficlent, a
Carbon tetrachlioride Xerosene

u

Dialkylphosphoric aclds

n-octyl 90 . 450
3,5,5-trimethylhexyl 40 260
2-ethylhexyl 17 135
2-ethyl-4-methylpentyl - 90
2-propyl-4-methylpentyl - 60
octyl-2 11 -
diisobutylmethyl 2 10 .
Dialkylphosphinic acids
vy~-phenylpropyl 300 -
phenyl-2-esthylhexyl 300 -
n-decyl 180 -
n-octyl . 160 -
3,5,5-trimethylhexyl 120 -
2-ethylhexyl 30 -
Monoalkylphosphoric aclds

n-octyl 580 -
3,5,5-trimethylhexyl >1000 2)10003
2-ethylhexyl >1000 >1000
diisobutylmethy? 450 -
2,6,8-trimethyluonyl-4 - 650
l1-isobutyl-4-ethyloctyl - 600
3,9-diethyltridecanol-6 - 550

2 After C. A. Blake, Jr., C. F. Baes, Jr., K. B. Brown, C. F. Coleman,
J. C. White, reference 302.

Aqueous phase: 0.5M soﬁ‘, pH 1, 0.004M U(VI) initially.
Organic phase: 0.l1M reagent in solvent lndicated.
Temperature, 25°.; Vo/Va, 1.

dialkylphosphoric and dialkylphosphinic acids, oy generally

increases as the dielectric constant of the solvent increases.igg

For monoalkylphosphoric acids, a reverse trend is indicated.égg

The mechanism of extraction of uranium by dialkylphos-
phoric acids has been studied by various groups.lﬁé&lﬁg&igg&&iz
At low uranium concentrations, the extraction mechanism appears
to be consistent with the reaction

2+

Uos* ag + 2(HDAP) ag= UO,(DAP) org + 2H* aq,

where HDAP represents a dlalkylphosphoric acid. However, in
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organic solvents, dialkylphosphoric aclds are largely asso-
clated as dimer-s.--l-zél-ligi--l-‘-ig On this basis, the reaction

UGt uq + 2(HDAP), >rg = UO,(DAP),(HDAP), org + 2H* (1)

is indicated.iié*lég The number of dialkylphosphate groups
associated with the uranyl ilon in equation (1) may be accounted

for by a chelate structure 158,302

B IoaRe
/P ~
U02+ -~ Y ° H
21>~ o o
{
O.R
L 2ve 2.

At higher uranium concentrations, isoplestic and viscosity
measurements indicate that polymeric uranyl-dlalkylphosphate
chains are fox'med.—l-i—8

The extraction coefficlent of uranium by dibutylphosphoric

acid, HDBP, is glven in figure 49 as a function of nitric

acid concentration.l§§ The shape of the curve has been

explained by Healy and Kennedy in the following ma.nner:}--é§

The initial decrease in q; between 0.1M and 3M

HNOz is expected on the basis of hydrogen ion
rep%acement by U0§+ ion. However, for a; greater
than 10 not enough HDBP is present in the organic
phase to give the monomeric species UOp (DBP),(HDBP),
demanded by equation (1). 1In this reglon, the ex-
traction mechanism is likely to be governed by the
reaction

xUO? aq + (x+1)(HDBP), org = [UO,(DBP),],2HDBP org + 2xH' ag. (2)

The shape of the extraction curve from 3M to 1OM
HNO2 is similar to that obtalned with TBP and
1nd§cates a change 1n extraction mechanism. The
likely reaction is

vos* aq + 2N0J aq + (HDBP), org = UO,(NO,),2HDBP org. (3)

The decrease in @, above 7M HNO3 is probably due
to the competing reaction

(HDBP), org + 2HNO. aq = 2HDBP . HNO. org. (4)
2 3

3

It is likely that mechanisms (2) and/or (3) also
occur to some extent at high acid concentrations.
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The extraction mechanism of dlalkylphosphlnic acids 1s
expected to be similar fo that of dilalkylphosphoric aclds.
The former are often found as dimers in organic solvents
and the partition coefficient of uranium, oy
power dependence on extractant concentration at low uranium

, exhiblts a

levels similar to that of dialkylphosphoric axc:ids.igg Mono-
alkylphosphoric and monoalkylphosphonic acids have been found
in larger polymeric aggregates.égg&&ié Partition coefficients
for these extractants exhlbit first to second power depen-
dencles on extractant concentration.zgg

Interference to uranium extraction by anlons increases
in the order C10,” < C17 < 805~ < P03~ .

Stripping is essentially the inverse process of extraction.
Uranium may be stripped from dlalkylphosphoric acids by con-~
tact with hydrofluoric sulfuric, phosphoric,or even hydrochloric
aclids. The stripping efficiency 1s generally increased with
increased acid concentration.&ig Ammonium or sodium carbonate
stripping 1s ef‘fic:iem;.&Eg
SznersigmL* In a search for reagents to modify kerosene as
the diluent for dialkylphosphoric acids,** it was discovered
that neutral organophosphorus compounds provided a synergistic
enhancement of the uranium partition coefficient. The en-
hancement 1s increased 1n the following order of neutral
reagent:

trialkylphosphate < alkyl dialkylphosphonate < dialkyl al-
kylphosphinate < trialkylphosphine oxide.

Table XXV lists e, for several synergistic systems.igg The

reason for the enhanced partition coefficient, a has been

u’

* Co-operative action of discrete agencies suchk that the total
effect is greater than the sum of the two effects taken in-
dependently.

*#Kerosene 1s modified to prevent separation of a dialkylphosphate
salt as a separate phase when alkaline stripping .s Uscu. Long
chain alcohols have been used as chemical modifiers. These,
however, depress the extraction coefficient of uranium and

other metals,
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Figure 49.
Variatlion of a, with nitric acid concentrations for 0.14M
dibutylphosphoric acid in benzene using 20 ml organic phase,
and 50 ml aqueous phase, and an 1lnitial uranium concentration
of 0.018M.

After T. V. Healy and J. Kennedy, reference 188,

explained on the basis of (1) the addition of neutral reagent
to the uranyl-dialkylphosphate complex through hydroge.. bond-

1ng39§ or of (2) eliminating the need of monomerizing a mole

of dimeric extr'a.c‘\:aJ:rt-l}-é-O

in the extraction mechanism (see
equation (1)). A recent study of the synergistic system,
thenoyltrifluorocacetone=-neutral organophosphorus compound,
indicates that more lnvestigation is necessary for a more
precise explanation of synergistic effects.ﬁé; Much of the
work done on synergistic systems involving dialkylphosphoric

acids is summarized in reference 452.
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Table XXV, ‘Synergistic Enhancement of Uranium Extraction Coefficlent.2

a,
Organophosphorus reagent Conc.,M %igﬁznt ﬁgmiiﬁgifiitiith
0.1M TREHPA
Di(2-ethylhexyl) phosphoric
acid (D2EHPA) 0.1 135 -
Phosphates
tri-n-butyl 0.1 0.0002 470
tri-2-ethylhexyl 0.1 0.0002 270
Phosphonates
dlen=butyl n-butyl 0.1 0.0002 1700
di-n-amyl ne-amyl 0.1 0.0003 2000
di-n-hexyl n~hexyl 0.1 0.0004 2200
di-2-ethylhexyl 2-ethylhexyl O.l 0.0002 870
Phosphinates
n-butyl di-n-butyl 0.1 0.002 3500
n=butyl di-n-hexyl 0.1 0.002 3500
Phosphine oxides
tri-n-butyl 0.05 0.0025 7000
tri-n-octyl 0.1 0.06 3500
tri-2-ethylhexyl 0.1l 0.02 650

2 arter C. A. Blake, Jr., C. F. Baes, Jr., K. B. Brown, C. F. Coleman,
J. C. White, reference 302.

Aqueous phase: 0.5M SOF~, pH 1, 0.004M U(VI) initially.
Organic phase: Reagents 1n kerosene diluent.
Temperature, 25°C.; Vo/va’ 1.

Di(2-ethylhexyl) phosphoric acid (D2EHPA, HDEHP)

This reagent may also be known by a less descriptive
name, dioctylphosphate (DOF). The extraction of uranium by
D2EHPA is reviewed in reference 453. The effect of acid

concentration on the extraction of uranium by D2EHPA is .
shown in figure 5o.ﬁ§§ The uranium extraction curve for

D2EHPA from nitric acid is similar 1in shape, for the few

points given, to that for dibutylpuhosphoric acid given in

figure 49, Pigure 51 1llustrates the effect of nitrate ion

on the extraction of uranium by D2EHPA.Ezi The presence of

a small amount of nitrate in an aqueous sulfate solution in-

creases the extraction of uranium significantly. An increase

in temperature causes a decrease in uranlum extraction.iéi
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Pigure 50. Extraction of uranium by di(2-ethylhexyl) phosphoric
acld in kerosene from mineral acld solutions. After C. A. Blake,
K. B. Brown, and C. F. Coleman, reference 453. Conditions:
Organic phase - 0.1M D2EHPA in kerosene, 2% (w/v) 2-ethylhexanol.
Agueous phase - 1 gﬁ/l for all acid solutions except H3PO4 in
which case the U concentration was 100 ppm. Agitation time - 2
minutes. Vg/Vy = 1 for all aclds but HNO3 in which V,/Vy = 2.
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Figure 51. The effect of nitrate lon on the extraction of uranium
by di(2-ethylhexyl) phosphoric acid. Curve 1 - initial pH= 1.5 -
1.85; Curve 2 - initial pH = 0.5 - 0.75. Conditions: 0.01M D2EHPA
in kerosene (1.3% 2-ethylhexanol), 1 g U/l in aqueous phase,, Vo/Vy =
2, 2 min., contact time. Curve 3 - 0.5M SO4, pH = 1.2, Conditlons:
0.05M D2EHPA in CCly, 1 g U/1 in aqueous phase, Vo/Va = 1, 20 min,
contact time. After C. A. Blake, K. B. Brown, and'C. F. Coleman,

reference U453, .

The effect of diluent on o, is given in Table XJ(VI.-lLia The
enhanced extraction of uranium by D2HPA in synergistic com-
bination with neutral organophosphorus reagents has already
been noted (Table XXV).QQ% The extent to which other ilons

are extracted 1s indicated quallitatively in Tables XXVII and
)CXVIII.)—‘Eii
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Table XXVI. Choice of Diluent with Di{2-ethylhexyl)
Phosphoric Acid.2

Diluent oy
Kerosene 135
Hexane 110
Carbon tetrachloride 20
Isopropyl ether 17
Benzene 13
Chloroform 3
2-Ethylhexanol 0.1
Octanol-2 (capryl alcohol) 0.08

2 after C. A. Blake, K. B. Brown, and C. F. Coleman, reference
453,

0.1M D2EHPA, 0.004M U (VI), 0.5M SO§~, pH = 1.1,
VO/Va = 1, agitation time = 10 min. {(wrist-action shaker).

Dialkylpyrophosphoric acids

Dialkylpyrophosphoric acids are used in the recovery of
uranium from low-grade phosphate ores. Much of the work that
has been reported in project literature has been summarized
by Ell.’Ls,-l-léé by Long, Ellis, and Bailes,ﬂéé and by Brown and
Colema.n.é-g-sl The acids are prepared Jjust prior to use by
adding alcohol to a slurry of P205 in kerosene with stirring
and cooling. A concentration of about 0.1 g P205 per ml of
Kerosene 1is optimum.455 A 2:1 mole ratio of alcohol:P205
is used to form the dialkylpyrophosphoric acid. A 3:1 mole
ratio should give about equal mole quantities of mono- and
di-alkyl orthophosphoric ac:lds.fl’-i5~ The reactions are com-
plex and mixtures of various phosphoric acids are formed.
With pyrophosphoric acids, uranium extraction increases

with carbon chain length from butyl to octyl.-lié2 Nonyl and
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Table XXVII. Extraction of Metal Ions from Acidic Solutions with
0.1M Di(2-ethylhexyl) Phosphoric Acid in Cyclohaxane.é

Metal Sodium Chloride (1M)  Ammonium Sulfate (1M) Sodi?m ?itrate
1M

Ion PH O pH 0.5 pH 1.5 PH 1.5
pH 1.5

N

Z o oWz Z

g &
+
n
LI
[
Z =z =22 m|

[ IR B O o T < - T o R - A A I - - B T - - R R
[}
4w Y BB EE R 222222yl DR 2Ry R

M= 2 26l E
m =2 EE e m e
R R

E = complete extraction, P = partial extraction, N = no extraction,
- = no test was conducted,
& After W. J. Ross and J. C. White, reference 454.
Aqueous phase: 1-2 mg of lon, salt at concentration indicated,
pH indicated.

Organic phase: 0.1M D2HPA in cyclohexane. 5 ml portions of each
phase shaken together for one hour.
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Table XXVIII. Extraction of Rare Earths from Chloride Solutions
" with Di(2-ethylhexyl) Phosphoric Acid in Cyclohexane.2

Ton pH 1.9 pH 1.0 pH 1.08 pH 0.5 pH 0.52  pH O
y*3
Lat3
Ce+3
prt3
Na*3
Sm+3
But3
aa*3
m+3
py*3
Hot3
Ert3
Tm*3
o t3

o)
]
td
]
g+ ]

(o T T s B o T T s O O I IO I B - I
Lo T e N B T T I I o I
[ T o T o B o T o T I I o B L T - T
(oo I o T o B o I B o B I B - 4
(o B c B o I s I s O o B
L L B - A ]

E = complete extraction, P = partial extraction, N = no extraction.

8 pfter W. J. Ross and J. C. White, rererénce 454,

+3,
Aqueous phase. stgndard_solutlion of _2 mg/ml cet
l mg/ml Nd*g Sm+3 15 Ho+3 0.5 mg/ml Tb+3
2 mg/ml Y+3 Le+3, Eu+S, L+ , Ert3; 0.1 mg/ml Yo¥ ;

1 ml of standard sclution, 1 ml 5M NaCl, NaOH or HCl to
glve desired pH in 5 ml of solution.

Organic phase: 5 ml of O.1M D2EHPA in cyclohexane extraction
ror 1 hour.

lor

Without NaCl.

decyl give about the same extraction as octyl.iéi No appre-~
clable difference in extracting abllity was observed between
pyrophosphoric aclds prepared with octanocl-l or oc‘canol-Q.425
Most of the studies have been made with octylpyrophosphoric
acid (OPPA). Pyrophosphoric acids deteriorate fairly rapidly
with time at room temperature. At elevated temperatures,

the rate of deterioration is even greater. Contact with
mineral acid causes pyrophosphoric acids to hydrolyze to
orthophosphoric acids. The rate of hydrolysis 1s slower
with basic solutions.EQE

167



Kerosene 1s a satisfactory dilluent for OPPA.EE--5 The
acld is used in 1-10% concentration.

The partition coefficient of uranium, a« is considera-

u?
bly higher with OPPA than with the corresponding mixture of
orthophosphoric acids, OPA. The partition coefficient is a
function of the oxidation potential of the acid. With OPPA,
satisfactory uranium recovery can be made if the e.m.f. is
-0.250 volts or gr‘eater.]-“é-5 Reduction of the acid increases
the extraction of uranium considerably. At zero to +100

455

volts a, is about twenty times that at -300 to -200 volts.
The extraction of iron 1s decreased in reduced solution,.i.e.
%pe(11) < FFe(III)"

Uranium is stripped from the organic solvent by precipi-
tatlion as uranous fluoride.

Several papers have recently appeared in open literature
publications concerning the extraction of uranium by pyro-
phosphoric acids. Zangeniéz has shown that OPPA prepared by
the alcoholysils of P205 is a mixture of several components.
OPPA prepared in this manner was found to be more effective in
the extraction of uranium than pure dioctylphosphoric zcicé by
two orders of magnitude. The pure acid was prepared by syn-
thesis, starting from POClB.

In an effort to determine the uranium species extracted
by OPPA, Grdenic and Korpar£5§ have 1soclated the species
U(Oct2P207)2. The species, however, was insoluble in ligroin,
the OPPA diluent. It was soluble in ligroin containing OPPA
in a ratic of one mole of U(IV)-salt and 2 moles of OPPA.

This indicates U(OctEHP207)4 is the extractable species. The
same formula was obtalned by determination of the uranium
content in a saturated ligroin phase.

Habashi£22 has investigated the extraction of uranium
and other metals by OPPA from phosphoric acid solutlons.

Uranium (VI) was found to be more highly extracted than uranium
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(IV). This is surprising in view of the increased extraction
of uranium from reduced acid solution mentioned previously.
Also, cerium (III) was found to extract more readily than
cerium (IV). The partition coefficients of several metal ilons

are glven for various phosphoric acid concentrations in Table

XXIX. The partition coefficlentgsdecrease with H3P04 concen=
tration for all the metal ions tested except cerium. The
extraction coefficlents of both cerium (IV) and (III) pass
through maxima in the region of %g H3PO4. The partitilon
coefflcient of uranium is decreased by increased initial
uranium concentration. The addition of Na3P04 to the solution
causes a tc increase greatly—-apparently by decreasing the
hydrogen ion concentration in the aqgueous phase. Fluoride
lon interferes most seriously with the extraction of uranium
by OPPA.

Zangeniég has studied the extraction of uranium (IV)

from phosphoric acid by di{2-butyloctyl) pyrophosphate, BOPPA.
AMINES AND QUATERNARY AMMONIUM SALTS. A large number of

amines, gquaternary ammonium salts, and other organonitrogen
compounds have been investigated as possible extractants of
uranium.iél:ﬂéi The physical chemistry of uranium extraction
by amines has been studied by McDowell, Baes, and l\llexﬁéﬂ:ﬁéé
and Boireiég#ﬂzg Much of the above work has been summarized
by Coleman, et al.zgi More recently, Mooreill has reviewed
the extraction of a large number of elements, including
uranium, by amines.

The reactions involved in the extraction of uranium by
amines have been reviewed by Coleman, gg_é;.égi Organic solu-
tions of amines extract acids from agueous solution to form
alkylammonlum salts

RN org + HX aq = R NHX org. (5)

3

The amine salt in the organlc phase can exchange its ion for

another in the aqueous phase
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Table XXIX. Partition Coefllcleats of Several Metal Ions

Between OPPA and H3P0,+.-a-
Partition coefficient

Ton® ) H3POy concentration

oM e 6M 8N
u(v1) 190 46 23 20
u(Iv) 18.6 14.2 13.5
Th(IV) 24 23 18 13
Fe(III) 18 8 5
Fe(II) 1 <1 <1
v(Iv)e 2 0.8 0.1
Ce(IV) 5 8 1
Ce(III) 7 22 2

2 pfter F. Habashi, reference 459.

The coefficients, with the exception of “u(IV)’ were
determined from figures which appear in reference 459.

o

0.4 mg metal ion per ml; 2% OPPA in n-hexanhe; Vo/va = 0.1.

VO/Va =1,

o

RBNHX org + Y ag = R3NHY 0.g + X aq. (G)

The order of preferences for anions in the organic anine
solution is C10,” > NO;™ > €17 > HSO, > F~. 304

In this anion exchange representation, metals are then ex-
tracted from aqueous sclutionsin which they are present

as anions or anionic complexes. For example,

Uog"' ag + 3X™ aq = U02X3' aq. (7a)
- -
R3NHX org + U02X3 aq ‘._-A R3NHU02X3 org + X~. (7b)

This mechanism, however, 1s indistinguishable from one in
which a neutral complex 1is extracted.

oSt aq + 2X” aq = UOLX, aq. (8a)

R3NI-D{ org + UO,X, aq e R3NHU02X3 org. (8b)
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The faétors that influence uranium extraction have been
studied most extensively for amine-sulfate systems.ég& The
effect of amine structure on the extraction of uranium and
other metal ions is 1llustrated in Table XXX.QQ& Uranium
(IV) is efficlently extracted by primary amines. The effi-
clency decreases with secondary and tertlary amines. With
uranium (VI) there does not seem to be much correlation btz
tween e, and amlne class. With primary, secondary, and t=re=
tiary laurylamlnes, au(VI)’ under the conditions given in

)
Table XXX, is < 0.1, 80, and 140, respectively.2>' With

primary laurylamine an emulsion 1is formed.§94 The extraction
of uranium is also affected by carbon chaln branching near
the nitrogen atom in tertiary amines (Table XXX). Certain
n=benzyl-branched-alkyl secondary amines have been found to

extract uranium extremely we11,30% The uranium (VI) part.tion

coefficients of N-benzylheptadecylamine, N-benzyltetradecyl-
amine, N-benzyldodecylamine, and N=-(2-naphthylmethyl) dodecyl-
amine, under the condltions outlined in Table XXX, are 2000,
»1000, > 1000, ~1000, respectively.ég& The partition coeffi-
clent depends upon the amine~diluent combination. The effect
of diluent on Yu [VI) is indicated in Table XXX.égi
The partition coefficient, cu(VI)’ is influenced by
uranium concentration in that it changes the amount of free
amine sulfate concentration.égi In sulfate solution, bisul-
fate complexes the amine more strongly than does sulfate. The
uranium partition coefficlent, therefore, decreases with ine
creased acidity.zgi Excess aqueous sulfate causes a decrease
in au(vx)‘égi The partition coefficient is also decreased
by increased temperat:uz-e.iqi Extraction isotherms indicate
that four to slx amlne molecules are assoclated with each
uranium (VI) 100.3%%  The number depends upon the particular
amine used. With vigorous shaking, the partition coefflcient,

a varies approximately as the first power of the free amine

u}
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Table XXX. Effect of Amine Structure on the Extraction of Metal Sulfates.2

Metal ion Partition coefficient, «
Primary Amines Secondary Amines Tertiary Amines
Amineb Frimepe Dilauryl- Di(tri- Aming Methyl- Tri-iso- Tris(2-
21F81= JM-T2 amine decyl) 8-248 di-n- octylamine ethylhexyl)
amine decvl-~ amine
smine
M%IV) Cr(III
Fe II
Ni II
<0.1 <0.01 <0.01 <0.01 <0.01 <0.01
V(III ) 974 0,128
Fe(III) 4o 0.5 0.5 <0.1 <0.01
E.(I1I) 20 <0.1 <0.01 <0.01
( ; >50 1558 <0.1 <0.01 <0.01
1(1v 10 5 0.2 <0.1
>1000 350 200 <1
by f f f
Th(O 5M 504)  >5000—  >500 5500 L <ot
u(1v) 3000  >5000f2& 200 50L2& Qb
vsv} e <1 <1 <l <1
v{v)(pH2)= ~20 ~20 ~20 ~20 ~20
Mo&VIg 150 200 400 400 150 3
Mo (VI)(pH2)E >1000 >1000 >1000  >1000 >1000
u(vI 40 1 80 12 20 50 90 0.2
U vxi 258 3gh 8 1&05
vI 50= g0 yot 2%

o

After C. F. Coleman, K. B. Brown, J. G. Moore, K. A. Allen, reference 304.

1M SOy, pH 1, ~1 g metal ion per liter except as noted. Vo/Vy ~ 1, 0.1M amine in aromatic
hydrocarbon diluent.

. v.



€L

R H
b 1-(3-ethylpentyl)-U-ethyloctylamine N
YUH
e trialkylmethylamine, homologous mixture, 18-24 carﬁon atoms ceeiat.
4 b1s-(1-1sobutyl-3,5-dimethylhexyl) amine JRIE
N
.o': ...0.'
e 11

Goefficients at loadings of ~5 g Vor ~3 g Mo per liter of extr-2tent.
coefflclents of these metals decrvase as thelr concentration dc: reases.

1a}

Extraction from 0.5M SOu solution.
£ Diluent kerosene instead of aromatic hydrocarbon.

— Diluent chloroform instead of aromatic hydrocarbon.

Extraction



sulfate concentration,
@ y(vr) = k [M (£ amine) - nM (U (VI)) org],
where n has a value between 4 and 6, characteristic of the
amine.igi With slow equilibration, in which the liquid-liquid
interfaclal area 1s strongly limited and interfacial turbu-
lence 1is prevented, nearly theoretically ideal results have
been obtained;iéé il.e.,
Cwryr) = k [M (= amine) - nM (U (VI)) orgl’. ‘

Small amounts of foreign anions added to sullate solu-
tions hinder the extraction of uranium more than similar
amounts of added sulfate. The order of increasing intc.:ference
is SOu < P04 < Cl P KL NO3.-3-9-2-t

Effective separations between uranium and other metal ions
may be made by choice of amine and/or diluent (Table XXX).ggi
Modification of the diluent with long-chaln alcohols or other
modiflers affects the extractive powers of the organic solvent
phase. A possible synergistic enhancement of au(VI) ha¢ been
found with 3,9-diethyltridecyl-6 amine and di(2-ethylhexyl)
phosphoric acid.iég

The amine extraction of uranium (VI) from aqueous phosphate
or fluoride soclutions 1is qualltatively simlilar to that from
sulfate solution. Uranium is extracted from relatively low
anion concentrations. As the latter concentration is in-

creased, a, is decreased.égi The opposite 1s true for chloride

or nitrate solutions. Uranium extraction is increased as the .

concentration of either of the latter two anions is increasedégi
Uranium may be stripped from the amine solvent phase by

a number of methods. Uranium extracted as the amine:sulfate

complex may be stripped by contact with a nitrate or chloride

solution. Alkaline stripping with sodium carbonate results

in an aqueous uranyl tricarbonate solution. Ammonium or so-

dium hydroxide formsprecilpitates that are difficult to handle.

A slurry of magnesium oxide causes uranium to precilpitate
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as a magnesium polyuranate.égﬁ
Tri-n-octylamine (TnOA)

The partition coefficients obtained by Keder, gg_gi,ﬂzg’
473 for the extraction of actinide metals from nitric acid
solutionsby 10 volume percent TnOA in xylene are glven in
figure 52. Ca.rswellﬁé2 has studlied the extraction of uranium
and thorium by 0.2M TnOA in toluene, also, from nitric acid
solution. Thorium appears to be more strongly extracted than
uranium in the latter system. Uranium, however, 1is extracted
practically to the same extent in both systems for acld con=-
centrations up to 6M.

The extraction of uranium from hydrochloric acld solu~
tlons by TnOA in 0014 has been studlied by Bizct and Tremillonili
The extraction curve as a function of HCl concentration is
similar in shape and magnitude to that for triiscoctylamine
plotted in figure 53.

Allen and co-workersﬁéé:&éé have made fundamental studies
on the extraction of uranium from sulfate solution by TnOA.

Extraction of uranium from acetic acid solution by TnOA
in Amsco D=05 appears to be intermediate between extraction
from sulfuric and phosphoric acids on one side and hydrochloric
and nitric acids on the other.ég&
Iriisooctylamine (T10A)

The results of Mooreﬂzﬁ for the extraction of uranium
(VI), thorium, and fission products from hydrochloric acid
solution by 5% TiOA in xylene are presented in figure 53.

The extraction of strontium-85 is negligible from 2-11M HC1.
Americium (III) and curium (III) are not -extracted. Elements
which are extracted include Fe(III), Co(II), 2Zn(II), HF(IV),
v(v), Pa(V), Cr(VI), Mo(VI), U(IV), Np(VI,V,IV), and Pu(VI,IV)
in addition to those shown in figure 53. The extraction of
iron, vanadium, and chromium may be suppressed by reduction

to a lower oxidation state. Ruthenium remains 1n the organic
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Figure 52. The extraction of actinlde ions by ten volume percent
tri-n-octylamine in Xylene from agueous nitric acid solution. After
El; W. E. Keder, J. C. Sheppard, and A. S. Wilson, reference U472 and
2) A. S. Wilson and W. E. Keder, reference 473.

Conditions:

(1) Ten volume percent TnOA in xylene were stirred with

an equal volume of nitric acid of the desired composi-
tion for 3-5 minutes at room temperature (~25°C.). Phases
were separated by centrifugation after contacting.

(2) Uranium (IV) data only. Aqueous solutions were pre=-
pared at each nitric acid concentration by dilution of
a stock solution which was ~1M U(IV), 0.1M H210y, and
~1M Zn(II). Solutions for extraction experiments were
0.015M U(IV). TnOA was contacted by an equal volume of
12M HNO3 followed by three contacts of one volume each
of the nitric acid concentration used. Equal volumes
of aqueous and amine solutions were contacted at room
temperature for 5 minutes. Phases were separated by
centrifugation.
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Figure 53. The extraction of U233, Th230, and fission products by 5%
(w/v) triisooctylamine in xylene as a function of HACl concentration.
After F. L. Moore, reference 475. Conditions: Equal phase volumes
extracted for two minutes at room temperature (24°C.).
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phase when washed with O.1M HCl1l solution. Uranium is stripped
into the aqueous phase. Excellent extraction (>90%) of macro
amounts of uranium {(60.4 mg U/ml initial aqueous concentration)
can be obtained from 9M HCl with 20% TiOA in hexone.

Mooreﬂzg nas also investigated the extraction of uranium
(VI) from acetic acld solution by TiOA. Extractions were
carried out in the same manner as those from hydrochloric
acid solution (figure 53). Aqueous solutions of varying
acetic acld concentration containing 2 x 104 alpha counts
per minute per ml of 0233 tracer were extracted with equal
volumes of 5% (w/v) TiOA in xylene. It was found that maxi-
mum uranium extraction (>90%) is obtailned from 0.5M to 1M
acetic acid solutions. The addition of 3%(v/v) butyl cello=-
solve to the Ti0A-xylene solution inhibits foaming during
the extraction process. By increasing the T10A concentration,
macro amounts of uranium are efficiently extracted. Greater
than 95% stripping may be achieved by contacting the amine-
xylene phase with an equal volume of 0.5M HNO3, 3M stou,

QM stou, iM NH4HCO concentrated NHAOH, or 0.25M HF-0.25M

32
HNO3 solution.  From 0.5M-1M acetic acid solution, ruthenium
(11.5%), zirconium (27.9%), and niobium (11.1%) are extracted.
Separation is made from strontium (alkaline earths), cesium
and europium (rare earths), plutonium (III) (trivalent actine
ides), thorium, protactinium, hafnium, tantalum, iron, lead,
nickel, cobalt, manganese, chranium (III), aluminum, copper,
zinc, bismuth, tin,and antimony.ill&&lé The selectivity may
be improved 1f the uranium is first precipitated by hydroxide,
dissclved with 1M acetlc acid, and then extracted as pre-~
viously described. Iron hydroxide is uscd to cariy trace

amounts of uranium in the precipitation step.ﬁzg

Cther amine extractants.

