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FOREWORD

The Subcommlttee on Radlochemlstry is one of a number of
subcommlttees working under the Committee on Nuclear Science
within the Natlonal Academy of Sclences - Natlonal Research
Councll. Its members represent government, industrial, and
universlty laboratorles In the areas of nuclear chemlstry and
analytlcal chemlstry

The Subcommittee has concerned 1tseelf with those areas of
nuclear sclence which Involve the chemlst, such as the collec-
tion and dlstributlion of radlochemlcal procedures, the estab-
lishment of speciflcations for radlochemically pure reagents,
avallabllity of cyclotron time for service irradilations, the
place of radiochemlstry 1in the undergraduate college program,
etec.

This serles of monographs has grown out of the need for
up-to~date compllations of radlochemical informatlion and pro-
cedures. The Subcommlttee has endeavored to present a serles
which wlll be of maximum use to the working sclentlst and
which contalne the latest avallable informatlon. Each mono-
graph collects In one volume the pertinent lnformatlon requlred
for radiochemical work with an individual element or a group of
closely related elements.

Anh expert in the radliochemlatry of the particular element
has written the monograph, followlng a standsrd format developed
by the Subcommlittee. The Atomlc Energy Commission has sponsored
the printing of the serles. '

The Subcommlttee 1s confident these publications willl be
useful not only to the radiochemlet but also to the research
worker in other flelds such as physlcs, blochemistry or medlcilne
who wlishes to use radlochemical technliquee to solve a speclflc
problem.

W. Wayne Meinke, Chalrman
Subcommittee on Radlochemistry
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INTRODUCTION

This volume which deals with the radiochemlstry of
uranlum 18 one of a series of monographs on radlochemlstry
of the elements. There 1s Included a revliew of the nuclear
and chemlcal features of partlcular interest to the radio-
chemist, a discusslon of problems of dlssolutlon of a sample
end counting technlques,; and flnally, a collectlon of radlo-
chemlical procedures for the element as found 1n the llitera-
ture.

The seriles of monographs wlll cover all elements for
whlch radiochemlcal procedures are pertinent. Plans include
revision of the monograph perlodically as new technlques and
procedures warrant. The reader ls therefore encouraged to
call to the attentlon of the author any published or unpub-
lished materlal on the radlochemlistry of uranium which mlght
be 1ncluded in a revised version of the monograph.

iv
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The Radiochemistry of Uranium

JAMES E. GINDLER
Avgonne National Laboratory
Argonne, Illinois
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IT. General Revliewe of the Radlochemlstry of Uranium.

1.

E. K, Hyde,

"Radlochemical Separeatilon of the Actinilde

Elements™ in "The Actinide Elements," Natlonal Nuclear

Energy Serles, Divisilon IV, Volume 14A, Chapter 15, pp.

542-595, G. T. Seaborg and J. J. Katz, Ed., McGraw-Hill Book

Co., Inc., New York, 195%.

E. K. Hyde, Paper P/728 "Radlochemical Separations Methods

for the Actinide Elements," Volume 7, pp. 281-303, Pro-

ceedings of the International Conference in Geneva,

August, 1955, on the Peaceful Uses of Atomlc Energy,

Unlted Nations, New York, 1956,

ITII. Teble of Isotopee of Uraniums .

Tsotope

U227

U228

229

230

231

232

Half-Life

1.3 min
9.3 min

58 min

20.8 day

k.3 dey

74 year

Type and Ener
of Radlation %ﬁev)

a 6.8

a (~80%) 6.67

EC(~20%)

EC(~80%)

a {~20%) 6.42

o 5.884 (67.2%)
5.813 (32.1%)

5.658 ( 0.7%)

EC (99+%)
2(5.5x1073%) 5.45

a 5.318 (68%)
5.261 (32%)
5.13% (0.32%)

Method of
Preparation

Th?32(a, 9n)
Th232(a,8n); ~2%

daughter 36 min Pu232

™?32(q,7n); ~0.1%

daughter 20 miln Pu233
232 (a,6n); ~15%
daughter 17.7 day
Pa230;

~6% daughter 9.0
hour Pu23n
h232(a,5n) ;
pa®3Y(d,2n);

3 x 10_3% daughter
26 min PuZ3?
Th232(a, in);
daughter 1.31 day

232

Pa ; daughter

2.85 year Pu236;

U233(n,2n)



Table of Isotopes of Uranium (Continued)

Isotope Half-Life Type and Ene Method of
' of Radiationr?ﬁev) Preparation
y233 1.626 x 10° @ 4.816 (83.5%) daughter 27.0 day
. .yearH 4773 (14.9%) lPae33
4.717 ( 1.6%)
4.655 (0.07%)
4.582 (0.04%)
U234(UII) 2.48 x 165 year a 4.768 (T2%) natural radioactivity
L.717 (28%) 0.0056%;
daughter 1.175 min
Pa?3M(ux,) ;
daughter 6.66 hour
pa?3%(uz);
daughter 86.4 year
Pu?38; u233 (n,y)
y235m 26.5 min IT daughter 24,360
year Pu239
U235(AcU) 7.1 x 108 year a i.559 (6.7%) natural radioactivity
4.520 (2.7%) 0.720%;
4.370 (25%) * daughter 26.5 min
4,354 (35%) U235} gaugnter
4.333 (14%) 410 day Np23°;
4.318 ( 8%) daughter 23.7 min
4,117 (5.8%) pa232
y236 2.39 x 107 year « 4.499 51% daughter
Np236 &
daughter 6,580 year
Pu2*0; 1235(n, 5)
y237 6.75 dey B~ 0.248 daughter 11 min

pa?37 4,
gﬁ%gifz daughter

U238 (n,2n);
4 1238(n, 5)



Table of Isotopes of Uranium (Contlnued)

Isotope Half-Life - Type and Energy Method of
of Radilation %Mev) Preparation

U238(UI) k.51 x 109 year a 4.195 natural radio-
actlivlty

. 99.276%
4239 23.54 min B 1.21 u238(n,7);
| u238(4,p)
14.1 hour B~ 0.36 daughter ~7.6 x

107 year

Pu244; 2nd order

U240

neutron capture
on U238

2 pats concerning half-lives, radlations and branching ratlos, unleas
othefwise noted has been obtalned from the "Table of Isotopes" by
D. Stromlnger, J. M. Hollander and G. T. Seaborg, Revlews of .
Modern Physics, 30, No. 2, Part II, Aprll, 1958. This compilla-
tion may be consulted for more complete Information on the

isotopes and for references to the orlginal llterature.

o

Ya. P. Dokuchayev and I. S. Oslpov, Atomnaya Energiya, é, 73 (1959).

lo

J. E. Gindler and R. K. Sjoblom, J. Inorg. Nuclear Chem., 12, 8

(1959).
The half-1ife of Pa237 has been reported recently to be 39 = 3

o7

min, XK. Takehashl and H. Morlnaga, Nuclear Physics, 15, 66k
(1960).

IV. Revlew of Those Features of Uranium Chemistry of Chief

Interest to the Radlochemilst.

A, Metalllc Uranium

1. Preparation. Uranlum metal may be prepared by several methoda:l
the reduction of uranium oxldes wlth carbon 1in an arc-melting
furnace; reductlon of uranlum oxldes wlth magneslum, aluminum,
calcium or calclum hydride; the reductlon of uranium halides
wlth alkall or alkaline-earth metals; electrolytic reductlon
of uranium halldes; and the thermal decompositlion of uranium.

iodide.



2. Physical propertiese. Metalliec uranlum exlsts in three allo-

tropic for-ms:-g-’-1 the orthorhomblc alpha form, stable below
663°C; the tetragonal beta form which exists between 663°C and
770°C; and the body-centered cublc form which exlista at higher
temperatures (> 770°C). The physical properties of the metal
as complled by Graingeri'are glven in Table I. Because of the
method of preparation, impurlties may be contalned 1n the

metal which alter 1ts properties. Also, a number of the physi-
cal characterlstice depend upon anisotropic and structural
effects, eg. thermal expansion. Therefore, 1f physical proper-
tles are pertinent to an experiment or design, 1t is best to
determine them individually for the metal used.

The changes wrought in metalllc uranium by radletion and
thermal cycling may be conslderable. The results of reactor radla-
tion on the metal are: dimenslonal 1nstabllity, surface roughening
and pimpling, warping, high hardness, extreme brittleness, cracks
and poroslty, broadened x-ray diffraction lines, and decreased

thermal and electwyical conductivity.i Thermal cyclling growth 1s

simllar in many respects to that caused by radlation damage.
However, dlfferences exlst, the fundamental difference belng
in the mechanism of growth. (The reader 1s directed to reference

3 for more detalled discusslon of this subject.)

3. Chemlcal properties. Uranlum 18 a highly reactlive metal. A

potentlal of +1.80 volts for the half-cell reaction, U — U+3 + 3e,
places 1t below beryllium and above hafnium and aluminum in the
electromotive force series.i The metal forms intermetallic
compounds with Al, Be, B1, Co, Cu, Ga, Au, Fe, Pb, Mn, Hg, Ni,

Sn, Ge, In, Ir, Pd, Pt, Tl, and Zn;g 80l1d solutlons with Mo, Ti,
Zr, and Nb.2 It reacts at varying temperatures with H,, B, C, 51,

Ny, P, As, O,, S, Se, F,, Cly, Bry, I,, Hy0, HP(,), HyS, NHg, NO, HCL (g

N204, CH4, Cco, COE' 1.2 In air, at room temperature, massive

uranlum tarnlshes to form & yellow and. eventually a black oxide



coating. Finely divided powder may burn spontaneously. TIn bolling
water, massive uranlum corrodes slowly wlth the formation of uran-
lum dioxlde and hydrogen. The reaction products with steam are
uranlum oxide and hydride. The disgeolutlon of uranlum metal 1s

discussed 1n sectlon IV-F.

Table I. Physical Properties of Urenium Metall

Density (high purity) 19.05 * 0.02 gm/cm3
Density (industriael uranium) 18.85 * 0.20 gm/bm3
Melting poilnt 1.132 + 1°C.

Boilling point 3,818°C.

Heat of fusion 4.7 keal/mole

Vapor pressure (1,600°C.) 10'1‘L mm

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

Electrical resistivity (25°C.) 35 x 106 ohm/cm3

Mean coefficient of linear 16 x 10-6/“01
thermal expansilon (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,

2. Gralnger, reference 4.

IV-B. Compoundse of Uranium

Uranium comblnes with most elements to form a large number
and varlety of compounds. "Gmelins Handbuch der Anorganischen
Chemie,"é which surveys the literature through the year 1935,
describes several hundred compounds. Ketz and Seaborgg describe
gome of the more recently prepared compounds, principally of
organlc character, such as chelates, alkoxldes, amldes, mercap-

tides, and w-cyclopentadienyl compounds.



The oxldatlion states of uranlum in the comblned form vary
from II to VI. Divalent uranium compounds reported are UO and
US. Trivalent uranlium compounds are more numerous and include
the hydride, nitride, seaqulsulfilde, halides and borohydride.
Uranium (III) sulfate UH(SOu)2 has also been reported.I a
large number of tetravalent compounds are known varylng 1n
complexlty from the oxide and simple blnary salts to more com-
plicated organic structures. Complex salts such as 3(CN3H6)2003-

U(CO3) 4H20 and 2(NH4)20204 . U(czou)2 . 6H20 form an impor-

5 .
tant group of uranium (IV) compounds. Complex salts are formed
also with heallde, sulfite, sulfate, and phosphate lons. Inorgenic

compounds of pentavelent uranlum are UF5, UCl5, UCl5 . SOClZ, 8

UCl5 . PClS,é and UF5 ’ xHF.é UOCl3 has been reported as an lnter-
medlate compound in the chlorination of uranium oxldes wlth

carbon tetrachloride.l Uranium (V) alkoxldes have been pre-
pared.2 Also, the compounds (CgHgN), UOClg and UOCl, - EtOH

have been reported.2 Hexavalent uranlum l1s represented by

UFg, UClg, UO3, uranates, and uranyl (UO§+) compounds., Uranyl
compoﬁnds are the moet numerous uranlum compounds and vary in

type from.aimple salte to complex organic arrangements. Complex
salts are formed with halide, lodate, nitrate, carbonate, cyanide,
acetate, oxalate, sulfate, phosphate, arsenate, chromate and
vanadate lons. Tripie acetate saltse of the form
MIMII(U02)3(CH3CO2)9 + 6H,0,
where M' 18 an alkall metal (L1, Na, or K) and M'! is a divalent
metal (Mg, N1, Zn, etec.), are used in analytical separations of
uranium. Addition compounds, such as U02(NO

2CH, COCuH

3z
represent a large number of uranyl compounds.

3 9’

Uranates and peruranates are important 1n the analytical

chemistry of uranium. Uranates have the general formula xMIO .

2
6,10

yUo3 or xMIIO . yUO3. They may be prepared by different methods.—"—

However, in usual analytlcel procedures, they are precilpitated



from a uranyl solutlon by the addition of a soluable metal hydrox-
ide, NHuoH, NaOH, Ca(OH)z, etc. The uranates are insoluble in
water but dlssolve 1ln acids.

Per-uranatesé are formed when uranyl solutiona contailnling
hydrogen peroxlide are made alkalline. The composltlion of the
peruranates depends upon the concentratlon of the slkall and
peroxide. The followlng groups have been 1dentifled:

M2U2010 - xH20, M2UO6 . xH20, M6U2013 . xH20, and M4U08 . xH20.
The peruranates are generally soluble in water. The least aoluble
are those of the M2U2010 . xH20 group. The peruranetes are
soluble 1n dilute mineral acilds.

Table IT llasts a number of uranium compounds togéther with
thelr behavior in different solvents. The compounds listed are
primarlly binery compounds or simple salte. The order in which
they appear 1s the order in which they may be found in "Gmelins

Handbuch der Anorgenischen Chemie." 6

Table IT. Uranlum Compounds and Thelr Solvents.

Compound Solvent

UH3 8. HNO3(vigorous), conc. HC10y, hot
cone. Hasou, a. +H202 1. alk., 1liqg. NH3

U02 8. HN03, aq. reg., conc. stou, slowly
converted to U(IV)-salts in hot fum. HC1

U308 B. HN03; heated to redness U3°8 13 only
v. 8l. 8. dil. HC1 and H,S0,, more 8. conc. -
a.s 8. hot conc. Hesou; HF forms 8. U02F2
and 1. UF4

UO3 8. mineral =a.

U02'xH2Q[U(OH)4'(x-2)H20] 8. dil. a.

U3OB . xH20 8. a.
UO3 . 2H20 8. a., converted to UO3-H20 in boilling
HEO



Table II. - Contlnued

Compound

U04-K,0, [H,00,,T0,(0H) ]

U.Ou - 2H20

U3N4

U0, (N0,), + 6HZ0 a

UClu
UCl
UClG
UOCl2

U0,,C1

UBr3

Solvent

8. a., warm conc. U02(N03)2 goln.
solubility in H20: 20° C-.0006 g/100 ml,
90°¢-.008 g/100 ml; 4. HC1l; alk.
hydroxides form UO3 and B. peruranates
[. HNOa; 1. conec. HCl, stou

solubllity in H20: 0°C-170.3 3/100 ml,
60°C-soluble in all proportions; 8. al.,
ether, acptone, dail. a.

s. h. HC10y, h. HNO5, h. Hy80y, HaBO, +
mineral a.

1. Hao; 8. fum. HGlOu, HNO3 + H3B03;
metathesized to U(IV)-hydroxide by
heating with NaOH

d. H20 forms s. U02F2 and 1. UFy

B. H20-vigorous reaction, CClu, CHCla;
v, B. 02H2014; d. alcohol, ether

B. H20, alcohol; 1. ether, amyl alecohol
s. H20, HC1l, glac. acetlic a.; 1. 0014,
CHC13, ecetone, pyridine

8. H20, 02H50H, acetone, ethyl acetate,
ethyl benzoate; 1. ether, CH013, benzene
s. Hzo(d.); absolute alcohol, ethyl
benzoate, trichloracetic acid, ethyl
acetate, benzonitrite, 082, SOCl2

d. H20; 8. 0014, CHC1

3
B. H20
‘8. H,0: 18°C-320 g/100 ml; 8. alcohol,
ether
8. H20

£ g1- and tri-hydrates are also well established.

10



Table II. - Continued

Compound Solvent

UBrn 8. HQO, acetone, methyl- and ethyl-acetate,

pyridine; 1. ether

UOBr2 B. H20

U02Br2 : 8. HEO’ alcohol, ether

UI3 8. H20

-UI4 8. H20

U02(I03)2 * H,0 v. 8l. 8. H,0: 18°C-a form, 0.1049
g/100 ml, B form, 0.1214 g/100 ml;
cold ppt. B. HNO3 and H3P04, 1. =a.
after previously heating to bolling
temp.; 8. alk. carbonates

uUs v. difficultly e. cone. HCl, dil. HNO3

UQS3 +0 aq. reg., conc. HNO3

U32 d. steam, HN03; 8. hot conc. HC1

Uo,5s el. s. H,0; =. dil. a., alcohol, (NHu)2003;
1. abeBolute alcohol

UOQSO3 . 4H20 1. H20; 8. aq. or alcoholic SO2 solution

U(sou)2 * 9H,0 8. dil. H2sou'

U(504)2 * BH,0 hydrolyzes in H,0 with separation of
baslc sulfate, UOSOu . 2H20; 8. dil.
mineral a., acetlc a.

U(50,), - 4H,0 hydrolyzes in Heo(d.); 8. dil. H,S0,,

) HC1

UOSOM . 2H20 8. a. _

00,30 - 3H20 8. Hy0: 15.5°C-20.5 g/100 ml, 100°C-
22.2 g/100 ml; &. mineral &.

U02504 . HEO S. HEO

USe2 lgnites wlth HNO3; chemical propertles
similar to U82

UOZSe 4. H20; B. cold HC1l - forma U02012

11



Table II. - Continued

Compound

UOQSeO * 2H,0
UB

12

U(BH,),
uc

U02003

U02(H002)2 © HL

U02(H002)2 ' Uo3 * 3H,0

U02(CH3002)2 " 2H,0

U(0204)2 . 6H20

UO2CEO4 . 3H20

U(04H406)2 * 2H,0

U02(04H406) . 4H20
U02(CNS)2 * BHL0

Solvent

and HESe; reacts violently wlth HNO3 -

Se is first.formed and 1s then oxldized

1. H,0; s. HC1

2

8. aq. reg., HNO HF

3’
8. cold HF, cold HC1, HN03, conc. H202,
reducesa conc. H2304

1. hot conc. HCl, HF; slowly s. hot conc.
stou

d. H20, alcohol

d. H

0, dil. HC1l, dil. HNO aii. H2$04;

2 3’
reacts vigorously wlth heated conc. a.

8. a.

8. H20:

alcohol; s8l. 8. formlec a.; 1. ethyl

15°C-420 g/100 ml; 8. methyl

alcéohol, ether, acetone, 082, 0014,
CHCl3, benzene, petroleum ether
lees 8. H20 than neutral salt; more
8. formlc a. than neutral salt

s. H,O0: 15°C-7.69% g/100 ml; v. 8.
alcohol; 1. ether

1. H20, dil, a.; 8. warm conc. HC1,

conc. HNO3

8l. 8. H,0: 14°C-0.8 g/100 ml, 100°C-
3.3 g/100 ml; s. mineral a., H20204 and
alk. oxalate solutilons

1. H20, organic solvents; 8. tartaric e.,
tartrates, conc. a.

sl. 8. Hy0: 17°C-3.28 g/100 .cc solution
8. H,0, ethyl and amyl alcohol, aceﬁone,

ether

12



Table IT. - Contlnued

Compound

USi2

U(H2P02)4 » xH,0
U0, (HyP05) 5

U(HPO + UH,0

3)2 2
UO,HPO,

U3(904)4

UH2(P04)2 * 2H,0
(U02)3(P04)2 + XHL0
UOHPO, « XH,0

UP207

(UOQ)P2O7 - 5H,0

U(Po3)4
er(Po3)2

U3AS)-|-

U3(A304)4
UH2(A304)2 * 3H,0
UH2(A504)2 - 2H,0
U0 HABO), + HH;0
(U02)2 As,0,

5U0, * 38b,05 * 15H,0
uoy VQQS + xH,0
3+ Vp05 * HYO
2005 * V05
TO,Cr0, » xH0

Uo

Solvent

1. cold or hot conc.: HCI1, HNO3, Hasou,
aq. reg.; s. conc. HF; converted to
sllicate and uranate by molten alk. and
alk. carbonates at red heat

d. bolling conc. HN03, aq. reg., alk.

hydroxide
1. H20, dil. a.; 8. conc. a., 50% H3PO2
1. H20, dil. HESOQ; 8. HNO3

1. H,0, d1l. &.; 8. conc. a., 50% H3P03

1. H20, dil. a.; B. conc. a.

i. H2

8. conc. HCl

0; attacked by 2., e8D. HNO3

1. HQO, acetle a.; 8. mlneral a.
1. H,0; s. mineral a., xs.(NHu)zco3
1. HEO’ cold a.

1. H20, alcohol, ether; s. x8. Na4P207,

HNO3

1. H20, HC1, HNO3, H2504

. HNO
s 3

. HNO
8 3

B. HC1
1. H20; g. di1l1. a., esp. arsenlc a.

1. H20, acetle a.

8. aq. reg., hot conec. HCl, d. HNO3

13



Table II. - Contlnued

Compound Solvent

U(Moou_)e s. HC1

U02Moo4 1, H20, CHCl3, benzene, toluene, ether,

alcohol, acetlec a.; 8. HC1, H,80y,
HNQ3, H25207

3UO3 . 7M003 1. H20; s. mineral a.
. . . HN

UO3 8MoO3 13H20 <] 03

UO2 . 3WO3 . 6H20 s. HCl1l; 4. HN03; 1. Hgso4

UO3 : 3w03 . 5H20 8. H20

UO3 : WO3 . 2H20 sl. 8. HQO

Abbreviations used:

a. - acld fum. - fuming
alk. - alkali h. - hot
aq. - agueous 1. - insoluble
aq. reg. - aqua regla 1. - liquld
cone. - concentrated 8. - Boluble
d. - - decomposes sl. - 8lightly
dil. - dillute V. - very
esap. - eapeclally X8. - excess

Iv-C. The Chemlstry of Uranlum 1n Solution

1. Oxidetlon states. Four oxidation states are known for uranium

ions 1in aqueous solution: the tri-, tetra-, penta-, and
hexapositive states. Ions 1n these states are usually repre-

H vo

sented as U+3, U 2+ and Uoé"'2 s respectlvely. The
potentials between the varlous oxidatlon states are given
below for acldlc and basic solutions.2

Acldic solution: 1 M HC10, at 25°C
¢1:80 ;+3 0.61 T+1+ -0.62 Uo+ -0.05 Uq2
-0.334 ’

14



Baslo solution: .
217 U(on)agzli U(on)ugi§g vo,,(0H),

Triposltive uranium, U+3. Evldence for the exiastence of

U3 comes from the reversibllity of the U(III)/U(IV) couple.
Solutions mey be prepared by the dissolution of a uranium
trihalide or by the electrolytic reduction of a uranium (IV)
or (VI) solution. Chloride, bromide, lodide, perchlorate

and sulfate solutions of uraenium(III) have been reported.ll
They are deep red 1ﬂ color and unstable, with oxldatlion of U+3
to U+4 occurring and hydrogen being evolved. Strongly acidi-
fled solutionslg or those kept at low temperaturealg appear
to be more stable.

+i

Tetrapositive uranium, U . The exlstence of the U+u

lon 1n solution has been confirmed by measurement of the

acld llberated on dissolving UClu i3 and by solvent extraction
studies of U(IV) with thenoyltrifluoroacetoneli& and
ac:et:y'la.cei:one.l‘—l'B Uranousa solutlonse may be prepared by dls-
solutlon of a water-soluble salt: the chloride, bromi&e,
lodide, or sulfate; by dissolutlonh of uranium or a uranium
compound in an appropriate solvent, e.g., uranium metal in
sulfuric or phosphorlic acid; or by reduction of a uranyl
solution by chemlcal, electrochemical or photochemicel means.
The solutlons are green 1n color. They are stable in the
absence of alr but are oxidilzed by oxygen. Uranium(IV) under-
goes hydrolysis with evidence 1n the first stages for the
formation of the mononuclear specles, U0H+3. 13,15-18 Poly-
merlic specles also are formed which apparently are not in
equlllibrium with the moname::-.lai-!'-zf-lg Hietanenlz found that

in additiqn to the monomerlc species, & polymer of the type
U[(OH)3U1ﬁ+n could eccount for the hydrolysis of uranium(IV)
to good approxlmation. Table III, based primarlly upon the

data compiled by Bjerrum, Schwarzenbach, and S111én,22
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Ton Method T
UIH' magnet 20
ap 25
ap 10-43
Bp 10-43
sp 15-25
25
gl, red 25
Bol 25
8p 25
w3t an 25-26
gl 20-25
col ?
o qh, 25
gl 15
gh, 81 20
20
20

gl, fp, sp 257

gl, fp, Bp 259

p(H,0) 25
a0l 25
- 8p 4
dist 25
gl 25
gl 25
gl 25-40
2+

U02 25
qh, £1 25
gh, gl 25

Table II1. Hydrolysis of U

Medium

var

c(NaC10y)

o.5(n=c1ou)
-0

0.19(HC10,)

" 0 oorr

3(Na)c10,

Q0 ocorr

2(c10,,7)

0 corr
var

var

0 corr
ClRa(N05),]
1(Na)c1o,
1(Ne)C10,
1(Na)c1o4
0.15(¥aC120,)

0.1 C10y

21:02(0104)
+1303
0 corr

var

0.1(Na)C10,

0 corr
o.3h7[na(c10u)2]
0.0347[Ba(C10y),]

0.0347[Ba(C10,4),)
1(Na)C10y,

24
0.4U03
3(Na)C10,,
1.4003*

M ana Uog" Iong2

-Log of equllibrium constant, remarka

B, -2.30
* -1.63(c=2), -1,56(C=1), ~1.50{C=0.5)
* -1,90(10°), -1.47(25°), ~1.00(%3°)
*E; -1.12(10°), -0.68(25°), ~0.18(%3°)
8"H) = 11.7, a*8; = 36(25°)

*R, -1.38(15.2°), -1.12(2%.7°)

a%E) = 10.7, A%S, = 33, A8; = 52

*x1 -2.0, 1536.n+1 «1.2---3.4n
-3.770"u(oH) 4 (8)")

K, -1.68, 3%, -1.7%
L L 3+ o

K U + Hy0 e UOK”™ + H

7 ¢ v+ D0 @ wopdt 4+ ot

Iﬂ2 H U#-_I- + 2520 = U(OH):::"' + oyt

*Banmen ¢ (0O 4 300 o UT(0H) IR+ 3on*
K -h3

*Bay -5.87

*E, 550, B, -4.95

ev T0,N0,0H, U0, (N0 ou2-

*, -k.09

*Bpp =5.97(C=0.6), -5.72(C=0.06)

™, -4.70(7, see rer. 43}, ev polyn opx

3)3

'*ﬁzn,n+1 0.30---6.35n

"Bon,ns1 O+30---6.40n

Bap -5.9%, "Byy ~1h.29

K, [030(0B)2™) : -3.55(n=0), -6.5(n~1),
-7.4(n=2), -11.0(n=3), -11.4(n=4)

Bap -5-9% "Byy ~12.90

.ev (Uo,0H)2*, net vo0r*

6.08, " 1. X, -3.60, K, =
'xso 3, 1-90s Kg - 8,377

'Kl -%.14, ey polyn omx
™ -419
%, -h2, ‘xz -5.20
’ﬂ22 -5.06, le‘l» -2.26
-
K, -5.80, 'B,, -5.82
" -5.62(25%), -5.10(%0°), A"H,=20.8 -
*Bo5 -6.15(25°), -5.92(40°), A’3522-5.7
#* -
A = 4.3, a*g - -6
. . 22
Bia -3-66, "B,p ~6.02
"B1p - 3-68, "By - 6.3, *Byy x-12.6(an),
*Byg - 12.9(g1)
*Bon,pey ¢ (2+1)002Y + 2R 0 e
00, [(0r),00,13% + 2nE* ete.

2
~ After J. Bjerrum, G. Schwarzenbach, and L. @. S:I:LlfmJ reference 20.
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Reference

21
13
22
13,21

16
16
17
23

18

49
37
38

25¢
39,52,53
12

42, ecriz
b2, or5h
4o

1

48

50
51
5
46
16

46
&7
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-0

0.1
1 moo,

1(mac10,)

I(Xac10y)

1{Xa)010,

Takle ITT (Contimmed)

Tha notation used in this and in the tahles on oomplex ian
formticn is mbtterned wfter that used by Bjarrum, Salmmreenbach,

'-nunm.ﬁ.m-m. The explunation of the table which

follows ia taken primarily from pard IT of referwnce 20 xxd this
shoold bé conmilted for farther details eonoarring netatian,
Park I of reference 20 may he cansulted for a dssoription of the
varicus mwtbods by which equilibrimm oonstants ere detarmined.

Golusn ane, "Ion," refars to the cantrel ian N about which

the oamplex is formmd.

Calumm two, "Method," refers to e mwthod ¥y which the

il ax anion exchange

ombrifugs or ultrecentrifogs

calarimebry

aonduebivity

distribution betwesn fwo phases

aaf, oot spaaifisd

fressing paint

slass aleotrods

1ot exchangs

t mgatio suscepbibllity

p(E0) partial pressure af substanse
indiented

et ?rERE;

Golwmm thres, "7," gives the temparature in °C,

ations used are:

:ziaglsggn

AxgOo%
?