As stated at the beginning of this sectlon, many organo-

nitrogen compounds have been investligated as extractants of
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uranium. A large number of these investigations are reported
in ORNL reports (eg., ORNI-19222LL oRNL-2099%18). For
further information, one may refer to these reports, the

summarie O, 46146 previously mentioned, or the review by

Moore.ﬁZl

Quaternary ammonium salts.

The enhanced extraction of uranium by hexone containing
tetrabutylammonium nitrateZ§ or tetrapropylammonium n:Ltr-at:e;S-Z-2
has already been noted (see Hexone). Haeffner, Nilsson,and
Hultgrenﬁl& have also used tetrabutylammonlium nitrate to
extract uranyl nitrate with chloroform.

Quaternary ammonium salts, unlike amines, may be usea to
extract uranium from alkaline carbonate solu‘c:ﬁ.ons.&-Z-Z-f-ﬁz-s-l-ig-Q
The Rohm and Haas compound Quaternary B—loh* converted to the
carbonate form has been used successfully to extract uranium
from aqueous solutions having carbonate concentrations up to
one molar.iég Amsco G alone or modified with a long-chain
alecohol, tridecanol, and kerosene modified with tridecanol
have been used as diluents. The alcohol modifier improves

Qo
both the phase separation time and the extraction coefficient.ﬂﬁg

The partition coefficient exhibits a negative two power

dependence on carboncte concentration£§9 in accord with

the reactionigé
4o
2(R4N)2003 org + U02(003 3 & ;A (34N)4U02(003)3 org

+ 2co§‘ ag.  (9)
The extraction coefficlent 1s virtually independent of the

bicarbonate concentration with the carbonate-bicarbonate

total concentration held constam:.ﬁ-a-9 The coefficient is

decreased by an increase in tempez'a‘cur'e.ﬁ-s-9 Uranium may

be stripped from the organic phase by solutions of HC1,

HC1-NH)C1, HNO,, and HNO -NH4N03.4 8,480 yitrate solutions

3 3

* An isopropanol solution of dimethyldiodecylammonium chloride.
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are more effective than chloride.£1§ Sodium hydroxide (2M-

3M) may also be used as a stripping a.gent.£§9

Clifford, g&_g;.iél report the extraction of uranium
from aqueous carbonate solutions by (1) forming a Singly
charged anion, U02X§,w1th a complexing agent, and (2) ex-
tracting this anion into an organic solvent with a singly
charged cation. Extractlons were obtained with benzoin 2-
oxlne, cupferron, hydroxylamine, peroxlde, pyrogallol, and
8-quinolinol (oxine). The latter was used for further study.
Arquad 2C, R;N(CH3)201, where R' is about a 16-carbon chain,
was found to be the most effective extractant tested. Hexone
was found to be the most effective solvent tested. Kerosene
gave no extraction. With oxine as complexing agent, the
extracted species was identified as RuNUOQ(Ox)3. The ex-
traction coefficient of uranium was found to increase with
increased pH; to increase with increased oxine concentration

and with increased R,NC1l concentration (to an optimum value);

to decrease wlth increased carbonate concentration. An eX-
traction coefficient, a,s of 10.9 was obtained by extracting
two volumes of an aqueous solution containing 0.0lM U02(NO3)2,
0.92M NaQCOS, 0.04M NaOH, and 0.02M Arquad 2C with one volume
of hexone containlng 0.100M oxine. Both uranium and oxine were
removed from the organic phase by strong acids. Sodlum bil-
carbonate was found the most efficient stripping agent on a
counter-current basis.

CARBOXYLIC ACIDS.
H8k-Bernstro 138,482 has studied the extraction of

uranium (VI), thorium, and lanthanum by several carboxylic
acids: salicylic, methoxybenzoic, 3,5:dinitrobenzoic, and
cinnamic. Table XXXI lists the pH at which 50 percent of
the metal lons are extracted from perchlorate solutions by
0.1M solutions of the carboxylic acid in hexone. Chloro-

form was found to be a poor solvent for the extraction of
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Table XXXI. pH for 50 Percent Extraction of U(VI), Th, La
by Carboxylic Acid.2

Acld pH50

vos* ' La>*
Salicylic 3.2 3.332 4,93
Methoxybenzoic 3.42 3.83
3,5-Dinitrobenzoic 2.75% 2.85% 4,388
Cinnamic 3.60% 3.07% 6.13%

2 After B. HBR-Bernstrom, references 138, 482.

Aqueous phase: metal concentration, 10'5M Th or La, 10'3§ U;
ionic strength, 0.1M adjusted by the addItion of NaClO4;

PH adjusted with NaDH and HC10,.

Organic phase: 0.1M carboxylic acid in hexone.

Vo/va’ 1l; temperature, 25°C.

o

Log @ = 0, reference 138.

lo

Calculated from data given in reference 482.

the metals by the carboxylic acids studied.

Cole and Brownds have studied the extraction of U(VI),
Th, Hf and Zr from aqueous nitrate solutions by salicylic
aclid in furfural. Satisfactory separations between uranium
and thorium were obtalned, depending largely upon the two
metal concentrations.

Sudarikov, gg_gi.iéi have studied the extraction of U
(VI), Th, Ce, La, Y, and Sc from aqueous solutions by sali-
cylic acld in isocamyl alcohol. The uranium complex was ob-
served to extract at pH 1.5 and to be completely extracted at
pH 2.5 to 5.0. Up to pH 6.5, a, was found to decrease from
100 to 0.3-0.4 and to remain unchanged at higher pH values.

Mills and \rﬂ’zetselﬂ-a-2 have extracted uranium (VI) with

perfluorobutyric acid dissolved in dlethyl ether.
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CHELATING AGENTS. The chelatling agents described below are

listed in the same general order as they may be found in the
book by Morrison and Freiser.ggg

0 0
n u
Acetylaczetone, CH3 - C = CH2 -C - CH3

The extraction of both uranium (VI) and (IV) from per-
chlorate solutions with acetylacetone as chelating agent has
been investigated by Rydberg. The percentage extracted is
given as a function of equilibrium pH in figures Su&A,-B, and
-C for the three solvents, chloroform, benzene, and hexone,
respectively. The extraction of other actinides, fission
products, and hafnium is also included in the figures.éﬁgiéi'
£§§:£§§ Strontium and potassium are poorly extracted by

acetylacetone into chloroform.iél Lanthanum and samarium

are poorly extracted by the chelating agent into all three
sc>1\,'em:s.&§-Z

Krishen£§2 has investigated the extraction of uranium
(VI) with acetylacetone used both as chelating agent and
solvent. The results are given in figure 55A vogether with
the extraction curves of several other metals. The effect
of masking agents, ethylenediaminetetraacetate, fluoride,
and tartrate, on the extraction of these metals 1s given in

figures 558, and D, respectively.ﬁéﬁ

The extraction of uranium by acetylacetone-chloroform
in the presence of sodlium chloride and EDTA has been
studied by Tabushi.229 Sodium chloride increases the ex-
traction yield and broadens the favorable pH range. EDTA
permits the separation of uranium from thorium and fission
products by more effective masking of the latter. Uranium
has also been extracted with acetylacetone using butylacetate

as solvent.ig;
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Figure 54-A., The extraction of various elements from 0.1M NaClOy
solutions by an equal volume of acetylacetone-chloroform solution
at 25°C. Acetylacetone concentrations used: U{(VI), 0.0210M
[HAa)aq; U(IV), 0.50M [HAa} org; Pu(IV) 1.00M [HAa] init; Th(IV),
0.0489M [HAa]init Hf IV), .050M [(HAa)C org. After J. Rydberg,
references 51,
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Figure 54-B. The extraction of various elements from 0.1M NaClOy
solutions by an equal volume of acetylacetone -benzene solUtion at
5°C Acetylacetone concentrations used: U(VI), 0.0210M [HAalag;
u(Iv), o. 072M (HAa)agq; Pu(Iv), 1. OOM [HAa]init; Th(IV), 0. 0673M
[HAanorg, F.P., 0.70M [HAaloorg F.P. irradiation time = cooling
time = 1 year. AfteT J. Rydberg, references 51, 487, 488, 492 and
J. Rydberg and B. Rydberg, reference l4b.
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Figure 54-C. The extraction of varlious elements from 0.1M NaCliOy
solutions by an equal volume of acetylacetone-hexone solution at
250C. Acetylacetone concentrations used: U(VI), 0.0210M [ HAa]aq;
Pu(IV), 1.00M [HAa]init; Hf, 0.050M [HA2)Corg. After J. Rydberg,
references 51, 487, 488. -

0 0
" n
Benzoylacetone, ¢ - C - CH2 - C - CH3.

Staryigi has determined the stability constants of
uranyl acetate, oxalate, tartrate, and EDTA complexes. The
effect of these ilons was observed on the extraction of uranium
(VI) from 0.1M NaClOu solutions by 0.1M benzoylacetone in
benzene.

SE: 0
2-Acetoacetylpyridine, LNJ -C-CH, - C - CH,.

2 3
The extraction of uranium from a 0.2N NaOH, 0.2N acetic

acid solution at pH 5.0 to 5.5 by 0.12% acetoacetylpyridine

in butylacetate 1s reported by Hara.ig&
0 0
n "
Dibenzoylmethane, % - C = CH2 -C - o.

Uranium (VI) (0.05 - 0.5 mg) is extracted from agqueous
solution by a 0.5% solution of dibenzoylmethane in ethyl ace-
tate.Egi In the presence of other cations, the extraction 1s
made more selective by the addition of complexore III (EDTA

sodium salt). Excess complexoreis complexed by a 1% Ca(NO3)2
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Flgure 55-A. The extraction of various metals from aqueous solution
by an egual volume of acetylacetone at 25°C. Solid lines indicate
the metal was originally contailned in the aqueous phase. The dashed
lines indicate the metal was originally in the organic phase. The
pH was adjusted to the desired value by sulfuric acid or sodium hy-
droxide., After A, Krishen, reference 489.
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Figure 55-B. The effect of ethylenedlaminetetraacetate (EDTA) on the
extraction of various metals from agueous solution by an equal volume
of acetylacetone at 250C. The mole ratlo of metal to EDTA 1s shown
by the line texture. After A. Krishen, reference 489,

185



100

o
w 80
[
(T}
=
- 60
x
w
-
z 40
uw
o
@
w20
0
igure 55-C.

1 ¥ ) ¥ B LR 1] L) 1 T R IR T
Cu g
wmwmmm—-
4
" P>
e i
’
’
: Fluoride -
'  E- s s
h Metot: F~ = |:5 1
' : - - Motgl: F~ 2 1:10 ]
) 1
1 ' 1
! !
‘ ] -
' ’
’ ’ .
P4
1 | S S 1 | IS B 1 1 ] i | | S N N
-t O+ 2 3 4 5 6 7 B8 9 10 1l 12 13 14
EQUILIBRIUM pH

The effect of fluorlde on the extractlon of various
metals from aqueous solution by an equal volume of acetylacetone at

250C. The mole ratioc of metal to fluoride 1s shown by the line
texture. After A. Krishen, reference 489,
R T 1 k] T 1 T 1 LR T T 1 i i
100 Fe .
——U
[} Pl o
m _I‘.-----------CU’.”
5 80 i " .
< / Po ]
IE Tortrote
x 60 . s a0
——— Metol: Tartrote = L: 30
m -
= =« = Metal: Tortrate = |:10
b -
z 40
w
O . Zr 1
@
w 20 -
o
0 L | | | 1 L1 1 I
-1 01 2 3 4 5 6 7T 8 9 10 1t 12 13 14
EQUILIBRIUM pH
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solution. The resulting solution is nsutralized with ammonia
to pH 7 and 1s then contacted several times with the extract-
ing solutilon.

The dibenzoylmethane extraction of uranium with chloroform,

benzene, and carbon tetrachloride has been investigated by

w 7
Moucka and Stary.ﬁgé

Thenoyltrifluoroacetone (TTA), ’[;]'- C - CH2 -C - CF3.
) b
Considerable effort has been expended in the study of
TTA as an extractant for uranium. King,igz Orr,ﬁgé Helsig
and Crandall,igg Walton, gg_g;.,égg and Peterson2®l nave

made fundamental studles on the extraction of uranium (VI)
from agueous perchlorate£21L£2§ and nitrateigg&égg media by

TTA dissolved 1n benzen s 498,500,501 hexone,ﬁgﬁ cyclo-

hexanone,ﬁgg and pentaether.ﬁgg The partition coefficient,
au(VI)’ is increased by increased TTA concentration in the
organlic phase; decreased by lncreased initial uranium con-
cent:r'a‘h:l.on.-é-o-9 The effect of p% and various salting agents
on the extraction of uranium (VI) and thorium from nitrate
solutions by 0.2M TTA in benzene 1s shown in figure 56.§9g
Salting agents increase the extraction of uranium by TTA-
benzene from low pH solutions. There is no apparent effect
on the extraction of thorium with or without 1N Al(N03)3.

A M NH4NO3 concentration in the aqueous phase (not shown),
’ in fact, depresses the extraction of thorium.ﬂ The effect

of foreign anions on the extraction of U(VI)ZZ and U(IV)§§

from aqueous perchlorate solutions by 0.5M TTA in benzene

is shown in figures 57A and 57-B, respectively. Poskanzer

and Foremanzgi have recently reviewed the extraction of

elements throughout the periodic table by TTA. TyeE PH values for

50 percent extraction into an equal volume of C.2M TTA in

benzene at room temperature or 25°C. listed by these authors
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Pigure 56. The effect of pH and salting-out agents on the extraction
of uranium (VI) and thorium by TTA-benzene solutions. After E. K.
Hyde and J. Tolmach, reference 502. Conditions: An equal volume of
0.2M TTA in benzene was stirred vigorcusly for 20 minutes with an
aqueous solution containing 0.003M thorium or trace amounts of
uranium-233 with or without the salting-out agent indicated at the

pH given.

are: for U(VI) from dilute nitric ac'.i.ci,égg pH5O = 1.97;

for U(VI) from HC10, + L10104,i9-§- =2, pH5o = 1.79; ror
U(IV) from HC1O, + NaClOu,lﬁi W= 2, pHgg = -0.58; for U(IV)
= -0.31.

50
Irving and Edgingtoniil have observed a synerglstic en-

from HNOB,E-C-)i PH

hancement of the uranium partition coefficient with tributyl-
phosphate (TBP) - or tributylphosphine oxide (TBPO) - TTA

mixtures. The results, a_ versus percent TBP or TBPO in the

u
extractant mixture, are given in figure 58.

The anal;gis of metals with TTA has been reviewed by
Moore.igi Sheperd and Meinkeégé have published, with references,

the extraction curves of a large number of elements with TTA.
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FPigure 57-A. The effect of foreign anions on the extraction of
uranium (VI) from agueous perchlorate solution by TTA-benzene. After
R. A. Day, Jr. and R. M. Powers, reference 77. Condltions: Organic
phase - 0.50M TTA in benzene pre-treated by shaking with dilute per-
chloric acid overnight. Agueous phase - ~10-5M U233, anion at con-
centration indicated, 0.05M HC104, plus sufficlient NaClO0y to maintain
an ionic strength of 2.0. ~Equal phase volumes shaken together for 2
hours at 25°C.

Figure 57-B. The effect of foreign anions

on the extraction of uranium (IV) from
agueous perchlorate solution by TTA-benzene.
After R. A. Day, Jr., R. N. Wilhite, F. D.
Hamilton, reference 58. Conditions: Organic
phase - 0.05M TTA in benzene pre-treated with
dilute acid. Aqueous phase - 0,0016N - 0.0037M
U(IV), anion at concentration indicafed, 1.000NM
H+ (HC104 used for all experiments except chlo-
ride in which HCl was used), plus sufficient
NaClQy to maintain an ionic strength of 2.0.
Equal phase volumes shaken together for 30 min-
utes.
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COMPLEXING AGENT

189



3
107 T e T T
EJ TTA-TBPO e :
- ! \
L [ ] o
l02:- -
5 f ]
S [ TTA-TBP *
;- 5
l
s 0F E
o C p
uw I~ -
w B -
g 9
-4
o IO E
- - 3
- 1 ]
m - -
<
o L .
10~ -
: ;
. ]
" I
1(3-2 1 ] ] | 1 1 1 ] { 1 ]

O 10 20 30 40 50 60 70 80 90 100
% TBP OR TBPO

Figure 58, The synergistic enhancement of the uranium (VI) parti-
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at room teﬁpera%ure ?210 - 230C.)
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Substituted l-phenyl-3-methyl-4-acyl-pyrazolones-5,

?
CH3 -C~«CH-C=0
L}
N C =0
\N/
i

Skytte Jensenlég has studied the possibillity of using

substituted l-phenyl-3-methyl=-4-acyl-pyrazolones-5 as extrac-
tants for a number of elements including uranium (VI), thorium,
and lanthanum. The pH for 50% extraction of trace amounts of
these elements by a 1M solution of chelating agent in chloro-
form is given in Table XXXII. The pHSO for TTA is given for

comparison.
s 4
8-~Quinolinol (8-hydroxyguinoline, oxine) 1 394 : N\ 2 .
AN &;/x
OH

H;k,égz and Dyrssen and Dahlberglii have studied the ex-
traction of uranium (VI) from aqueous perchlorate solutions
by oxine dissolved in chloroform or hexone. Results of the
latter group,lﬁi percent extracted versus final aqueous pH,
are shown in figure 59. These results are in agreement with
those of Hokell (0.1M oxine - CHC13, 10'3§ U, aqueous per-
chlorate solution, p = O.1M, 25°C.). No appreciable differ-
*am 1073m
(open and solid circles, respectively, in figure 59). Chloro-

ence was observed with uranium concentrations of 10~

form 1s shown to be a slightly better solvent for the uranyl-
oxline complex than hexone. The extraction curves for Th,§9§
La and Sm292 are also shown in the figure. A tabulation of
PE for 50% extraction of various metal oxinates by chloro-
form has been made by Dyrssen and Dahlberglii and is repro-
duced in Table XXXIII.

The extraction of uranium (VI) by solutions of 1% oxine
in chloroform from buffered agueous solutions is shown in

figure 60 as a function of agueous pH.élg
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Table XXXII. pH for 50% Extraction of Tracer Amounts of Uranium (VI),
Thorium, and Lanthanum by 1M Solutions of Substituted (R) 1-Phenyl-3-

methyl-4~acyl-pyrazolones-5 in Chloroform.2

R pH50 of Metal Ion

vod+ ™+ La3*
acetyl -0.15 0.10 2.60
propionyl 0.05 0.05 2.65
butyryl 0.52 0.42 2.47
valleryl 0.24 0.24 2.84
capronyl 0.7 ~0.25 3.15
ethoxycarbonyl 1.00 not meas. 2.50
chloroacetyl 0.65 0.05 2.28
trifluoracetyl 0.8 not meas. not meas.
benzoyl 1.0 0.4 2.45
p-bromobenzoyl 0.9 0.30 2.3
p-nitrobenzoyl - - -
TTA 0.70 -0.30 3.75

& values for pHSO were calculated from data presented by B. Skytte

Jensen, reference 160.

Aqueous perchlocate medla.
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Figure 59. The extraction of tracer amounts of uranium (VI), thorium,
samarium, and lanthanum from perchlorate solution by sclutions of
oxine-chloroform or oxine-hexone. After D. Dyrssen and V. Dahlberg,
reference 143; D. Dyrssen, references 508 and 509. Conditions: Agque-
ous phase - lonic strength = 0.1M with NaOH, HC10y, and NaClOy; for
uranium, open circles represent 0.0001M U concentrations, solid
circles and triangles, 0.001M U. Organic phase - oxine concentrations:
for U, 0.100M; for Th, 0.050M; for La and Sm, 0.5M; solvent indicated.
Equal phase volumes equilibrated at 25°C.

Substituted quinolinols.

Rulfs, et a1ei® and Dyrssen, et al.2L have studied the
extraction of uranium by dihalogen derivatives of 8-quinol-
inol. The uranium extraction curves with 1% solutions of
5,7-dichloro- and 5,7-dibromo-8~quinolinocl in chloroform
are shown as functions of final aqueous pH in figure 60.219
Use of the halogen-substituted oxines permits extraction of
urainium from more acidlc aqueous solutions. Similar curves
for uranium, thorium, and lanthanum are given in figure 61
for extraction with 0.05M 5,7-dichloro~oxine in <:1'1lox'ofoz'm.§-]-'-i

Hynekzli has studled the extraction of various metals
by 8-hydroxyquinaldine (2-methyl-8-quinolinol). The uranium

complex was found to be extracted, but not guantitatively,
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Table XXXIII. pH for 50% Extraction of Metal Oxinates with Chloroform.2

Metal ion pH Procedure Reference
Gadt 1.0 V ag = V org, 0.1M total oxine. 511
In3+ 2.1 Anions in aqueous solution: chloride,
a3 3.4
Fet 1.6 Pour successlve extractions with 512
cut 2.0 0.01M solution of oxine in CHCl,.
In3+ 2.2 Anions 1in agqueous solution: sulfate,
B13t 3.0 acetate, nitrate, chloride. ‘
a3+ 4.2
N12+ 6.1
co?t 6.5
Sn4+ 0.0 V aq = 5V org, 0.07M oxine. 513
Mo 1.0 Anions 1in aqueous solution:
Fe3+ 2.0 acetate, chlorlde, tartrate.
Cu 2.1
Ni 3.7
Al 3.8
Mn=* 6.4
4 x
Ht 1.3 V ag = V org, 0.1M total oxilne. 143
UO%+ 2.6 Anions in aqueous solution:
Th4+ 3.1 perchlorate.
Sm3+ 5.7
Lat 6.5

2 pfter D. Dyrssen and V. Dahlberg, reference 1l43.
* +
PH = -log[H ] + 0.1.

by chloroform from an aqueous phase at pH 9.5 containing

tartrate and acetate lons. Cyanide or H202 prevented ex-

traction.
N=0
|
1-Nitroso-2-naphthol, 4¢\’/§> -0H
XN\

Alimarin and Zolotovélé have investigated the extraction
of uranium (VI) by organic solutions of l-nitroso-2-naphthol.

It was found that a mole ratio of naphthol to U3O8 of 125
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Pigure 60.
The extraction of uranium (VI) by oxine and its 5,7-dichloro-
and 5,7-dibromo-derivatives. The percent extracted, P, was
calculated from the values of the distribution coefficient
given in the paper by C. L. Rulfs, A. K. De, Jr., J. Lakritz,
and P. J. Elving, reference 510.
Conditions:
2.1 mg of uranium in 10 ml and 25 ml of an approximately
1M buffer solution were shaken 6 to 8 minutes with 20 ml
of a 1% oxine-chloroform solution. The aqueous phase Was

rinsed twice with 5 ml of chloroform. The pH of the final
agqueous phase was measured.
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Pigure 61.
The extraction of tracer amounts of U (VI), Th, and La
by 0.05M 5,7-dichloro-oxine dissolved in chloroform
from 0.1M HClOu - NaClOu solutions at 25°C.
After D. Dyrssen, M. Dyrssen, and E. Johansson, reference

514.

and a volume phase ratio of organic to aqueous of 0.25 is
more than adequate to glve quantitative extraction of uranium
into isoamyl alcohol at a pH of § to 6. Two minute shaking
is sufficient for quantitative uranium extraction. Ethyl
acetate, n-butanol, diethyl ether, amyl acetate, benzene, and
chloroform also extract the uranium-naphtholate complex.
Quantitative extraction 1s obtained with ethyl acetate and n-
butanol at a pH of 3.0 to 8.5; with isoamyl alcohol at pH

4.5 to 7.5. Quantitative extraction can be achieved at tem-

peratures of 0° to 100°C. Chloride or nitrate ions at con-
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centrations up to 0.2M do not seriously interfere with the

extraction of uranium. Iron (III) i1s completely extracted;

vanadium (IV) and (V) and thorium are partially extracted.

The extraction of all four metal ions is considerably

suppressed by complexing with complexore III (sodium salt

of EDTA). The pH range for quantitative separation of u-

rantum with isoamyl alcohol is increased in the presence of

complexone ITI (~25 mg complexorneper mg of metal) to 6.5 - 9.

Aluminum and zinc are not extracted with l-nitroso-2-naphthol.
Dyrssen, gg_gl.éil have studied the extraction of uranium

and thorium from aqueous perchlorate solutions (u = O.;M)

by 0.1M l-nitroso-2-naphthol in chloroform. Fifty percent

of the uranium was extracted at pH 3.07 and fifty percent

of the thorium at pH 1.66. Lanthanum and samarium were not

extracted. Other metals that have been extracted as nitroso-

naphtholates include Mn(II), Fe(II), Co, Ni, Cu(II), Pa(II),

Ag, Cd, Hg(II), Pu(Iv)2LL ana Np(v).238

Ammonium salt Nenitrosophenylhydroxylamine (cupferron),

I} 1

- +
\ N'O,m{uu

Cupferron 1s an important reagent in the analytical
separation of uranium. The reagent preclpitates uranium
(IV) from acidic (H2504 or HCl) solution but not uranium
(VI). By converting uranium to its two oxldation states,
separation can be made alternatively from elements not pre-
cipitated by cupferron and from those precipitated by the
reagent. The uranium (IV) cupferrate complex, U(Cup)4,
was found by Augerzig to be soluble in chloroform and neutral
organic solvents. Furman, gg_gl.gég found milligram amounts
of uranium (IV) to be incompletely extracted from agueous
acld solution by hydrogen cupferrate in chloroform but to

be almost completely extrzcted by ethereal hydrogen cup-
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ferrate; i.e., cupferron extracted by ether from an acid
solution. Ethereal hydrogen cupferrate was also found to
extract quantitatively macroamounts of uranium (IV) from
(1 + 19) sulfuric acid containing hydroxylamine hydrochloride
and submilligram amounts from {1 + 19) sulfuric acid in the
presence of saturated mercury-zinc amalgam.gzg The partition
coefficient, au(IV)’ 1s increased with increased cupferrate
concentration and is decreased with increased acid concen-
tr-a‘cion.gé-9

A uranium (VI) cupferrate complex is precipitated by
the reagent from neutral solutions. There appear to be two

229 From

forms, one of which is soluble in ethyl ether.
(1 + 9) sulfuric acid, milligram amounts of uranium (VI)
are extracted by an equal volume of chloroform with an ex-
cess of cupferron present.229

The extraction of uranium (VI) cupferrate from aqueous
perchlorate solution by hexone and chloroform is given in
figure 62 as a function of the pH of the final aqueous
solution.lﬁi Chleoroform is a poor solvent for the complex.
Hexone 1s better, but quantitative extraction is not achieved
by a single contact of the solvent with an equal volume of
the agueous solution. The extraction curves for Th,égé Sm,
and Laégg are also given in the figure.

The properties of other metal cupferrates have been

reviewed by Furman, Mason, and Pekola..229

N-Benzoylphenylhydroxylamine, <? S}— C =20
|

<Z;;;§>—— N - OH.

Dyrssené-e—9 has studied the extraction of uranium (VI)

wlth N-benzoylphenylhydroxylamlne in chloroform from aqueous
perchlorate solutions. The results, P versus pH, are shown

in figure 63 together with those for thorium and lanthanum,
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Pigure 62.

The extraction of tracer amounts of uranium (VI), thorium,
samarium, and lanthanum cupferrates from perchlorate solu=~
tions by hexone or chloroform.

After D. Dyrssen and V. Dahlberg, reference 143; D. Dyrssen,
references 508 and 508.

Conditions:

Aqueous phase - lonlc strength = 0.1M with NaOH, HC10
and NaClOy. Na cupferrate added to aqueous phase: for
0.01M, for Th, Sm, and La, 0.005M.

Equal volumes of aqueous and organic solvent indicated
equilibrated at 25°C.

14

R

1-(2-Pyridylazo)-2-naphthol forms colored complexes

1l-(2-Pyridylazo)-2-naphthol (PAN),

(generally red) with a large number of polyvalent metal
521

ions., The uranyl-PAN complex is insoluble in alcohols,

carbon tetrachloride, chloroform, and ethers.égg Ortho-
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Pigure 63.
The extraction of tracer amounts of uranium (VI), thorium,
and lanthanum from perchlorate solutions by N-benzoyl-
phenylhydroxylamine dissolved in chloroform.
After D. Dyrssen, reference 520.
Condltions:
Aqueous phase -~ lonic strength = 0.1M with HC1lOy, NaOH,
and NaClOy. The aqueous phase was sometimes buffered with
1 ml of 0.1M anilinium perchlorate, sodium acetate, or
hydrozinium perchlorate per 15 ml.
Organic phase ~ 0.1M N-benzoylphenylhydroxylamine in

chloroform.
Temperature, 25°C.

or meta~dichlorobenzene and bromobenzene are excellent sol-
vents for the complex. The maximum color of the uranyl-PAN
complex 1s developed at pH 10. At pH less than 5 or greater

than 12 little complex formation occurs.522

Uranjum may be
selectively separated from a large number of elements by

PAN-dichlorobenzene extraction in the presence of masking
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agents (EDTA, trinitrilotriacetic acid, cyanide) and with
proper pH control.

//5
Sodium diethyldithiocarbomate (DDTC), (C,Hg) N - € Nat.
\S‘
Bodes2s reports that the U(VI) - DDTC complex, unlike

other heavy metals, 1s soluble in water. A precipitate is
formed only with high concentrations of uranium and reagent.
The uranyl-DDTC complex is practically inextractable by
carbon tetrachloride but 1s readily extracted by isocamyl
alcohol, diethyl ether, and amyl acetate.égé Others have
used lrzexc‘ne,é?--li ethyl acetate,égi chlorororm,égé and ben-
zeneégl to extract the complex. Employing the above sol-
vents, the U{VI)-DDTC complex has been extracted from
aqueous solutions having a wide range of pH, e.g., pPH 1-5221
and pH 6.5-8.3.2-2-i Sodium tartrate has been used to prevent
hydrolysis at higher pH values.222 The U(VI)-DDTC complex
is extracted in the presence of EDTA. Uranium may then be
separated from elements such as thorium,that form strong EDTA
complexes.égﬁ&égZ&égé Uranium may be further separated from
those elements extracted as DDTC complexes by stripping the
Tormer into an ammonium carbonate solution.lgél-ég2

/ ' CH=N-CH,CH, ~-N=CH~-

X/ ~-0H HO
Dyrssen222 reports that uranium (VI) is somewhat

Disalicylethylenediimine,

extractable (60-90%) with solutions of disalicylethylene-

diimine 1in chloroforé. Hafnium and thorium are extracted
(90-99%) from weakly acidic solutions (pH 1.5) with a O.1-
0.5M chloroform solutlon of the reagent. Lanthanum and

samarium are not extracted.

Antipyrine, CH=(l3 - CI—I3
I

= N-C
0 L Hy
l

Cels
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Roddenlgl has mentioned that chloroform extracts uranyl
complexes with antipyrine. Reaséég has reported that both
uranium {VI) and uranium (IV) are almost completely extracted
with antipyrine-chloroform solutions from perchlorate media.
Uranlum may be separated from thorium using the antipyrine-
chloroform system. From an aqueous solution of 20.6 ml
containing 5 mmoles of Th(NO3)4, 1 mmole of U02(N03)2 and
48.6 mmoles of HCl, 93~-94% of the uranium and only 5% of
the thorium was found to extract with 36 mmoles of antipy-

rine in chloroform. The uranyl-antlpyrine complex is

soluble in nitrobenzene. but not very soluble in hexone.

/’\
7\
Tropolone, &Q S .
/“'/Qb
OH 0

The extraction of U(VI) and Th from 0.1M perchlorate
solutions by 0.05M tropolone in chloroform is given as a
function of pH in figure 64.229 The pH of 50% extraction
for U(VI), Th, and Y under the above conditions is approxi-
mately 0.9, 1.1, and 4.0, respectively. Less than 50%
lanthanum is extracted at pH 6.5.2§9
Dyrsseniil reports the extraction of a uranium (VI)-

beté-isopropyl tropolone complex with chloroform and hexone.

Ion Exchange. A number of articles are availlable in

Jaich the .enavior of uranium toward ion exchange resins
Is reviewed and in which reference to much of the litera-

ture 1s given. Hyde,éég Katz and Seaborg,g Choppin,éég

Palei,lgl and Kuznetsov, gg_g;.ggg have reviewed the ion
exchange of a number of the actinide elements including
uranium. Steele and Tavernerlgé have outlined several
anlon exchange separations of uranium. Clegg and Foleyéég
have described the use of ion exchange resins in the pro=-

cessing of uranium ores.
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Pigure 64.

The extraction of trace amounts of uranium (VI) and thorium
from C.1M perchlorate solution by 0.05M tropolone in chloro-
form at 25°C.

After D. Dyrssen, reference 530.

In the followlng paragraphs, the distribution of
uranium (and of other elements) between an ion exchange
resin and a particular solution is described in terms of
the distribution coefficients, D and Dv' These are defined

as
p = amount Mm% /eram dry resin
amount M*/m1 solution

and
+X
p = amount M /ml resin bed
V' amount M** ‘ml solution

The two coefficlents are related by the density of the
resin bed, Dv = pD. The coefficient D is referred to as

KD by many authors.
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Anlon exchange. Anlon exchange resins commonly used

in the radiochemical laboratory are the strong base resins
such as Dowex-l and-2 and Amberlite IRA-410 and IRA-400.
The capaclity of these resins is approximately 2.5 milli-
equlvalents per gram of resin. Weak base resins are also

available. However, their use is more limited. These

resins have capacities ranging from about 6 to 10 milli-
equivalents per gram of resin.

Spivey, g_t_:__g_l.ﬂ have investlgated various factors .
such as resin capacity, resin phase volume anion adsorption,
etc., chat affect the sorption of uranium. Trivisonnoééi
has made a literature survey of factors that influence the
adsorption and elution of uranium by and from strong base
anion exchange resins. There are similar to the factors
influencing solvent extraction and include, other than
those already mentioned, uranlum concentration, anion con-
centration, pH, the presence of other metallic ions and
foreign anions, temperature, resin size, porosity, cross-
linkage, etc.

The various systems from which uranium may be adsorbed
by anion exchange resins are described below. The resin
may be converted to a particular anicnic form by washing
with an appropriate solution.

Chloride systems.

Kraus and I\Jelsoné-??-é have measured the distribution .
coefficients for a number of elements between a strong base
anion exchange resin (Dowex-1l, 10% DVB, ~200 mesh) and
hydrochlorlc acid solutions of varying molarity. Thelir
results are shown in flgure 65. The results of Marcus,§§1
obtalned under conditions similar to those used by Kraus
and Nelson,2§§ are given in figure 66. The concentrations
of the varilous elements used in the study by Marcus were

such that the oxidation states could be determined spectro-
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Figure 65. Adsorptlion of elements from hydrochloric acld solution with anion exchange
resin (quaternary amine polystyrene divinyl benzene resin, ~200 mesh, 10% DVB). After
K. A. Kraus and F. Nelson, reference 536.
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Pigure 66.
Adsorption of elements from hydrochloric acid solution with
Dowex-l anion exchange resin (10% DVB).
After Y. Marcus, reference 537.
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photometrically. No adsorption of Np(V), Pu(III), or Am(III)
was found. The data presented by w1sh§§§ for the adsorption
of various elements by Dowex-2 ( x8,200-400 mesh) is repre-
sented in figure 67. Ward and Welché-3-2 have studied the
distribution of neptunium in various oxidation states be-
tween Amberlite IRA-400 and hydrochloric acid solutions of
varying concentration. Their results show that Np(VI) is
strongly adsorbed at >6M HCl, Np(V) is exponentially
adsorbed from 3M to 6M HC1 (D increases from 1 to 10), and
Np(IV) is similarly adsorbed from about 6M to 10M HC1l (D
increases from about 2 to 400). Prevot, M.w have
investigated the adsorption of U, Pu, Th, Fe, Ce,and Zr
by anlon exchange resin A300D from hydrochloric acid solu-
tions ranging in molarity from 4 to 7. Quantities of 7 mg
Pu, 6.9 mg U and 5.9 mg Fe per ml of solution and 2 grams
of resin were used in the determination of D. Their results
are considerably different than those shown in figures 65-67.
The distribution coefficients of U(VI), and Fe(III) are lower
roughly by an order of magnitude. The distribution coefficient
of Pu(IV) is almost an order of magnitude higher. For Pu(III),
D 1s about 0.1 at 4M HC1l and about 1 at 7M HC1. Zirconium
adsorption is similar to that shown in the figures. Thorium
and cerium are poorly or not at all adsorbed.

Korkisch, et al.éﬁ;ié&g have found tﬁe distribution
coefflcient of uranium between Dowex-. and hydrochloric acid
solutions to increase with increased alcohol concentration

of the solution. With 80% ethanolf D 1& increased from about

40 to 6000 as the HC1l concentration is increased from 0.2M
to 2.4&.25& The distribution coefficient at 2.4M HC1l without
alcohol is about 40. Alcohol alsc increases the adsorption

of thorium, titanium, and zirconium. The distribution co-
* 95% alcohol denatured with benzene is considered 100% alcohol.
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Adsorption of elements from hydrochloric acid solution with
Dowex-2 anion exchange resin (x8, 200-400 mesh).

After L. Wish, reference 538.
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efficients of these elements vary roughly between 1 and 10
from 80% alcohol solutions containing HC1 in the range of
0.2M to 2.4M.242

Numerous separations of uranium from other elements
are possible using hydrochloric acld systems. The more ob-
vious ones are those in which uranium is adsorbed and the
other element is not. Consideration of figure 65, indicates
that uranium can be separated from alkall metals, alkaline
earths, aluminum, yttrium, rare earths, actinium, and thorium
by adsorption as uranium (VI) on a strong base anion ex-
change resin from a concentrated hydrochloric acid solution.
Trivalent actlinide elements are not adsorbed from hydro-
chloric acid solutions. Plutonium is eluted as Pu (III) with
12M HC1l containing hydroxylamine hydrochloride and NH4I,
NHAI alone, or HI. Separations may be made by adsorption of
the contaminating element and elution of uranium with dilute
hydrochloric acid. For example, molybdenum is adsorbed from
0.1M HCl.éﬁ-3 Bismuth is also adsorbed from dilute (<1M)
I-ICl.é-l‘-%-*-éﬁ2 Other elements that show strong adsorption from
dilute HCl include many of the transition metals, tin,
tellurium, and polonium.ééé Kraus and Mooreéié have effected
the separation of protactinium and uranium by adsorbing them
from 8M HC1 on a column of Dowex A-l resin and developing
the column wilth 3.8& HCl. Protactinium appeared first in
e eluent, separated from uranium. The uranium fraction
contained, however, a fair amount of protactinium 'talling'.

Advantage may be taken of the different distribution
coefficients exhibited by ilons in various oxidation states
to effect their separation from uranium. Iron reduced to
ferrous ion by hydrogen iodideéﬂl or ascorbic acidéﬁé is
separated by elution with 4M HCl. U(IV) may be separated
from Pa(IV) and Th(IV). U(IV) is adsorbed by Amberlite
IRA-401 (100 mesh) and Dowex-1 (100-200 mesh) from >8M HC1.

209




Neither Pa(IV) nor Th(IV) is adsorbed from 6M - 12.6M HC1.2%2
The elution of Pu(III) by 12M HC1l from strong base anion
exchange resin has already been mentioned. Wish and Rowell—s--29
have effected the separation of Th, Pu, 2r, and Np from U
by elution with hydrochloric acid in a sequence of concen-
trations. The elements are adsorbed cn the resin (Dowex-2)
from 12M HCl. Thorium does not adsorb. Plutonium is eluted
in the trivalent state with 12M HCl saturated with hydroxyl-
amine hydrochloride and ammonium lodide. Zirconium is eluted
with 7.5M HC1l; neptunium (IV) with a 6M HC1l - 5% NH,OH - HC1
solution. Uranlum is flnally eluted with 0.1N HCl.

Korkisch, gg_gg,iil have separated uranium from tung-
sten by means of anion exchange. The uranium is adsorbed
on Dowex <1 resin from a solution containing 20% 4M HCl and
80% ethanol (volume %). Ascorbic acid is used to reduce
any iron present. The resin 1s washed with a simllar solu-
tion and uranium 1s eluted with an ether-saturated 0.1M HC1

solution. No tungsten 1s observed in the final eluate.

Slauoride systems.

Fariséég has reported the adsorption of elements from
hydrofluoric acid solutions with Dowex-l1l anion exchange
resin (x10, 200 mesh). His results are shown in figure
68. Uranium (VI) adsorption is strong from dilute HF
solutions and decreases with increased acid concentration.
Separation from elements exhibiting no or strong adsorption
from HF solutions may be achlieved by proper selection of the
acld concentration. Elements such as Be, B, Se¢, Ti, Zr, Mo,
Sn, Te, Hf, Ta, W, Re, and Hg have adsorption curves similar
in shape to that of uranium (VI). Separatiou from these
elements using an HF system should prove difficult to almost
impossible, depending upon the distribution coeffilcients in-

volved.
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Figure 68. Adsorption of elements from hydrofluoric acid solution with Dowex-1 anion
exchange resin (x10, 200 mesh). After J. P. Faris, reference 552.



Bhat and C?ro)xhaxleé?—i have found evidence for the ad-
sorption of the anionic speciles UOQFS with Amberlite IRA-400.

HC1l-HF systems.

Certain elements are efficiently separated from uranium
by anion exchange when a combined HCl-HF eluting system is
used. Such systems have been studied by a number of work-
er's.za’)a-s--f-éii'-'-222 The results of Nelson, Rush, and Kraus2§§
are shown in figure 69. Farils and Brody222 have examined
the distribution coefficient D of uranium as a function of
HCl concentration in the presence of 0, 1, and BM HF and as
a function of HF concentration in the presence of 0 and 0.2M
HCl. The former three curves are similar in shape but decrease

in magnitude as the HF corcentration is increased. The pre-

sence of 0.2M HCl also causes a decrease in magnitude of
the D vs.[HF] curve. However, the shapes of the 0 and 0.2M
HCl curves for varying HF concentration are dissimilar for
HF concentrations less than 4M.

Table XXXXIV lists a number of separations of U from
other elements using HC1-HF eluting solutions.

Nltrate systems.

The distribution of uranium between anion exchange resins

and nitric acld solutions has been reported by a number of
536,540,543,550,557,560-562

workers. The results of Buchanan
and F‘au':l.e’;ég are given in figure 70. From the non~ or only
slight adsorption of most of the elements from nitric acid
media, 1t appears that anion exchange affords an excellent
means for purifying uranium. Uranium 1s adsorbed more strongly
from nitrate salt solutions than from nitric acid solutlons
alone.230.357,562,503 yiitn Deacidite FF resin, the adsorption
of uranium (VI) is greatest from Al(NO3)3 solutions and de-
creases in the order Ca(Nqa)2 > LiNO3 > NH4N03.2§§ Ethanol
increases the distribution of uranium to the resin phase.éii

With an 80% alcoholic solution, the distribution coefficiens
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Table XXXIV. Separation of Uranium from Various

Exchange Using HC1l-HF Eluting Solutions.2

Elements by Anion

Elemental mixture Element eluted Eluting solution Reference
W, U W 7M HC1-1M HF 555
U 0.1M HC1
U, W, Mo U 0.5M HC1 555
W TM HC1-1M HF
Mo 1M HC1
W, No, Ti, V, 2r, U, Ta W, Ti, V, Zr T7TM HC1-4M HF 559
Nb 7M HC1-0.2M HF
U 1M HC1-4M HF
Ta 24M HF or 4M NH,Cl-
1M NH,F
Fe(III), U Fe(III) 1M HF-0.01M HC1 555
U 1M HC1
R.E. as Eu(III),U(IV), R.E. 8M HC1 556
U(vi), 2n(II) U(Iv) 8M HC1-0.1M HF
U(VvI) 0.5M HC1
zn(II) 0.01M HC1
Te(IV), U(VI) u(vI) 3M HC1-1M(to 8M)HF 559
Te(IV) 1M HC1
Th(IV), Pa(V), U(VI) Th(IV) 10M HC1 556
Pa(V) 9M HC1-1M HF
U(vI) 0.1M HC1
Fa, U OM HC1 554
Pa 7M HC1-0.11M HF
U 0.5M HC1
Zr, Np, Nb, U, Mo, Tc Zr 12M HC1-0.06M HF 538
Np 6.5M HC1-0.004M HF
Nb 6.0M HC1-0.06M HF
alr dry column and alcohol wash
U 0.1M HC1-0.06M HF
Mo, Tc 12M HNO3

a Dowex-1 or «2 anlon exchange resin used.
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After R. F. Buchanan and J. P. Faris, reference 562,

The adsorption of elements from nitric acid solutions with Dowex-1 anion exchange resin
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Table XXXV. Separation of Uranium from Various Elements by
Anilon Exchange Using Nitric Acid Solutions.

Elemental Resin Element Elutling Solution Reference
Mixture Eluted .
Eu(III), U(VI) Dowex~-l Eu(III) 8M HNOg 557
u(vI) 0.2M HNO3
U, Ru Dowex-2 U M HNO3 543
2r, U, Th Dowex =2 2r Column developed 543
U with 8M HNO5. 2r
Th elutes first, followed
by U and then Th.
U, Th  DeAcidite FF €M HNO, 560
(T7°¢c) U 4M HNOg
Th H20
U, Th Dowex~1 U 90% methanol-1M HNO3 564
Th 1M HNO3
U, Np Dowex=1 or U oM HNog-ferrous sulfamate - 565
Dowex-21K hydre 21ne or semilcarbazide
Np 0.35M HNO3
Th, R.E., Dowex-2 Th, R.E., conc.HCl-trace HNO3 550
trans-Pu, trans-Pu
Pu, U, Zr, Np Pu conc.HC1l sat'd with

NH20H~HCI and NHAI
- conc.HCl(BO%)-conc.HN03(2O%)

J, 2r 12M HNO3
- conc. HCl
Np 4! HC1 with 5% NHZOH'HCI

for uranium is about 12 between Dowex-l resin and 1.2M HNO3
solution; for a 40% alcoholic solution, D is about 7.

Table XXXV lists a number of separations of U from other
elements using nitrate media. The last procedure listed in
the table may be revised to include Pa separation. Following
the elution of U with 12M HNO3, in which a small amount of

Pa 1s eluted, the remaining Pa is eluted with 12M HNO3—O.1§
HF.220
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Sulf.te systems.

The recovery of uranium from sulfate liquors by aaion
exchange methods 1s important industrially. Laboratory-wise,
a number of procedures have been developed for the determination
of uranium that make use of the adsorbability of the anionic
uranyl sulfate complexes. The nature of these complexes has also
received considerable studygé&éééiiél (see section on complex ions'-
The distribution of uranium between anion exchange resins and

sulfate medla has been reported by a number of investigators.éié&
543,550,557, 561,568 The results of Bunney, et al.-é-lft-:jl are given

in figure Tl. Strontium, yttrium, cerium, and americium do not
show any significant adsorption by the resin (Dowex-2) at any
acid comzem:ra.t'.ion.é-li-3 The distribution coefficient of Pu(IV)
is approximately twlce that of U(VI) in the acld range of 0
to 10N HQSOu.éég The adsorption of uranium (and thorium) from
solutions of (NH,),S0, is similar to that from H,50,. The
decrease in adsorption is less rapid, however, with increased
ammonium sulfate concentration than with sulfuric acid.éﬁé&éz—ﬂ
2§§ The adsorption of uranium from sulfate solution exhibits
a pH dependence (D increases as the pH is increased from 1 to
4) which decreases as the sulfate concentration is decreased.éﬁ&
The distribution coefficient of uranium between Dowex-1 resin
and O to 1.2N sulfuric acld solutions is one to three orders of
magnitude greater from 80% ethanol solutions than from aqueous
solutions.éﬂi

A number of procedures have been developed for the separa-
tion of uranium from various elements by anlon exchange in
sulfate solution. These generally involve the adsorption of
the uranyl complex from a sulfate solution at pH 1 to 2 from
which the foreign element 1s not adsorbed. After thoroughly
washing the resin bed to remove lmpurities, uranium is eluted
with a dilute solution of hydrochloric, nltric, or perchloric

acid. Mixtures of elements that have been or may be separated
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The adsorption of elements from sulfuric acid solutions with
Dowex-2 anion exchange resin (x8, 200-400 mesh).

After L. R. Bunney, N. E. Ballw, J. Pascual, S. Foti, reference

543.
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from uranium by procedures similar to the one described include
Am, Th;2%3 pe, a1, Mg;2%2 pe, v;2I0 2n, Ni, Co, C4, Mn, Cu, Fe,
alkall metals;2l: zr, Ce, Cs, Ag, Cd, V;2L2 p1;213 R, ;243,571,574
and metals contained in ores.ézz:ézg The literature references

should be consulted for exact experimental conditions.

Carbonate systems.

Uranium is recovered from carbonate leach liquors by anion
exchange in industrial operations. Its anion exchange behavior
is similar in carbonate solution to that in sulfate solution.
That 1s, the distribution coefficient is decreased with lncreased
carbonate concentration. This 1s 1llustrated in figure 72 for
ammonium carbonate solutions.éZé A similar decrease in D is
observed for increased sodium carbonate concentration.éé§ The
distribution coefficient is also decreased by a decrease in pH
of the solution. The increase in blcarbonate concentration at
the lower pH interferes with uranium adsorption. Other anions
such as sulfate, nlitrate, and chloride may also interfere with
uranium adsorption from carbonate solution. To prevent gassing
with carbon dloxide, uranium is eluted with salt solutiomsrather
than acids.

Vanadium§1§ and phosphate and rnolybdatezlg have been separated
from uranium in carbonate soclutlions by anion exchange. The im-
purities are adsorbed on the resin together with uranium and
eluted with a 10% Na2003 solution. Uranium is eluted with a 5%
NaCl solutilon.

Prhosphate systems.

The distribution of uranium and other elements between Dowex-
2 anion exchange resin and phosphoric acid solutions is represented
in figure 73.212 Marcusgl has studled the Dowex l-uranyl phosphate
system. His distribution coefficients are lower by factors of 2
to 50 at 0.1M H3P04 and 3M H3PO4, r'espect::l.vely,éz2 than those shown
in figure 73.
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Figure T72.

The adsorption of elements from ammonium carbonate solu-
tions with Dowex-l anion exchange resin (x8, 50-100 mesh). After

S. Misumi, T. Taketatsu, reference 575. Conditions: Amounts taken,
gggi, 11.7 mg (Beog; Cel+, 7.3 mg (CeOp); Th+, 26.9 mg (ThOp); and

, 61.0 mg (U308 1 gram of resin and 200 ml of solution in con-
taft 12-20 hours at 20°C.
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The adsorption of elements from phosphoric acid solutions with
Dowex=-2 anion exchange resin (x8, 200 mesh).

After E. C. Frelling, J. Pascual, and A. A. Delucchi, reference 57S.
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Separations between uranium and the rare earths (Ce3+,
Ce4+), alkaline earths (Sr2+), alkali metals (Cs%), and tellurium
are possible using Dowex 2-H3PO,+ systems. The latter separation
has been used by Wishéég who loaded a column of Dowex-2 resin
from a 0.1N H3P04 solution. Tellurium passed through and
uranium was adsorbed. The column was then converted to the
chloride form with concentrated hydrochloric acid and uranium
was eluted with 0.1M HC1l - 0.06M HF. An alternmative method
involved loading the column from concentrated HCl. Tellurium
was eluted with 1.0N H3P04 after washing the column with an
alcoholic phosphoric solution. The column was then washed with
an alcoholic HCl gas solution. Uranium was eluted with a 0.1M

HC1l - 0.06M HF solution and molybdenum with 12M HN03.

Miscellaneous systems.

Uranyl ion forms an anionlc complex with acetate lons at
pH 4.25 to 5.25. The complex has been adsorbed on Amberlite
IRA-400 strong base resin in the determination of small amounts
of uranium 1in stones and natural waters.é§l&§§g—

Uranium is also adsorbed on Amberlite IRA~400 resin as an
ascorbate complex.éé}iééi Thorium, titanium, zirconium, tungsten,
and molybdenum are also adsorbed.

Uranium complexed with sulfosalicylic acld has been
separated from 2Zn, Cu, Ni, and Cd.é-s-i The latter are complexed
with EDTA. The pH of the solution is kept between 8 and 10.
Separation has been made on Amberlite IRA-40l1 and Dowex-l resins.

The uranyl cyanate complex formed by adding potassium
cyanate solution to a uranyl salt 1s adsorbed by Dowex-1 anion

eXchange resin.ééé Uranium is eluted by a dilute hydrochloric

acid solution.

Cation exchange. Although a number of separations of

uranium from various elements have been reported in the litera-
ture, the amount of quantltative data reported is rather meager.

Hardyéél has summarized much of the data avallable on the dis-
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tribution of uranlum between cation exchange resins and nitric
and hydrochloric acid solutlons. His curves are reproduced in
figure 74. Distribution coefficient curves for other actinide
elements: Th, Pa, Np, Pu, are glven for comparison. Prevot,
gg_gi.zig have published the dlstributlion curve for uranium
between catlion exchange resin C.50 and nitric acld solution.
Its shape and magnitude are similar to that shown for the Zeokarb-
225-HNO3 system in figure 74. Ishimori and Okuﬂoas-é§ have found
that increasing amounts of methanol in nitric acid solution
(0.18M) increase the distribution coefficient of uranium for
Dowex~50 resin.

The elution peak positions of a number of ions including
uranium (IV) and (VI) are given in figure 75 for various hydro-
chloric acld concentrations. The conditions under which the
peak positions were determined are described in the figure
caption. Ionescu, et al.égé have studied the effect of acetone
on the distribution of several elements between cation exchange
resins, KU-2 and R-21, and dilute hydrochloric acid solutions.
For fixed hydrochloric acid concentrations of 1, 2, and 3%,
maximum uranyl distribution coefficients were found between
60 and 80% acetone solutions. For 4 and 5% acid solutions, D
was found to be consilderably lower than for the more dilute
acid solutions.

Ishimorl and Om.u')oé-s-§ have investlgated a number of cation
exchange systems other than those already noted. Some of thelr
results, D versus sodium sulfate, sodium acetate, and oxalic
acid concentration, are illustrated in figure 76. The adsorp-
tion of uranium by Dowex-50 from solutions of hydroxylamine
was found to be pH dependent. As the pH of the solution was
increased, a sharp decrease in D was observed between pH 5 and
6. Uranyl ion was not adsorbed by Dowex-50 resin from carbonate
solutilon.

Khopkar and Deéég have investigated the behavior of
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Figure Th4.

The adsorption of uranium and other actinide elements by cation
exchange resins from nitric and hydrochloric acld solutions.

After C. J. Hardy, reference 587.
The curves present the data of the following investigators:

C. J. Hardy, D. Scargill, J. M. Fletcher, J. Inorg. Nuclear Chem.
T, 257 (1958): Tn(IV), Pa(V), U(VI)-HNO,.

K. F. Sculz, M. J. Herak, Croat. Chem. Acta 29, 49 (1957):

Th(IV)=-HC1.

R. M, Diamond, K. Street, Jr., G. T. Seaborg,. J. Am. Chem. Soc.
6, 1461 (1954): u(vI), Np(Tv), (v),(VI), Pul(III),(IV),(VI)-HC1.
. Ward, G. A. Welch, Unpublished data, U.K.A.E.A., Winddcale:

Np(V),(VI)-HNO3. .-

I. Prevot, P. Regnaut, Progress in Nuclear Energy, Series III, 2,

377 (1958): Pu(II1), {IV)-HNO,.
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Flgure 75.

Elution peak positions of various ions with 3.2, 6.2, 3.3,
and 12.2M HCl from Dowex-50 cation exchange resin. Elutrient
volume given in drops.
After R. M. Diamond, K. Street, Jr., and G. T. Seaborg, reference
591.
Conditions:

Dowex=50 resin, HR form, 250-500 mesh, settling rate

approximately 0.5 em/min.

Column, 10 cm long x 1 mm diameter.

Flow rate, approximately 0.1 em/min.
Room temperature.
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Figure 76. The adsorption of uranium by Dowex-50 cation exchange
resin from solutions of sodium sulfate, sodium acetate, and oxalilc
acid. After T. Ishimori and H. Okuno, reference 568.

Conditions:

Sulfate - 0.5 g resin, NaR form; 5.4 mg U/25 ml; NapSOy- )
NaNO3 mixed solution, [Na] = 0.30N.

Acetiate - 0.5 g resin, NaR form; 5.4 mg U/25 ml; NaOAc- :

NaNO3 mixed solution, [Nal = 0.16N.

Oxal?c acid - 0.5 g resin, HR form; 10.8 mg U/25 ml.
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uranium (VI) on Amberlite IR-120 cation exchange resin with
hydrochloric, nitric, sulfurie, acetic, citric, and perchloric
acids. Uranium (1.7 mg) adsorbed on a resin bed (1.4 x 14.5
cm) was eluted with 200 ml of various eluants. Uranium was

quantitatively recovered with 2-4M HC1l, 2~4M HNO,, and 1-2M

39
H,80,. Uranium was incompletely recovered with 1M HC1, 1M
HNOB, 2M HC10,, 2M acetic acid, and 2-5% citric acid.

Sullivan, 33_25.229 have investigated the distribution of
uranium between Dowex-50 lon exchange resin and perchloric acid
media as a function of time and blsulfate 1on concentration.

Table XXXVI lists a number of separations of uranium from

various elements that have been achieved by catlon exchange.

4, Chromatography. The subject of paper and cellulose chromatography

for the separation of uranium has been reviewed by Roddenlgg and
by Steele and ’I‘averner‘.-l--g§ Work of Soviet scientists in the
field has been reviewed by Paleiigz and by Senyavin.éig References
to much of the literature may be found in the review article by

Kuznetsov, Savvin, and Mikhailov.ggg Books by Pollar‘cl—ql--3 and by

Blasiuséli include chromatographlic separations of uranium.

One of the most successful separations of uranium by filter-
paper chromatography makes use of the solvent, 2-methyltetrahydro~
furan.élé Of thirty-one metals tested, only ruthenium and rho-

06 106

dium, measured as Rut%®. Rh , and tungsten (w185) were in-

completely separated from uranium (U233). The results for tin

(Snll3) and antimony (Sblgu)

were inconclusive and the behavior
of mercury (Hg203) was similar to that of uranium.