P mathod, not specifisd
polarography
premrative wark
quinhydrore electrods
exf with redox electrode
solubllity
speotrophotamatry
I-ray diffrection

aof e.data
-t with Py al
eaf oeaguresmntb with Ag,0.0, eleatrode
mathod not known to emmpllers

"R indi-

cates room temperature, and "?" is wsed if the temparature is un-

nowm to the oampilers.

Colmen four, "Kedimm," denctes the mture of the msdium to
which the squilibrium oonstants refer. The ocnoamtrations given
in tarms of moles par litar or males par icllogram are not dis-

tingoished.
Symbols used are:

canstants extrapolated to maro lanio strength.

constants oarrected to sero ilonis strength by
application of sams thsoretiaal ar ecpirical
formala.
an ianie strength af 0.1 mols par liter.

of the
stated (1 mole per liter XaCl0y).
ionio streagth held canstsnt ab valus ptated
(1 a0le par liter) by sddition of tbe inert
salt indioated.

Deasurensnts sade at a sariss of lonils
strengths (I) with NaCl0, as the inert malt.
cancemtration af the anion (010,") held

osanstant at tte vnlue stated {1 mole per liter)

o(mo,")

ater is tha salvent unless otharwise stated.

with the lon shown in parenthases as the
inart ll.Hl.ﬂn.

measurensnbs mads at & seriss of pamruhlorate
oonoentTatlans.

dilute soluticm, coneantrabicn usually not
more than 0.01 mole par litar.

ionio medice varied, and in some cases no
spscial attempb wms mmds 0 oontral the ionio
strength.

ths madizm wvas minly sguecus EC1 ¥ various
oconcantrations.

ethanol as solvumt,

warious organio salvemts.

508 mathancl-watar as solvent.

Calumr five, "Log of eguilibriom capstant, resmvis.” Tha

"X, 6" many "log, K = 67)

"KLy > 3" maans "log ol > 37) 1,6., the "log® ama "=" mmbols are
amitted. Capesntrations [ 1 are usually expressed as mnles par
liter, but is not distingnished from moclsa per kilogrem. FPresmurea p

following canventicna are used |

are in stoosphsres.

Tha equilibrium canatamss refer-to varicos types of reantions

indicased ar the naxt page.
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Table IIT {Qontimued)

1. Consacutive or step-wises comatantsi K ’
a, Addition of ligand (L)

Doy )
Sl e B

MLy _,310)
b. Addition of protomated ligend (HL) with slimimation
of protan

O ) (5]

[z, 5 1(EL]
0. Addition of protonated ligamd (BDL)

+ *
HI.n_1+HI.'—_.‘||I.n+H Kn-

[L{t: N,
H(HDL)E_]. + EPL = !(";F‘)n HFL:xn-

d. Addi%ion of centrel stom (M)

% L]

L+He KL
ey y T, 10m

En”

2. Cumilative or gross constants: P

In B, and B the subsoripts n and m dencte ths
camposition of the complax M L formed. Uhen l.- 1, the
Bacond subAcript ia omitted,

a. Additian of gentral atams (N) and ligands (L)

(L.
M + pl B w—2N
= Mgln e
b. Additicn of central atoms (M) amd protonated ligands
(EL) with elimination of Protons
L 1 (RN
+ o
@A + pHL # “WLD + ol Bm - [N‘[EDI"
3. Solubility constanta: K’
a. Solid KaI'b in squilidrium with free ilons in solublan
M,y (a) o aN + BL L tatn®
bh. Soliad Hal'b in equilibrium with oomplax I‘Ln ard ligand
L 1in solution

3 Ml (®) e My, + (R - n)E
%, - o -9
®rm.
tha subscripts n axd m dencte ths composition of
When m = 1, the seoond

In K,
™
the camplex Han formed in aclutilen.
mubsoript im omitted.
c. Protonated ligand reasts with the eliminatian of proten

Dy (o) + (B - n)E e np, + (R - m)m
L gl 0m o =)
®m at & -n)
4. Aeidio and hasic constants:
®. Unen L ia hyfroxide (OE7), F, id water ama 'k 1s
the nth aocid dissccistion constant for tha hydrolysis of

a meSallic ion.

IN(2 L), 2 IR LD

b. 'mounntﬂ*'uthnmtmutantcmtm-
tolytic oconstants is illustrated by 1.d, above. .

0. Other acidic ganstante are denoted by K., followed .
by parenthesas encloaing the formula of tha specles domating
the protom.

4. Pasioc oconstants are denoted hy l‘ follow, 1f naceasaary,
by parentheses enclosing the formula of tha species agoepting
the proton-

5. Spsolal oonstants:

a. X (equation) )

The equation definss the reaction to which K refers.

b Mt

K

Tha correspanding reaction is given in parentheses
after the ocomstant when the latter ia riret used for a
particular ligard or cantrel stom, or the reaction i
siven immsdiataly below the eguilibrium comstants for a
particular ligand or ceptral atom.

o. (formula)

The formila gives the oompositicn of tha complex in
terns of the spsoies frow which it 18 formed. 3Specias with
negative subsoripts are eliminated in the formation of tha oom-
plex.

a. x, (formula)

The formula gives thd composition of the sollid phase

in terms of tha species with which it 1s in equilibrium in
aolution, Species with negative subsoripts are sliminated
in the formatlon of the s0lld.
Esat oontent ami entrupy ahanges sre included in column

AH 1s usually written in ldlocalories and AS in odleries
par degree. Thay are related to the corresponding cumulative
squiltbriu ocnatants as followo: By, &%y ; Py O3 *Brm
A B_- Where the symbol X ie used for the equilibrium constant,

five.

H or 8 1a given tha sane supsarsaript or subsaript as ths corre=

eponding K: e.g., K, af;) K, AE o) 'l%‘, A'Hﬂl; eto.

Other abbreviations ussd in column five are:

av Kml'n evidence far the existemce of the camplex lnl‘n
opx camplax

ot catienic

ani anianio

imsah uncharged

pelyn polymiolear

¥ mthors! doubt expwossad 1n referencs glven
(7 coupilers’ doubt

Column six, "Heferences,®list the referances as they are

fourd at the end of this work,

A reference such as "6,af.25"

indicates that caloulations have Pesn made in reference 25 based

upon data in refarence 6.
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summarizeg the results of several studies on the hydrolysils
of the uranium(IV) ion.

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

ion 1n solution has been.conflirmed by polarographlc measure-

24-26 Support for the U02+ ion comes from the reversi-

bility of the U(V)/U(VI) couple2l and from infrared2® and

mentse.

Crystallographicggiig satudles of uranlum and transuranlc ele-
ments, Solutions of U02+ may be prepared by dissolution of
UClsgi or by reduction of a uranyl solutlon, electrolytically
or with U(IV) ions, hydrogen, or zine amalgam.ié The formation
of U(V) 18 an ihtermediate process 1n the photochemlcal reductlon
of U(VI) 1n a sucrose Bolution.ig The solutlone are unstable
and disproportionate to U(VI) and U(IV). The rate of dis-
proportionation 1s second order in urenium(V) concentration
"and firat order 1n acld concentr-at:\.on.-3-3-"-li The U02+ lon 18
most stable in the pH range of 2 to 4,22 Tt 1s oxidized to
the uranyl lon by molecular oxygen, Fe(III) and Ce(IV).lﬁ

Hexapositlve uranium, Uog2 . A number of physical-chemil-

cal measurements as well as crystallographlc, infrared and
Raman spectra studles support the exlstence of U(VI) ion as
U0£2.2L19 Uranyl solutions are easily prepared by dls-
gsolution of water-soluble salts: the niltrate, fluorilde,
chloride, bromlde, lodlde, sulfate, and acetate. Other water-
soluble uranyl Balts include those of other organic aclds:
the formate, propionate, butyrate, and valerate; and certain
double saltsa such as potasslum uranyl sulfate, sodlum uranyl
carbonate, sodlum uranyl chromate, etc. Uranyl solutlons

may be prepared also by dilssolution of a uranium(VI) compound
in an approprlate solvent, by dissolutlon of a lower valence
uranium compound in an oxldizlng medlum, or by oxldatlon

of lower valence uranlum lons already I1n solutlon. Uranyl

solutlons are yellow 1n color. They are the most stable of

uranium solutions. As indlcated 1n precedlng paragraphe, the
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uranyl ion may be reduced by reducling agent&ii or by electro-
chemical or photochemical means. The degree of dissociatlon
of uranyl ealts 1n aqueous solutlion varies. Uranyl perchlorate
1s apparently completely d:l.aaaociat:ed;}-9 whereas, uranyl
fluorlide 18 undlssoclated and tends to form dimers (see section
on complex ion formation - IV-C2).3§4§§ Hydrolysls of the
uranyl lon has been the subJect of extensive lnvestigatlon.
Conalderable evldence has been adduced for the formatlion of
polymeric species of the type U02(U03)§+.31251 According

to Su‘cton,&g formation of polymers beyond the trimer U3082+
is negligible. However, the trimer 1tself mey undergo
further hydrolysie with the formation of USOB(OH)+’ U;0g(0H) ,,
and eventually anlonlec a;-,pec:l.es.ﬂ-q-’--l-El Ahrland,ﬂg in his
original paper, proposed the formation of the monomer UOE(OH)+
as well as polynuclear 8species. In a reappralsal of the
work, Arhland, Hletanen, and S:I.ll’en-lii stated that there was
no certaln indication of mononuclear complexes being formed.
Rather, the experlmental data was explained on the basils

that complex lons of the type U02[(OH)2UO2];‘21+ were formed.
From the data i1t was not possible to distingulsh between a
limited mechanism 1n which n varled from 1 to 3 or 4 or an
unlimited mechanism 1n whlch n assumed all 1ntegral values.
The authors were 1lnclined to prefer the latter. Kr'za.us:-!'-2
suggested that reactlons leadlng to the formation of polymers
may have a less posltive value of AH than the reactlon
leading to the formation of the monomer. Consequently, the
latter process might be 1dentified more readlly at high
temperatures than at room temperature. Thils 1s apparently
the case as was shown by Hearne and Whiteﬂé who determlned

the enthalpy change to be 20.8 kcal/mole for the monomeric
reaction (U020H+ formed) and 6.7 keal/mole for the dimeric

+

reaction (U formed). Table III summarizes nuch of the

>
205
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data avallable on the hydrolysle of the uranyl lon. Included
in the table are values of the equllibrium constant *Kl, the
constant for the formation of the monomerlc species. Thils
constant has been evaluated by at least seven groups of

25¢,38,42,48-51 46

1nVestigators exclugive of Hearne and White—.

*
The values obtalned agree very well (log Kl = -4.09 to -4.70).
However, the experimental conditions2 c,38,50 and assump-
tiomsgé&iig used in some of the evaluatlons have been
46 42

questloned.— Also, the re-evaluatlon of Ahrland's— work
already has been mentloned, and Rydbergil has proposed an
explanation for not detecting polynuclear specles in hils
experiments. None-the-less, one must concur wlth Rydbergél
who wrote, "---1t seems remarkable that the same constants
should be obtalned for a filictlve mononuclear hydrolysis
product with different U(VI) concentratlons and so different

methods of investigation---."

Complex lon formation. The abllity of uranlum to form complex

ions 1n solutlone 1s of conslderable lmportance 1n 1ts analytlcal
separation and determination. Hydrolysis, mentloned 1in the
previous section, is but a speclal case of complex lon formation.
Numerous complexes have been repor‘ced.z’i However, the amount
of quantitative data for the varlous llgands 1ls rather limited
and often contradilctory.

Tripositive uranium. Evldence hae been reported for

uranium(III) cupferrate22 and uranium(III) Chlor'o§§ complexes.

Tetrapositive uranium. Inorganic complexes of uranium(IV)

wnich have been recognized through the formation of complex salte
include the fluorlide, chloride, sulfate, sulfite, and phosphate.ii
Table IV lists the equilibrlum constants and thermodynamlc

data avallable for some of the uranium(IV) complexes in aqueous
6-

solution. In additlon, a carbonate complex, posslbly U(C03)5 B

has been found to be stable in solutions of excess carbonate

or bilcarbonate j_ons.é-3
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Table IV. Complex Formation with U~ Ions - Inorganic _Lisandn.E

Complexing agent Method T Medium Log of equilibrium constant,remarks Reference
Thiocyanate; red 20  1(Nacl0,), o.a* K, 1.39, K, 0.46, X; 0.23 57
ScR™ atst 10  2(Ra)clq, 18" K 1.78, K, 0.52 58
" 25 " K, 1.49, K, 0.62 58
AR\ = -5.7, AH,= -1.8, AS;= -10, AS,= 9.7
" o " K, 1.30, K, 0.68 58
Phosphate, sl 35 var ov UALG(EL)SFor TALg(RL)}H 59
Pog™
Sulfate, 505~ atet 25  2(RC10,) °x, 2.53, "K, -0.13 1%
" n " ' 2.m, 'K, 1.32 1%a,cf
60
" n " K, 3.24, K, 2.18[K (F")1.125)(7) 1%a,of.
60, 61
n 10 2(ma)cl0,, 1" °x, 2.63, 'K, 1.3 58
" 25 . 'x, 2.52, "5, 1.35 58
8y~ -3.2, AHy= 0.9, A3)= 0.7, AS,= 9.3
" 30 " "k, 2.38, 'K, 1.38 58
Fluoride, F~ atst 25  2(Kec10,), imt "1 6, "B, 38 58
Chloride, C1~ ) 25 o.5(u501o‘) K -0.20 13
" 25 0 corr K, 0.85 13
red 20 1(Na)clo,, 0.6E" K, 0.30 57
a1st 10  2(Nacl0y), 1Y K o.52 58
n ' 25 " K, 0.26; or K, 0.08, K, -0.02 58
v 40 " K, 018; or K, -0.04, K, -0.06 58
ani ex 25  HCL var ev ani opx in >5.5% AC1 62
Bromide, Br~ red 20  1(ma)aro,, o.6x* K, 0.18 57

atter J. Bjerrum, 0. Schwarzembach, snd L. G. S111%n, reference 20.
Column one denctes the complexing 1igand (L). The notatlon 1s explained following Table IIT.
Nu.merou's organic complexes are formed with the uranium(IV)
lon: the acetate, oxalate, tartrate, malate, citz_-ate, lactate,
glycolate, etc.il-*- However, the amount of quantlitative data
avallable on thelr formatlon 18 very meager. Tishkoffs—u has
calculated dlassoclation conastants for acetate complexes on the
basis of the oxygenated uranium(IV) ion UO2+ belng formed. The
formaetlon constanits measured for acetylacetone, thenoyltrifluoro-
acetone and ethylenediamine tetraacetic acld complexes are gilven

in Teble V.
Pentepositive uranium. Although 1t appears that uranium(V)

complexes should be formed in the reduction of uranium(VI) ions
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in complexing.medj.a.,éi little data 1s avallable.