An example of the use of cellulose columns in combination
with organic solvent for the separation of uranium is that given
by Burstall and Wells.élé An ethereal solution containing 5
per cent v/v of nitric acid is used to extract uranium from a
cellulose column. The nitrates of the alkall metals, alkaline

earths, rare earths, Cu, Ag, Zn, Cd, Al, In, T1, Ti, Hf, Ge, Sn, Y,

227



822

Table XXXVI.

Elemental mixture

u,

v,
u,
U

»

u,
u,
U,
u,
u,

Th
Th
Th
Th

Th
Th

Th
Np(1IV)
Np

F.P.(Cs,Sr,Y,Ce)
F.P., Pu

F.P.
La

Eu

Ce, Eu, Y

R.E.

R.E.

Fe, Cu, Cd, N1,

Co, Mn, R.E.

Separation of Uranium from Various

Element eluted + eluting agent

U-1.70M HC1l; Th-1.1M (NH4)2003

U, Th-90% acetone, 5% HC1, H,0 {U eluted first)
U-1M HCY; Th-3M H 80,

U-dil. HC1l; Th-complexing agent (HSOE)

U-2M HC1; 0.5M H,C,0,

dilute HNO3

U-0.1 to 0.4M H,S0,; Th-0.S5M H,C,0,
U-dil. HC1l; Np(IV)-complexing agent

adsorb from 1M HNO3; eluted Np ahead of U with
2M HNO3

Sr-0.1M HC1; Ce,Y-1M HC1; U-6M HC1; Cs-5M NHuCI
adsorb from uranyl nitrate solution at pH 1-3;
U-0.2 to 0.3M HoSOy; F.P.-phosphoric acid and
M HNOB, Pu-0.8M H3P04 and 1M HNO

F.P.-3% NaoEDTA; U-3% NaOAc, 0.25M Na2003

La-0.06% Na2EDTA, pH 4.0; U-3% NaOAc, 0.25M Na2003

U-0.75M H,S0,; Eu-6M HC1
U-1M H,C,0,; Ce, Eu, Y-5N HC1
R.E.—NaaEDTA

U-2.5M HF

U, Fe,Cu-0.5N H20204, Cd,N1,Co,Mn-1N HC1;
R, E.-S% ammonium oltrate

Elements by Cation Exchange.

Resin Reference

Amberlite IR-120 592
KU-2 588
Amberlite IR-120 589

phenol formaldehyde 593
type

Wofatit KS 594
Amberlite IR-100
alginic acid 595
Wofatit KS

596

Amberlite IR-120 597
Amberlite IR-120 597

zirconium phosphate 598

sulfonated phenol 599
formaldehyde type

sodium dialkyl 600
phosphate
sodium dialkyl 600
phosphate
Dowex-50 601,602

Amberlite IR-120 603
Amberlite IRC-50 604
Dowex-~-50 605
Amberlite IR-120 606
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U, FeSIII), Co(I1I),
Cu(II

U,Fe(111)
U, Co, Cu, Ca

U, Cd
U,Th,Ac,B1,Ra,Pb
U, many ions

U, many 1lons

U, Zr, Ce(III),Cu,
Ni, Hg(II®

U, phosphate

Fe,Co,Cu-2% Na,EDTA, pH 3.0; U-3% NaOAc, 0.25M
Na200

U,Fe-0.8M HC1 (U eluted first)

adsorb from O0.1M HNO3; Co, Cu, Ca-~0.2M HNO5;
U-resin removed from column and washed witg
0.25M Na2003

Cd-0.5N HC1
U,Th,Ac,B1-5% H,C,0)
foreign ions-EDTA (Na salt)i. PH T: U-H,S0,

forelgn ions-EDTA (Na salt,, .a)p.. 1.7-1.9

or (b? pH 5.5-7.0 following Fe(OH)3 precipitation;
U-3N HQSOu

Zr as anionic oxalate complex, Ce(III), Cu, Ni as
anionic EDTA complexes, Hg(II) as anionic lodide
complex are not adsorbed; U-Nﬂ HC1

phosphate (Na2HPOu) not adsorbed; U-UM HC1

F.P. [=] fission products.
R.E. [=] rare earth elements.
EDTA [=) ethylenediaminetetraacetic acid.

sodium dialkyl
phosphate

Lewatlit S100

dialkyl-
phosphoric acid

Dowex-50
KU-2
Amberlite IRC-50

(a)Ku-2 or (b)
Amberlite IRC-50

Amberlite IR-120

Amberlite IR-120

600
607
600

608
609
610
611

589

589




Pb, Nb, Ta, Cr, W, Te, Mn, Fe, Co, and N1 remain stationary or
move only slightly. Gold reduced with FeSOu is retalned by the
column. Mercury (II), selenium, arsenic, antimony, and bismuth
move less rapidly through the column than uranium. Ceric nitrate
is extracted as are thorium, zirconium, and scandium nitrates.
Cerium in the III-state 1s not extracted. Thorium extraction
is sensitive to the acld concentration. 2irconium extraction is
inhibited by phosphate, sulfate, oxalate, and tartrate ions.
Scandium extractlon is also inhiblted by tartrate ilon. Tin is
precipltated as meta=stannic acid. Large amounts of tin may be
first removed by volatilization as the lodide. Vanadium 1s ree-
talned if peroxides are absent. Ferrous sulfate reduces vana-
dium to an immobile salt. Phosphoric acld is extracted. Ferric
nitrate inhibits the extraction of this acid. The behavior of
molybdenum is complex. Iridium and rhodium are not extracted.
Traces of ruthenium and platinum may be found in the eluent.
Palladium is extracted. Reduction of platinum and palladium
with Fesou results in retention of bdbulk amounts by the column.
Small amounts of sulfate do not interfere with the extraction of
uranium. Sulfuric acid is retained by the column under normal
conditions. Halides increase the extraction of other elements,
e.g.,Au, Sn. Under normal conditions, HCl is retained in the
column; HBr, HI, bromine and iodine move slowly down the column.
Molybdenum and arsenic may be adsorbed by the use of activated
alumina in conjunction with cellulose.éll

The use of silica gel columns combined with organic solvents,
dibutyl carbitol and tributyl phosphate, and nitric acid have
been used for the separation of uranium and plutonium.éié&é&g

A non-ionic phosphorylated resin, diethyl polystyrene-
methylenephosphonate, may be used to separate uranium (VI) from
iron (III), lanthanum, zirconium, niobium, thorium,and mixed
fission pr'oducts.é29 Uranium is adsorbed by the resin from 2

Jcr cent solutions of dlbutyl phosphoric aclid. The other elements
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are not absorbed. Uranium is eluted with a dimethyl formamide-
benzene solution.

The feasibillity of using tributyl phosphate gels for the
separation of uranium from iron (III) and thorium has recently

been demonstrated.égl

5. JNolatilization., Uranium may be separated from many elements by

fractional distillation of the volatile compound, uranium hexa-
fluoride. This method of separatlion has been applied to the
recovery of uranium from irradiated fuel elements. Katz and
Rabinowitzl have reviewed many of the early methods for the pre-
paration of UF6: fluorination of various uranium compounds with
elemental fluorine or cobalt trifluoride, disproportionation of
UF5 which results in both UFu and UF6, and the reaction between
UF4 and dry oxygen which results in U02F2 and UF6. The latter
two methods are not very practical from an analytical standpoint.
Other fluorinating agents that form UF6 include ceric fluoride,
manganic fluoride, silver difluoride, halogen fluorides (e.g.,
BrF3 and ClF3) and fused metallic fluorides. Most elements

form fluorides under the condltions that UF6 is obtalned. How-
ever, only a small number of these fluorides are volatile. Hyman,
Eﬁ_él'i have published a table of some 26 elements having fluorides
with boiling or sublimation points of 550°C or less. Included in
this group are the fluorides of boron, silicon, phosphorus,
vanadium, sulfur, tungsten, bismuth, plutonium, and the fission
products, germanium, arsenic, selenlium, niobium, molybdenum,
ruthenium, antimony, tellurium, and iodine. The boiling point

of UFg 1s 54,6°C. Non-volatile fluorides from which uranium is
readily separated include those of the alkali metals, alkaline

earths, rare earths, Fe, Co, Ni, Ag, Al, Be, Mn, T1, Pb, 2n, Cu,
Hg, Cd, and zr.33.622

Uranium does not form a volatile compound by interaction

with anhydrous hydrogen fluoride. Materials such as Nb, Ta, As,
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Sb, Si, Te, Se, etc. do.éﬁ The oxldes of titanium, tungsten,
and molybdenum react slowly with HF. V205 and VN also react
slowly. VO, V204 and V203 are not vola,ti.li.zed.-i-ll Rodden and
Warfii describe a procedure that makes use of both anhydrous
hydrogen fluoride and fluorine in the separation of uranium.
Possible contaminants of the separated UF6 include Cr, Ta, W, Mo,
or V.

Uranium hexachloride and uranium (IV) borohydride are
volatile compounds for which procedures might be developed for .
the separation of uranium.

Uranium may be separated from arsenic, antimony, bismuth,
selenium, and tin by volatilization of the latter elements with

a mixture of hydrobromic acid and bromine.l2§

6. Electrochemical methods. The electrolysis of dilute sulfuric acid

solutions with a mercury cathode results in the quantitative
deposition of Cr, Fe, Co, Ni, Cu, Zn, Ga, Ge, Mo, Rh, Pd, Ag, C4,
In, Sn, Re, Ir, Pt, Au, Hg, and T1 in the cathode.2%3 Arsentc,
selenium, tellurium, osmium, and lead are quantitatively separated
from the electrolyte, but are not quantitatively deposited in

the cathode.gl-;i Manganese, ruthenlum, and antimony are incom-
pletely separa.‘ced.g-g'-i Uranium and the remaining actinide elements,
rare earth elements, the alkall and alkaline earth metals,
aluminum, vanadium, zirconium, niobium, etc. remain in solu-

tion.ggﬁi Castoégi and Rodden and Warféi have reviewed the effects

of many varlables in the electrolytlc separation of the above- .
named elements from uranlum. According to Rodden and Warf,éi

optimum conditions for the purification of uranium in sulfuric

acid solutions with a mercury cathode are: electrolyte volume,

50 ml; free sulfuric acld concentration, 1N; current density,

as high as practicable with the given acid concentration (about

10 amp maximum); anode, flat platinum spiral or grid just

making contact with the surface of the electrolyte; cathode area,
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as large as practicable; stirring, surface of the mercury cathode
is stirred rather rapidly; temperature of electrolyte, between
25° and 40°C; mercury for the cathode, pure; anions, chloride,
nitrate, and phosphate lons should be absent, or present in
only small amounts.

Uranium may be deposlted electrolytically at the cathode
of a cell from acetate,ég&léii carbonate,éég oxalate,é§§:§3§
fcrma‘ce,-é;2 phosphate,éﬂg I‘lucr'ide,é;g-i-éﬁl and chlorideéﬂg
solutlions. Many of the uranium electrodeposition procedures
have been developed in an effort to prepare thin, uniform films
for alpha and fission counting rather than to separate the ele-
ment from any particular impurity. However, in the work of
Smith and co-workerségi&égé and Coomanségl uranium was separated
from alkall and alkallne earth metals and zinc. Castoégi and
Rodden and Wa.r'fé-li review much of the material pertinent to the
electrodeposition of uranium.

Electrodialysis has achlieved a certain amount of importance
in the recovery of uranium from leach liquors. In a review ar-

ticle by Kunin,éié the following cells are presented for con-

slderation:

(-) cathode anion permeable membrane anode (+) (1)
U02(N03)2 NH, NO5
H280u
NH4N03

(=) cathode anion permeable membrane anode (+) (2)
U0,S0, 1,80,
HySO, |
H3P04

(=) cathode anion permeable membrane anode (+) (3)
U02C12 NaCl
NaCl
HyS0y
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NaCl | cation membrane| anode (+) (4)

Heson

(-) cathode | anion membrane
U02C12
NaCl

H2304

(=) cathode cation permeable membrane anode (+) (5)

2+
U035 ,MbCO Na.QCO3
Na.HCO3 ‘

In acicd systems (cells 1, 2, 3, and 4), the transport of sulfate,
nitrate, and c&loride ions to the anode results in a removal of
acld and a subsequent increase in pH in the cathode compartment.
The uranium, reduced during electrolysis, 1s preciplitated as
UO2 or U(HP04)2. In the alkallne system, the transport of so-
dium lons is also accompanied by a rise in pH in the cathode
compartment and uranium is again preciplitated as the dioxide or
as a mixture of dioxide and sodlum polyuranate.

The electrodialytic separation of uranium from metals in
a complex mixture has been demonstrated by Willard and Finley.éﬁi
An ammonium bicarbonate solution containing U, Fe, Ni, Cu, Cr,
Zn, Al, Mo, Mg, and Na salts, and traces of other elements was
electrolyzed in a two-compartment cell having a cation permeable
membrane and a mercury cathode. The solution was first made
the catholyte (electrolyte in the cathode compartment) and elec-
trolyzed. Irom (80%), nickel and copper (95%), tin, and zinc
were removed from solution by deposition. The bilcarbonate solu-
tion was then made the anolyte and electrolyzed at a platinum
anode. All aluminum, molybdenum, ammonium, and sillicon, and some
sodlum and magnesium were separated from the uranium by migra-
tlon. Uranlum was retalned as the carbonate complex and was
recovered as the oxilde by evaporation of the anolyte.

Other features of the electrodialytic behavior of uranium
that may be useful in its separation and purification are (1)

the retentlon of uranium during electrodialysis from a perchloric

234




catholyte using an anion selective membrane, (2) the dissolution

and separation of impure UFu, and (3) the feasibility of electro-

644

dialysis in organic solutions.———

7. Pyrometallurgical processes. Although pyrometallurgical or high

temperature processes have been designed primarily for large

scale recovery of fertlle material from irradiated fuel elements,

some of the methods may find applicatlon in the radiochemistry

laboratory. Types of pyrometallurgical operations that have

received considerable attention are(l) distillation,(2 ) salt

extraction, (3.) molten metal extraction, (4 ) oxidative slagging,

(5 ) electro-refining, and(6 ) decomposition of uranium iodide.

211

These methods have been reviewed by Lawroskil.<==

1.

2.

6.

Plutonium is concentrated by vacuum distillation
from molten uranium at 1500-1800°C.

Plutonium is extracted from molten uranium by salts
such as UF, or MgCl.. Uranium remains in the metallic
state. Plutonium 1§ recovered as a halide salt.

Plutonium is extracted by molten metals, such as
silver or magnesium, that are immiscible with molten
uranium. Fisslon products are also extracted.

Oxildative slagging involves the preferential formation
of the most stable oxides by a molten lrradiated fuel
element in a limited oxygen environment. These oxides
{rare earths) float to the surface of the molten ma~-
terial and are skimmed off. Other oxides diffuse into
the crucible and through the slag layer.

In electro~refining, uranium is dissolved anodically

in 8 fused salt bath of alkall or alkaline earth halides
that contain a uranium compound. Noble metals 4o not
dissolve and are deposited as anode sludge. Uranium
and chemically similar materlals are deposlted at the
cathode. Alkall, alkaline earth, and rare earth fission
producte concentrate in the salt bath.

Uranium is recovered as the metal from the thermal de-
composition of UIu. Zirconlum and nioblum are the princlpal
contaminants.

It is not the purpose of this section to describe the

techniques involved in pyrometallurgical processes. The interested

reader may consult the many papers presented in "Progress in

Nuclear Energy, Series III, Process Chemistry,” volumes 1(1956)

and 2(1958), and in the "Proceedings of the International Con-
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ference on Peaceful Uses of Atomic Energy,” volumes 9(1956) and

17(1958).
IV-E Determination of Uranium

The amount of uranium in a sample may be determined by

standard methods of analysis: gravimetric, volumetric, colori-

metric, spectrophotometric, etc.34L 191-195,197,198,200,645

Because of 1ts natural radiloactivity, uranium may alsc be deter-
mined by counting techniques. The applicablility, in terms of
mass range, of various methods for the determination of uranium
1s given in Table XXXVII.lgg

1. Counting techniques. Principles of alpha, beta, and gamma

counting are consldered in review articles by Steinberg,éﬁé

Hanna,éﬁl Deutsch and Kofcld-Hs.nsen,é-"—"§ Crouthamel,éﬁg and

Jaffey.ézg All three methods of counting are applicable to

the radiometric determination of uranium since both alpha- and
beta~emitting isotopes exist (Section III). Spontaneous fission
half=lives have been determined for several uranium isotopes:
U232, U234, U235, 0236, U238. These isotopes are too long-lived,
however, to make fission counting a practical method for their
determination.

Ionization chambers are most commonly used for the detection
of alpha particles. In figures 77 and 78 are shown the alpha
spectra of U235 and U233, rgspectively. The spectra were obtained
with a parallel plate, Frisch grid ionization chamber using P-10
(90% argon, 10% methane) gas. A multi-channel analyzer was used
in conjunction with the ionization chamber. Both U5 and U233
samples were prepared by volatilization. TFigure 79 represents
the U233 alpha spectrum obtained with a surface barrier silicon
80l1d state detector. Data for this figure was taken from the
same sample as that for figure 78. It is readily apparent from
the two figures that the solid state detector gives much better

resolution of the alpha groups than does the lonization chamber.
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Table XXXVII. Range of Application of Various Methods for the

Determination of Uranium.2

Method Range of application Range of error
micrograms) %per cent)
Neutron activation 107% - 10% 2 to 5
Fluoroscopy 1074 -1 £5 to 50
Emission spectroscopy 5x 10'2 - 50 *1 to 10
Visual chromatography -1 >
on paper 10 - 10

Volumetric (including 5

microvolumetric) methods l1-5x10 #0.5 to §
Autoradiography (a emission) 4

counting of tracks 1l - 10 *1 to 10
Colorimetry L

dibenzoylmethane 10 -~ 10 1 to 3

thiocyanate 50 - 5 x 104 1 to 3

Hy0, - HO10, 103 - 10° +1 to 5
Alpha countingia- 50 - 5 x 103 1 to 10
Polarography 102 - 10* 12 to 5
Potentiometry 2 x 102 - 10% +1 to 5
Gravimetric methods 5 x 10)+ - 0.1 to 2
& Adapted from a table given by A. Simenauer, reference 199.

1o

50 ug of U238 gives about 20 cpm at 52% geometry. Uranium-

238 may be detected in samples having much lower counting

rates than thls, depending upon the physical condition of

the sample and the presence of extraneous alpha activity. For
a thin source with low alpha backgﬁggnd, 1 alpha e¢pm of uranium
should be readlily detected. For U this 1s the equivalent

of about 2 ug; for other uranium lsotopes, the mass 1is even
less.

The data for figure 79, however, was taken in 1000 minutes. The
data for figure 78 was taken in 10 minutes.

Alpha parfticles may be counted also by gaseous, liquid,
plastic, and crystallline scintillation detectors. The resolu-
tion of these detectors is, in general, less than ionization
chambers and thelr applicatlion more limited. Nuclear emulsions
are used to record alpha activity. Such devices as cloud chambers
are generally not used in the radiochemistry laboratory.

Geiger-Mﬂller counters, proportional counters, and liquid,
plastic, and crystallline scintillation detectors are suitable

for the counting of B =emitting isotopes, 0237, U23% and U240.
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Alpha spectrum of a volatilized source of U235 obtained with
a parallel plate, Frisch grid ionization chamber using 90%
argon - 10% methane gas.

D. J. Henderson, Argonne National Laboratory, Unpublished data.
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Alpha spectrum of a volatilized source of U233 obtained with
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Sodium iodlde-thallium activated crystals have galned wlde-
spread acceptance as detectors of gamma radiation. The gamma-
ray spectra of U239, U237, U235, U233, and a uranium ore from
the Belglan Congo are illustrated in figures 80-84. The spectra
were measured by Crouthamel, Gatrousis, and Goslovichéig with a
4-inch dlameter x %-inch thick cylindrical NaI(Tl1l) crystal.

Not only can the amount of uranium in a sample be determined
directly by measuring the disintegration rates of the various
isotopes, 1t can also be measured indirectly by determining the
activity of daughter products. For such a measurement to be
meaningful, however, the equllibrium condition between the
uranium lsotope and its daughter must be known.

Information on the radiocactive decay of the uranium isotopes
is given in Section III. Further information on these lsotopes
and thelr daughter products may be obtalned by consulting the
"Table of Isotopes" compiled by Stromminger, Hollander, and
Sea.‘norg—6-:5-l and the references given therein. Volumes 8 (1956),
3 (1958), and 28 (1958) of the "Proceedings of the International
Conference on the Peaceful Uses of Atomic Energy" contain a
number of articles on the radiometric determination of uranium.
Reference to many more articles 1s made in the review papers
by Meinke.éég
2. Sample preparation. One of the most lmportant problems to
overcome 1n the detectlion of alpha particles and in direct
fission counting is the preparation of thin folls or sample

deposlts. This subject has recelved considerable attention
632,647,650,653,654

and has been reviewed by several authors.
Several techniques are avallable. The simplest and most quanti-
tative 1s the direct evaporation of an aliquot of a sample. The
distribution of such deposits are generally not very uniform.
This may be improved upon by the addition of a spreading agent
such as tetraethyleneglycol, TEG. Painting techniques may be

used to bulld up fairly uniform deposits of several milligrams
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RELATIVE COUNTING RATE

per square centimeter.ééé&ééé Uranyl nitrate 1s dissolved in
alcohol and added to a dilute solution of Zapon in Zapon thinner
or cellulose in amyl acetate. This solution 18 painted over a
metal backing, allowed to dry, and then baked or ignited at a
sultable temperature. For aluminum backing, temperatures of
550° to 600°C are satisfactory. For platinum, higher tempera-
tures (800°C) are preferred. The thickness of the uranium

deposit 1s increased by repeatedly painting and baking the
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Figure 80.
Gamma-ray spectrum of U239 obtained with a UY-inch diameter x
4-inch thick cylindrical NaI(Tl) crystal.

After C. E. Crouthamel, C. Gatrousis, 8. J. Goslovich, reference

649.
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Figure 81. Gamma-ray spectrum of U237 obtailned with a 4-inch diameter x 4-inch thick
cylindrical NaI(Tl) crystal. After C. E. Crouthamel, C. Gatrousis, S. J. Goslovich,
reference 649,
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Figure 82. Gamma-ray spectrum of U235 obtained with a Y4-inch dlameter x 4-inch thilck

c¢ylindrical NaI(Tl) crystal,
reference 649,

After C., E. Crouthamel, C. Gatrousis, S. J. Goslovich,
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Figure 83. Gamma-ray spectrum of U233 obtalned with a 4-inch diameter x U4-1nch thick

cylindrical NaI(Tl) crystal.
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Gamma-ray spectrum of uranium ore from the Belgian Congo obtained
with a 4~inch diameter x 4=inch thick cylindrical NaI(Tl) crystal.
After C. E. Crouthamel, C. Gatrousis, S. J. Goslovich, reference
64g,

Samples of the metastable U235 isomer have been prepared
by electrostatically collecting the recoll atoms of Pu239 in
z.a.ir.éfél-'--é-ig A negative potential of several hundred volts was
applied to the metallic collection plate.

Carswell and Mlestecl—6-22 have succeeded in preparing thin
sources by a spraying ﬁechnique. The material to be deposited
is dissolved as the nitrate in an organic solvent (alcohol or

acetone). The solution is drawn into a fine gla s capillary
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tube and sprayed onto the backing material by applying an
electric field.

Electrodeposition 1s a generally satisfactory method for
preparing uniform samples with quantitative or nearly quantita-

tive yields. Uranium has been plated from a variety of solu-

tions: acetate, 4, 623,628-631 formate,§§2 oxalate,623:63§-633
carbonate,éi&é}g fluoride,62 632,641 and chloride.éig A satis-

factory electrolyte for the deposition of uranium is O.4M
ammonium oxalate.ééi A rotating platinum anode is used to stir
the solution placed in a vertical cylindrical cell. The cell
is made of glasse, luclte, or some other chemically inert material.
The cathode on which the uranium is to be depasited is thoroughly
cleansed and made the bottom of the cell. The assembled cell
is placed in a hot water bath and the temperature kept at about
80°C. A current density of approximately 0.1 amp/cm2 is used.
The deposition 1s influenced strongly by the rate of stirring,
current denslty, and presence of foreign :Lorxs.-éé-)i

Vacuum sublimation provides an excellent means for the
preparation of thin deposits of uranium. The sublimation of
uranium acetylacetonate, U(CSH702)4, has been used. A more
convenient method is the sublimation of uranium oxides. A
uranium salt solution is placed on a tungsten or tantalum ribbon
supportec between two electrodes. The solution is dried by a
heat lamp or by passing a low-current through the metal ribbon.
The sample backing material is suspended at a sultable height
above the metal ribbon. A bell Jar 1s placed over the assembled
unit and evacuated. The uranium is volatilized by increasing
the current through the metal ribbon. The uniformity of the
deposit depends upon the distance between the ribbon and the
backing plate. The collection efficiency also depends upon
this distance but in an inverse manner to that of deposit uni-
formity. Usually a compromise is made between collection

4
efficiency and sample uniformity. Much of the uranium that is
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not collected on the sample plate can be recovered from masking
plates and glass chimneys placed between the fllament and backing
material. The collection efficlency may also be improved by
subliming from furnaces so that the beam of uranium molecules

is directed toward the backing plate. The furnace is heated

by electron bombardment or induction heating.

3. Actlvation Analysis. In activation analysis, a nuclide

irradiated by neutrons, gamma rays, or charged particles is
transformed into a radiocactive nuclide more easlly detected than
the original one. The amount of original materilal may be deterw
mined eilther absoclutely or comparatively. For an absolute deter-
mination, the cross section of the reaction, the irradiation flux,
and the disintegratlon rate of the reaction product must be known
or determined. For comparative analysls, a substance of unknown
mass 1s irradiated simultaneously with a similar substance of
known mass. The positions of these two substances are elther
side by side or, if separated, in positions of like flux. The
reaction product activities of the two samples are compared to
give the relative masses of the starting materials. The com-
parative technique 1s, in general, much easier to apply. The
uncertainties of many variables are eliminated by relative
measurements.

Activation with thermal neutrons may be successfully
employed as a method of analysls for-natural uranium, uranium-
236, and the fissionable isotopes of uranium. Natural uranium
conststs of 1238(99.3%), 1235(0.72%), ana 123*(0.0057%).85L e

principal reactionsof these nuclides wilth thermal neutrons are:*

38 1 39 - 239 - 2
™ SETL O MESNS NCt o W )

*
Half-lives given below the arrow are taken from the "Table of
Isotopes,” reference 651. The value of Y for the fission of
U235 1s taken from "Neutron Cross Sections," reference 660,
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U235 + nl-4 Fission Products + 2.47 neutrons,

123 4 g, 235,
The amount of natural uranium present in a2 sample may then be
determined from the amount of U239, Np23% or Pu239 activity
formed after irradiation. Measurement of the Pu239 activity,
however, requires elther a falrly large amount of U238, a long
irradiation period, or a combination of the two. The amount of
natural uranium may also be determined from the fission of
uranium-235 either by (1) fission counting the sample, (2) iso-

140 or Tel32*’

lating and counting a fisslon product such as Ba
or (3) measuring the total gamma activity induced in the sample

by a short neutron irradiation.éii Thermal neutron irradiation

of U234 results in U235 and is of little value in the determina-
tion of matural uranium. '

236 gives 0237, a beta~emmiter

Neutron irradiation of U
having a half-life of 6.75 days.éél It is readily identified
through its beta decay, assoclated gamma rays, and half-life.
Uranium-238 irradiated with fast neutrons also produces U237,
U238(n,2n)U237. The cross sectlon for thils reaction has been
determined with incident neutron energies from 6 to 10 Mev
and at 16 Mev.éél

Activation analysis by fission counting is of value only
if one fissioning nuclide is present or if the amounts of other
fissioning nucllides present are known and corrections can be
made for them. The same is true for the isolation and deter-
mination of fission products. Uranium isotopes that are
fissionable with thermal neutrons together with their thermal

660

neutron fission c¢ross sections are:—

ye30 25 + 10 barns
ye3l 400 * 300 barns

140

*The fission product nuclides Ba and Tel32 are chosen since

they are free from interfering reactions and are produced in
good yields.
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ye32 80 * 20 barns

U233 527 + 4 barns
235 582 + 6 barns
U239 14 + 3 barns*

Other than U235, U233 is the best uranium isotope to determine
by fission counting or fission product analysis. Uranium-232
may possibly be determined in this manner. The other 1sotopes
are of such short half-life that analysis of their own radia-

tlons 1s a much better means for their identification.

Excltation functions have been determined for a number of
reactions with charged particles or gamma rays incident on
uranium isotopes. These reactions may be used for activation
analysis. For absolute analysis, it should be pointed out that
(1) the cross sections reported are sometimes subject to cone
siderable error; (2) energy determinations of the incoming
particle or ray are also subject to error; and (3) the reaction
product can often be produced by a number of reactions. Come
parative analysis appears to be a much better method for the
determination of uranium. For gamma-ray (bremsstrahlung) activation,
simultaneous irradiations in a like flux are falrly easy to
accomplish. The two samples, unknown and standard, are mechani-
cally rotated in the gamma-ray beam. For charged particle
activation, the simultaneous irradiation of twé samples in a
like flux may require some ingenuity on the part of the ex-
perimenter.'.

A partlal list of reactions between uranium isotopes and

charged particles or gamma rays for which excitation functions

*
Plle neutrons.

.'Because of the short range of charged particles, irradiations
are generally made with targets attached to or within the
vacuum system of the accelerator. To malntain the system's
vacuum requirements, to coql the samples properly, and to
irradiate the samples simultaneously in a like flux may pre-
sent some difficulty in equipment design.