Hexapositive uranium. Inorganio uranlum(VI) complexes

which have been identiflied through the formation of crystalline
salts includé the fluorldes, chlorldes, nltrates, sulfates,
carbonates, cyanides, and phosphates.ﬁi Uranyl solutlons wilth
these anlons present have been studled. The resulte are llsted
in Table VI. A mumber of dlecrepancies appear in the data. For

example, evlidence for some complexing of the uranyl ion wilth

nitrateszZéLzz and chlof1d367’76’77’105'1o7ions has been reported
by some investlgators; but a complete lack of evidence'has been

reported by o'che::-s.:ég Day and Power&ZZ have polnted out that the
constants calculated by them are concentratlion constants rather than
activity constants. Consequently, the small complexing effect may
be caused by. the varlatlion of actlvity coefficlents with a change

in medium. Other investigators, however, who have corrected

their results to epply to pure aqueous solutlons have found some
complexing to occur with the chloride ion.éZngé:lgz

The type of complex formed between uranyl and fluoride lone
also 1s subject to some questlion. Ahrland and co-workerslgg-’-l.gi
have determlned equlllbrium constants for the formation of
complexes U02F+, UO,F,, U02F3', and U02F42_ and found no evidence
for the dimerlzation of U02F2 for uranyl lon concentratione less
than 0.1M. Day and Powers,ZI however, found no evldence for the
formation of complexes beyond U02F+; and Johnson, Kraus and
Youngié have reported the dimerization of U02F2 in solutions
not very different from those lnvestigated by Ahrland, gg_gl.lgi

Numerous organlic complexes have been reported.ii Much of
the quantitative data 1s summarlzed in Table VII.

There 18 often disagreement between different investlgators
céncerning the nature of the complexing ligand. Uranyl-oxalate
complexes serve as an example. The oxelate 1lon, 02042', has been
proposed by sgome 1nvestigatoral£§L&2 a8 the complexing ligand;

the bioxalate lon, HC,0,”, by other_'sm-’l—lé; and Hei1dt®2 has

{(Text continues on pbge 30.)
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Table V. Complex Formation with 'UA'" Ions - Urganic Ligands®

Complexing agent Methad T Hedium K of HPL Log of equilibrium consetant, Reference
remarks
c5“a°2 diat 25 o.1(c10,") B.82 K, 8.6, K, 8.4, % 6.4 14b, 111
acetylacetone: HL I_“ 6.1
n " " B.B2 | K, 9.02, K, B.25, x3 6.52 14b, cf- 112,
Ky 5.98, P, 17.27, ﬂ3 23,79 113 °
By 29.77 '
Cgll50p¥ 48 Bp 25 - 0.1 K 7.2 114
thenoyltrifluoro-
acetone tHL
C1 oF; 60 a. . HL 2.21 K 25.6 115
:‘;’gé:g:ﬁ"ﬁﬂ;: a0l 25 (FyS0,)(1) HuL™ 2.77 pK[HﬁL2+ « KL et
L BL®" 6.16
3" 10.26

a
TAfter B)errum, Schwarzenbach, end S1116n, .reference 20,

The data, with the exceptlon of reference 111, hap been camplled by J. Gindler.

Column ons liste the empirical formula, the name of the ligand, and a formula of ths type HpL
which defines the entity L in terms of which the equilibrium constants &are expressed.

The ligands are placed in order of their empirical formula according to Beillstein's eyatem.
Column five 1lists the pK veluen (-103101() of the acid-base equilibria involving the liganda

and fer to the dissociation: (b+l-p)-
re H]:L(b")" =3 _1L(b+1-p)- Aty K- rar"lrr_tl_lr, 1
? tr z(>=8)")

The notation 1s explained followlng Table III.

Teble VI, Complex Faormation with Uo§+ Ions - Inorganio T,igandst

Complexing agent Method T Medium Log of equllibrium constant, remarks Referance
Cyanoferrate(II),
Fe(CN)g' sol 25 var !Bo -13.15 65
Thiooyanate, ap 20 1(NuCIOu) K 0.76, K, -0.02, K, 0.4h 66
SCN™ Bp 25 -0 K, 0.93 ) 67
Carbonate, prap golid av U‘OZL._I,:' 6a .
co2- sol sp? 25¢ O corr Ky 3.78 69 quoted in
3 ref. 70
=0l sp 25¢ O corr KLU0, (0H) H,0(8) + CO,(8) = 002003(5) 63
+ zazo]u
+ +
_ x.z/tpoxi (m") 1.%2, xa/xpolq" wh) 1.81 63
ae 25 0 corr By 18.6, By 16.3 63
sp- ~2 E; -3.5, av (1:02)2_(05)3L' T0
ol % -0 x.[m}"(uczna)*'J-a.a to -2.0 70
oL - 2=
) x_z/xpoxf(n ) : T0,00(m) + ZHCO] e=b UD,(C05)5" + CO,(8) + B0
+ y2- - a-
Ky/Rp B (E') 1 U0(003)57 + 2G0T 22 W0,(C03)37 + 00,(g) + By
sol 25 1(E,01) By 22.77 n
sp 0.4(kw0,) . 1'x[troa(coa)_':,:‘ + Hy0, =2 U0,(00,) 0083 72
+ HO032.0
op -0 "k 2.2
8p var x[uoz(coq)zoo"‘ + B @ 10,(00,), 00E}"110.6 73
Kitrate, N3 op 25 5.38(WaCloy), 28" K -0.68 T
op 25  7(RaClo,), 28" K, -0.57 Th
X-ray solid ov uozr,; in RbUDzLa(s) 5
qh 20 1(Nacl0y) X; -0.3 © 16
aist 10-30 2(NaClo,) K, -0.52(10°), -0.62(25°), -0.77(%0°) 7
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Table VI. - Continued

Complexing agent

Phosphate, P03

Method T
8p ?
sp 22-28
8p
cond 25
oond 25
ap 25
sol 25
aol 25
anl ex 20
sol 19-20
ap 25
sp 25
dist 25

anl ex 20

ap - 25

Bp 25

Medlum
var
org
nezco
BtoH
MBECO
lHClOu

1HC10,

1HC10,?
1HC10, 7
1HC10,
1HC10,

H3L var

H,L var
3

H3L daii

di
H3L 1

53L a11
]-]'3L ail

Log of equilibrium constant, remarks Reference
no ev c¢px: 150-fold excese 'L 50
av U02L3 78
K3 3.6 in H0200 . 79
K,(?)3.15, K3(?)1.39 in EtOH 80
1(2(7)3.96, xa(?)a.us in Me,CO 80
K(U0Z* + HyL e U0, 1** + (2-x)E*11.58 1
RID0Z" + HyL @ w0 1™ & (2-x)K%11.57 82,83
Tx=1lor2 cf. B3

KIDOZ* + 2H L o= W0, (L), + 26711.18
K[voZ* + 3L & U0, (HL) ML + 2612308
K, [U0,HL(a) + 2H* o U0t + Hy11-2.85

K, [U0,AL(a) + =it 2 voH, | 1%*)-1.29
X=1or?2

KB['UOEHL(u) + Bl = UOE(HZL)al-l.’{
K![anl-llu(u) + 21-131. = UOE(HZL)ZH3L]-O.55
E,[(70,) L, (8) + 65" e 3U0EF + 28,1]-6.15

K [(00,)5L,(8) + HyL + 3r* =3 300,817 -2. 50
Eo[(U0,) gLy (8) + UL = 300,(H,L),1-2.89

B [(00,)3T,(8) + THyL S 300, (H,L)5H,L10.53

solid: "uoan(-)" - uoznro4(neo)4(a)

var

0 oorr

var
1.07(NaC10y)
1.07(¥ac10y)

0 corr

1(010,7)

0 Corr(f)

ev U0,E,L%, v02H3L2+, 0, (2,L), 84,85
HL ¢ Ky 3.00, Ky 2.43, Ky 1.90 a6
HL : K < 1.88, B, 3.88, By 5.23

2+
xaruoz(H3L)3 1-0.83, -2.27, -1.48
K, [00,(H;L)571-1.52, -1.18
(a* - K4 2.12)
K, (To2*mmf 137)-26.36 a7
K, (003 x*L3-)-23.11
Ka(_Uog"'I-Ez')-lo.G'T, (2% : & 12.84, K, 6.71,
K4 1.96
av U02H2i+, u021-131.2"‘, 00, (B L) 5, U02H5L2+ ae

p(voZ*r?, HyT)i.192 89,90
+ o b
atuog*n_emimzn.aq_ 89,90
pluoS*ul, (L) 12,012
Ky, (ol + 1H,L 2 V0S¥ (1-gr,L7; ,11-r3L)2+-1'1 91

+ (1-2)E7 = K4 0,98, B < 1.8, K,y 1,38,
Ko 2.8 Kpp 3-9, Kyq 1.1, Ky 2.5%,
Ky 4.8, Ky 5.3

HL™ : Ky 3.0, By 5.5, B3 7.4
H3L : K ¢1.8, By 3.9, 53 5.3 (same aa

K110 Fppr Fyy)
(u* : £ 5 2.10)
Kyy 7 Kyg 0.7, Kyy 0.8, Ky 0.4, Ky 1.3 88,0f. 91
u* - Ky5 1.68)
Kyy © Ko 1.1, Ky 1.2, K 1.3, Ky 2.2 88,0f. 91

(u* - K4 2.10)

same equilibrium remctlion, different netation
same equilibrium reaction, different notation
seme equilibrium reactlon, different notation

lo lo. @
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Table VI. -~ Contimed
Camplexing agent Method T

Polyphosphate, pH 25
(n-2)-
[Pn03n+1]

Armenate, AmOp~ ol g1 20

Sulfite, sog' p
8ol 25

Sulfate, soﬁ' sp 25

25

ah 20
Bp 20
cond 25
dist 10
aist 25
diat 40
anl ex

ani ex 25

Bp 25
Fluoride, F~ anl ex 25
ap
Bp -0
qh 20
cond 25
dlet 10-40
25
aist 25
cfug 0-30
T 20
Chloride, C1~ qh 20
sp 20

pol sp gl 25
‘dist  10-kO

25
anl ex 25
25
sp 25
sp ?
sp
Perchlorate, ClCj. 8p 25
Bromide, Br~ qh 20

Medium Log of equllibrium constant, remarks Reference
ail n~5:K 3.0, or B, 6.0, or 53 9.5 92
var K, (002t m2")-10.50, K,(vo3*Ta™L?")-18.82 93
K, (v0d*Na*L3") -21.07
K, (Vo2*E*L3")-22.60, xs(uo§+m4+r.3')-23.77
I u K, 11.53, K, 6.77, Kj4 2.25)
var av UOELS', atrong opx 94
(N]-I4)2503var x,o-a.'59 a5
By 7.10
2.65(kaC10,), 207 K 0.70 74
3.5(1), 28" K 1.83[K, (¥9)1.125) 74, ef. 61
1{5aC10y) E, 1.70, K, 0.84, E; 0.86 96
B(002%17"a0") 3.78
8(005*127Aa") H.60
1(¥aC10,) K, 1.75, K, 0.90 96
0 corr K, 3.23¢ 97
2(NaC10,,) X 1.680, K, 0.96[K, (EH)1.01) 7
2(NaC10,) K, 1.88, K, 0.97(K, (2h1.08] 77
8Hy = 2.3, AH, = 0.9, AS; = 16, AS, = 2
2(Na010,) K, 1.9, K, 0.93[K, (£91.17) 77
var ev UDZL;', uzosz.;' 98
var ev UO,L, TOLL37, uo,‘,Lg', “2°5L;' 99
-0 E, 2.96, K, ~1 67
.
HC1 var K, 1.28 100
K 4.32 100, of. 101
var K, 5.5, B, 8 101
TUOF, var "Ry [200,F, = (U0,7,),10.18 35
1(KaC10y) K, 4.59, K, 3.3%, x3 2.56, X, 1.36
[K._I_(H"72.941 102
0 aorr K, ~4.4, ev other opx . 103
2(Nac10,) 'xl 1.7%(10°), 1.42(25°), 1.32(%0°) 77
2(NaC10,,) A'E= -5.1%, A%8,= -12 7
c(NaC10,) Kk, i.42(c-2), 1.43(c=1), 1.38(C=0.5), 77
1.57(C=0.25), 1.71(C=0.05)
U0,F, var "Ry 0-48(0°), 0.85(30°) 36
1(Na)Cl0y K, %.5% K, 3.34, K 2.57, K, 1.34 102, 104
[Kl(H+)2.93], no ev polyn opx far < o.u-uog*' of. 104
1(Na010,‘) X, -0.10 76
1(Na010u) X, -0.307 76
0 ocorr 1c_‘_ 0.38 105
2(NaC10,) K, -0.25(10°), -0.06(25%), 0.06(%0"°) 77
2(¥ac10y) AR, = 3.8, A%, = 12 o 77
HC1 var ev anl opx in > 0.5M = HOl 106
0 corr K, -0.1, K, -0.82, Ky -1.70 106,c¢, 107
-0 K- 0.21 67
var no ev opx : 150-fold excese L~ 50
e, 0 ev Uo_L*, UO,L,, 0,13 ' 108
2-6 010; no ev cpx 109
1(NaC10y) K, +0.30 ' 76



Table VI. - Contirmed

Complexing agent

Todate, 10

ap
80l

ol

Mathod

T Medium Log of equilibrium constant, remarks Reference
25 -0 X -0.20 67
25 0.2(NHu!:1) X, -7.01, 8, 2.73, a3 3.67 110

&0 Q.z(NHucl)

Ky 6-65, By 2.74, By 3.8 110

Z After Bjerrum, Sohwarzenbach, and Sillan, refarence 20.

Date which appeared in the litemture_ prior to the middle of 1957 has been ocamplled mostly

by the above authora.

Subdequent data has been campiled by J. Gindler.

The notatlion 1s explained following Table III.

Complexing egent

C2H20u

oxallc acld:H %

Czﬂq_oz
acetic acid:HE

62}1403
giyeolic eold:HL

CZH30201

Table VII.

Method

Pt

oat ex

cat ex

cat ex

48,050,

AgpCa0y

AeoCo0y

801

Bol
8ol

ost ex

oat ex

80l

8p gl
ap gl
sp gl
emf sp

pol

cat ex
lon ex
gl

cat ex

emnf

T

25

25

20

20
20
25

25
25

20

25
RT

25
25
20

Complex Formation with U

Medium pK of Hp

0 corr HyL 1.27
HL™ 4.29

0.16}!0104 HEL 1.28
HL™ 3.75

lHClOl HEL 1.28

2'HClOu H2L 1.28

0.069

0.022

0.008

var 321. 0.97
HL™ 4,19

HC10,, >1.58%
ANOg, > 1.58"
1HC10,

2HC10),

=0

0.312
0.05

0.312

1NaClo,  %.59

NaL-HL
buffer

0.16(NaC1)
0.5(NaKo,)
1NaC10,, 3.58
0.16(NaC1)
0.16-0.19
1NaClo, 2.66

a7

oS* Ions - Organic Ligandal

T, Log of equiﬁ.:r&v:m oonstant, Reference
K} 5.82, K, h.7h, H,L : K} 2.57 49
HL™: K; 3.4%0, K, 2.56 116
HL™: K) 2.83, K, ~1.65 116
HL™: K 2.89, K, ~1.85 116
fK[(Uoz)ELE' T )

(UDz)st'H.uz 117
™x u.60, “x[(uoz),‘,x.a' + 127

2(00,1,)%711. 32 117
K[2(00,L,)2 + 12" oo (Uoz)zl:g'ls-ea
¥x 0.ug 17
K, 6.77, K, 5.23, 8, 12 118
K003t + B L = U0 L + 26%11.60
x[oog* + 2HyL = w0,12" + aE*31.68
Ku[UO?Lz_(HzO)al-B-SG 116
K, [vo3* L2'(I-L20)3]-B.52 118
Ky 6.58 graphically, 6.4%0 anslyti- )

cally, Bg 10.74 iig.of
K 6.92 116,cf, 118
K, 6.00, X, 5.08, b.44 (pre- 119
) ferred value) |

Ry 2.1 120 .

K[200,L + Hy0p =2 (U0,L),(00)%" + 2u*i-1.62 120

K[2U0,I3" + Hy0, & (U02)2(OO)LE' + 2B¥)-3.66 120
K, 2.38, K, 1.98, K3 1.98 121
K, 2.63, K, £.03, K 1.60 64
K, 2.39, B, 6.38 122
X 1.22, By 5.89 123
KX, 2.42, K, 1.5%, K 1.24 124
K, 2.78, K, 1.30 116
K, 2.75, K, 1.52 116

125

K 1.4%, K, 0.85, K, 0.51



Table VII. - Contirued

Complexing agent Methed T Medium pK of HL ILog of equilibrium constant, Reference
L4 TemaArks
chloroacetilc aeld:HL sp 20 macl% 2.66 K._'_ 1.98, KE 0.80, K, 0.37 125
°2H5°2N aist 25 0.45(NaCl) Hzt.*' 2.32 K 1.43 ’ 122
glyelne:EL PH 1.90
CHgON, pH 25 0.15-0.25 HL' 8.06 E, 5.15 126
glyoine amide:L
C4Hg0y Bp RT v U05*/L opx in ratio 1/ p 3.5 127
lactio mcid:HL sp,pH RT ov UOS"'/L opx in retio 1/ pH 6; 128
presupposes dimerization
C4H, 05N aist 25 o0.45(Racl) E,L* 2.21 K| 0.87 116
serine:HL pH 2.05
CHHGOS ap RT ov UO§+/mnlate opx in ratio 1/1 127
malic acid:H L and 2/1 pH 3.5
sp,pH BT ev U0S*/malate opx in ratio 1/1 as 128
dimer acid solution; 3/3 and
3/2 pH ~8
CyHe0g ap RT ev U05*/tartrate epx in ratio 1/,  1e7
tartaric acid:EL 2/17, and 3/1 pH 3.5, 4.6
ap,pi  RT ev U03¥/tartrate opx in retio 1/1 as 128
dimer acid solution; 3/3 and 3/2
PE ~8
C5Hg0, gl 30 -+ 0 B.95 K T.7h, X, 6.43 129
acetylacetone:HL gl 10 -0 9,10 Kl T.9%, 12 6.53 129
daist 25 0.1(010;) 8.82 Ky 6.8, K, 6.3 51, 111
K[005"+ L™ + HL = Vo (L) *18.7
K[003*+ 2L° + HL = U0,L,(HL) 114.8
ap 25 BtOH 'HL : Ky 2.43 80
CgEgOg op,pH  20-21 0.1(KaCl0y) H,L 4.07 HL™ : K 2.k8 170
ascorblc ac1d:(H2L) pH 2-3
CgRg0q #p RT  (NaCl) ev U0S*/eitrate cpx in ratio 1/1
citric acld:HyL and 2/1 pH 2-6 131,
pol 30 ev U03*/o1trate cpx in ratio 1/1
present as dimer pH 4.6 122
sp,pi AT : ev U02*/oitrate opx in ratio 3/
and 3/2 pH B 128
ep,pi 7  var m3": K 3.165 pE 47 ' 133
cond ov UOEL™ o UOLE™ + BN pin 4.6
av UQS"'/uitmte cpx in ratio 2/3 pH 7-9
gl 25  0.15(%) HL 2.98  mL3: K 8.5 138
HyL™ k.34
H1?" 5.62
CelgOoNy pH 25 0.15-0.25 ELY617 K 7.7 . 126
histidine:HL HL 9.20
073602 ap ? 50% EtOH K, 1.81 urenyl acetate, 135
salicylaldehyde :HL acetlc acid present, pH 3
var ﬂ2 2.63 uranyl nitrate, pH 5
C7H603 sp K‘.I. 13.4 136
salicylic adid:HyL dist 25 0.1(Nuc10,‘) HyL 2.82 HL™: K 2.2 138
HL™ 13 -r:[uog+ + HL” + OH” g U0,(HL) (OH)112.1



Table VII. - Contlmued

Complexing agent Method T Medium pK of HDL Log of equilibrium conatant, Reference
remarke
CoEgOy gl 30 50% dioxan 9.%0 K 10.1, X, 7.4 139
koJle acid:HL
Cqg0gS ap 25 =0.015 HL” 2.86 w2, K, 3.89 130
5-eulfosalicylic
acid:HBL
CHL 0N Bp 8.09 Ky 6.50, X, 4.97 1
sallcylamide:HL
24

Cotly1 05N, pH 25  0.15-0.25 H,L®" 5,38 K, 5.76 126
histidine methyl mt 7-33
eater:L
CgHgON, gl 20 50% dloxan H2L+ 1.77 K, B.68, K, 7.16 142
8-hydroxycinnoline :HL. 0.3 NuClOu HL B.84
CHeON, gl 20 50% dioxan AL* <2 K, 8.40, K, 7.51 182
5-hydroxyquinoxaline :HL 0.3 N50104 HL 9.29
CHgON, gl 20 50% dioxan H2L+ 3.30 K, 8.99, X, 7.70 132
8-hydroxyquinagoline :HL 0.3 NaC].O“ HL. 9.59
CgHg0s dist 25 0.1(Nal':10u) 3.89 x[uog*' + L7+ 0E" = UOE(L)(OE)]ll.Q 138
methaxybenzolo acid:HL
CgtON gl 20 50% dloxan H2L+ 4.%8 K 11.25, K, 9.64 12
B-hydro: inolire 0.3 Nac1o,+ HL 10.80

(oxine) :HL dist 25 0.1 53 23.76 133
CqigoN, gl 20 50% dloxan EEL"' 2.59 K; 9.00, K, 7.30 1k
8-hydroxy-}-msthyloinnoline:HL 0.3 NaCl0, HL 9.00
CgH, 0, NS PH, 8p 25 0.1 KNO;, H,L 3.8k K 8.52, K, 7.16 144
8-hydroxyquinolinae-5-sulphonic auid:H.zL HL™ B.35 K[UOE(OH)Lg' + BF - UO,‘,LZ'] 6.68

6- 2-
K[ (U0, (0H)L,) 2" + 2" & 200,13 111.7
K[ZUOZ(OH)LE' - (an(oH)Lz)g'Jl.'r
cmugon gl 20 50% dioxan H2L+ 5.01 K, ~9.4, K, -8 1k2
B-hydroxy-2-methylquinoline:HL 0.3 Nal}l()‘+ HL 11.01
€y GHgON gl 20 50% dloxan HiL* .71 K 11.25, 9.52 142
8-hydroxy-5-methylquinoline:HL 0.3 NaCloq_ HL 11.11
€1 gHgON g1 20 50% dioxen KL 4.76 K 10.89, K, 9.26 142
6-hydroxy-6-methylquinolire:HL 0.3 N.aCl(l,\l HL 10.71
+

ClngoN gl 20 50% dloxan H,L L.26 K, 11.28, K, 9.78 142
B-hydroxy-T-methylquinoline:HL. 0.3 NaClou HL 11.31
€1 oM 0%, gl 20 50% dloxan H2L+ 3.15 K, 8.77, K, 7.33 142
8-hydroxy-2:4-dimethylquinazoline :HL HL 10.14
Cy qF 30N gl 20 50% dloxan H2L+ 5.19 K, 10.10, X, B.20 142
1:2:3:4-tetraviydro-9-hydroxy-

acridine :HL 0.3 NnClOu HL 11.39
€y gHy 50N, gl 20 50% diaxan LY < 1 K, 8.53, K, 7.85 142
6-hydroxy-4-methyl-2-

pherylquinagoline :HL 0.3 Naclou HL 11.33
CoaHa30N; 8p 25 var (NH ) HLE7(9) s Ky ba77 185

ammonilum a.urintrioarboﬁlste
(aluminon reagent) =(NEI+)H2L

-2 pfter Bjerrum, Sc.:hwarzanbaah, and 311ln, referencs 20.

Date which appeared in the' literature prior to 1956 has been compiled moatly by the
above authors. Subsequént data has been complled by J. Gindler.

The notatlon 1m expl‘a.inad following Tables TII and V.
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gtated that a complex 1s formed with undlassoclated oxalic acld,

H20204° In more recent work, Moskvin and Zakharovallg conclude

that complexes may be formed wlth both 02042 and Hceou‘ dlons and
that the amount of each formed will depend upon i1ts stabllity and
the condlitions of the experiment.

The compoaltlion of a complex 1s sometimes declded upon by
comparison with complexee heving simllar liganda. For example,

H(‘:‘»k-Bernst';r'om-,J‘-—32 in her work with salleylic acid, H,A, and

2
methoxybenzolc acld, HB, wae able to show that complexes of the
type U0, (HyA) (HY) 1, U0,(H,A) (H) _,, and U0,(HB)(H') _, were
formed 1n the aqueous phase. (The negatlve subscripts indlcate
that H' was eliminated in the formation of the complex.) The
experimental date for methoxybenzolc acld was epproximated by
aspuming only the complex U02(B)(0H). For sallcylic acid, the
complexes U02(HA)+ corresponding to U02(H2A)(H+)_1 and
UOE(HA)(OH) or UO,A corresponding to U02(H2A)(H+)_2 were postulated.
It was not posslble to distingulsh between the latter two.
However, from the simllarity of the distribution curves found for the
two acldse, it wes sBuggested that the sallecylate complexes are
formed by HA™ ligands.

A vast amount of work other than that listed in Table VII
has been done on the preparatlion and identificatlion of organic
uranyl complexes. Some of the complexing agents studled recently
include dihydroxy-maleile ac:l.d,!'-Eg triose-reductoneligilég
(enoltartronaldehyde), reductic acigi2l (eyelopentene-2-dlol-2,3-
one-1), complexoneslingéi (iminodiacetic aclid and 1ts derivatives),
xanthates and dithiocarbamates,lé& p]:-otoporphyrzl.n,;“-—5-2 o-cresotic
acid,léé miricitrine,léI dialkylphosphoric acids,légilig and
pyrazolone der:!.vat-:l.ves.lég

3. Non-aqueous solutions of uranium.

Solublility studles. A number of uranium salts are

soluble in orgenic solvents. Uranyl nitrate 1s the® notable

example. As the hexahydrate, this salt 1s soluble in.a
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varlety of ethere, esters, ketones, alcohols, aldehydes,
and substituted hydrocarbons.lél:léi The followlng generall-
zatlons have been madeléé concerning 1te solutlon 1n organlc
solvents:

(1) In a given homologous series, the 861lubllity decreases
as the molecular welght of the solvent -fl.ncrea.sea.—]ié-l-f—lé2

(2) Solutions occu:cvw:!.th:lé2

Ethers: aliphatic
ethylene glycol

dlethylene glycol
saturated cycliec

Acetals
Ketones: aliphatic

aromatlc

alicyclic

mixed aliphatlc-aromatilc
Alcohols: alliphatic

allcycllce
Varlious esters

Nitrogen-contalning solvents: nitriles
aromatlc basea

(3) Solutione do not occur with:
Hydroca::-bonsl-s-l

Ethers:iéi aromatlc .
unsaturated cyclic

Sulfur-containing aolvents.léi

Glueckaufléé hes mede the phenomenologlcal observation
that a plot of the solublllty of uranyl nltrate against the
oxygen-to-carbon ratlo in the solvent molecule results 1n
a single curve for alcohols and ethers; but in a double curve
for ketones; one for symmetrlic and one for asymmetric ketones.

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

ionization of uranyl salts 1n organlec solvents. 3By this

criterlon, uranyl nitrate 1ln concentrations of 0.01 - 1M 1s

* A = molar conductlvity. . = viscoslty. The constant 60 1is
used for 1:1 - electrolytes; 120 for 1:2 - electrolytes.
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substantlially unlonized in water-satursted solutions of ethers,
ketones, alcohols and tributyl phosphate? Only 1n saturated
diethyl cellosolve and 1n 1sobubyl alcohol is lonizatlion 1n
excess of 10%. The large amount of water which dissolves in
the latter solvent may account for th1s.

In tributyl phosphate, the &iasociation of uranyl nitrate
increases as 1ts concentration in the organlc phase 1s de-
creased. At 10'§g-the ealt 1s approximately 40 per cent
dissociated,lég i.e., An/120 =~ 0.k Uranyl perchlorate at
thils concentration is almost completely 1onized.lég Ion
associatlon occurs at higher concentratibns, but significantly
less than for uranyl nitrate. At approximately 0.01M, the
assoclation of uranyl perchlorate 1s maximum (An/120 has a
minimum value of ~0.1) in the concentration range 1075 to M.
The lonization of this salt may well be aasoclated wlth the
amount of water contalned within the tributyl phosphate since
the electrical conductivlity 1s decreased by dehydration.lég

Jezowska - Trzeblatowska and co-worker58—0 have measured
the molar conductivity of uranyl nitrate in organlc solvents
that contaln only water from the hexahydrated uranyl saltf*
The conductlvlity was found to be low and to decrease wlith a
decrease of the dlelectric constant of the solvent.

Conductivity measurements of U014 in methyl aleohol
indilcated the salt to be somewhat d:!.ssociated.g-9 The
‘dissociation was found to lncrease on additlon of tributyl
phosphate.

Kaplan, Hildebrandt, and AderilO have classified into

Solvents tested other than tributyl phosphate: diethyl
ether, dlethyl cellosolve, dlbutyl carbitol, methylisobufyl

-ketone, 1sobutyl alcohol, and lscamyl alcohol.