250



or indlvidual cross sections have been determined is given

below:
Protons
0238 (p, 1)y236 862
Deuterons
1238 (4, on)np238 563,664 0234 (4, n)ngB35 666
1238 (a4 )np236 663,664 1234 (o omynp?23H 666
U23 (a,p)uR30 664,665 1234 (4 3n)npR33 666
1238(4, t;a,pen)uR37 864
12384, t)U237 c62 0233 (a,n)Np23% 86T
33(q,2n)Np233 86T
U235(d’n)Np236 664, 666 1233(4, 3n)Np232 667
1235(4,2n)Np235 £64,066 1233(4,an)pa?30 8OL
1235 (q 3n)nplt 664,666 (233, ny,AB6T
U235(d 4n)Np233 666
Alpha particles
3B g, ) pu21 235 (q, 5n) 23" 669
238(cL p)NpRHLES BT py2l1 58 235( p)Np 2386669
23 (a,2 )Puzuo 664 1235 (q, p2n)sz36 669
U2 8(a 3n)Pu pu239 fEisld U23 («,F) 069
U238( )Pu238 664, 668
7238 ( o, pn)Np2 0 669 123% (g un)pu23 668,670
y238 ( ,pen)Np239 £62
y238 ( ,p3n)Np238 69 v233(a,n)pu?36 869
U2 (a an) U237 669 y3 3(a 2n)Pu235 669
U2 (a, t)Np2?9 662 U233(a 3n)Pu234 669
v238(q,p) 864,060 v?33(q, 4n) pu?33 662
1233(q 5n) pu233 569
U236(q,4n)m236 668 1233(q. p)Np 236 669
y23 3 (o pn)Npo235 069
1235 (4 1) ypu238 664,669 U233(a’p2n)N 234 669
1235 (a 2n)Pu232 869 v233(q, p3n)Np?33 862
1235 (q. 3n) py236 564,669 ®33(a p) 069

u235(a, 4n) Pu?35 £82
Carbon ions

U238(c12 4n)cr246 STL

230 (012 én)cr2th SIL

238 (c a1+n)Cm242 n
Gamma rays, bremsstrahlun

0238y, )23 12,803 P33y, ) L4
U238(7, n) St

U238 (v,F) 12,873,675
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The analysis of uranium by activation methods 18 reviewed

by Koch,ézg who also gives references to much of the literature.

IV-F. Dissolution of Uranium Samples

1. Metallic uranium.

EESE' Uranium metal dissolves 1n nitric acid to form uranyl
nitrate. With massive amounts of uranium the rate of dissolu-
tion is moderately rapid.ézz The reaction between uranium
turnings, powder, or sintered metal and nitric acld vapors or
nitrogen dioxide may occur with explosive violence.ézl Oxlides

of niltrogen are the principal gaseous products in the dissolution

of the metal by HNO The presence of oxygen in the dissolver

30
system tends to reduce the emlssion of these oxides.§1§ The
rate of dissolution of large amounts of metallic uranium may

be increased by the addition of small amounts of sulf‘uric,él2

phosphoric,6 680 or perchloricééi acid to the nitric acid.

HQSOM‘ Hot concentrated sulfuric acid attacks uranium metal
slowly forming uranium (IV) sulfate.ézl Sulfuric acid-hydrogen
peroxide mixtures react slowly with the metal at 75°C forming
uranyl sulfate.éég The addition of small amounts of chloride
or fluoride to HESO4 - H202 mixtures increases the dissolution
rate.éég

H3P04. Cold 85% phosphoric acid attacks uranium metal slowly.élz

Concentration of the acid by heatlng produces a falrly rapid
reaction in which uranium (IV) phosphate is formed. If heated
too long, a chemically inert, glassy substance is formed.

HClOu. Uranium metal 1s inert toward cold, dilute perchloric acig.

As the concentration is Ilncreased by heating a point 1s reached
at which the reaction proceeds with violence.ézz&éég Oxidizing
agents added to dilute berchloric acld dissolve the metal.§11
HCl. Concentrated hydrochloric acld vigorously attacks uranium
metal. Dilution of the acid diminlshes the attack. But even

with 4M HC1l there is a rapid evolution of hyd.rogen.éég A
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finely divided, black precipitate soon forms after dissolution
begins. This precipitate is not dissolved by heatlng. Only by
the addition of ouxidizing agents (hydrogen peroxide, bromine,
chlorate, nitrate, persulfate, dichromate, or ferric ions) does
the precipitate dissolve. Gaseous chlorine, aided by small
amounts of iror or lodine, also oxldizes and solubilizes the
uranium precipitate. The addition of small amounts of fluosilicic
acidégg&égi or large amounts of phosphoric acidégg to the hydro-
chloric acid prevents formation of the black preciplitate during
the dissolution of uranium metal.

HF. The reaction of hydrofluoric acld with uranium metal 1s slow
even at temperatures of 80“-90°C.§11 The reaction is inhibited
by the formation of insoluble UFu on the surface of the metal.
HBr. Hydrobromic acld attacks metallic uranium in manner

similar to, but slower than, hydrochloric acid.ézz The black
precipitate is formed.

HI. The reaction between uranium metal and hydriodic acid is

slow.ézz

Organic acids. Acetic, formlc, propionlc, and butyric acids

react rapldly with uranium in the presence of hydrogen chloride.-6-—1
Benzoic acid in ether reacts wlth the metal, forming the ben-
zoate.ézl Acetyl chloride and acetic anhydride react to form
uranous acetate.ézl

Miscellaneous solvents. Uranium is dissolved in a number of

medla other than acids: 4,6 682 solutions of heavy metal salts

(silver perc:m.or'ate,-é§£ cupric ammonium chlorideé§2 or acee

tateégé), alkaline peroxide solutions (NaOH-H202 or NaEOQ-HQO

solutionségl), solutions of bromine and ethyl acetate,§§3L§§§

hydrogen chloride and ethyl acetate,éég hydrogen chloride and

a.ce‘l:one,é§g and nitrogen dloxide and hydroger fluoride.gég

Table XXXVIII denotes qualltatively some solutions that
satisfactorily dissolve ura.n:l.um.é§g

Anodic dissolution. Metallic uranium may be dissolved elec-
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trolytically by anode oxidation. A variety of electrolytes
have been used.6 0-692 Satisfactory dissolutions have been

made with sulfuric ac:i.d,é§g nitric acid,égl

tartaric a.c:!.<i,—6--9--E
phosphoric acid containing nitrate,égg and sodium bicarbonate.égl

2. Alloys of uranium. The ease with which uranium alloys are

dissolved depends largely upon the chemical behavior of the
alloying metal. Larsen—6-§g has reviewed the dissclution of

some of the more common uranium alloys. Table XXXVIII summarizes
the effect of various reagents on these alloys.

3. Compounds of uranium. Table II lists solvents for a number

of uranium compounds. General Review references 2, 4, 5, and
7 (Section I) cover the chemical properties of these and other

compounds more fully.

Table XXXVIII. Reagents for the Dissolution of Uranium and Its Alloys.E

S = satisfactory N = unsatisfactory
Description HNO3 Qg;ia Ni;;ic- Hgi + ggégc Bre- NaOH-
EtOAc Hao2
U S ] S S S S S
U-2Zr N N N N N S N
U-Nb N N S N N S S
U-Fe S S S S S S N
U=Cr N N N S S S N
U-Ru N s N N N N N
U~Mo N S N S N s S
U-Fissiumd N sS N N N N N
y-s1d s s
U-Pu s& S N S S S N
a

o

<

([=1

R. P. Larsen, reference 682.
Alloys containing from 1 to 3% Zr, Mo, Ru, Rh, Pd, and Ce.
Fluoride must be added to dissolve Zr.

Nitric acid dissolutions leave S1 residue, but nitriec-hydro-

fluoric acid dissolutions can easily lead to volatilization of
fluosilicic acid.

&

Pu 1itself 1s not readlly dissolved in nitric acid, hydrochloric

acid being preferable.
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The dissolution of uranium oxides is of considerable
interest since uranium samples prepared as accelerator targets,
for neutron irradiations, or samples found in the natural state
are frequently in the form of oxides. Also, many compounds of
uranium may be transformed to the oxide by heating, hydrolysis,
or fusion. All of the oxides, U03, U3O8’ and UOE' are soluble
in nitric acid, forming uranyl nitrate. UO3 is soluble in other
mineral acids. U308 and UO2 are dissolved by fuming with

perchloric acid.éi They are slowly dissolved in hot concentrated

sulfuric acid.éi The presence of fluoride accelerates this
dissolutiom.-é-zi Alkalline peroxides react with uranium oxides
to form soluble peruranates.Qi&ééz

4, Meteorites, minerals, and ores. The extraction of uranium

from natural deposits may be accomplished by decomposition and
dissolution of the entire sample including uranium or by leach-
ing the uranium from the sample. Grinding and roasting facili-
tate the recovery. Roasting removes organlc material. It also
helps form soluble uranlium compounds.

Decomposition of the sample may be accomplished by acid
attack, by fusion,or by a combination of the two. Mineral acids,
individually or in combination, may be used. The presence of
hydrofluoric acld generally ailds in dissolution. Ores, sand,
etc. may be fused with sodium carbonate, sodium hydroxide,
sodium peroxide, sodium bisulfate, sodium chloride and sodium
hydraxide, ammonium sulfate, potassium bifluoride, and mag-
nesium oxide.l&§&$§2£ The melt 1s solubilized in water or acid
and the separation of uranlum made by procedures outlined in
Section IV-D. Rodden and Warfé-)i have descrlbed a number of
procedures in which uranlium was made soluble by acid éttack or
by fusion methods. The recovery of uranium from monazite sands
has been reported by Calkins, g&_él.égi

Acid and alkaline leaching &e used on an industrial scale

for the recovery of uranium from its ores. In acid leaching,
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hydrochloric, nitric, or sulfuric acid may be used.l Indus-
trially, sulfuric acid is used because of 1ts economy. Oxidizing
agents (Fe(III), Mnoz, etc.) are used to convert uranium (IV) to
uranium (VI). A separation of uranium and thorium with an oxalie
acid=nitric acid leach solution has been reported.égi
In alkaline leaching, various combinations of alkaline

carbonates, hydroxides, and peroxides have been used.l Indus-
trially, uranium is dissoclved by alkaline carbonates as the
U02(003)g' complex. Oxygen or other suiltable oxidants are used
to convert uranium (IV) to uranium (VI). Hydroxyl ions are
formed by the dissoclution of uranium in carbonate solutions. The
presence of bicarbonate lon in the dissolving solution prevents
‘the precipltation of uranium. The récovery of uranium by acid
and alkaline leaching 1s reviewed in General Review reference

13 (Section I).

5. Biological samples. The determlnation of uranium in biolo-

glcal samples 1s reviewed by Steadman.§2§ Uranium may he eXe

tracted and determined directly from liquid samples. The sample
may also be ashed, as are solid samples, prior to uranium ex-
traction. Ashing may be carried out as a wet or dry process.
Wet-ashing 1s commonly done wlth a nitric acid solution. Ashing
may be completed with perchloric acid. However, extreme caution
must be exercised when heating organic materials with perchloric
acid. The ashed resldue 1s dissolved in acid and the uranium
determination continued f{rom there. Weteashing need not bdbe
carried to completion. Analysis may be made upon the sample
after 1t has been thoroughly digested in acid.

6. Air dust samples. Samples of alr dust are commonly collected

on filter papers. The uranium may be dilssolved by digesting
the sample 1n nitric acid solution or the sample may be ashed

and the residue dissolved in acild.

256




V. Collection of Detailled
Procedures

A procedure for the determination of uranium may entail
one or more purification steps as outlined in the preceding
sections. For example, uranium may be separated from impurities
by a serles of solvent extractions with one or more different
solvents. These may be interspersed with precipitation and/or
ion exchange methods. The procedures described herein have
been gathered from project reports, the open literature, and
by private communication. Only a limited number are presented.
They have been selected because they represent many of the
separation methods already described or because they represent
different problems in handling samples: problems of dissolution,
extraction in the presence of high betaegamma activity, etc.
A number of the procedures described do not make use of the ra-
diometric determination of uranium. The method of separation
in these procedures, however, i1s applicable to radiochemical
analysis and 1s, therefore, included. A number of papers and
reports describe, in detall, procedures for the determination
of uranium. These should be noted. The work of Rodden and
Warf‘«i-)i has frequently been mentioned in thls paper. In addi-
tion to procedures for the preciplitation, solvent extraction,
volatilization, and electrodeposition of uranium, these authors
have presented a number of selected procedures for the solution
of ores and minerals and the separation and determination of
uranium. Procedures for the analytical determination in naturally
occurring materials have also been described by Rodden and
Tregonning,ééé Grimaldl, May, Fletcher, and Titcomb,égl Schoeller
and Powell,ggg and in the “Handbook of Chemical Determination

of Uranium in Minerals and Or-es."égg

The recent publication by
i1l
Moor on extraction with amines contains a collection of pro-

cedures, many of which have to do with the separation of uranium.
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FROCEDURE 1: Uranium-237.
Source: B. Warren, LA-1567 (1953) p. 18.

Editor's note: Uranium-237 may be separated from fission pro-
ducts, neptunium.and plutonium more easily by ilon exchange and/or
solvent extraction techniques (see, for example, Procedure 7).
The following procedure 1s, however, an excellent example of
uranium purification by precipitation methods.

1. Introduction

The significant steps in the determination of U237 in ma-
terials contalning fission products, neptunium and plutonium are
the following. Rare-earth, neptunium, and plutonium activities
are removed by appropriate lanthanum fluoride scavenging steps
in the presence of hydroxylamine hydrochloride. The latter
reagent serves to reduce both neptunium and plutonium so that
they may be carrlied down, and alsc to complex uranium and pre-
vent 1ts later removal in lron scavenging steps. Barium and
zirconlum are precipitated by barium fluozirconate scavenging.
following a cycle of ferric hydroxide scavenglng and ammonium
diuranate precipitation steps, uranium is reduced by zinc metal
in hydrochloric acid medium and precipitated, presumably as
U(OH)u, with ammonium hydroxide. The uranium 1s further purified
by alternate conversions to tetrafluoride and hydroxide. 24.14
Th234(UX1) which has grown in from U238 is removed by a zirconium
iodate scavenge and the uranium 1s converted to ammonium diuranate.
Uranium is finally plated from nitric acid medium onto a platinum
foil. After flaming of the foll and weighing, uranium is beta-
counted as U3O8' Chemical ylelds average 50 to 65%. Quadrupli-

cate determinations require approximately 8 hours.

2. Reagents

U238 carrier: 1 ml containing 10 ﬁg of (5000/1) uranium. Pre-
paration: Weigh out 1 gm of U metal, dissolve in
cone. HNO3, transfer to a 100-ml volumetric flask.
Make up to volume, adjusting the flnal sclution
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La carrier:
Ba carrier:
2r carrier:

Fe carrier:

PROCEDURE 1 (Continued)

to 3M in HNOB. The carrier is standardized by
plpeting 1 ml aliquots into a 000=Coors procelain
erucible, evaporating to dryness, igniting at 800°
for 45 min, and weighing as U308'
10 mg La/ml (added as La(N03)3~- 6H20 in HQO)

10 mg Ba/ml (added as Ba(NO in H.0)

3)2 2

10 mg 2r/ml (added as ZrO(N03)2 . 2H20 in 1M HN03)

10 mg Fe/ml (added as Fe(NO3)3 * SH,O in very dilute

HNO3)

HCl: conc.
HNOS: 1M
HNOg: 8M
HNO3: cone.
HF: conc.
H,S0,: conc.
HIO3: 0.35M
NH,OH: conc.
NHQOH + HCl:

51

4 aqueous (NH4)2C204

Br2: liquid

Zn metel: 20 mesh, granular

Methanol: anhydrous

Methyl red indicator solution: O0.1% in 90% ethanol.

3. Equipment

Fisher burner

Centrifuge

Block for holding centrifuge tubes

40-ml centrifuge tubes: Pyrex 8140 (10 per ssmple)

000-Coors porcelain crucibles (one per standardization)

Pt-tipped tweezers

Pipets: assorted sizes
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PROCEDURE 1 (Continued)

Stirring rods
Plating assembly: 1 cell per aliquot of sample
Source of current - Fisher Powerhouse (D.C.)
with variable resistance 1in series with cells.
Cell - Brass base (3" x 3") for holding
Pt cathode; 5-mil Pt circular 2" diameter disk (cathode);

gasket (Koroseal-Upholstery 36681) to seal cathode and chimney; ’

glass chimney, 2" diameter, 4" high, with 4 ears at height of
3"; 1 1/4" steel springs for holding chimney to base; rotating
Pt anode. The cell is heated for 1 3/4 hours at 105° after

assembly to insure formation of seal between glass and Pt.

Water bath for cell - Autemp heater; 6"
crystallizing dish (for water bath); rubber pad for holding
cell.

4. Procedure
Step 1. Add 1 ml of standard U carrier to an allquot of
sample in a 40-ml long taper centrifuge tube. Dilute to about

10 ml, heat to bolling, and precipitate (NH4)2U by the drop-

2%7
wise addition of conc. NHuOH.
Step 2. Centrifuge and discard the supernate.
Step 3. Dissolve the precipitate in 1 to 2 ml of 1M HNO3,

add 5.4 ml of Hzo, 3 drops of La carrier, and 10 drops of 5M

NH20H «+ HC1l. Allow to stand for 5 min.

Step 4. Add 3 drops of conc. HF and allow to stand for 5
min. Centrifuge for 5 min, transfer supernate to a 40-ml
centrifuge tube, and dlscard the precipitate.

Step 5. Add 3 drops of La carrier and let stand for 5 min.
Centrifuge for S5 min, transfer supernate to a 40-ml centrifuge
tube, and discard the precipitate.

Step 6. Add 3 drops of Zr carrier and 15 drops of Ba
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PROCEDURE 1 (Continued)

carrier. Centrifuge for 5 min and transfer the supernate to a
40-m1 centrifuge tube, disc§rd1ng' the precipitate.

Step 7. Add 4 drops of cone. H,80, and centrifuge for 5 min.
Transfer the supernate to a 40-ml centrifuge tube and discard
the precipitate,

Step 8. Add 2 drops of Fe carrier, heat the solution to
bolling, and precipltate Fe(OH)3 by the addition of cone. NH40H.
Cool the tube under cold HEO’ centrifuge for 2-1/2 min, and
transfer the supernate to a 40-ml centrifuge tube, discarding
the precipitate.

Step 9. Add 0.4 to 0.5 ml of liquid Br, (Note 1) slowly to
slight excess and boll the solution to a light yellow color.
Add conc. NHAOH until (NH4)2U207 precipitate forms. Cool un-
der cold water, centrifuge, and save the precipitate.

Step 10. Add 1 to 2 ml of 1M HNO3 and 10 ml of H,0, heat
the solution to bolling, and add conc. NH40H to reprecipitate
(NH4)2U207. Centrifuge and save the precipitate.

Step 11. Add 1 to 2 ml of 1M HNO., 10 ml of H20, 10 drops

3!

of S5M NH,OH * HCl, and 2 drops of Fe carrier. Let stand for

2
5 min. Heat the solution to boiling and precipitate Fe(OH)3

by addition of conc. NH4OH. Cool the tube under cold H20,
centrifuge for 2-1/2 min, and transfer the supernate to a 40-
ml centrifuge tube, discarding the precipltate.

Step 12. Repeat Step 9.

Step 13. Add 1 ml of conc. HC1l, 10 ml of H20, heat the
solution to boiling and precipitate (NH4)2U207 with conc. NH,OH.
Cool the tube, centrifuge, and save the precipitate.

Step 14. Dissolve the precipitate in 1 ml of conc. HCl and
10 ml of H,0. Add 2 gm of Zn metal (20 mesh, granular), and
heat the mixture until the solution turns brown. Heat 1 addi-

tional minute.
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PROCEDURE 1 (Continued)

Step 15. Let stand untll the vigorous gas evolution subsides
and decant into a 40-ml centrifuge tube. Discard the Zn.

Step 16. Heat the solution to boiling and precipiltate
U(OH)4 {(?) with conec. NH,OH. (The precipitate will be greenish-
black.) Centrifuge and save the precipitate.

Step 17. Dissolve the precipltate in 10 drops of conc. HC1.
Add 5 ml of H20 and 4 drops of conc. HF. Stir vigorously until .
UF4 precipitates, add 7 drops of conc. NH40H and stir. Cen-
trifuge 5 min and save the precipitate.

Step 18. Add 1 ml of conc. HC1l, heat slightly, add 10 ml of
H20, and heat the solution to boiling (the precipitate should
dissolve). Add conc. NH,OH and precipitate U(OH)4 (?) (greenish-
black precipitate).

Step 19. Repeat Step 17, except that 4 ml of HZO are added
instead of 5.

Step 20. Add 1 ml of conc. HNO3 and heat untll NO2 ceases
to be evolved. Add 10 ml of HQO and precipitate (NH4)2U207
with conc. NH40H. Centrifuge, discard the supernate, and
dissolve the precipitate in 1 ml of conc. HNO3.

Step 21. Add 10 ml of HQO, 4 drops of 2Zr carrier, and 1 ml
of 0.35M HIO3. Centrifuge, transfer the supernate to a 40-ml
centrifuge tube, and discard the precipitate.

Step 22. Heat the solutlon to boliling and precipltate
(NH4)2U20 with conc. NH40H. Centrifuge and discard the supernate. '

7
Step 23. Dissolve the precipltate in 1 to 2 ml of 1M HNO

3’
dilute with 10 ml of H2O, and centrifuge. Transfer the super-

nate to a 40-ml centrifuge tube and discard the precipitate.
Step 24. Reprecipitate (NH4)2U207 by boiling the solution

and adding conc. NHROH. Centrifuge and save the precipitate.
Step 25. Add 5 drops of 8M HNO3 and transfer to the plating

cell which contains 10 ml of H,0 and 3 drops of M HNOB. Rinse

the centrifuge tube with three washes each consisting of 5
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PROCEDURE 1 (Continued)

drops of SM HNO, and 0.5 ml of H20, transferring the washings

to the plating zell.

Step 26. Add 10 ml of 4% (NH4)2C204 and wash the cell walls
down with approximately 5 ml of H20. The total volume in the
cell should be about 40 ml.

Step 27. Add 5 drops of methyl red solution, and conc.
NHAOH drop-wise until the solution turns yellow. Add 8& HNO3
until the solution turns red or orange (one drop ils usually
required); then add 3 drops of HNO3 in excess.

Step 28. Plate for 1-1/2 hours at 1.5 amp and 8 volts at
80 to 90°. For the first 30 min, at 10-min intervals add
sufficient 8M HNO3 to make the solution red to methyl red. At
40 min, add 3 drops of conc. NHQOH, or enough to make the solu~
tion yellow to the indicator.

Step 29. Wash down the cell walls with H,O to replenish that

2
lost by evaporation, and continue electrolysis for an additional

50 min.

Step 30. Remove plate, wash with H2O and methanol. Flame
plate for 1 min. Cool, welgh as U308, mount, and count. Correct
for ’I‘h234 (UXl) activity (see accompanying figure).

Notes
1. Liquid Br2 destroys NH20H and also the uranium-hydroxylamine

complex.
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PROCEDURE 2: Purification of Uranium-240,
Source: E. K. Hyde and M. H. Studier, ANL-4182 (1948).

Egkgor's note: The following procedure was used to ngify
U formed by the second order neutron capture of U . The
principal decontaminating step is the ether extraction of
uranium from a reducing aqueous solution. Uranium is further
purified by a number of precipltations that are not described
in detall. These, however, are falrly easy to perform.

Irradlation and Chemical Procedure

Two grams of depleted uranium (1 part U235 per 30,000 parts
U238) as U

the Hanford plle for 12 hours including time for startup and

308 in a small 28 aluminum capsule was irradiated in

shutdown. Six hours after the end of the irradiation the cap-
sule and 1its contents were dissolved in nitric acid, using
mercuric ion as catalyst for dissolving the aluminum. The
uranium was extracted batchwise, the dissolved aluminum serving
as a salting agent. The ether containlng the uranium was then
passed through two static wash columns packed with 3/32 inch
stainless steel hellces and filled with a solution 10M in
ammonium nitrate, 0.1 M in nitric acld, 0.01 N in ferrous ion
and O.1 M in urea. Neptunium was reduced by the aluminum in
the dissolver and by the ferrous ion in the wash columns to an
unextractable oxidation state {Np IV and Np V). Additional
ether was passed through the columns to strip out the uranium.
These operations were carried out by remote control behind

lead shielding. The initial dissolver solution measured roughly
56 roentgens per hour at 8 inches. The ether solution emerging
from the second column and containing the uranium measured only
about 3 mr per hour at the surface, and most of this was ether-
soluble iodine fission product activity. The uranium was ex-
tracted from the ether into an agqueous ammonium sulfate solu-
tion and washed several times with ether to remove iodine
activity. LaF3 was preclpitated from the uranyl nitrate solu-
tion after reduction with sulfur dioxide to remove any traces

of Np239 which might have come through the ether extraction.
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PROCEDURE 2 (Continued)

The uranium was further purified by precipitation as diuranate,
sodium uranyl acetate, and peroxide and by a final ether ex-
traction. Throughout this final series of purifications there
was no detectable decrease in B-actlvity; this indlicates that
the uranium was radioactively pure.

Small aliquots of the final uranium solution were evaporated

on platinum discs and ignited to U308 to study changes in .

activity. The remaining uranium solution was used for extraction

of neptunium daughter fractions.

PROCEDURE 3: Purification of Irradiated U23°,

Source: S. Fried and H. Sellg, Private communication.

Editor's note: The present procedure was used in an experiment
desiég?d to measure the thermal neutron fission cross section

of U The amount of U235 that can be tolerated in such an
experiment 1s very small.

Two criteria were used in selecting the purification steps

in the following procedure:

1) To obtain uranium free of fission products and other
extraneous activities without introducing contaminant
normal uranium in the procedure.*

2) The initial part should lend itself easily to remote

control manipulation.

*The reagents used were carefully purified. Thus, the nitric
acid and perchloric acid were redistilled in a quartz still.
The NH4NO3 was prepared from gaseous ammonia and distilled HNOS.
The HCl was prepared by passing HCl gas into triply distilled

H20, ete.
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PROCEDURE 3 (Continued)

Procedure:
A. 1In Cave

The irradiated uranium oxide (~0.3 mg) was dissolved in
concentrated HN03 and made up to 2 M 1n HNO3 with distilled H,0
to give total volume of about 15 ml. Some Fe*t was added to
keep Pu and Np in +4 state. The solution was saturated with
NH4N03 and contacted four times with 10 ml portions of ether.
Each contact was scrubbed twice with 2 M HNO3 saturated with
NH4N03. The combined ether extracts were back extracted three
times with 5 ml portions of HEO' The H20 strip was evaporated to
dryness and treated with HC1l to destroy NH4N03 carried over.

B. Outside Cave

The sample could now be handled easlly outside the cave
with a minimum of shieldlng, most of the activity being due to
U237. A mass spectrometric analysis showed 1t contained 0.5
weight % of U237. A fission count showed that additional puri-

38 formed by (n,v) on Np237

fication was necessary to remove Np2
which had bullt up during irradlation.

The sample was taken up in about 0.5 ml 6 N HCl and put
on a small Dowex-l column and washed. The Np comes off in
6 N HCl. Finally the uranium was eluted with 0.5 M HCl. The
eluate was evaporated to dryness and taken up in 0.2 ml of 5 M
HC1l, 0.1 M KI and 0.05 M N2H40H o« 2HCl. This was heated at 90°
for 2 minutes, dlluted to 0.5 M in HC1l and TITA extracted twice
for 15 minutes. The origlnal fraction was washed twice with
benzene and evaporated to dryness.

In order to clean up the uranium for a mass spectrometric
analysis, 1t was subjected to another ether extraction as in
the first step. After the NHuNO3 was destroyed the sample was
fumed with HClOu to destroy any organic residue from the ether

extraction.
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PROCEDURE &4: TUranium and Plutonium Analysis
Source: B. F. Rider, J. L. Russell, Jr., D. W. Harris, J. P.
Peterson, Jr., GEAP-3373 (1960).

Samples of dissolved 1rradlated fuel contain highly
radioactive fission products. For this reason, uranium and
plutonium are separated prior to analysis. The following pro-
cedure gives a good yleld together with a good decontamination
factor.

Reagents:

1. Distilled conc. HNOB.

2, 2 M HNO3 - distilled conc. HNO3, double distilled HQO.
3. U-233 solution, standardized.

4, Pu-236 solution, standardized.

5. KBr03 - Crystals, Reagent Grade. Low natural U blank.
6. 8 M NH4N03 in2 M HNO3 - Place 200 ml distilled 16 M HNO3
+ 100 ml double distilled HQO in a large beaker. Bubble
NH3 gas through solution until basic to pH paper. Boil
off excess NH3 (solution neutral). Transfer to mixing

cylinder, add 50 ml of distilled 16 M HNO dilute to 400

3’
ml. Check density of solution (1.31 * 0.01 at 20°C.).

7. Hexone - distilled.

8. HCl - C.P. reagent. Low natural U blank.

9. 1M HNO3 - distilled conc. HNO3, double distilled H20.

10. 30% H202 - meets A.C.S. specification, low natural U blank.

1. 0.2 M T.T.A. in Xylene - 4.44 gm T.T.A. dissolved in 100 ml
distilled xylene.

12. Xylene - distilled.

13, Ether - dilstilled.

14, 0.05 M HNO

= distilled conc. HNO double distilled H,O.