¥¥Solvents tested: methyl alcohol, ethyl alcchol, acetone,
ethyl-methyl ketone, methyl 1isobutyl ketone, acetylacetone,
stannous chleorlde 1n acetone.
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types the absorptlon spectra of uranyl nitrate in a number of
solvents and solvent mixtures.* Differences between types

were attributed to a serles of hydrated and solvated nitrate
complexeh, Uog*' , U02NO3+, UO2(N03)2, and U02(N03)3_. The
relative concentrations of the complexes depend upon the nature
of the solvent, its water content, and the concentration of
added nitrates. It 1s 1lnteresting to note that the absorp-
tion spectrum of uranyl nitrate in tributyl phosphate (0.016 -

1.6 M) 1s characterlistic of the complex U02(N0 and indicates

3)2
1ittle 1onization1l§§ A simllar spectrum 1ls glven by uranyl

nitrate 1n methyl 1sobutyl ketone (0.02 ﬂ).zg Uranyl perchlor-

ate 1n methyl 1sobutyl ketone (0.02 M), however, exhlbltse a

spectrum characteristic of the uranyl ilon, Uo?é+ . These

results appear to be 1n general agreement wlth those obtalned

through conductivlity-viscoslty measurements.léz:lég

The trinitratouranyl complex U02(NO " hes been studiled

3)3
by & number of workerst8279,3T1-173 1¢ 15 rormed by the

addition of a second soluble nitrate to a solution of uranyl
nltrate in a2 non-aqueous solvent such as anhydrous nitrilc
ac:l.c‘l,-:l—'Zl dinltrogen tetroxide,lzg acetone,zgizg methyl
1sobutyl ketone,zg dibutyl e‘cher,lZi etc. Kaplan and co-
wor}cersZg also report that the complex 1is formed in 16 M
nitric acid, but that 1ltg formation 1s far from complete.
The negative character of the complex has been demonstrated
by electrolytlc transference experiments.z-g Its composition
has been deduced by the lsolation of solld compounds from
golutions of the type described abovez-g-*’—-l—ZL’—lzg and by the
gimilarity of the abeorption spectrum of such solutions with

that of crystalline cesalum uranyl nitrate,CsUOz(N03)31§112

*Spectra clagsifled: uranyl nltrate in water, acetone-water,
dloxane-water, n-propanol-watér, ethancl, chloroform + 0.7%
ethanol, pyrildine, acetlc acld, ethylacetate, tetraethylene
glycol dibutyl ether, nitroethane, methyl isobutyl ketone,
cyclohexanone; uranyl perchlorate 1n methyl 1sobutyl ketone.
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The stabllity of the complex depends upon the nature of the
essociated cation a8 well as the nature of the solvent and
the pregpence of water in the solvent. The general order of
the solvents with respect to stabllity of the trinitrate
complex 1s: ketone > ether > alcohol > water;zg

The formation of chlorouranyl complexes 1n non-aqueous
solvents has been reported by Vdovenko, Lipovskii, and

108

Nikitina+— The complexes U0201+, Uo Cl2, U0,Cl,~ were

2 2773

formed by the addition of pyridine hydrochloride or hydro-
xylamine hydrochlorlde to & solutlon of uranyl perchlorate
or uranyl chloride 1n dcetone. The stabllity of the tri-
chlorouranyl complex was found to be dependent upon the
amount of water present 1n the solvent. A compound was
separated and ldentified es (05H5NH)2U02014.

Hydration. In partition studiles of uranyl nitrate
between aqueous solutlion and organic solvent (alcohols,
eatera, ethers and ketones) 1t 18 generally found that the
water content of the organic phase lncreases wlth uranyl

*
nitrate concentration.16 167

For alcohols, the relation
between the water content Mw and uranyl nltrate concentration
Mu appeare to be a complex function.** For esters, ethers,
and ketones the relation 1s linear except posslbly at high
values of Mu. This reletlon may be expressed

M, = MJ + hM .
The quantitles are expressed in terms of molelitles of the

dry solvent. Mg 18 the solubillity of water in the pure

golvent; h 1s a conatant. The siope of the line, h, repre-

*The water content of alcohols may decrease 1nltlally as the
uranyl g%trate concentration is increased from O to 0.1-0.2
molal,l67 .

¥* % .

Katzin and Sullivaniéi report & llnear relation.bfg een
M _and M; for lsobutyl alcohol. McKay and Mathleso polnt
ot that 1f the data of Katzin and Sulllvan at low My are given
gignificance, then & more complicated relatlonshlp between the
two quantiltles exlets.
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sents the degree of hydratfon. For many of the linear
solvents h 1s very nearly 4.0.l§§4&§1 This has been inter-
preted by Katzin:l* to mean that the specles U02(H20)4(N03)2
is extracted. McKa.y,lZ-2 however, conslders thls to be a
nean hydration number; that a serles of hydrates are presént
ranging from the dl- to the hexahydrate; that these hydrates
are in equllibrium wlth each other-and.are of comparable
stebillty. The latter vliew ls supported by lsoplestic
neasurementa.l1§

Infrared measuremente on ethereal and ketonlc solutions*
of uranyl nitrate, 1lndicate two molecules of water to be
strongly bound to the uranyl nltrate and the remainihg
water molecules to be more weakly bound.lzza'-lzg

The extraction of uranyl niltrate from an aqueous system
into tributyl phosphate (TBP) causes the displacement of

water from the organle phase.lég The displacement 13 roughly

linear with h being -2.l§§ This 1e 1n agreement with the

formulae TBP-H,O and er(No3)2-2TBP.E§ Uranyl perchlorate,
howéver, apparently does carry some water into tributyl
phosphate.lég Whether thls water 1s assoclated wlith free
uranyl lons or unlonized UO2(0104)2 1e undetermined.
Solvation. The ipolatlon of solvated uranium salts,
in partieular uranyl nitrate,is reported in the literature.é’
163,180-182 In phase studles of ternary systemsa: uranyl
nitrate, water, organlc solvent, Katzln and Sullivanlél_
have concluded that uranyl. nltrate 1n aqueous solution 1is
largely hexasolvated, subJect to the actilvity. As organlec
moclecules are dissolved, 2,3,4 and perhaps 6 water molecules
may be displaced, depending upon the electron-donor -capabllities
of the organic moleculea. The total solvatlon 18 a functilon

of the actlvity levels of the water and organic molecules.

* Solvents studled: dlethyl ether, acetone, methylethyl ketone.
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If a particular configuration is satable enough, 1t may survive
as a crystalllne solld. The particular stablllty of the final
two water molecules 18 in agreement with the results of Ryskin
and co-workerslzzi&lg obtalned through infrared absorptilon
measurements. The abllity of solvents to dilsplace water is
in the order: alcohols > ethers > ketones.léi This general
order of solvate stabillty 1s confirmed by heat of solwution
meaa.suremem;s.lg'--3 It 18 in agreement also with the order of
base {electron-donor) strengths of the solvents determined by
other means.lééllgi' HMethyl isobutyl ketone 18 anomalous 1n
that 1t bshaves stronger toward uranyl niltrate than 1ts base
strength would indicate.:23:383 sriputyl phosphate, according
to heat megsurements, competes with water almost as well aBs
dlethyl ether and 1sobutyl a:l.ooholglgi

The order of solvents with respect to solvate stabllity
is opposite to that with respect to the stability of the
frinltratouranyl complex. This suggests a competitlon be-~
tween solvent molecule and nitrate lon for coordlnation

wlth the uranyl :I.cm.l-'ll

Feder, Ross and V'ogellgi have studied the stabllity of
molecular addltion compounds with urapyl nltrate. The com-
pounds were prepared by shaking uranyl nitrate dehydrate with
varlous addenda in an ilnert solvent: benzene and/or 1,2-
dlchloroethane. 1:1 moiecular addition compounds were found
with uranyl nitrate and ethyl alecohol, n-dodecyl alcoheol,
tetrahydrofuran, propylene oxide, mesityl oxilde, tributyl
phosphate; and N,N-dlbutylacetamlide. 1:2 compounds were
observed wlth uranyl nitrate and acetone, methyl lsobutyl
ketonae, cyclohexanoné, etﬁyl acetate, 2,4-dimethyltetrahydro-
thiopene 1l,1-dloxide, B-chloroethylacetate, ethyl chloroacetate,
ethyl cyanoacetate, dlethyl ether, allyl alcohol, ethylene
chlorohydrin, and acetonltrile. Formatlon constants were

determined from changes 1n the aolubllity of urenyl nitrate.
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It was shown that the stablllity of the addltlion molecules,
for those addenda having simllar functional groups, was in
agreement w%th the base strength of the addend; 1.e., the

more stable the molecule, the greater the base stréngth

éf the addend.

The average number of sBolvate molecules n assoclated
wlth uranyl nitrate 1n 1ts partition between water and
varicus organlc Bolvents* has been studled by McKa.ylgELl-a-g
and co-workere. The value of n was found to vary wlth the
uranyl nltrate concentration of the organic phase. For
most of the solvents studled, n varled between 1 and 4.

For cyclohexane, considerably larger values were found for
low uranyl nltrate concentrations.

A saturated Bolutlion of uranyl nitrate hexahydrate
1n tributyl phosphate corresponds closely to the unhydrated
disolvated compound U02(N03)2'2TBP.£§§J--]-‘gz Evidence for
the exlatence of the slngle specles 15:1§§L&§1

(1) The solubility is not apprecilably 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 1e observed.

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

(L) The effect of inert diluents for the TBP on uranyl
nitrate partition coefflcients supports e 1:2 formula? l.e.,
the partlition coefflclent of uranyl nltrate varles as the
gquare of the TBP concentration.

The experimental conditiona under which Feder, Ross

184

and Vogel—— reported the formation of U02(N0 *TBP were

3)2
coneilderably different from those of Healy and McKay.-]-ég

»*

Organlc eolvents studled: dlethyl ether, diisopropyl ether,
diethyl cellosolve, dibutyl cellosolve, dlbutyl carbitol,
penta-ether, lsoamylacetate, methyl 1sobutyl ketone, cyclo-
hexanone,
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Jezowska - Trzeblatowska, et 5129 report that the
gbsorption spectrum of uranyl nitrate 1n tributyl phoaphate
glves no indicatlion of the formatlon of a stable complex.
Attempts to identlfy a complex specles in the concentration
range 0.02-0.06M were unsuccessful. '

Heaford and McKayl§2 report evidence for the formatlion
of U0,(CL,), 2TBP under certain conditions. From a 10.3M
aqueoul perchloric acld solutlon, the partition coefficlent
of uranium varles as the square of the TBP concentration 1n
benzene. Under other conditlons, other solvates may be formed.
Jezowska - Trzeblatowska, 53_2329 report the formation of a
1:1 complex between U014 and TBP in methyl alcohol.

Tributyl phosphine oxlde, like tributyl phosphate,
forms an anhydrous disolvate with uranyl nitrate.igz Healy
and Kennedylgg report & number of other neutral organophos-
phorus solvente which form solvates with uranyl nitrate.
Most, but not all, of the solvates reported are anhydrous.
A1l of the solvents extract uranium from aqueous solution
in proportlon to the square of the solvent concentratlon
(in benzene). However, not all solutlons of the solvent in
benzene and saturated in uranyl nltrate give mole ratios of
solvent to uranium of 2:1. For the two diphosphanates and
one pyrophosphate studled the mole ratlos were 1l:1. This
may be indicatlve of chelatlon or polymer formation. The
mole ratlio 1n triphenyl phosphate wags ~22:1. Thils is
probably the result of the solvent being unﬁble to.displace
water from the coordinatlon sphere of the uranyl 1on.l§§

Solvate formatlon. between uranyl salts and acld organo-

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

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

have been reported.gg In explanatlon of diatrlbution data
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in conJunction with 1soplestic and vlscosilty measurements,
| Baes, Zlingaro and Colema.nlég have hypotheslzed that uranium

(VI) 1s extracted from agueous perchlorate solutlons into
n-hexane solutions of di-(2-ethylhexyl)-phosphate, HL, as
the specles UOQ(HL)2L2. As the uranium concentration of
the organic phase 18 lncreased, there 1s strong eyidence
that polymerlzation occurs.lﬁg Similar-conclusions have been
made by Dyrssenlig on the baslis of the distributlion of uranlum
(VI) between aqueous perchlorate solution and dibutyl phos-
phate, HK, 1n chloroform. In hexone, the species UO2(HK)2K2

and UO2K2 have been 1dent1fied.l§2 The extractlion of
uranium (VI) by dibutyl phoephate from aqueous nitrate
solutions into benzene has been studled by Healy and Kennedy.-:!'-gg
In additlon to the specles U02(HK)2K2, the polyuranyl specles
(UOEKE)XQHK and the nitrated specles UOE(N03)2 « 2HK have been
postulated to explaln the shape of the extraction curve as a
function of niltric acld concentration.

It has been postulated that the formatlion of mixed sol-

vates or solvated chelates enhances the extractlon of uranium
into certaln solvent mixtures. These systems are dlscussed

in a later section on solvent extraction. .

IV-D Separation of Uranium

A number of review articles have been written on the analyti-
cal chemlstry of uranium.éii&ilgg:ggg These, together with many
texts on chemical analysils (see, for example, references 201-209),
serve well as guldes to the separation and purlfication of the ele-
ment. More speciglized surveys have been made by Hechtgl-cl on the
quantitative micro-anal&sis of uranium-bearing minerals, and
by Law;r*olwsl‘cil.-g-ll on separation processes for the recovery of
nuclear fuels. -

Two general technlques are avallable for the sBeparation of

uranium. (1) Uranlum is'removed from solution 1n the presence
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of contaminants by precipitation, solvent -extraction or some
alternative method. (2) Uranium is kept 1n solutlon and contam-
inants are removed. These techniques are facllltated by the
fact that uranium l1s reasonably stable 1n two oxldation states,
(Iv) and (VI), and that complex formatlon mey be effected to
prevent the removal of eilther uranium or contaminant from solution.
In the followlng paragraphs, the separatlon of uranium by
precipitatlon, solvent extraction, and ion exchange are described
1n gome detall. Reference 1s made also to other methods of separa-
tion: chrometography, electrodeposition, volatilizatlon and

pyrometéllurgy.

1. Precipitation. In classlcal syetems of analysls, uranlum

18 & member of the third group of elements.* That 1s,

1t 18 not precipiltated by hydrochloric acld or by hydrogen
sulfide in an acidic solution, but 1t 1s precilpltated by
ammonlum hydroxlde or ammonium sulfide (see references 204,
206, 208, 213). Unfortunately, for the separation of
uranlum, many other elements also are preclpltated by the
same reagents. However, there exlste a large number of
reagents capable of preclpltating uranium over a wlde range
of pH. These, combined wlth Judlclous use of the two oxidation
states and/or ‘the complexing abiiity of uranium, may be used
to provlde reasonably pure uranium deposits.

Precipitants. With the advent of nuclear energy as a
source of power, numerous preclpitants have been investl-
gated 1n an effort to find one speciflc for the separation
and/or determinetion of uranium. None have been found to

date. Waregii has summarized early work using organlc rea-

* ~

In the system outllined by Noyes and Bray 292 yranium 1is
precipltated in the slxth group wilth ammonium hydroxide and
18 converted to the sulfide wlith hydrogen sulflde. In the
system of West and Parks,21l2 uranium 1s precipltated in the’
fifth (basie benzoate)group.
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gents as preclpitants. Shegli and Baileyglé have 1nvestlgated

aome of the more promlslng onesa. Rodden and Warfii have
discussed the use of many reagents, both lnorgenic and organic,
and have described procedures for the use of many of them. The
latter precipitants, l.e., those for which procedures have been
given by Rodden and Warf,iﬂ are denoted by a dagger (1) in the

foliowing discusslon.