3 3’ 2

15. H2O - double distilled.
Glassware:

All glassware used is Pyrex which has been soaked overnight in
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PROCEDURE 4 (Continued)

50% HNO3 and rinsed with double distilled water. Pipets are

rinsed with 50% HNO_. and double distilled water before using.

3

Separation and Decontamination Procedure:

1. Place the aliquot for analysis in a 15 ml cone and evaporate
to about 1 ml. Add a suitable U~-233 and Pu-236 spike, one
drop conc. nltric acid, and several KBrO3 crystals. Allow
to stand for 1 hour to allow oxldation of Pu to Pu02++.

2. Add 1.5 ml 8 M NHuNO3 in 2 M HNOB, and evaporate to about
2 ml.

3. Prepare 2 scrub solutions in separate 15 ml cones, containing
lmlofr8M NH,NO; in 2 M HNO; and about 10 mgs KBrOs.
Preoxidize about 10 ml hexone wlth 2 ml of 2 M HN03 and
KBrO3. Keep covered until ready for use.

4, Extract the U and Pu four times for five minutes with 2 ml
portions of hexone (methyl isobutyl ketone), adding 1 drop
of 16 M HNO3 to the original solution after each extraction.
Scrub each extract in turn with the two solutions prepared
in step 3.

5. Strip the combined hexone extracts with five 2 ml portions
of H.0. Evaporate the combined aqueous portions to dryness,

2

add a few drops of HNO_ and HCl, take to dryness. Evaporate

to dryness with HNO3 u:der a gentle stream of pure nitrogen
on a boiling water bath.

6. Prepare 3 ml of 1 M HNO3 and 1 drop of 30% H202, add 1 ml to
the Pu and U residue from step 5 and two 1 ml portions to
separate 15 ml cones.

7. Extract immediately the Pu 2 times for 20 min. with 2 ml
portions of 0.2 M T.T.A. (thenoyltrifluoroacetone) in xylene.
Scrub each in turn with solutions prepared in step 6. Save

the agueous phase for uranium. Combine the T.T.A. extracts

and add a few crystals of trichloroacetic acid.
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10.

11.

12.
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14,

15.

PROCEDURE 4 (Continued)

Mount the combined T.T.A. extracts on a platinum plate

for alpha pulse analysis.,

After pulse analysis, remove the Pu for mass analysis as
follows: Cover disc with HF. Evaporate to dryness under

a heat lamp. Again cover disc with HF and evaporate to
dryness. Cover disc with conc. HNO3 and evaporate to dryness.
Repeat 3 or 4 times. Cover disc with conc. nitric, ree
flux a few seconds, and transfer with a pipet to a 15 ml
cone. Repeat 3 or 4 times.

Evaporate the combined conc. HNO3 refluxes to dryness.
Treat residue with aqua regila and evaporate to dryness.
Evaporate to dryness with conc. HNO3 on a bolling water
bath several times. Add 50 » of 0.01 M HNO3 to the evapor-
ated sample and submit sample for mass spectrographic
analysis.

Wash the original 1 M HNO, uranium fraction (Step 7) with

3

Xylene. Add 1 drop of HNO, and 3 drops of HCl to the

washed 1 M HNO3 and reflux3for about one-half hour to de-
stroy the organic present. Evaporate to dryness, flame
gently to destroy organic matter and dlssolve the residue
with 2 drops HNO3 and evaporate to dryness on a water bath.
Pipette three 1 ml portions of 8 M NH,J{NO3 in2 M HN03,
dissolve the evaporated U fraction in one 1 ml portion.
Place the other 2 portions in two 15 ml cones for scrub
solutions.

Extract the U with four 2 ml portions of diethyl ether, add-
ing 100 X of conc. HNO3 before each extractlion. Scrub each
extract in turn with 2 scrub solutions prepared in Step 12.
Evaporate the combined ether extracts over 1 ml of HQO in

a 15 ml cone. Evaporate to dryness.

Add 3 drops of HCl1l and 1 drop of HNO3, and evaporate to dry-
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PROCEDURE 4 (Continued)

ness repeatedly until the organic is destroyed. Flame gently
to expell ammonium salts. Then dissolve in HNO3 and evap~-
orate to dryness on a water bath. Add 50 » of 0.05 M HNO3
to the dry cone and submit sample for mass spectrographic

analysis.

Plutonlum Calculation:

To determine the amount of Pu in the orlginal sampie, it

1s necessary to measure in a Frisch chamber the alpha spectrum
of the plate prepared in Step 8. The ratio of Pu-239 and Pu-240
activity to Pu~236 activity is calculated. If the ratio is mul-
tiplied by the original activity of Pu-236 added, the original
activity of Pu-239 plus Pu-240 can be obtained. From the mass
analysis a Pu-239 to Pu=240 atom ratio is obtained. The speci-
fic activity of the mixture is calculated from that of the 1indi-
vidual isotopes. The Pu-239 plus Pu-240 activity can be con-
verted to Pu=239 plus Pu-240 welght by dividing this activity
by the specific activity of the mixture.

Uranium Calculation:

The ratio of the various U isotopes to U=-233 from the mass
spectrometer data is multiplied by the amount of U-233 spike
originally added to the sample to obtain the amount of each

uranium isotope present in the original sample.

PROCEDURE 5: Spectrophotometric Extraction Methods Specific
for Uranium.

Source: W. J. Maeck, G. L. Booman, M. C. Elliott, and J. E.
Rein, Anal Chem. 31, 1130 (1959).

Abstract

Uranium as tetrapropylammonium uranyl trinitrate is quan-
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PROCEDURE 5 (Continued)

titatively separated from large quantities of diverse ions by
extraction into methyl isobutyl ketone (U4-methyl-2~pentanone)

from an acld-deficient aluminum nitrate salting solution. Milli-
gram levels are determined by a direct absorbance measurement

of the trinltrate complex 1in the separated organic phase at

452 mu. Mlcrogram amounts are determined by adding dibenzoyl-
methane (1,3-diphenyl-l,3-propanedione) in an ethyl alcohol-
pyridine mixture to the separated organic phase and measuring

the absorbance of the chelate at 415 mu. The coefficlent of
varliation is less than 1% at the 10-mg. and 25-y levels. The
limit of sensitivity is 0.8 vy for the dibenzoylmethane method.

Apparatus_and Reagents

Absorbance measurements of the tetrapropylammonium uranyl
trinitrate complex were made with a Cary Model 14 recording
spectrophotometer and l-cm. Corex cells. A Teflon 9 x 9 x 6 mm.
spacer placed in the bottom of the cells permlts absorbance
measurements with 2 ml. of sample. Absorbance measurements of
the dibenzoylmethane complex were made with a Beckman DU spece
trophotometer and 5-cm. Corex cells.

Extractions were made in 125 x 15 mm. test tubes with
polyethylene stoppers. A mechanical extraction device? was
used for agitation.

Reagent grade inorganic and Eastman Kodak Co. White Label
organic chemicals were used without purification. Distilled
water was used throughout. The uranium solutions were prepared
by dissolving purifled black oxilde, U3O8’ in a slight excess of
nitric acid, and making to volume with water.

The dibenzoylmethane reagent is prepared by dissolving
0.1140 gram of dibenzoylmethane in 500 ml. of a 5% solution
(v./v.) of ethyl alcohol in pyridine. )

Salting and Scrub Solutions. A. 0.005M Tetrapropylammonium
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PROCEDURE 5 (Continued)

Nitrate, 1N Acid-Deficlent Salting Solution. Place 1050 grams
of aluminum nitrate nonahydrate in a 2-liter beaker and add
water to a volume of 850 ml. Heat, and after dissolution add
67.5 ml. of concentrated ammonium hydroxide. Stir for several
minutes untll the hydroxide precipitate dissolves. Cool to less
than 50°C.,add 10 ml. of 10% tetrapropylammonium hydroxide,
and stir until dissolved. Transfer to a l-=llter volumetric
flask and make to volume with water. A preliminary extraction
with methyl isobutyl ketone is suggested to remove uranium
contamination in which case tetrapropylammonium hydroxide will
have to be re-added.

B. 0.025M Tetrapropylammonium Nitrate, 1N Acid-Deflclent
Salting Sclution. Same as A except that 50 ml. of 10% tetra=
propylammonium hydroxide is used.

C. 0.25M Tetrapropylammonium Nitrate, 1N Acid-Deficient
Salting Solution. Neutralize 100 ml. of 10% tetrapropylammonium
hydroxide to pH 7 with 5N nitric acid. Transfer to a large
evaporating dish and let stand until a thick crystal slurry
forms (which may take as long as 4 days). Place 210 grams of
aluminum nitrate nonahydrate in a 400-ml. beaker and transfer
the tetrapropylammonium nltrate crystals into the beaker with
20 ml. of water. Stir and add water to a volume of approximately
180 ml. Add 13.5 ml. of concentrated ammonium hydroxide and
stir until dissolution is complete (which may require several
hours). Transfer to a 200-ml. volumetric flask and make to
volume with water.

D. Serub Solution for Dibenzoylmethane Method. Add 940
grams of aluminum nitrate nonahydrate, 33 grams of tartaric acid,
31 grams of oxalic acid, and 64 grams of (ethylenedinitrilo)-
tetraacetic aclid to 100 ml. of water and 150 ml. of concentrated

ammonium hydroxide. Heat with stirring until dissolved. Cool,



PROCEDURE 5 (Continued)

filter, transfer to a l-liter volumetric flask, and make to
volume with water. Remove uranium contamination by a methyl
isobutyl ketone extraction.

E. Special Solutions. The following salting and scrub
solutlons are used in the dibenzoylmethane method for samples
containing cerium(IV) or thorium.

1. Prepare an aluminum nitrate salting solution as A, but
omit the tetrapropylammonium hydroxide.

2. Prepare a scrub solutlon by dissolving 154 grams of
ammonium acetate and 20 grams of the sodium salt of diethyldi=-
thiocarbamate in water to a volume of approximately 9S00 ml.
Adjust to pH 7, fllter, and make to a l-liter volume with water.

3. Prepare a mercuric nitrate solution by dissolving 0.063
gram of mercuric nitrate in 90 ml. of 1N nitric acid and making

to a 100~-ml. volume with 1N nitric acid.

Procedures

Milligram Amounts of Uranium., With aqueous samples of 0.5

ml. or less and containing up to 2 meq. of acid, 0.5 to 12 mg.

of uranium can be extracted from a salting solutlon which is
0.025M in tetrapropylammonium nitrate and 1N acid-deficlent.
Samples of high acidity should be neutrallzed to less than 2 meq.

of free acid, or a salting solutlon which 1s 2N acid-deficient
can be used for samples containing up to 6 meq. of acid. If
cerium(IV) and thorium are present, the absorbance from uranium
will be maximum 1f the combined uranium(VI), thorium, and cer-
ium(IV) do not exceed 0.05 mmole in the sample aliquot. Samples
that contain more than 0.05 mmole of combined uranium, cerium-
(IV), and/or thorium can be analyzed after dilution, provided
the resulting sample aliquot contains more than 0.5 mg. of
uranium. If this condition cannot be met, the 0.25M tetrapro-

pylammonium nltrate salting solution is used, which can accommo-
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PROCEDURE 5 (Continued)

date up to 0.5 mmole of combined uranium, cerium{IV), and
thorium.

Pipet a sample of 0.500 ml. or less, contalning from 0.5
to 12 mg. of uranium, into a test tube contalning 4.0 ml. of
salting solution B or C. Add 2.0 ml. of methyl isobutyl ketone,
stopper, and extract for 3 minutes. Centrifuge to facilitate
phase separation. Transfer as much as possible of the organlc
phase with a micropipet to a l=~cm. cell containing the Teflon
spacer. Measure the absorbance at 452 mp against a blank pre-
pared by substituting 1IN nitrlc acid for the sample.

Microgram Amounts of Uranium. Aqueous sample aliquots

containing up to 2 mg. of uranium and as much as 85 in aclid can
be quantitatlvely extracted from a salting solution 0.005M in
tetrapropylammonium nitratei . Neutrallize samples of higher
acidity to less than 8§ before extraction.

SAMPLES WITHOUT CERIUM(IV) AND THORIUM. Pipet a sample
of 0.500 mi. or less, containing from 0.8 to 75 v of uranium,
into a test tube contalning 5.0 ml. of salting solution A.
Add 2.0 ml. of methyl 1sobutyl ketone, stopper, and extract for
3 minutes. Centrifuge to facllitate phase separation. Transfer
as much as possible of the organic phase to a test tube con-
taining 5.0 ml. of scrub solution D, stopper, and mix for 3
minutes. Centrifuge to facilitate phase separation. Remove
a 1.00=-ml. aliquot of the organic phase and transfer to a 25-
ml. flask. Add 15 ml. of the dibenzoylmethane-pyridine reagent
and thoroughly mix. Allow to stand 15 minutes, transfer to a
S-cm. Corex cell, and measure the absorbance at 415 mu compared
to a blank prepared by substituting 1N nitric acid for the sam-
ple aligquot.

SAMPLES CONTAINING CERIUM(IV) OR THORIUM. Pipet a sample
of 0.500 ml. or less, containing from 0.8 to 75 v of uranium,
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PROCEDURE 5 (Continued)

into a test tube contalning 5.0 ml. of the salting solution E-1.
Add 4.0 ml. of methyl 1sobutyl ketone, stopper, and extract for
3 minutes. Centrifuge to facilitate phase separation. Transfer
as much as possible of the organic phase to another tube con-
taining 5.0 ml. of scrub solution E-~2, stopper, and mix for 20
minutes. Centrifuge as before. Transfer at least 3 ml. of the
organic phase to a test tube contalning 5.0 ml. of salting solu-
tion E-1. Add 0.5 ml. of scrub solution E-3, stopper, mix for
10 minutes, and centrifuge. Remove a 2.00-ml. aliquot of the
organic phase and transfer to a 25~ml. flask. Add 15 ml. of the
dibenzoylmethane-pyridine reagent and thoroughly mix. Let stAﬁd
15 minutes, transfer to a 5.0=-cm. Corex cell, and measure the
absorbance at 415 mp compared to a blank prepared by substitut-

ing 1IN nitric acid for the sample aliquot.

Calibration. Two different standards contalning levels of
uranium equivalent to approximately 0.1 and 0.7 absorbance are
processed. The concentration of samples 1s established by the
average absorptivity of these standards provided agreement

within statistical 1limits (95% confidence level) is obtained.

2 y, J. Maeck, G. L. Booman, M. C. Elliott, J. E. Rein, Anal.
Chem. 30, 1902 (1958).

PROCEDURE 6: Determination of Uranium in Uranium Concentrates.
Source: R. J. Guest and J. B. Zimmerman, Anal. Chem. 27, 931 (1955).

Abstract
A method is described for the determination of uranium in high grade
uranium material. Uranium is separated from contaminants by means
of an ethyl acetate extraction using aluminum nitrate as a salting

agent. After the uranium has been stripped from the ethyl acetate
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PROCEDURE 6 (Continued)

layer by means of water, colorimetric determination of the uranium
is carried out by the sodium hydroxide-hydrogen peroxide method.
The procedure 1is accurate, rapid, and easily adaptable to routine

work.

Reagents and Apparatus

Reagents. Ethyl acetate (Merck, reagent grade).

ALUMINUM NITRATE SALTING SOLUTION. Place approximately 450
grams of reagent grade {Mallinckrodt) aluminum-nitrate [Al(NO3)3'
9H201 in a 600-ml. beaker and add 25 to 50 ml. of distilled water.
Cover the beaker and heat the mixture on a hot plate. If a clear
solution does not result after 5 to 10 minutes of bolling, add 20
ml. of water, and continue the bolling for 5 more minutes. Repeat
this step until a clear solution is obtalned after bolling. Remove
the cover glass and concentrate the solutlon by bolling untll a
boiling poilnt of 130°C. is reached. Cover the beaker with a watch
glass and either transfer the solution to a constant temperature
apparatus or keep the solution warm, finally heating to Jjust under
bolling before use. If the solution is allowed to cool to approxi-
mately 60°C., recrystallization of aluminum nitrate will take place.
It 1s necessary, therefore, to dilute the salting agent solution by
about one third in order to prevent recrystallization if the solu-
tion cools to room temperature. Accordlngly, if the solution is %o
stand overnight, add 35 ml. of distilled water per 100 ml. of salt-
ing agent solution, mix well, and cover.

If the salting agent solution is to be stored, the following
procedure has been found convenient. AdJjust the solution to the
proper concentration (boiling point, 130°C.) and transfer to a 100-
ml. three-necked reaction flask set on a heating mantle. AdJust the
heating so that the temperature of the solution is kept at about
110°C. In one of the necks place a water condenser, in another neck

a thermometer, and in the third neck a removable ground-glass stop-
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PROCEDURE 6 (Continued)

per. This third neck i1s utilized for pipetting the salting agent
solution.

ALUMINUM NITRATE WASH SOLUTION. Add 100 ml. of aluminum nitrate
salting solution (boiling point, 130°C.) to 73 ml. of distilled
water and 4 ml. of concentrated nitric acid.

Apparatus. Beckman DU spectrophotometer.

Heatling mantle,

Three-necked reaction flask (1000 ml.).

Water condenser.

No. O rubber stoppers. Boil twice in ethyl acetate before use.

Sixty-milliliter separatory funnels {(Squibb, pear-shaped).

Procedure

Sample Dissolution. Place an appropriate quantity (1 to

5 grams) of the sample in a tared weighing bottle, stopper the
bottle, and weigh the bottle and contents immedlately. Carry
out a moisture determination on a separate sample if uranium
is o be calculated on a dry welght basis.

Bring the sample into solution in one of three ways: (1)
nitric acid treatment, (2) multiacid treatment, or (3) sugar
carbon-sodium peroxide fusion.

For the nltric acld treatment, dissolve the sample in a
sultable quantity of nitric acld and transfer the solution and
insoluble residue into an appropriate volumetric flask and make
up to volume. Regulate the dllution so that the aliquot chosen
for extraction will contain between 10 and 30 mg. of uranium
oxlde if the final dilution for the colorimetric finish is to
be 250 ml. AdjJust the acldity of the sample solution to about
5% in nitric acid.

If nitric acid treatment is not sufflclent, treat the
sample wilth hydrochloric acld, nitric acid, perchloric acid,

and finally sulfuric acid. If necessary, add a few milliliters
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PROCEDURE 6 (Continued)

of hydrofluoric acid. FPFume the sample to dryness and leach

the residue with nitric acid, finally transferring the solution
and residue to an appropriate volumetric flask and adjusting

to 5% in nitric acid as in the single acid treatment.

If the sample 1s refractory, use the sugar carbon-sodium
peroxide fusion method described by Muehlbergé. After dissolu-
tion of the sample in this manner, transfer the acldified solu-
tion to an appropriate volumetric flask and dilute so that the
final solution is 5% in nitric acid.

Aliguot solution samples directly or dilute as required for
an ethyl acetate extraction. If the sample 1s aliquoted di-
rectly for an extractlon, add 5 drops of concentrated nitric acid
per 5-ml aliquot of sample and standards before extraction. Where
samples are diluted before aliquots are taken for extraction,
adjust the acidity so that the final volume is 5% in nitric acid.

Ethyl Acetate Extraction. Place an appropriate aliquot

(usually 5 ml.) in a 60-ml. separatory funnel, the stopcock of
which has been lubricated with sllicone grease. Add, by means
of a graduated pipet, 6.5 ml. of aluminum nitrate solution per
5 ml. of sample solution. The aluminum nitrate salting solu-
tion should be added while hot (above 110°C.). Cool the solu-
tlon to room temperature and add 20 ml. of ethyl acetate.
Stopper the separatory funnels with pretreated rubber stoppers.
Shake the mixture for 45 to 60 seconds. Occasionally crystalli-
zation will take place in the separatory funnel near the stop-
cock. In such a case place the lower part of the separatory
funnel in a beaker of hot water until the solidified portion
dissolves.,

After the layers have separated, draln off the aqueous
(lower) layer. Occasionally a cloudiness will appear at the
boundary of the aqueous and organic layer. This cloudy portion

should not be drained off. Add 10 ml. of aluminum nitrate wash
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PROCEDURE 6 (Continued)

solution to the funnel and again shake the mixture for 45 to 60
seconds. Drain off the aqueous layer, once again being careful
to retain the cloudy portion at the boundary in the funnel.
Rinse inside the stem of the separatory funnel with a stream of
water from a wash bottle.

Water Stripping of Uranium from Ethyl Acetate Layer Followed

by Sodium Hydroxide-Hydrogen Peroxide Colorimetric Finish. Add

15 ml. of water to the separatory funnel containing the ethyl
acetate, stopper the flask, and shake the mixture for about

1l minute. After washing off the stopper with water, drain the
aqueous layer into a volumetric flask of suitable size and wash
the separatory funnel and ethyl acetate layer 4 or 5 times with
5-ml. portions of water by means of a wash bottle. Combine the
aqueous fractions.

Add enough 20% sodium hydroxide solution (w./v.) to neu-
tralize the solution and dlssolve any precipilitated aluminum
hydroxide, then add 10 ml. 1n excess per 100 ml. of final
volume. Add 1 ml. of 30% hydrogen peroxide per 100 ml. of final
volume and make up the volume to the mark with distilled water.
Read the absorbance after 20 minutes on the Beckman DU spectro-
photometer at 370 mp against a reagent blank, using l-cm. Corex
cells and a slit width of 0.2 mm. Compare the absorbances of
the samples against the absorbances of standard uranium solu-
tions which have been carried through the procedure at the same
time. Choose the standards so that they cover the range into
which the samples are expected to fall, using a ratio of one
standard to six samples. In practice it is customary to work
between the limits of 10 and 30 mg. of uranium oxide. This is
arranged by estimating the required sample weights and diluting
and sampling accordingly. The final volume for colorimetric

reading 1s usually 250 ml.
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PROCEDURE 6 (Continued)

Double Extraction of Uranium with Ethyl Acetate Followed

by Application of Differential Colorimetry. Uranium determina-

tions requiring the highest accuracy may be carried out by a
double extractlon of uranium with ethyl acetate followed by the
application of differential colorimetry as described by Hiskey
and others.‘—o-'-£ In sucl a case 1t is recommended that between
100 and 150 mg. of uranium oxlde be extracted, and a wave length
of 400 mp be used during the colorimetric finish. The procedure
described below has been found satisfactory.

Extract an appropriate aliquot of the sample solution with
20 ml. of ethyl acetate as described above. Draw off the a-
queous layer into a second separatory funnel containing 10 ml.
of ethyl acetate. Stopper the funnels and shake the mixture for
45 to 60 seconds. Drain off and discard the aqueous layer. Add
10 ml. of aluminum nitrate wash solutlon to the first ethyl ace-
tate extract, stopper, and shake the mixture for 45 to 60 seconds.
Drain off the aqueous layer into the separatory funnel containing
the second ethyl acetate extract, stopper, and shake the mixture
for 45 to 60 seconds. Drain off and discard the aqueous layer.
Comblne the ethyl acetate fractions. Rinse the second separa-
tory funnel with 20 ml. of water, draining the washings into the
separatory funnel containing the comblned ethyl acetate frac-
tions. Shake the mlxture for 1 minute. Continue the water
stripping as described above, collecting the fractions in an
appropriate volumetric flask. PFlnlsh colorimetrically as de=-
scribed previously, allowlng the strongly colored solution to
stand 1 to 2 hours to ensure stablllity before reading as a fading

effect of about 0.005 absorbance (optical density) has some-

times been noted on freshly prepared samples.
Read the absorbance of the sample solution on the Beckman

DU spectrophotometer at 400 mu against a reference solution
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PROCEDURE 6 (Continued)

which contains a known amount of uranium and has been carried
through the extraction and color development procedure in the
same manner as the sample. Also carry along other standards
containing slightly higher and lower amounts of uranium than

the sample. Determine the concentration of uranium in the
sample elther by the calibration-curve method or the correction
method, as described by Neal€. 1If the amount of uranium in the .
sample 1s not known, make a test run by taking an aliquot of the
sample solution and assaying for uranlium by the more rapld sin-
gle extraction method. The standard sclutions to be used can
then be chosen according %o the result obtained.

Removal of Interfering Thorium. After an ethyl acetate ex-

traction, strip the uranium in water from the ethyl acetate and
collect the uranium fraction in a 250-ml. beaker. Add enough
20% (w./v.) sodium hydroxide solution to neutralize the solution
and redissolve preciplitated aluminum hydroxide. Then add 10~
ml. excess of 20% sodlum hydroxide solution and 1 ml. of 30%
hydrogen peroxide per 100 ml. of final volume. Filter the solu=-
tion through an 1l-cm. 41H filter paper (Whatman), collecting
the filtrate in a volumetric flask of suitable size. Wash the
paper and preclpitate once with 5 ml. of a solutlion of 2% sodium
hydroxide containing 0.1l ml. of 30% hydrogen peroxide. Re-

dissolve the precipltate by washing the paper with 10 ml. of

10% nitric acid solution, collecting the washings in the original ‘
beaker. Neutralize the solution with 20% sodium hydroxide

solution, and add 2 ml. in excess. Add 0.5 ml. of 30% hydro-

gen peroxide, and fllter off the precipitate on the original

filter paper, washing as before and collecting the filtrates

in the original volumetric flask. If the precipltate on the

paper 1s colored yellow, repeat this step. Make the solution

in the volumetric flask up to volume and read the absorbtance
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PROCEDURE 6 (Continued)

on the spectrophotometer. Carry standards through the same

procedure as the samples.

fso

W. L. Muehlberg, Ind. Eng. Chem. 17, 690 (1925).

C. F. Hiskey, Anal. Chem. 21, 1440 (1949).

lo

C. F. Hiskey, J. Rabinowitz, and I. G. Young, Anal. Chem.
22, 1464 (1950).

|0

G. W. C. Milner and A. A. Smales, Analyst 79, 414 (1954).

o

W. T. L. Neal, Analyst 79, 403 (1954).

I. G. Young, C. F. Hiskey, Anal. Chem. 23, 506 (1951).

PROCEDURE 7: Uranium-237.
Source: B. Warren, LaA-1721 (Rw) (1956).

1. Introductlon

In the carrier-free method for the determination of U237,
the principal decontamination step (which is preceded by a
La(OH)3 scavenge and partial removal of plutonium as the cup-~
ferron complex) 1s the extraction of uranium into 30% TBP
(tertiary butyl phosphate) in benzene. Additional decontam-
ination is effected by adsorption of uranium, first on an anion
and then on a catlon exchange resin. The uranium is finally
electroplated on platinum. The chemical yield is 40 to 60%
and 1s determined through the use of 0233 tracer. The U237
is B-counted in a proportional counter with a 2.61-mg/cm2 Al
absorber, and from the number of counts the number of atoms
of the isotope is calculated. Four samples can be run in

about 6 hours.
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PROCEDURE 7 (Continued)

2. Reagonts
U233 tracer: amount determined by the a-counting technique

employed

La carrier: 10 mg La/ml [added as La(NO3)3 . 6H2O]

Fe carrier: 10 mg Fe/ml [added as Fe(N03)3 . 9H20 in very
dilute HNO3] .
HC1. 0.1M

HC1: 5M

HC1l: 10M

HCl: conc.

HNO5: 34

HNOB: 5M

HNO3: conc.

NH4OH: conc.

NH,OH + HC1: 5M

2
(NH4)20204 in Hy0: 4%

TBP (teriary butyl phosphate): 30% by volume in benzene (Note 1)
Aqueous cupferron reagent: 6%

Methyl red indicator solution: 0.1% in 90% ethanol

Methanol: anhydrous

Chloroform
: gas
NHj g
012: gas
3. Equipment
Centrifuge

Fisher burner

Block for holding centrifuge tubes
Pt-tipped tweezers

Steam bath

5-ml syringe and transfer pipets

Mounting plates
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PROCEDURE 7 (Continued)

40~ml centrifuge tubes: Pyrex 8140 (three per aliquot of sample)
Ion exchange columns:

8 em x 3 mm tubing attached to bottom of 15-ml centrifuge

tube .

Anion resin: 5 cm Dowex A2-X8, 400 mesh, (Note 2)

Cation resin: 5 cm Dowex 50-X8, 100 to 200 mesh, (Note 2)
Stirring rods
Motor-driven glass stirrers
Plating set-up: same as that used in Procedure 1 except that
the Pt cathode is a 1" disk and the glass chimney has a 7/8"
i.4.

4., Procedure

Step 1. To an aliquot of sample not exceeding 20 ml in
a 40-ml centrifuge tube, add 1 ml of U233 tracer and 3 drops

of La carrier, and bubble in NH, gas until the precipitate

3
which forms coagulates. Digest for 15 min on a steam bath,

centrifuge, and dlscard the supernate.

Step 2. Dissolve the precipitate in 0.6 ml of conc. HC1
and dilute to 10 ml with H2O. Add 5 drops of 5M NH20H + HC1
and 2 drops of Fe carrier (if this element is not already pre-
sent), and allow to stand for 10 min. Add 4 ml of chloroform,
6 ml of 6% cupferron, and extract the Pu(IV)-cupferron complex
by stirring for 2 min. Remove the chloroform layer by means
of a transfer plipet and discard. Extract the agueous phase
three additional times with chloroform. To the aqueous layer
add 3 drops of La carrier and bubble in NH3 gas until the pre-
cipltate formed coagulates. Digest for 15 min on a steam bath,
centrifuge, and dlscard the supernate.

Step 3. Dissolve the precipitate in 1.6 ml of conc. HNO3,
dilute to 5 ml with H,0, add 2 ml of TBP solution, and stir

2
for 2 min. Draw off the TBP layer and transfer to a clean 40-
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PROCEDURE 7 (Continued)

ml centrifuge tube. Extract agaln with 2 ml of TBP solution
and comblne wlth the previous extract. Add 1 ml of TBP solu-~
tion to the original tube, draw it off, and combine with the
other extracts.

Step 4. Wash the TBP extracts with two 3-ml portions of

5M HNO discarding the washings. Bubble in 012 gas for 5 min

3}
at a vigorous rate. .
Step 5. Transfer the solution to a Dowex A2 anion ex=-

change column. Permit one-half of the solution to pass through
the resin under 8 to 10 lb pressure. Add 1 ml of conc. HCl to
the column and allow the remainder of the solution to pass
through under pressure. Wash the column twice with 2-1/2 ml

of 10M HCl and then twice with 5M HCl, discarding the washings.
Elute the U with two 2-1/2-ml portions of 0.1M HCl, catching
the eluate in a clean 40=-ml centrifuge tube.

Step 6. Dilute the eluate to 10 ml with HZO and pass
through a Dowex 50 cation exchange column under 1 to 2 1b
pressure. Wash the resin three times with 2-1/2-ml portions
of 0.1M HCl and discard the washings. Elute the U with two
2-1/2-ml portions of 3M HNO3 into the plating cell.

Step 7. Add 5 ml of 4% (NHH)ECEOA’ 3 drops of methyl
red indicator solution, and make basic by the dropwise addition
of conec. NHuoH. Make the solution Jjust red to the indicator

by the dropwilse addition of 654_ HNO3, and add 3 drops in ex- .
cess. Plate at 1.1 amp and 8 volts for 1% hr at 80°C. At the
end of the first 10 min, add 3 drops of methyl red solution

and make acid with 6M HNO Check acldity at two additional

3°
10-min intervals, and at the end of 40 min add 3 drops of
conec. NHuoﬂ. At 10-min intervals thereafter check to see that
the plating solution is Jjust basic to the indicator. Remove

the cell from the water bath, wash three times with methanol,
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PROCEDURE 7 (Continued)

and dismantle the cell, carefully keeping the Pt disk flat.
Flame the disk over a burner. a-count the U233a mount, and
B-count in a proportional counter with a 2.61-m8/cm2 Al ab-
sorber.

Notes

1. The TBP is purified before use by washing first with
1M NaOH and then with 5M HNO3.

2. Before use, both the anion and cation resin are
washed alternately at least five times each with H20 and HC1,
and are then stored in H20.

3. See Procedure 1 for the correction for UWi activity

per mg U308 on plate.

PROCEDURE 8: Radioassay of Uranium and Plutonium in Vegeta-
tion, Soill and Water.
Source: E. L. Gelger, Health Physics 1, 405 (1959).

Abstract

A method 1s dlscussed for the separation of uranium
and plutonium from vegetation, soil and water. The method
is based on the extraction of uranium and plutonium from 4
to 6 N niltric acid into 50% tri-n-butyl phosphate in n-tetra-
decane diluent. Uranium and plutonium are recovered together
with sufficient reduction in total sollds to allow a-counting
and pulse height analysis. Data from several hundred "spiked"
samples to which uranium and plutonium were added indicate a
nearly equal recovery of uranium and plutonium. Average re-
coveries are 76 * 14 per cent for vegetation, 76 * 16 per
cent for soil, and 82 * 15 per cent for water. The procedure

1s desligned for samples that may be collected and analyzed
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PROCEDURE 8 (Continued)

for radiloactivity as a part of a health physics regional

monitoring program.

Procedures

Preparation of samples

Vegetation. Cut oven-dried vegetation into small pieces
and welgh 10.0 g into a 150 ml beaker. Heat the sample at
600°C, starting with a cold muffle furnace. When only white .
ash remains, remove the beaker from the muffle furnace and
allow to cool. Carefully add 2 ml of water, then add 10 ml
of 8 N HNO3-0.5 M Al(NO3)3 solution. Cover the beaker with
a watch glass and boll the solution for 5 min. Allow to cool,
add 1 ml of 2 M__KNO2 solution and transfer the sample to a
100 ml centrifuge tube. Use 4 N HNO3 to complete the transfer.

Centrifuge and decant the supernate into a 125 ml cylindrical
separatory funnel graduated at 30 ml. Wash the residue with
4 N HN03, centrifuge, and decant the wash solution to the
separatory funnel. The acid normality of the combined soclu-
tions at this point is 4=6 N and the total volume should not
exceed 29 ml. Proceed to the extraction procedure.

Scil. Grind 5 g of oven=-drled soll with a mortar and
pestle untll the entlre sample can pass through a 200-mesh
sieve. Welgh 1.0 g of the 200-mesh soil into a 50 ml platinum
crucible and heat the sample at 600°C for 4 hr. Remove the .

sample from the muffle furnace and allow to cool. Add 3 ml of
70% HNO3 and 10 ml of u48% HF then stir the sample for 2-3

min with a platinum rod. Heat the sample in a 200°C sand

bath until all traces of moisture are removed. Repeat this
HN03-HF treatment being careful that the sample 1s completely
dry before proceeding to the next step. Allow the sample to
cool and then add 15 ml of 6 N HNO3-O.25 M_Al(NO3)3 solution.
Cover with a watch glass and heat in the sand bath for 5 min.
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Allow to cool and decant the solution through a filter, such
as Whatman no. 40, into a 125 ml cylindrical separatory funnel
graduated at 30 ml. Leave as much of the residue as possible
in the crucible and repeat the hot 6 N HN03-O.25 M Al(NO3)3_
treatment. Allow to cool and then fllter. Proceed to the ex-
traction procedure.

Water. Place 1 1. of the sample in a 1.5 1. beaker and if
basic, neutralize with nitric acid. Add 15 ml of 70% HNO3 and
evaporate to 30-40 ml. Decant the solution through a filter,
such as Whatman no. 40, into a 100 ml beaker. Wash the 1.5 1.
beaker, the residue and the filter with 4 N HNOB. Evaporate the
combined solution in the 100 ml beaker to 5 ml. Add 20 ml of 4 N
HN03, cover with a wateh glass, and heat for 5 mln. Transfer the
sample to a 125 ml cylindrical separatory funnel graduated at 30
ml. Wash the beaker with 4 N HNO3 and transfer to the separatory
funnel, belng careful that the total volume in the separatory

funnel does not exceed 29 ml. Proceed to the extraction procedure.

Extraction

Add 1 ml of 2 M KNOE to the sample in the 125 ml cylindrical
separatory funnel. Dilute to the 30 ml mark with 4 Ij_HNO3 and
stir the solution briefly. Add 30 ml of 50% TEP in n-tetradecane.
Agitate the solution vigorously for 4 min with an air-driven
stirrer. Discard the acid portion (lower layer). Wash the TBP
portion with &4 IE_HNO3 and again discard the acid portion. Back
extract with seven 15 ml portions of distilled water, collecting
the strip solution in a 150 ml beaker. Evaporate the combined
aqueous portions to 10-15 ml, then quantitatively transfer the
solution to a flamed stainless steel planchet. Allow to dry under
a heat lamp, flame the planchet to burn off organic residue, and
count on an a-counter. Retain for pulse-height analysis 1f the

a~-count exceeds a speclfied level.
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PROCEDURE 9: Separation of Uranium by Solvent Extraction with
Tri-n-octylphosphine Oxide.
Source: C. A. Horton and J. C. White, Anal. Chem. 30, 1779 (1958).

Abstract

A simple, rapid method for the determinatlion of uranium in
impure aqueous solutions was developed. Uranium(VI) is extracted
by 0.1M tri-n-octylphosphine oxlde in c¢yclohexane from a nitric
acld solution. A yellow color 1s formed in an aliquot of the or- ’
ganlc extract by addition of dibenzoylmethane and pyridine in ethyl
alcohol. Interference by cations is minimized or eliminated by
selective reduction, by fluoride complexation, or by absorbance
measurement at 416 m: rather than 405 mu, the wave length of
maximum absorbance. Interference by excess fluoride or'phosphate
is eliminated by addition of aluminum nitrate before extraction.
The range of the method 1s 20 to 3000 v of uranium in the original
solution, and the standard deviation is 2%.

Apparatus and Reagents

Absorbance measurements were made with a Beckman DU spectro=-
photometer, using 1.00~cm. Corex or sillica cells.

Phase equilibration for most extractions was carried out in
the bottom portion of the apparatus (see accompanying figure).
Phase separation and removal of aliquots of the upper organic
phase occurred after inverting the apparatus so that the solution
was in the portlon of this apparatus shown on top in the figure.

Some extractions were carried out in 60- or 125-ml. separatory funnels. ‘
STANDARD URANIUM SOLUTIONS. A stock solutlon of 24.0 mg. of

uranium(VI) per ml. was prepared by heating 7.10 gram of uranium
(IV-VI) oxide (U308), prepared from pure uranium(VI) oxide (UO3),
In 10 ml. of perchloric acid to dissolve 1t, and then diluting
the resultant solution to 250 ml. with water. Dilutions of this
solution were made as required. Another standard solution in 5%
sulfuric acid was also used 1in checking the spectrophotometric

callbration curve.
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PROCEDURE 9 (Continued)

DIBENZOYLMETHANE. A solution that contained 1 gram of
dibenzoylmethane (1,3~diphenyl-l,3-propanedione), obtained from
Eastman Kodak Co., in 100 ml. of 95% ethyl alcohol was prepared
for use as the chromogenic agent.

PYRIDINE. For most of the work, a solution prepared by
mixing 1 volume of redlstilled reagent grade pyridine and 1 volume
of 95% ethyl alcohol was used.

TRI-n=-OCTYLPHOSPHINE OXIDE. A 0.10M solution of this material,
prepared in the authors' laboratory, in cyclohexane, Eastman 702
or 7028, was used. This phosphine oxide is now avallable commer-
cially from Eastman (EK T74L0).

Sodium bisulfite, 10 (w./v.) % in water, stored at about 10°C.

Hydroxylamine sulfate, 2M in water.

Potasslum fluoride, 1M in water, stored ir a polyethylene
bottle.

Procedure

Preliminary Treatment. .A. Samples which do not contain inter-

fering ions. Pipet a 0.5- to 8-ml. aliquot of a solution in nitric,
perchloric, or sulfuric acid, estimated to contaln 15 to 2500 v

of uranium(VI), into the bottom portion of the extraction vessel.
By the addition of strong 10M sodium hydroxide, nitric acld, or
sodium nitrate, adjust the solution so that a total agueous volume
of 10 mi. will be 1 to 3N in hydrogen ion and 2 to 4M in nitrate
ion. For almost neutral solutions, 2 ml. of concentrated nitric
aclid will give the correct concentrations for a 10-ml. aqueous
volume. Adjust the total volume to 10 ml. Up to 12 ml. of agueous
solution can be shaken with 5 or 10 ml. of extractant in the ap-
paratus without undue splashing. If the total aqueous volume is
greater than 12 ml. after adjusting the acldlity and nitrate con-
tent, perform the extraction in a separatory funnel instead of the

special extraction vessel.
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PROCEDURE 9 (Continued)

B. Samples containing iron(III), chromium(VI), or vana-
dium(V). Pipet a 0.5- to 6-ml. aliquot of a solution in dilute
perchloric or sulfuric medlum, estimated to contain 15 to 2500 v
of uranium(VI), into the bottom portion of the extraction vessel.
Reduce the iron(III) to iron(II), the chromium(VI) to chromium(III),
and the vanadium(V) to vanadium(IV or III) without reducing the
uranium(VI) to uranium(IV). Sodium bisulfite is a satisfactory
reductant if the solutions are bolled to remove excess sulfur
dioxlide. Hydroxylamine sulfate 1s also a satisfactory reductant,
but amalgamated zinc is unsuitable. Add sufficlent nitric acid or
scdium nitrate and water so that the final aqueous volume of 8 to
12 ml. will be 1 to 3N in hydrogen ion and 2 to kﬂ in nitrate ion.

C. Samples containing titanium, thorium, hafnium, zirconium,
or iron(III), but only traces of aluminum. Pipet a 0.5- to 6-ml.
aliquot of a solution in dilute nitric, perchloriec, or sulfuric
acid, estimated to contain 15 to 2500 v of uranium, into the
bottom of an extraction vessel. Add sufficient base or acid, nitrate,
and water to gilve a volume of about 8 ml., such that the solution
is 1 to 3N in hydrogen ion and 2 to %ﬂ in nitrate lons. Add up to
a maximum of 2.5 ml. of 1M potassium fluoride when the concentra-
tions of interfering lons are unknown. If high concentrations of
these ions are known to be present, additional fluoride can be
tolerated.

D. Samples contalning excessive fluoride or phosphate.

Pipet an aliquot into an extraction vessel, and adjust the acid
and nitrate contents as in Treatment C. Add sufficient aluminum
nitrate to complex the fluoride and phosphate estimated to be
present. The total volume should be 12 ml. or 1less.

Extraction. For amounts of uranlum estimated to be under
) abou% 1400 v, pipet 5 ml. of 0.1M tri-n~-octylphosphine oxide in

cyclohexane into the extraction vessel containing the treated
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PROCEDURE 9 (Continued)

sample. For 1400 to 3000 v of uranium, use 10 ml. of extractant.
Attach the top of the vessel and shake for 10 minutes on a re=-
ciprocating shaker. Invert the extraction apparatus for separa-

tion of the phases and removal of aliquots of the upper organic

phase.

I4mm,
]
N

-

105 mm.

—f

$ 40/50

67 mm.

0
o]

EXTRACTION APPARATUS
USED IN Procedure 9.

Color Development. Transfer by plpet a l-, 2-, or 3-ml.

aliquot of the organic extract into a 10- or 25-ml. volumetric
flask such that the final solution will contain between 0.5 and
10 v of uranium per ml. For 10-ml. volumes, add 1.0 ml. of 50%
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PROCEDURE 9 (Continued)

pyridine in ethyl alcohol, 2 ml. of 1% (w./v.) % dibenzoylmethane
in ethyl alcohol, and 95% ethyl alcohol to volume. For 25-ml.
volumes, use 2.5 ml. of pyridine and 5 ml. of dibenzoylmethane.
After 5 or more minutes, measure the absorbance at 405 mp in l-cm.
cells, using 95% ethyl alcohol as a reference solution. For sam-
ples receiving Treatment C, also measure the absorbance at 416 mu.
A blank should be carried through the entire procedure daily.
Calculate the uyranium content using the factors obtained by ex-
tracting standard pure uranium solutions as directed in Treatment

A, and measured at both 405 and 416 mu.

PROCEDURE 10: Radiochemical Determination of Uranium-237.
Source: F. L. Moore and S. A. Reynolds, Anal. Chem. 31, 1080 (1959).

Abstract
A radiochemical method for the determination of uranium-237
is based on complexing the uranyl ion in alkaline solution with
hydroxylamine hydrochloride, followed by scavenging with zirconium
hydroxide and extraction of the uranium from hydrochloric acid
solution with triisooctylamine-xylene. The technique has been
applied successfully to the determination of uranium-237 in

homogeneous reactor fuel solutions.

Preparation and Standardization of Uranium Carrier

Weigh out approximately 50 grams of uranyl nitrate hexahydrate.
Dissolve and make to 1 liter with 2 M nitric acid. Standardize
the carrier by pipetting S5-ml. aliquots into 50-ml. glass centri-
fuge cones and precipitating ammonium diuranate by adding concen-
trated ammonium hydroxide. Filter quantitatively through No. 42
Whatman filter paper and ignite in porcelain crucibles at 800°C.
for 30 minutes. Welgh as U308.
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Procedure

In a 40-ml. tapered centrifuge tube add 1 ml. of uranium
carrier and 0.2 ml. of zirconium carrier (approximately 10 mg. per
ml. of zirconium) to a sultable aliquot of the sample solution.
Dilute to approximately 10 ml., mix well, and precipitate ammonium
diuranate by the addition of concentrated ammonium hydroxide.
Centrifuge for 2 minutes and discard the supernatant solution.
Wash the precipitate once with 15 ml. of ammonium hydroxide (1 to 1).

Dissolve the precipitate in 1 to 2 ml. of concentrated hydro-
chloric acid solution, dilute to about 10 ml., add 1 ml. of
hydroxylamine hydrochloride (5 ﬁ), and mix well. Precipitate
zirconium hydroxide by the addition of concentrated ammonium
hydroxide. Centrifuge for 2 minutes, add 0.2 ml. of zirconlium
carrier, and stlr the supernatant solution, being careful not to
disturb the precipitate. Centrifuge for 2 minutes. Add 0.2 ml.
of zirconium carrier and repeat.

Transfer the supernatant solution to another 40-ml. centri-
fuge tube, add several drops of phenolphthalein, and adjust the
pH to approximately 8 by adding concentrated hydrochloric acid
solution dropwise. Add an equal volume of concentrated hydroe-
chloric acid soclution and extract for approxlmately 0.5 minute
witha one-half volume portion of 5% (w./v.) triisoocctylamine-
Xylene. Discard the aqueous phase. Wash the organic phase by
mixing for 0.5 minute with an equal volume portion of 5 M hydro-
chloric acid solution. Repeat the wash step. Strip the uranium
from the organic phase by mixing thoroughly with an equal volume
portion of 0.1 M hydrochloric acid solution for 0.5 minute. Discard
the organic phase.

Add 0.2 ml. of zlrconium carrier, mix well, and repeat the
above procedure, beginning with the precipitation of ammonium

diuranate.
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PROCEDURE 10 (Continued)

Finally, precipltate ammonium diuranate by the addition of
concentrated ammonium hydroxide. Centrifuge for 2 minutes. De-
cant and discard the supernatant solution. Filter on No. 42 Whate
man fllter paper and ignite at 800°C. for 30 minutes.

Weigh the uranium oxide on a tared aluminum foil (0.0009
inech), fold, and place in a 10 x 75 mm. culture tube. Insert a
sultable cork and count the uranium-237 gamma radioactivity in a
well-type scintillation counter. Count the same day of the last
chemlcal separation.

Apply a blank correction if very low uranium-237 levels are
being determined. Determine this correction by taking the same
aliquot of uranium carrier through the exact procedure described
above. The blank correction is due primarily to the gamma radio-

activity assocliated with the uranium-235 in the uranihm carrier.

PROCEDURE 1l1: Separation of Uranium and Bismuth.
Source: A. Krishen and H. Preiser, Anal. Chem. 29, 288 (1957).

Editor's note: Uranium has been separated from a 5000=-fold
excess of bismuth by the following method. Uranium 1s, however,
not completely extracted (only 98.48% at pH values greater than
6.5). If this correction is applied, uranium is quantitatively
deter;ined by polarographic means within an experimental error
of *1%.

Reagents

Acetylacetone. Commercial acetylacetone was purified by

the method described by Steinbach and Freiser.2

Procedure
Analysis. The method of Souchay and Faucherre,g using 0.1M
EDTA and 2M sodium acetate as a supporting electrolyte, was found
to be suitable in the presence of dissolved acetylacetone. The
half-wave potential was shifted to -0.47 volt but the wave height

was not affected.
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PROCEDURE 11 (Continued)

Separation. Solutions of uranyl sulfate containing 0.1 and
1.0 mg. of uranium were mixed with different amounts of bismuth
trichloride solution. A solution of the disodium salt of EDTA was
added to give a bilsmuth to EDTA ratlio of 1 to 30. The pH of the
mixture was raised to 7.5 by careful addition of 1N sodium hydroxilde.
Then approximately 10 ml. of acetylacetone was added and the mix-
ture shaken for 10 minutes. The acetylacetone phase was separated,
filtered, and made up to a volume of 10 ml., of which 2 ml. was
withdrawn by a pipet into a 10-ml. borosilicate glass volumetric
flask. The flask was very gently warmed untill the liquid was re-
duced 1in volume to about 0.5 ml. Then the supporting electrolyte
was added and the resulting solution deaerated for 5 minutes in
a2 10-ml. Lingane=Laltinen H-type polarographic electrolysis cell.
The polarogram was then recorded and the concentration of uranium

found from suitable calibration curves.

2 3. F. Steinbach, H. Freiser, Anal. Chem. 26, 375 (1954).

P. Souchay, J. Faucherre, Anal. Chim. Acta 3, 252 (1949).

o

PROCEDURE 12: Isolation and Measurement of Uranium at the
Microgram Level.
Source: C. L. Rulfs, A. K. De, and P. J. Elving, Anal. Chem.
28, 1139 (1956).
Abstract

A double cupferron separation of uranium using extraction
has been adapted to the micro level. Uranium(VI) does not extract
in the first stage, which removes many potentially interfering
elements. Uranium(IV), obtained in the residual agqueous solution
by reduction at a mercury cathode, 1s simultaneously extracted as

the cupferrate into ether, from which it can be re-extracted into
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PROCEDURE 12 (Continued)

nitric acid. A rela@ively simple one-plece glass apparatus is
used for all operations. The uranium recovery at the milligram
level in an initlal 30-ml. sample was determined colorimetrically
as 94%. With 0.03 to 0.13 y of radioactive uranium-233 tracer

and 20 v of natural uranium as carrier, the recovery is 86%;

the latter includes the additional step of electrodeposition of

the uranium onto a platinum planchet prior to measurement by alpha ‘
counting, which is only 94% complete. The decontamination possible
with this procedure was checked with 0.07 v quantities of uranium-
233 in the presence of high mixed fission product activities; 85%
recovery was obtailned, containing only 0.9% of the fission product

alpha activity (assumed to be uranium).

Apparatus
The reaction cell and slmple electrical circult used is

shown in the accompanying figure.

The electrolysils vessel, C, 1s protected from mercury lons
diffusing from the working reference calomgl electrode, A, by a
medium glass frit between B and C, and a fine frit backed with
an agar plug between B and A. Between runs, cell C is kept filled
with saturated potassium chloride solution.

The apparatus for the electrodeposition of uranium onto
platinum disks or planchets and for alpha-counting measurement
of the resulting uranium plates have been described.Z Beta .
activity was measured by a chlorine-«quenched argon-filled Geiger-
Muller counter (1.4 mg. per sq. cm. of window) with a Model 165
scaler; a scintillation well counter with a thallium-activated
sodium lodide crystal and a Model 162 scaler was used for gamma-
activity measurement of solutions (ca. 5 ml.) contalned in a 13
X 150 mm. test tube. The scalers and counters are made by the
Nuclear Instrument and Chemical Corp. For examination of the

gamma-ray spectrum, a gamma-ray scintillation spectrometer (bullt
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PROCEDURE 12 (Continued)

in the Department of Chemlstry, University of Michigan) was used
through the courtesy of W. Wayne Meinke.

Reagents

All chemicals used were of C.P. or reagent grade unless
otherwise specified. The ethereal cupferron solution used (200
to 300 mg. of cupferron per 50 ml.) was actually a hydrogen cup-
ferrate solution; the ether and cupferron were mixed in a mixing
eylinder with 5 to 10 ml. of 10 to 20% sulfuric acid and shaken

until dissolution was complete.

Procedures

Reductive Extraction. At the commencement of a run, bridge

B 1s flushed through stopcock 2 by filling B with fresh potassium
chloride solution from the funnel through 1. C is drained and
rinsed; 1 1s left open for a time to flush the frit. With 3 closed,
4 to 5 ml. of triple-distilled mercury 1s placed in C. About 30 ml.
of uranyl sulfate solution (0.5 to 5 mg. of urénium and 0.5 to 1.5%
in sulfuric acid) is added and a potential of -0.35 volt vs.
S.C.E. 15 applied to the mercury. About 15 to 20 ml. of the
ether cupferron solution is added. Stirring is adjusted at Just
over the minimal rate for efficient current flow (usually about
0.2 ma. flows without stirring and 1.2 to 2.6 ma. with stirring).
Stopcock 1 is opened for about 30 seconds at approximately
S-minute intervals throughout the run to minimize any loss of
uranium into the bridge. At 15- or 20-minute intervals, stirring
is interrupted, the ether extract is bled through stopcock 4 into
cell D, and 15 to 20 ml. of fresh ether-cupferron solution is added.
Runs of 40- to 55-minute total duration appear to be adequate.
Three increments of ether-cupferron solution were usually used,
followed by a 5= to 10-ml. pure ether rinse at the conclusion of
the run. (See Note 1.)

299



PROCEDURE 12 (Continued)

Stirrer
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ELECTRICAL CIRCUIT FOR ELECTROCHEMICAL
REDUCTION OF URANIUM FOR Procedure 12,

Extraction and Measurement at Microgram Uranium Level. A
8

solution of uranium-233 (J.O'7 to 107" gram) together with about
20 ¥ of natural uranium {as sulfate) was submlitted to reductive
extraction with cupferron for about 50 to 60 minutes. The
uranium (IV/III) cupferrate was then re-extracted in cell D from

the ether solution into three successive 15-ml. portions of TM
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PROCEDURE 12 (Continued)

nitric acid. The comblned nltric acld extract was evaporated to
about 5 ml., treated with 25 to 30 ml. of concentrated nitric and
2 ml. of perchloric acid, and then evaporated to dryness. The
residue was digested with 10 ml. of O.1M nitric acid for a few
minutes; the solution obtained, after addition of about 10 y more
of natural uranium (as sulfate), was used for electrodeposition
of the uranium onto a platinum planchet from an oxalate medium.&
A windowless flow counter with Q-gas was used for counting the
alpha emission from the electrodeposited uranium.&

The whole operation took about 4 to 5 hours. Each measure-
ment of alphas from the samples was calibrated by counting a

uranium oxide standard (National Bureau of Standards No. 836-5).

Note 1. In some runs the current dropped to a low level soon
after the requislte number of coulombs had passed for about a 3-
electron reduction of the uranium present. In other cases, the
current did not decrease, but discontinuance of the run beyond
any point where twice the theoretical current had passed gave
satlsfactory uranium recovery. In the latter cases, a gray ether-
insoluble, but alcohol-soluble precipitate (apparently a mercury
cupferrate), was usually evident in the agueous phase. The cur=
rent eff;cieﬁcy for the desired process appeared to be good in
most runs.

The comblned ether extracts may be re-extracted in cell D by
inserting a clean stirrer, or they may be transferred with rinsing
into a clean separatory funnel. Three extractions with 20 to 30
ml. each of 0.5M, 4M, and 0.5M nitric acid were adequate to re-

extract uranium into aqueous solution.

2¢. 1. Rulfs, A. K. De, P. J. Elving, J. Electrochem.Soc. 104,
80 (1957).
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PROCEDURE 13: The Determination of Uranium by Solvent Extraction.
Source: R. F. Clayton, W. H. Hardwick, M. Moreton-Smith and R.
Todd, Analyst 83, 13 (1958).

Abstract

The development of solvent-extraction methods for deter-
mining trace amounts of uranium-233 in lrradiated thorium 1s
described. Thorium and its alpha-emitting daughters are com-
plexed with EDTA, and, when uranium~233 is extracted as its di-
ethyldithiocarbamate complex, only bilsmuth-212 accompanies 1t.
This is immaterial for colorimetric or fluorimetric finishes, but,
for determination of the uranium-233 by alpha counting, the
bismﬁth-212 must first .be allowed to decay. If, however, the
uranium-233 is extracted as i1ts 8-hydroxyquinoline complex, no
alpha emitter accompanies 1t and concentrations of uranium=-233
ranging from 100 ug per ml down to 0.0l ug per ml in 0.7 M
thorium solution have been determined in this way.

METHOD FOR DETERMINING URANIUM-233 IN THORIUM NITRATE SOLUTIONS
BY EXTRACTION WITH OXINE
REAGENTS -~

Oxine solution A--A 10 per cent w/v solution of 8-hydroxy-
quinoline in isobutyl methyl ketone.

Oxine solution B--A 2.5 per cent w/v solution of 8-hydroxy-
quinoline in isobutyl methyl ketone.

EDTA solutlon-=Dissolve 372.9 g of the disodium salt of
ethylenediaminetetra-acetic acid in 500 ml of water contalning
80 g of sodium hydroxide and make up to 1 liter.

1l ml =232 mg of thorium.

Nitric acid, N.

Ammonia solution, sp. gr. 0.880.

Ammonia solution, 0.2 N.

Bromothymol blue indicator solution.

Anti-creeping solution--A 20 per cent solution of ammonium
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PROCEDURE 13 (Continued)

echloride containing 2 per cent of a water-soluble glue (Stephen's

Stefix was found to be suitable).

PROCEDURE FOR 0.01 TO 1 ug OF URANIUM-233 PER ml--

With a pipette place a sultable volume of sample solution,
containing not more than 600 mg of thorium, in a 40-ml centrifuge
tube fitted with a glass stirrer. Add EDTA solution to give about
a 10 per cent excess over the thorium equivalent and then add 3
drops of bromothymol blue indicator solution.

Add ammonia solution, sp. gr. 0.880, until the indicator
turns blue. Return the color of the indlcator to yellow by adding
N nitric acid and then add 0.2 N ammonia solution until the color
of the indicator just turns back to blue (pH 7). Add 2 ml of
oxine solution A, stir for 5 minutes; spin in a centrifuge to
separate the phases and then stopper the tube.

Evaporate duplicate 0.25-ml portions of the solvent phase
slowly on stainless-steel counting trays that have had 1 drop of
antl-creeping solution evaporated at their centers.2 Heat the
trays to redness Iin the flame of a Meker burner, cool and count.
PROCEDURE FOR 1 TC 100 ug OF ﬁRANIUM-233 PER mle-

With a pilpette place a suitable volume of sample solution,
contalning about 10 ug of uranium-233, in a 40-ml centrifuge tube
and dilute to 3 ml with water. Add EDTA solution to give a 10
per cent excess over the thorium equivalent. Add 2 drops of
bromothymol blue indicator solution and adjust the pH to 7 as
previously described.