Inorganlc precipltante. The reagents are 1isted-alpha-
betlcally according to anlon. '

Arsenates.f Arsenlc acld and ammonlum, sodium and
potasslium arsenate preclpltate uranium as uranyl metal arsenate.
Silver, tltanium, zilrconlum, thorlum and lead interfere.
Separation is made from the alkall metals, alkaline earths,
aluminum, 1lron (TII), and rare earths, including trivalent
cer:l.um.ﬁi

Carbonates. 6,63,201,204,206,217-224

Precipitation of
uranium with ammonium, sodlum, or potasslum carbonates 18 not
very satlsfactory. Highly soluble carbonate-uranyl complexes
are formed. Under proper conditbns,the metal uranyl -tricarbon-
ate salts MquéCOBGare formed. The solubllitles of the
respective ammonlum, sodium, and potassium selts 1in water

)218

are 50(1500),§§£ 150(RT),§§§ and 71(18°C grams per

1iter. The solubllity of the potassium salt in a 50% solu-
tion of potasslum carbonate 1s 0.200 grams per li‘cer.ggl
The solubllity of the sodlum salt 1s decreased by Ilncreasing
temperature and by lncreasing sodlum salt concentration1gg§
Te¥ak2:l has studied the precipltation of uranium by
ammonium and sodium carbonate. From a 0.043N uranyl nitrate
solution, precipltatlion wae obeerved to be maxlmum in the
reglion of 0.1N precipitant concentration. Two maxima were
observed for ammonium carbonate; one for sodium carbonate.
Above and below these falrly narrow reglons of precipitant

concentration, uranium enters into solution.
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The uranium (IV) salt, NasU(Coa)S * 11H,0 1s precipltated
from reduced carbonate solutlons at high uranlum and carbonate
concentrations.ég

Barium uranyl carbonate salts are reported to be very
1nsolub1e.§3 However, 1n the presence of carbonate solutions
the alkaline earth salts are unstable according to the
reaction,éi

M,U0,(C05)5 (g) + 2co§' = [U02(CO3)3]4— + MCO5 (g3
Tezakgll has found the preclpiltation of uranium to be nearly
complete when the barium:uranium ratio is greater than 600
and the excess carbonate 1s leas than four times the barium
concentratlion.

A suspensilon of barium carbonate may be used to pre-
clpitate uranium.gﬂiggé Ammonium salts interfere. A
suspension of baslc zlnc carbonate may be simllarly used.ﬁﬂlggz
Iron, aluminum and thorium also preclpiltate.

Cyanides. Alkall cyanides form a yellow preclpltate
when added_to uranyl solutions.gi

Ferrocyanides.T The addltion of potassium ferrocyanlde

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

red precipltate or suspension, depending upon the concentration
of uranium. The reactlion 18 used much in qualitative anal-
ysis for the identification of uranium. However, it 1s

1ittle used for quantitative separation. The separation is

poor and there are many 1nterferenoes.§£ Separatlon can be

made from berylllum 1n a weakly acldlce sulfate solu’cion.-?-gg

Fluorldes. Hydrogen fluorilde preclpitates uranium (IV)
as the tetrafluoride. The preclpitate is gelatlnous and
difflcult to filter.gi Separation 1s made from metals com-
plexed by fluorilde ions, eg., tantalum and zirconlum. Uran-
lum may be reduced to the (IV)-state with zinc in a solution

made sllghtly acidic.lgé
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The double fluorldes, eg., NaUF5, are pparingly soluble
even 1ln the presence of atrong acids.igé Separatlion can be
made under these condltions from Mo, Ti, Ni, Co, Mn, Cu, Fe
(1), and V (III). Aluminum preclpltates as the double salt,
Na2A1F6. Iron (IIT) precipltates in part. Reductlon to
uranium (IV) may be done in the presence of fluorides with
tron (11).220:222 Rongalite (Na,H,S,0, * 2CH,0 * 4,0) also
has been used to effect reduction.232 _

Hydroxides. The additioﬁ of & metel hydroxide to a
solution of uranyl ealts results in the formation of the
metal uranate. It haa comnonly been assumed that the metal
diurante, M2U207, 1s preclpltated by ammonlum, sodlium, or
potassium hydroxlide. However, experimental evidence 1ndi-
cates that the composltion of the preclpltate depends upon
the coridltlons which exist during precipltation and upon
the subsequent treatment, such as washing, whilch 1t re-
ceivea.gil:giz

Armmonium hydroxideT precilpltates uranium quantitatively
atpH 4 or greater.iﬁ The presence of ammonium salts and
macerated fllter paper facllitate precipitetlon. Separation
1le made from alkall metals, alkallne eartha, and cations '
forming ammonla complexes. Repeated precipltations may be
necessary to glve sufficient separation. Phosphorus, vana=-
dium, ellicon, boron, alumlnum, iron and other elements of
the armonium hydroxide analytlcal group also &are precipitated.glg—
Complexing agente: carbonate, oxalate, cltrate, tartrate,
fluoride, etc., interfere.

Precipitation with alkall metal hydroxideas 1s slmllar to
that wlth ammonlum hydroxilde. Uranlum may be preclpltated
in the presence of carbonate wlth sodium or potasslum hydroxide

of sufficient concentration. Carbonate lon lnterference may

be removed by heatling.
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Pale green gelatinous UO2 . H20 18 precilpltated from
uranium (IV) solutlons by ammonium and alkall metal hydroxides.
Todates.' Uranium (IV) 18 precipltated from an acid

solutlon by potassium 1oda.te.gi Separatlion can be mede from

copper, molybdenum, and reduced vanad_‘Lum.g-3§ Aluminum 1n
amounts up to flfty times that of uranium does not 1interfere.
Larger amounts of alumlnum and divalent iron in any concen-
tration cause lncomplete preclipiltation. Titanlum, zlrconlum,
cerium (IV), and thorium precipitate with 1odate.3£

Mercurlc oxlide. Uranlum is precipltated when a

Buspenaiqn of mercurlc oxide 18 bolled 1in an aqueous solution
contalning ammonium chlo:n:-ide.-ai Separatlion 1s made from
alkali metals and alkeline eartha. Hydroxy acids interfere.
Peroxidea.* Hydrogen peroxlde preclplitates uranium
peroxide, Uou . xH2O, from slightly acldlc solutlons. The
reaction occurs in the pH range 0.5-3.5. The optimum range
1s 2.0-2.5. Hydrogen lons released wlth the formation of
uranium peroxlde are neutrallzed wlith ammonlia or ammonium
acetate. Complete preclpitation requires an excess of
hydrogen peroxlde. Quantitative separatlon may be effected
by freezlng the solutlon, allowing 1t to stand, and filtering
at 2°C. The separation from most elements 1s good since 1t
1s done from an acldic solution.3%2239 Piutonium, thorium,
hafnium, zlrconlum, and vanedium also preclpltate. Iron
interferes by catalytlecally decomposing hydrogen peroxide.
Small quantities of iron may be complexed with acetic, lactle,
or malonlc acid. Low ylelds may result from the use of
malonic aclid. Ammonium, potassium, and alkaline earths re-
tard the rate of precipltation. Complexing ions such as
oxalate, tartrate,.sulfate, and fluoride 1in large quantities,

also interfere. Fluorlde lon may be camplexed with aluml~
num.2398
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Phosphates. Phosphoric acld and sodium monohydrogen
phosphate,precipitate.UozHPou from uranyl solutions. Uranyl
ammonium phosphgte, UO,NH,PO), 1s precipltated by (NHu)QHPou
or NaEHPOM in the presence of ammonium acetate.* Precipltation
‘ie mede 1n the pH range 1.2-2.3, 1.7 being optimum. It is
not very selectlive. Zirconium, biemuth, and thorilum pre-
cipltate under slmilar condlitlions. Alkall metals are retalned.
Separatlon 1s made from vanadlium. Both UOéHPOu and UOQNHuPou
are soluble in mineral acids.3i

Phosphate precipltation of uranium (IV) 1s more Belec-
tlve. It 1s made from dllubte hydrochlorlc or perchlorilc
acld solutlons. Separation 1is made from manganese, iron,
vanadium and most other elements. Zlrconlum, thorium, and,
to a smaller extent, titanium and tin precipitate.lgé:lgg
Aluminum interferes by the formation of soluble complexes wlth
uranium and phosphate 1ons.22 With sulfate and aluminmum
present, uranium 1s precipltated in a narrow pH-range around
one. At higher pH, the soluble sluminum-uranium-phosphate
complex 18 formed; at lower pH, the soluble uranlum-sulfate
complex. Chromlum 1n exceee of 0.2 gram per 100 milliters
causeg incomplete precipitat—ion.lgé Large amounts of fluoride
ion prevent precipitation.lﬂé

Sodilum hexametaphosphate [(NaPO3)6] also precipltates
uranium (IV) from acid solutions.gﬁg Adherence to falrly
stringent condltlons allows for complete precipitation. A
3N.K310, solution of uranium (IV) 18 heated to 60-70°C. If
more than 2 mg. of uranlium are to be precipita%ed, a freehly
prepared 2% hexametaphosphate solution 1s added until its
concentration in the precipltating medilum is 0.30-0.35 per
 cent. To preclpltate smaller amounts of uranium, a2 0.5
per cent solutlon of thorium chlorlde ls added as carrier

‘and the hexametaphosphate added until it 1s in excess 25 per

cent wlth respect to the thorium, i.e., molar ratio of Th:PO3
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is 1:5. Coagulation 1s lmproved by heating in a water-bath
for ten to fifteen mlnutes after precipitation. Under these
conditions separation is made from V (II) and (IV), Fe, du,
and other di- and trl-valent metals. Incomplete precipitation
occurs wlth Increased or decreased acldlity -- probably because
of enhanced solubllity of the compound and complex formation,
respectively. Precipltation from sulfurlc acld 1s incomplete
Pecause of uraﬁium-sulfate ¢omplex formatlon. Under certaln
condltions both uranium (IV) and (VI) form complexéa wilth
hexametaphosphate.

Hypophosphoric -acid (H4P206), sodium dihydrogen hypo-
phoephate (Na2H2P206), and sodium pyrophosphate (N32P207)
precipltate uranium (IV) from acid solutions.f Other
tetravalent metals, T1, Zr, and Th, also preclpltate. Separa-
tion is made fraom uranium (VI) and trivalent metals-1n-genera1.3-E

Phosphites. Sodium hypophosphite (NaHzPOE) and ammonium
thiosulfate or sulfurous acld precipltete uranium from a
boiling, dilute acid solut-ion.gil Zirconlum and tltanium
precipitate under simllar conditions. These elemente may
be separated prlor to uranium by boiling with sodium hypo-
sulfite alone. Elements forming acid~insoluble sulfides
are removed wilth hydrogen sulflde before adding sodium hypo-
~phosphlte and ammonium thlosulfate.

Sulfetese. Uraninm (IV) sulfate 1s practically *neoluble
in 47 per cent perchloric acid. Precipltation is made in a
sulfurlc acld medium. Uranium 18 reduced on a mercury cathode
and concentrated perchloric acid 1s then added.

Sulfides. Ammonium eulfidef or polysulfide preclpitates
brown, amorphous uranyl sulfide. Numerous other elements are
precipltated under similar concl:l.t::l.cnna.?-i1 Complexling agents
such as carbonate, pyrophosphate, and cltrate interfere.iﬁ
Uranium (IV) salte are precipltated as UO, * Hy0 by ammonium

sulfide.122
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Hydrogen sulflde bubbled through & nearly neutral solu-
tion of uranyl salts contalning hexamethylene tetramine pre-
cipltates uranium in & readily filterable, cryestelline form
of "uranium red."’ Separation 1s made from alkall metals and
alkalline earths.iﬂilgz

Vanadates. Ammonlum metavanadate ﬁrecipitates ammondum
uranyl vanadate from uranyl solutlons buffered with ammonlum

'aceta.‘ce.-:i-lL Uranovanadlc aclds are preclpitated at pH 2.2-

6_5_2E2 Within these limits, the composition does not depend
upon the hydrogen lon concentration. It does depend upon the
vanadium : uranlum ratlo present in solutilon. Compounds
corresponding to the formulae

H[UOE(OH)2V03]-H20, H[U02(0H)(V03)2]'2H 0, and H[U02(V03)3]'4H20

2

have been-identified.gig Ammonlum salte of these aclds have

been syntheslzed 1n the presence of ammonium chloride.g&g
Ammonium uranyltrimetavanadete 1s the least soluble. However,
its formatlon 1s a long process at room temperature. Heatlng
greatly accelerates its rate of formation.

Organlc precilpltants. Organlc preclpltating reagents

are listed alphabetlcally.

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

An alcoholle golutlion of the reagent added to a uranyl salt
solutlon forme a pale yellow preclpitate insoluble 1n ethano%%i
Precipitation occurs between pH 1.5 and 7. Below pH 1.5 the
reagent precipitates. The thorium complex 18 soluble 1n
alcohol, but precilpitates from an aqueous solutlon 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 precipltated by
the reagent with the addition of ammonlum thiocyanate.gli
Iron (III), cobalt, copper, zinc, cadmium, mercury, and bis-

mith pr’ec:Lp:Lta.te.gl'-i’-glé
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Aldehyde ammonla preclpltates an.glé

Alizarin and Allzarin Red S (sodium alizarin sulfonate).

Uranium i1s preclpitated slowly by the reagents when the
uranyl lon concentratlon 1s less than 20 mlcrograms per
m111111ter.222

Auminon (ammonium salt of aurintricarboxylic acid).
The reagent precipiltates both uranium (IV) and (VI) from
sulfate solutlons at pH 3.5.gl§

Amines. Ammine salts, generally of the form U02(Am1ne)2 xa,
where X is an acld radical such as acetate, chlorilde,
nitrate, etc. have been prepared from acetanilide, anti-
pyrene, bromoantipyrline, dlethylaniline, exalgin, nitroso-
antipyrine, p-nitrosodlmethylanlillne, phenacetin, pyramidon,
pyrldine, quilnaldine, and quinoline. Mono-, trl- and tetra-
ammlnhe selts also have been formed. The salts are generally
prepared in anhydrous chloroform or amyl alcohol solutiona.
However, some of the more stable salts may be precipitated

from aqueous or alcoholic solubions:gl&ig&i—

2-Amino pyrldine preclpitates UO3.glé

Ammonlum benzoate. Uranyl lon 1s precipltated by the

reagent from slightly acidic solutlions heated to bolling.
A 0.05 N solutlon of the reagent contalning about 2.5%
NHuoH 1s bolled separately and added 1n an excess of three
to four times the uranlum present. Carbonate lon prevents
guantitative precipibation.lggig&é

Ammonium dithilocarbonate precipitates uranium (VI).