Add 5 ml of oxlne solution B, stir for 5 minutes, spin i1n
a centrifuge to separate the phases and then stopper the tube.
Evaporate duplicate 0.1 or 0.25-ml portions of the solvent phase
for counting, as before.

Note that for a fluorimetric finish to either procedure,

sultable duplicate portions of the solvent phase should be
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PROCEDURE 13 (Continued)

evaporated in platinum fluorimeter dlshes before fusion with

sodium fluoride.

METHOD FOR DETERMINING URANIUM-233 IN THORIUM NITRATE SOLUTIONS
BY EXTRACTION WITH SODIUM DIETHYLDITHIOCARBAMATE
REAGENTS=--

Hexone.

Sodium diethyldithiocarbamate solution--A freshly prepared
and filtered 20 per cent w/v aqueous solution.

EDTA solution--Prepared as described in reagents list, p. 377.

Ammonium nitrate solution, 2 M .

Ammonia solution, sp. gr. 0.880.

Nltric acld, concentrated and N.

Screened methyl orange indicator solution.

Antl-creeping solution--A 20 per cent solution of ammonium
chloride containing 1 per cent of a water-soluble glue.
PROCEDURE FOR 1 TO 100 pug OF URANIUM-233 PER ml--

With a pipette place a suitable volume of sample solution,
containing about 10 wg of uranium-233, in a 40-ml centrifuge tube
fitted with a glass stirrer. Dilute to 4-ml with 2 M ammonium
nitrate and add EDTA solution to glve a 10 per cent excess over
the thorium equivalent. Stir and make Just alkaline to screened
methyl orange by adding ammonia solution and then add 0.5 ml of
sodium diethyldithiocarbamate solution.

Stir and add N nitric acid until the solutlon is mauve (not
red). Add 5 ml of hexone, stir for 5 minutes and add more acid
to maintain the mauve color if necessary. Spin in a centrifuge
to separate the phases and then stopper the tube.

Evaporate suitable duplicate portions of the solvent phase
on stainless-steel counting trays that have had 1 drop of anti-
creeping solution evaporated at their centers. Heat the trays

to redness in the flame of a Meker burner, allow the bismuth-212
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PROCEDURE 13 (Continued)

to decay, and then count. Alternatively, for a fluorimetric
finish, evaporate dupllicate portions of the sclvent phase in platin-
um fluorimeter dishes for fusion with sodium fluoride.

Note that greater sensitlvity can be obtained by starting
with a larger volume of sample or by evaporating larger portions

of the solvent phase.

& W. H. Hardwick, M. Moreton-Smith, Analyst 83, 9 (1958).

PROCEDURE 14: Uranium Radlochemical Procedure Used at the
University of Californila Radiation Laboratory at Livermore.

Source: E. K. Hulet, UCRL-4377 (1954).

12 Atoms of U237 isolated from a 3-day-

14

Decontamination: 3 x 10

old mixture containing 10 fissions showed no
evidence of contamination when decay was followed
through three half lives.

Yield: 30 to 50 percent.

Separation time: About four hours.

Reagents: Dowex A-1 resin (fall rate of 5-30 em/min).
Zinc dust, isopropyl ether.
2M Mg(NO3), with 1M HNO3.
2M HC1l with 2M HF.

1. To the solution contalning the activity in HC1l in an Erlen-
meyer flask, add uranium tracer in HCl, 1 ml of conc. formic
acld and several ml of conc. HCl.

2. Boil gently untll volume 1s ~2-3 ml, replenishing the solu-
tion with several ml of formlc acid during the boiling.

3. Transfer to 20-ml Lusteroid centrifuge cone, rinsing flask
twice with 1-2 ml of water and add 2-3 mg of Lattt. ads 2

ml of conc. HF, stir, heat, and centrifuge.
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PROCEDURE 14 (Continued)

Transfer supernatant to 20-ml Lusteroid centrifuge cone, add
2-3 mg La+++, stir, heat, and centrifuge.

Transfer supernatant to 20-ml Lusteroid, add 5-10 mg La+++,
1/2 ml of conc. HCl and heat in a water bath. When the solu-
tion is hot, add small portions of zinc dust and stir. About
three small additions of zinc dust should be made over a half-
hour period with vigorous stirring after each addition. If
the zinc dust tends to ball and sink to the bottom of the

tube at any time, addition of more conc. HCl will solve this
problem. When all the zinc from the last addition has dissolved,
add 4 or 5 ml of water and 1 ml of conc. HF. Stir, cool, and
centrifuge, retaining the LaF3 precipitate. Wash precipitate
with 2 ml of 2M HC1l + 2M HF.

Dissolve the precipitate with 6ﬂ HNO., saturated with H3B03,

3
stirring and heating. Transfer the solution to a 40-ml glass
centrifuge cone, washing out the Lusterold cone with water.
Add several drops of 5202 and stir and heat. Add 2 mg Fe+++
and make solution basic with NHAOH and some NaOH. Heat, stir,
and centrifuge. Wash the preclipitate with 2 ml of water.
Dissolve the preclpitate in one to two drops of conc. HNO3 and .
saturated with

heat. Cool, add 10 ml 2M Mg(NO + 1M HNO

302 3
ether. Equilibrate twice with 10-15 ml of diisopropyl ether.
Pipet the ether phase intc a clean 40-ml cone and equilibrate
ether layer with 3 ml of cor. HCl. Pipet off and discard
ether layer. Heat HCl for ~30 seconds and agaln pipet off
the ether layer.

Pass the HCl solution through a Dowex-l anion resin bed (2
em x 3 mm) by pushing the solution through the column with
alr pressure. Rinse the centrifuge tube once with 1 ml of

conc. HC1l and push this solution through the column. Wash
resin with ~1 ml of conc. HCl., Discard effluent.
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PROCEDURE 14 (Continued)

11. To column, add ~3/4 ml of O.5M HCl. Collect the eluate and

- evaporate to a small volume and plate on a platinum disc.

PROCEDURE 15: Use of Ion Exchange Resins for the Determination
of Uranium in Ores and Solutions.

Source: S. Fisher and R. Kunin, Anal. Chem. 28, 400 (1957).

Abstract

The separation of uranium from the ions interfering with its
analysis is accomplished by the adsorption of the uranium(VI) sul-
fate complex on a guaternary ammonium anion exchange resin. Inter-
ference of such ions as 1lron(III) and vanadium(V) is avoided by
their preferential reduction with sulfurous acid so that they, as
well as other cations, are not retained by the resin. Uranium 1s
eluted for analysis by dllute perchloric acld. The method is

applicable to both solutions and ores.

Ore Solutilon

Two methods for the opening of uranium-bearing ores were
investigated in conjunction with the lon exchange separation. The
first is the standard digestion with hydrofluoric and nitric aclds,
with subsequent evaporation to dryness followed by a sodium car-
bonate fusion.® The carbonate melt is dissolved in 5% sulfuric
acid to form a solution for the separation. A second method for
routine analysils, designed to eliminate the need for hood facili-
ties and platinum vessels, involves an oxidative leach with an
acidic manganese(IV) oxide system. This procedure is given in
detail below. Other workersh, using the authors' separation
procedure, have recommended solution of the ore by treatment with

12M hydrochloric acld plus lég nitric acid followed by fuming
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PROCEDURE 15 (Continued)

with sulfuric acid to produce a suitable uranium solution for the

column influent. )
Procedure. Welgh out samples of ore estimated to contain

an amount of uranium oxide less than 100 mg. but sufficient to be

detected by the chosen method of analysis. Add 20 ml. of 20% by

volume sulfuric acid and 2 grams of manganese(IV) oxide. Heat

the mixture to boiling. Allow to cool Yo room temperature. Dilute

wlth approximately 50 mi. of water. Adjust to a pH between 1.0

and 1.5 by the dropwise addition of 20% sodium hydroxide. Filter

through fine-pore filter paper using two 10-ml. portions of water

to wash the residue on the paper.

Icn Exchange Separation

Apparatus. Tubes 0.5 inch in dlameter with high-porosity
sintered glass filter disks fused to the lower end are used to
contaln the resin. The rate of flow of solutions through the
tube 1s regulated by a sc¢rew clamp on rubber tubing below the
filter. Small separatory funnels are attached to the top of the
column to feed the sample and reagents.

Procedure. Convert a portion of quaternary ammonium anion
exchange resin (Amberlite XE-117, Type 2) of mesh size 40 to 60
(U.S. screens) to the sulfate form by treating a column of it with
10% sulfuric acid, using 3 volumes per volume of resin. Rinse the
acid=treated resin with deionized water until the effluent 1is
neutral to methyl red. Draln the resln so prepared free of excess
water and store in a bottle. A S5=ml. portion of this resin 1s used
for a single analysis. The resin is loaded into the filter tube and
the bed so formed is backwashed with enough water to free it of
alr. After the resin has settled the excess water is drained off
to within 1 cm. of the top of the bed prior to the passage of the
sample through the bed.

Add 5 drops of 0.1% methylene blue to the partially neu-
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PROCEDURE 15 (Continued)

tralized (pH 1.0 to 1.5) solution from the dissolved sodium car=-
bonate melt or from the filtered manganese(IV) oxide leach. Add
6% sulfurous acid dropwise until the methylene blue is decolorized
and then add a 5-ml. excess. Pass the reduced sample through the
resin bed at a rate not exceeding 2 ml. per minute. Wash the sam-
ple container with two 10-ml. portions of water, passing the
washing through the resinh bed at the same flow rate. Elute the
uranium with 50 ml. of 1M perchloric acid. Determine the uranium
content of the perchloric acid fraction colorimetrically by the
standard sodlium hydroxide-hydrogen peroxide method® or volumetri-
callyg. For colorimetrlic analysis standard uranium solutions
containing perchloric acld should be used in establishing the

curve.,

2 F, S. Grimaldi, I. May, M. H. Fletcher, J. Titcomb, U. S. Geol.
Survey Bull. 1006 (1954).

-} H. J. Seim, R. J. Morris, D. W. Frew, U. S. Atomic Energy Comm.

Document UN-TR-5 (1956).

S C. J. Rodden, "Analytical Chemistry of the Manhattan Project,”
McGraw-Hill, New York, 1950.

PROCEDURE 16: The Use of a "Compound" Column of Alumina and
Cellulose for the Determination of Uranium in Minerals and Ores
Containing Arsenic and Molybdenum.
Source: W. Ryan and A. F. Williams, Analyst 77, 293 (1952).
Abstract

A technique in inorganic chromatography, with alumina and
cellulose adsorbents in the same extraction column, 1s described
for the separation of uranium from minerails and ores. The pur-

pose of the alumina 1s to retaln arsenic and molybdenum, which
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PROCEDURE 16 (Continued)

are not readily retalned by cellulose alone when ether contalning
5 per cent v/v of concentrated nitric acid, sp.gr. 1.42, is used
as the extraction solvent.

METHOD FOR SAMPLES CONTAINING MOLYEDENUM OR ARSENIC OR BOTH
Solvent--Add 5 ml of concentrated nltric acid, sp.gr. 1l.42, to
each 95 ml of ether.

PREPARATION OF ALUMINA-CELLULOSE COLUMN--

The adsorption tube for the preparation of the column is a
glass tube about 25 cm long and 1.8 em in dlameter. The upper
end is flared to a dlameter of about 8 ecm to form a funnel that
permits easy transfer of the sample. The lower end terminates
in a short length of narrow tubing and is closed by a short
length of polyvinyl chloride tubing carrying a screw clip. The
inside surface of the glass tube 1s coated with a silicone in
the manner described by Burstall and wells.2

Welgh 5 or 6 g of cellulose pulp* into a stoppered flask and
cover 1t with ether-nitric acid solvent. Pour the suspension in-
to the glass tube, agltate gently and then gently press down the
cellulose to form a homogeneous column. Wash the column with
about 100 ml of ether-nitric acid solvent and finally allow the
level of the solvent to fall to the top of the cellulose. Next
pour about 15 g of activated aluminium oxideT on top of the
cellulose, pour on 30 ml of ether-nitric acid solvent and vig-
orously agitate the alumina with a glass plunger. Allow the
packing to settle. Allow the level of the ether to fall to the

surface of the alumina and the column is ready for use.

* Whatman's Standard Grade cellulose powder is sultable.

i Type H, Chromatographic Alumina, 200 mesh. Supplied by Peter

Spence Ltd.
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PROCEDURE 16 (Continued)

PREPARATION OF SAMPLE SOLUTION FROM MINERAL OR ORE=--

Weigh into a platinum dish sufficlent of the sample to give
100 to 150 mg of U308’ which is a convenient amount for a volu-
metric determination. Decompose the sample by treatment with
nitric and hydrofluoric acids in the manner described by Burstall
and Wellsli Finally remove hydrofluoric acid by repeated evapora-
tions with nitric acid and take the sample to dryness. If the
additlion of dilute nitric acld indicates the presence of undecom-
posed materlal, filter the insoluble residue on to a filter-paper
and ignite and fuse 1t in a nickel crucible with a few pellets
of potassium hydroxide. Then add the melt to the flltrate and
take the whole to dryness.

Add 4 ml of diluted nitric acid, 25 per cent v/v, to the
dry residue, gently warm to dissolve the mixture and then cool
the solution, which 1s then ready for chromatography.
EXTRACTION OF URANIUM--~

Transfer the sample on a wad of dry cellulose pulp to the
top of the prepared alumina-cellulose column® and extract the
uranium with 200 to‘250 ml of ether-nitric acild solvent if ar-
senic or molybdenum and arsenic 1s present in the original sample.
If molybdenum alone is present, the amount of solvent can be
reduced to 150 ml. Screen the column from direct sunlight. After
removal of ether from the eluate, determine the uranium volume-

trically.2sP

2 F. H. Burstall, R. A. Wells, Analyst 76, 396 (1951).

> F. H. Burstall, A. P. Williams, "Handbook of Chemical Methods

for the Determination of Uranium in Minerals and Ores," H. M.

Stationery Office, London, 1950.
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PROCEDURE 17: Determination of Uranium-235 in Mixtures of
Naturally Occurring Uranium Isotopes by Radloactlivation.

Source: A. P. Seyfang and A. A. Smales, Analyst 78, 39% (1953).

Abstract

A method previously used? for determining uranium in minerals
by neutron irradiation followed by measurement of the separated
fisslon-product barium has been extended to the determination
of uranium-235 in admixture with uranium-234 and uranium-238.

With microgram amounts of uranium-23%, short irradiations
in the Harwell pile glve ample sensitivity. Precislon and
accuracy of better than *2 per cent have been achieved for a
range of uranium-235 contents covered by a factof of more than
10°.

Method

REAG -

Magnesium oxide--Analytical reagent grade.

Nitric acid, sp. gr. l.42.

Barium chloride solution--Dissolve 18 g of BaC12-2H20 in
water and make up to 500 ml.

Lanthanum nitrate solution--A 1 per cent w/v solution of
La(NO3)3 - 61,0,

Ammonium hydroxide, sp. gr. 0.880.

Strontium carbonate solution--A 2 per cent w/v solution.

Hydrochloric aclid-~diethyl ether reagent~--A mixture of 5 parts
of concentrated hydrochloric acid, sp. gr. 1.18, and 1 part of
diethyl ether.

Sodium tellurate solution--A O.4 per cent w/v solution.

Zinc metal powder.

Methyl orange indicator.

Potassium iodide solution-~A 1 per cent w/v solution.

Sodium hypochlorite solution--A commercial solution containing

10 per cent of availlable chlorine.




PROCEDURE 17 (Continued)

Hydroxylamine hydrochloride.
Ferric chloride solution--A 1 per cent w/v solution.

Sulfuric acid--A 20 per cent v/v solution.

IRRADIATION--

Solids-- Samples contalning not much more uranium-235 than
natural uranium (say, up to three times more or 2 per cent) may
be irradlated as solld; this is usually U308' For these cut a
S~cm length of 2-mm polythene tublng and seal one end by warming
and pressing. Introduce freshly ignited analytical reagent grade
magnesium oxide to form a compact layer 4 to 5 mm in height at
the sealed end of the tube. Weigh the tube and contents, add

about 50 mg of U 08 and re-welgh. Add a further similar layer

of magnesium oxiie on top of the U308 and then seal the open end.
Leave a free space about 1 cm long between the top of the mag-~
neslum oxide layer and the seél, for ease of opening. Treat
standard and samples similarly. Place the tubes elther in a
special polythene bottle for irradiation in the pneumatic "rabbit"
of the pile or in a 3-inch aluminum can for irradiation in the
"self=-serve" holes in the pile. Irradiation is carried out for
any required time; usually it is about 5 minutes. After irra-
diating, place the contalners in lead shielding for about 15
hours. After this period, tap down the contents of the polythene
tube away from one end and carefully cut off the top. Empty the
contents into a 50-ml centrifuge tube. (The plug of magnesium
oxide serves to "rinse" the sample tube as it is emptied.) Add

2 ml of concentrated nitric acid (sp.gr. 1.42), gently warm to
dissolve, and finally boll off the nitrous fumes. Add 5.00 ml

of a barium solution to act as carrier (a solution of 18 g of

barium chloride, Ba012'2H 0, in 500 ml of water).

2
Ligqulids--For more highly enriched samples or when the amount

of sample avallable 1s small, solutions contalning weighed
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quantities of solid sample must be irradliated in small silica
ampoules., The ampoules, which have a capacity of about 1 ml,
are prepared from silica tubling. After one end of each has been
sealed, the ampoules are weighed, the sample solution added from
a fine-pointed glass dropping=-tube and the ampoules re-weighed.
Pack the ampoules, after sealing the open ends, in cotton wool in
a 3-inch aluminium can and irradiate them in the "self-serve"
position of the plle. The time of irradlation necessary can be
calculated from the usual activation formula; as an example, 1
ug of uranium-235 irradiated for 24 hours in a flux of 1012 neu-
trons per sq. cm per second glves about 5000 counts per minute
of barium-140 at 5 per cent counting efficiency, 24 hours after
the irradiation.

After removing them from the plle, place the samples and
standards in lead shielding for about 15 hours; the main activity
is due to silicon-31l. Transfer the ampoules to 100-ml tall-form
beakers contalning a few milliliters of water and 5.00 ml of
barium carrier solution, carefully break off both ends of each
ampoule and warm to ensure thorough mixing. Decant into centri-
fuge tubes and wash out the ampoules and beakers with further
small portions of water.

CHEMICAL SEPARATION--

Evaporate the solution containing the irradiated uranium
and barium carrier to 5 to 6 ml and add two drops of 1 per cent
lanthanum nitrate solution. Warm if necessary to dissolve any
barium nitrate that may have crystallized, add concentrated
ammonium hydroxide dropwilise untll a permanent preciplitate is
obtalined and then two drops in excess. Centrifuge and decant
into another centrifuge tube. Add methyl orange indicator, and
then hydrochloric acid until the solutdon 1s acid. Add 2 drops

of 2 per cent strontium solution; about 25 ml of hydrochloric
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acld ~ diethyl ether reagent, mix thoroughly, centrifuge and
decant. Wash the precipitate with 5 ml of reagent, centrifuge

and decant. Dissolve the barium chloride precipitate in 3 to 4

ml of water, re-precipitate it by adding 20 ml of reagent, centri-
fuge and decant. Wash with 5 ml of reagent, centrifuge and decant.

Dissolve the precipitate in about 5 ml of water, add 6 drops
of lanthanum solution and 6 drops of the 4 per cent tellurate
solution and then about 3 mg of zinc metal powder. When the
effervescence ceases, make the solution Just ammoniacal to methyl
orange, centrifuge and decant 1nto another tube. Add 4 drops of
1 per cent potassium iodide solutlon and 2 drops of sodium hypo-
chlorite solution. Warm and set aside for 2 minutes. Acidify
with about 1 ml of hydrochloric acid, and add about 0.1 g of
hydroxylamine hydrochloride. Boll under a hoad until all the
1odine appears to be removed and the volume 1s reduced to 5 to
6 ml. Add 2 drops of strontium solution and 2 drops of lanthanum
solution and repeat the double barium chloride precipitation and
washing, as above.

Dissolve the precipitate in about 5 ml of water, add 6 drops
of lanthanum solution, and 6 drops of 1 per cent ferric chloride
solution. Make ammoniacal to methyl orange, add half a crumbled
Whatman accelerator tablet, and heat Just to bolling. Filter
through a 7-cm Whatman No. 30 filter«paper into a centrifuge tube,
wash twice with 2 to 3-ml portions of water. Dllute the flltrate
to about 20 ml and make slightly acid with hydrochloric acid.
Heat nearly to boiling and add dropwise 2 ml of 20 per cent v/v
sulfuric acid. Allow the precipltate to settle, decant, wash
with 10 ml of water, centrifuge, decant and repeat the washing
procedure to complete removal of the excess of acid.

Transfer as much as possible of the precipltate, by means

of a dropping tube and a few drops of water, to a tared aluminium
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counting tray. Dry under an infra-red lamp and finally heat in
a muffle furnace at 500°C for 15 minutes. Cool, weigh and re-
serve forr counting.

COUNTING TECHNIQUE=--

The counting equipment for this work consists of (1) a
power unit (type 1082A or 200 is suitable), (ii) scaling unit
(type 200 or 1009B), (1i1) time accessory unit (type 1003R),
(iv) probe unit (type 200B or 1014A). Time pulses can be ob-
tained frrom a master electric clock serving several units. A mica
end-window Gelger-Muller counter (2 mg per sq. cm.), of type
EHM2, is sultable; it 1s mounted in a lead castle with a Perspex
lining and shelves.

Check the counting equipment in the normal fashion with a
sultable beta-emitter, such as natural uranium oxide in equilib-
rium with le and UX2. Place the sample to be counted in a
Perspex carrier and insert it in a shelf at a sultable distance
from the Geiger-Mﬁller tube to attaln a counting rate of 2000 to
3000 counts per minute. Count for a sufficient time to obtain
at least 10,000 counts for each barium sulfate precipitate,
counting the precipitates one after another without undue delay.
Correction for growth of lanthanum-140 is unnecessary if samples
and standards are counted within, say, 60 minutes of each other
provided the barium sulate precipitations are carried out on
each nearly simultaneously.

CAILCULATION OF RESULTS--
Correct all counts for background, coincldence loss and

chemical yleld and express as the results in counts per minute.

Th Weight of 232 in standard _ Corrected count of standard
en = 23F =
Welght of UY- 1in sample Corrected count of sample
. 235 .
and Weight of U in sample X 100 = percentage of uranium-235

Weight of sample in sample.
2 A. A. Smales, Analyst I7, 778 (1952).
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PROCEDURE 18: Determination of Microgram and Submicrogram
Quantities of Uranium by Neutron Activation Analysis.

Source: H. A. Mahlman and G. W. Ledlcotte, Anal. Chem. 27, 823
(1955).

Abstract

Microgram and submicrogram quantities of uranium have been
determined in synthetlc samples, ores, and solls by neutron
radiocactivation analysis. The principles of the activation
analysis method used in this determination and the processing of
irradiated samples are discussed. This method of analysis is a
sensitive and specific method for determining uranium In concen-
trations as small as 0.1 v per gram with a probable relative
standard error of 10%. Concentrations of uranium in quantities
as small as 00,0001 vy per gram can be determined by neutron actiw

atlor analysis.

Radiocactivation Analysis of Samples that Contain
Uranium

-

Nuclear Irradiation of Sample. Weighed portions of the

samples and the comparative standard are put into small quartz
tubes. The tubes are closed with cork stoppers that are wrapped
in aluminum. They are then irradiated in the reactor. After
irradiation, the samples are allowed to decay about 4 hours and
are then chemically processed as described below. The synthetic
samples used in this laboratory had been processed by a fillter
paper partition chromatography technique. After the separation,
the paper was convenilently irradlated in short pieces of quartz
tubing whose openings were plugged by means of cork stoppers.

Chemical Separation of Neptunium-239. In most neutron

actlvation analyses, a chemical separation 1s made to isolate
the radiocactivity of the element from all other radiocactive
species in the sample. Usually an "isotopic carrier"--a known

amount of the natural inactive element--1s added to the solutions
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of both the irradiated specimen and the comparison samples. The
solutions are then processed chemically to 1solate the carrier
and desired radiocelement from other elements and contaminant
radicactivities. Small amounts of other elements are added as
holdback or scavenging carriers to assist in the decontamination
process.

Although neptunium-239 has a convenlent half life,; 1t does
not have a stable isotope that can be used as an 1isotoplc carrier.
However, SeaborgE has shown that trace quantities of neptunium-
239 can be quantitatively carried on a nonisotopic carrier, such
as cerium. The method of analysis reported below uses lanthanum
as a nonisotoplc carrier for the neptunium-239 radiocactivity.
(See Note 1.)

Chemical Separation Procedure. PREPARATION. The irradiated

ore and soill specimens are dissolved by digestion in a mixture of
concentrated nitric, hydrofluoric, perchloric, and sulfuric
acids. (Additional hydrofluoric acid can be added if a residue
of silica remains in the bottom of the crucible.) After dissolu-
tion, the sample is concentrated to heavy sulfuric acld fumes,
cocled, and transferred to a 15«ml. centrifuge tube. If a residue
(sulfate salts) rémains after the transfer, the solution is cen-
trifuged for 5 minutes, the supernatant transferred to another
tube, and the residue washed with 1 ml. of 1M nitric acid. The
wash 1s added to the supernatant and the residue discarded.
(Centrifugation is always for the stipulated time and at full
speed.) The sample is then further processed by the procedure
reported herein.

The irradiated synthetic samples (paper chromatograms) are
processed by carefully igniting the paper contained in a porcelain
crucible in a muffle furnace. The residue is dissolved in about

0.5 ml. of concentrated nitric acid. After dissolution, the
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sample 1s transferred to a 15-ml. centrifugé tube and the process-
ing continued with the procedure reported herein.

PROCEDURE. Three (3.0) milligrams of lanthanum and 0.250
ml. of 5M hydroxylamine hydrochloride solution are added to the
supernatant solution and the mixture digested for 5 minutes with
occasional stirring. The solution is cautiously neutralized with
concentrated ammonium hydroxide to precipitate lanthanum hydroxide,
after which the mixture is centrifuged and the supernatant liquid
discarded.

The preclpitate of lanthanum hydroxide is dissolved in 2 ml.
of 2M hydrochloric acld, and 1.0 mg. of strontium (added as a
solution of strontium nitrate to serve as a holdback or scavenging
carrier) and 0.250 ml. of 5M hydroxylamine hydrochloride solution
are added to the solution. The solutlion is again digested for
5 minutes with intermittent stirring, and 0.200 ml. of concentrated
hydrofluoric acld is added dropwise to the solution to precipiltate
lanthanum fluoride. After centrifugation, the supernatant liquid
is discarded and the precipltate washed with 0.5 ml. of 1M hydro-
fluoric acid-1M nitric acid solution.

After washing, the lanthanum fluoride precipltate is dissolved
in 0.5 ml. of saturated boric acid solution and 1.0 ml. of 6M
nitric acid. One (1.0) milliliter each of 10% potassium perman-
ganate solution and water are added to this solution, and the
resulting mixture is agitated well and digested for 5 minutes.
Lanthanum fluoride is again precipltated with 0.250 ml. of con-
centrated hydrofluoric acid; the solution 1s centrifuged and the
supernatant liquid transferred to another centrifuge tube. The
precipltate is washed with 0.5 ml. of 1M hydrofluoric acid-1M nitric
acld solution and the wash combined with the supernatant liquild.
The precipltate is discarded.

Three milligrams of lanthanum are added to the supernatant
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liquid, and the solution is digested for 5 minutes and centrifuged.
An additional 3.0 mg. of lanthanum are added to the supernatant
liquid and the solution agltated and digested for 5 minutes without
disturbing the first precipitate on the bottom of the tube; then
the solution 1s centrifuged and the supernatant liquid transfgrred
to another centrifuge tube. The precipitate 1s washed with 0.5

ml. of 1M hydrofluoric acid-1M nitric acid solution; centrifuged,
and the wash combined with the supernatant liquid. The precipi-
tate is discarded.

One milligram of zirconium (added as a solution of zirconium
nitrate to serve as a holdback or scavenging carrier) and 0.250 ml.
of 5M hydroxylamine hydrochloride are acded to the solution and
the mixture agitated and digested 5 minutes. Three (3.0) milli-
grams of lanthanum and 2 ml. of 2M hydrofluoric acid are added
to the solution, and the solution 1s digested for 20 minutes and
then centrifuged. The supernatant liquid is discarded. The pre=-
cipitate 1s washed wlth 0.5 ml. of 1M hydrofluoric acid-1M nitric
acld solution, and the resulting mixture 1s centrifuged. The
wash solution is discarded after the centrifugation.

The preclpitate 1is slurried 1n a small amount of 1M nitric
acid (about 0.5 ml.) and transferred to a small borosilicate glass
culture tube by means of a transfer pipet. The centrifuge cone
is rinsed with three 0.5-ml. portions of 1M nitric acld and the
rinses transferred to the culture tube. The tube is stoppered
wilth a cork stopper and the vy radiocactivity measured by a well-
type gamma scintillation counter.

The standard sample of uranium oxide (U 08) 1s dissolved

3
in nitric acild and an aliquot of the solution processed under

the same conditions as the specimen samples. The uranium content
of the sample in questlon is determined by equating the ratio of

the corrected neptunium-239 radiocactivity count in the unknown
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and the corrected neptunium-239 radicactivity count in the standard
sample.

Note 1. Hamaguchl and co-workersE have used Np237 tracer
to determine the chemical yield.

g T, Seaborg and co-workers, Metallurgical Project Rept. CN-
2689,41 (Feb. 15, 1945) (classified).

-] H. Hamaguchi, G. W. Reed, A. Turkevich, Geochim. et Cosmochim,
Acta 12, 337 (1957).
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