Derivatives also are formed with Al, Mn(II), Fe(II), Co,
Ni, Cu(II), Zn, Ag, Sn(IV), Pb, and 31.34—6

Anthragellol forms brown precipltates or solutions with
v, wod |, Fe3*, cu?*, and Moch™ . 2L2

Anthranilic acid. Uranium (IV) is precipiltated from a

solutlon of the reagent buffered with ammonium acetate. The

reagent added to a O.lgth(NO3)2 solution forme a heavy
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yellow preclpltate. The amount of precilpltate 1s increased
by the addition of 1M acetic aclid; decreased by the additlion
of 1M sodlum acetate. Flfty mlcrograms of uranyl ion per
drob of solutlion glves no obaervable preclpltate. In acetic
acid-sodlium acetate buffered solutlions, slightly soluble
Balts are formed wilith the reagent and Mn, Co, Ni, Cu, 2Zn,
cd, Hg(II),and Pb.212

Arsonlic aclide. Benzenearsonlc acidf precipltates

uranium (IV) in a weakly acldic solution, pH 1-3. Titanlum
and cerium (IV) are partislly precipiltated. Thorium, zir-
conlum, hafnlum, tin (IV), nloblum, and tantalum are
quéntitatively precipitated.§£

Arsonilic acid (p-amlnobenzenesrsmis aclid) precipltates
uranium (VI) in a2 weakly acidie solutlion, pH 1-4 or great%%;
At pH 2.1 or greater the preclpltation 1s quantitative as
evidenced by negative ferrocyanide teste of the flltrate.
Other lons whilch precipltate from neutral or slightly acldilc

+ b+

solutions include Cu®', zn®", ¢d°%, and U With the

addition of sodlum acetate, alumlnum and ferric lons also
precipitate.glé
Other substituted arsonic aclds which glve difficulty
soluble uranyl salts are 3-nitro-k-hydroxybenzene- and
34

methane-arsonle aclds.=—

Bls-benzenephosphoplc acld. Tests on 50-150 mg/i

uranium (VI) in sulfurle acld solutions in the presence of

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

aluminum, magnesium, and phosphate lons gave nearly 99%

precipitation with the reagent. Optimum conditlons for

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

to uranium.—

Benzenesulfinlc acld precipltates uranium (IV) in

acidlc solutions. Iron (III) and the tetravalent lons Ti,

Sn, Ce, and Th also precipit-ate.gli
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Benzopurpin precipitates uranium (IV) and (VI).glg_

Benzoylacetone precipltates uranilum (VI).glé

5=-Bromo-7 -carboxy-8-hydroxyquinoline precipltates

uranium (VI), copper, zilne, cadmlum, mercury, and lead.gﬂg

5-Carboxy-8-hydroxyquifioline precipiltates uranium (VI)

in solutions huffered wlith acetic acld and sodium acetate.

Iron, copper, zlnc, cadmlum, mercury, and lead precipitate.gﬂg

7-Carboxy-8-hydroxyqulnoline precipltates urenium (VI)

in ammonlacal tartrate solutions.

Catechol forms compounds with tetravalent uranium, silicon,

titanlum, zlrconium, and tho::-ium.-gli Catechol combined with

pyrldine precilpltates hexavalent uranium.gli—

Cresotinlec acld 1n the presence of eodlum acetate pre-

cipitates uranium (IV) from solution. Aluminum and iron

(III) also preclpltate. Separation i1s made from Cr, Fe(II),
Co, Ni, Cu, Zn, Cd, and Mo.215.216

Cupferron (ammonium nitrosophenylhydroxylamine).*

Uranium (IV) 1s precipltated from aecidic solutlons by the
reagent. Good separatlion 1s made from other elements 1f this
preclpltatlion follows one in which uranium was kept 1n the
hexavalent state. Ions which are preclpltated by cupferron
from acldiec solutlons include Ti, V, Fe, Qa, Zr, Nb, Sn, Sb,
Hf, and Ta. Ions which are not precipltated under such
conditions include the alkall metals, alkaline earths, Be,

B as borate or flucoborate, Al, P, Cr, Mn, Ni, Zn,and U(VI).
Precipltation 18 usuelly made 1n & sulfurlc acld medium

but hydrochloric or organic acids may be used. Nitric acild
should be avolded; also perchlorilic acld 1f the precipitate

13 to be 1lgnited. The presence of a reduclng agent, hydrcx-
ylamine or sodlium hydrosulfite, facllitates complete pre-
clpitation of uranium (IV). The cupférrate may be filteréd
or extracted wlth an organlc solvent such as chlo::-ofozz-m.ii'-259 R
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Hexavalent uranium 1s precipltated by cupfefron from

neutral solut:-:l.onsl.—".‘-ég

Dlibenzoyl methane forme a yellow preclplitate with

uranium (VI) ﬂé

3,5-Dibromosallcylaldoxime precipltates U(VI), Co, Ni,

Hg(II), and Pb.22L

4,4 -Dihydroxy-3,5,3',5 -tetra(hydroxymethyl) -diphenylmethane
precipitates U(VI), Mn, Fe(III), Cu(II), and Hg(II).glé

Dimethylammonium dimethyldithlocarbomate forms & red
) 216

precipltate with uranium (VI

Diphenyl thiocarbgzlde precipitates uranium (VI) from

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

precipitate with the reagent.2i8

Dipropylamine forms & yellow preclpitate wilth uranium.glé

Diselicylalethylene diimine precipltates uranium (IV)

and (VI). Most heavy metals are preclpltated by the reagent.ii
216

3=

Ethylenedlamine and uranyl nitrate form an insoluble

Ethanolamine precipitates UO

double salt, U0,S0,(H,SO)), NH,CH.CH,Ni,, 1n alcoholic-sulfuric
acld solution.-gég Double salts of the same type are formed
wlth plperazine and dimethylpiperaszine. Siemssenggi observed
that a solution of ethylénediamine added to a uranium solutilon
glves a bright yellow crystalline preclpltate that 1s soluble
1n excess reagent.

Ethylenedlemine tetracetic acid. Uranium 1s precipitated

when a uranyl acetate solutlon 1s bolled wilth solid reagent.g-Ei
| Gallic acid precipitates U(IV), U(VI), Fe(III), Cu(TT),
and Zn.glé

GQualacol. A brown preclpltate results from the reactlon of
the potassilum salt of gualacol and uranyl acetate in an
agqueous solut:l.on.g-52

Hexamethylene tetramline (urotropine)? 18 a weaker base

than ammonlum hydroxlde and does not absorb carbon dloxide.
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This reduces the likelilhood of carbonate lnterference and of
alkaline earth carbonate precipltation. Uranium 18 preclpi-
tated when the reagent 1s .boiled 1n a uranyl solutlon that
containg ammonium lon and no excess acid.EE Ions that form
stable complexes with uranium interfere. Separation can be
made from alkell metals, alkaline earths,. Mn, Co, Ni, and
Zn. 2Zr, Ti, Fe, Al, Ce(IV), Th, and some other elements
precilpltate.

A double salt, U02804-H2804'(CH2)6N4, 1s formed with the
reagent and an excess of sulfurdec acld and uranyl ea.=.11:.g-§é

a-Hydroxyacetophenone forms a white precipitate with

hexavalent ura.nium.g!'-é

1-Hydroxyacridine (l-acridol or benzoxine) preclpitates

uranium (VI) in neutral solutlons. Calcium precipitates from
neutral solutilons; Mg,Ca, and Ba from alkallne solutions;
Cr(III), Mn(II), Fe(II and III), Cu(II), Zn, Cd, Hg(I and II),
Te(II), and Pb from solutions contalning acetlc acid and
sodium acetate. Al, Sn(II), and Bl do not precipitate.géz

1-Hydroxyanthraquinone forme elightly soluble complexes

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

ganease ions.glé

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

uranium, thorium, ceric salts and cerite ea.rt:hs.gé-El The
cerle Bgl%s and cerite earths are not preclpltated by the
reagent. Thorium 1s precipitated at pH 2.6-4.0. Uranium
(uranyl ion) precipitates at higher pH.

8-Hydroxyquinaldine. Tetravalent urenium 1s preclpitated

by the reagent with the additlon of ammonlum acetate. The
precipltatidn of hexavalent uranium is almost quaentitative
in the pH range 7-9 from carbonate-free ammonlum acetate
'Wbuffer.gég Iron, cobalt, nlokel, copper, cadmium, and
chromlum are precipltated by the reagent.glé

8-Hydroxyquinollne (oxine).f Hexavalent uranlum is
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preclpitated as U02(09H6NO)2 . 09H7N0 from weeakly acidlic or
basic solutions.gi Quantitative recovery has been reported
over the pH range 4.1-13.5. A large number of other elements
are preclpitated by oxine inecluding Mg, Al, Cr, Fe, Co, N1,
Cu, Zn, Cd, Mo, Bi, and Th.gliigég:géi Uranium can be pre-
clpltated 1n the presence of small emounts of complexing
agents: fluorlde, hydroxylamine, oxalate,lactate, end tar-
trate.ﬁi Separation from small amounts of phosphate also can
be made at pH 10-12 using an excess of oxline., Ammonium
carbonate interferes. Tetravalent uranlum and oxline form

a brownish-yellow depoait.glé

Isatin-B-oxime (ﬂ-isatoxime).f Uranyl and mercurilc

jons are preclipltated by the reagent from weakly acldic
solutlon. Precipltatlon 1s incomplete but can be made
quantitative by 1ncreasing the pH with sodlum acetate. A
number of other elements preclpltate under these conditions
including Fe(II), Co, Ni, Ag, Hg(I), and Pb.g-éE Separation
can be madé from Mn(II), Zn, and alkaline earth -iona.géé
In alkali tartrate solutlionsa, uranium can be separated from
cobalt and nickel.géé

Isojuglone. The sodium salt of thls reagent and uranyl
acetate form a carmine-red preclipltate after washing with
ethanol. Iron, cobalt, nickel, zine, cadmlum, mercury, end
lead are preclipitated by the reagent.géz

Isonitroso-N-phenyl-3-methylpyrazolone. Uranyl nltrate or

acetate forms a reddish-orange preclpltate with a 1% solution
of the reagent 1in a 50% alcoholle solutlon. Precipltetion is
quantitative with the additlon of sodlum acetate. Mercury (I)
and (II), copper (I) and (II) and uranyl lons precipitate

in scidic media (nitrate or sulfate). In acetate solutilons,
lAg,'Cd, Ni, Co, 2Zn, Cu(II), and Uog+ ions precipltate. By
reduclng the acldlty wilith sodium acetate, salts of Ag, Pb, Bi,

Cd, Mn, N1, Co, Fe(II), and Fe{III) can be precipitated from
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nitrate solutlona. Salts of TL(I), Sp(III), Sn(II), A1,

Cr(III), and the alkaline earths 4o not prechp:l.ta’ce.g--s-Ei

Lauramidine hydrochlorlide. This reagent has been

tested for the separation of uranium fraom phosphate solutions.gﬁg

At pH 2.145, 75% of the uranlum was preclpltated.
N-Lauryl-lauramidine. This reagent also has been tested

for the separation of uranium from phosphate solutionas. At
pH 2.45, 85% of the uranium was precipltated.

Mercapto-acetic acld forms a greenish-whlte precipltate

wilth tetravalent uranium.glé&glé

Methylamine precipltates uranium (VI).E;E

Methyl red causes urenium (VI) and aluminum to pre-
cipitate.glé

Morpholine precipitates uranium (IV) and (VI) as well
as a number -of other metal :Lons.glé A 1 mg per ml solution
of uranyl nitrate shows only a yellow color with the reagent.
No precipltate 1s 1‘.‘01:-med..g!‘-2

PB-Naphthoguinoline in the presence of thiocyanate 1on

precipitates uranium (VI), mercury, bismuth, copper, cadmium,
nickel, cobalt, zine, and iron (ITI) from sulfuric or nitric
acld ta:ol1.11.:i|.ons.g-§2

Neo-cupferron (ammonium a~nitrosonaphthyl hydroxylamine)

is gimilar to cupferron in its epplication. Uranium (IV) is

preclpltated by the reagent.g-;-l£

Nitrilotrlacetic acid forme derivatives with uranium (VI),

iron (IIT), nickel, and copper (II).gIg
m-Nitrobengolc acld preclplitates uranium (IV).§£

o~-Nitroasohydroxylaminophenyl p-toluenesulfonate forms a
yellow precipiﬁate wlth hexavalent uranium. Many other me-
tallic lons are preclpltated by the reagent including Alf Cr,
Fe(III), Co, Ni, Cu(II), Cd, La, Ce, Hg(II), Bi, Pb, and Th.2IL

a-Nitroso-S-naphthol * deposits uranium (VI) as & very

fine, yellow-orangeii to brovnrn?-}-i precipltate. Precipltation
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1s made in the pH range 4.0-9.4.gzg

Metals such as 1iron,
cobalt, nickel, and. copper are precipltated from slightly acid
solutions. Molybdenum as molybdate ion, zine, and uranium (IV)
form colored solut-ions.gli Aluminum, chromlum, and cadmium
give no vislble reaction.glé The uranlum compound can be
extracted wlth amyl alcohol.-3-i

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

acidlc solutlion. Iron, cobalt, nickel, copper, zinec, and
molybdate lone also are preclpltated by the reagent. Alumi -~
num, chromium, cadmium, and uranium (IV) gilve no visible
peactlons. The precipitation of uranium (VI) 1s most nearly
complete in an acetate buffered aolution.glé

Oleic acid 18 a preclpiltant of uranium (VI). 216

Oxallc acidT precipltates uranium (IV) from aéidic
E;olution.-z-li Strongly complexing organic compounds and
fluoride, sulfafe, and large amounts of phoephate lons 1nter-
fere. Uranium 1s preclpltated from 2-3N hydrochlorlic acld
media. At lower aclditles other metal oxalates precilpltate,
eg., Fe(II), Zn, Cu. At higher acidities the solubllity of
uranium (IV) oxalate Increases. Immediate filltration of the
preclpitate may result 1n losses up to 1% of the uranium to
the filltrate. _Recovery of uranium may be made more quantl-
tatlve by chilling the solutlon and allowlng 1t to stand.
Small amounts of manganese, iron, and nlckel may be carriled
wlth the precipitate. Niloblum, the rare earths, and thorium
precipitate under similar conditlions. If uranium 1s reduced
on a mercury cathode prior to precipltation, no cations in
moderate amounts interfere except rare earths and thorium.

Precipltation of uranium can be made 1n cold 1N nitric
acld solutions.gig The uranium content should be.less than
70 grams per liter. Enough oxallc acld 1s added to glve a
10% excess of the amount theoretically requlred to precipitate
U(ceou)e. The uranium then 1ls preduced to the (IV)-state by
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ra
adding suffilclent rongalite (Na2H28204-2CH20-4H20) to give a
7-10% excess of 1 mole of rongallte per mole of uranlum.

Phenanthrene quinone monoxime preciplitates uranlum (1v)

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

Phenoxarsinlc acid preclpltates hexavalent uranium.gﬂg

2+

Phthlocol precipiltates U4+, UO§+ s Zn

ions.glé

, and Mo0%~

Picrolonlc acid precipltates tetra- and hexa-valent

uranium and most other metallic 1ons.gl§

Piperazine. (See ethylenediamine).

gxridineT does nof absorb carbon dioxlde like ammonium
hydroiide does. Thle reduces the'posaibility of carbonate
interference or of alkallne earth precipitation 1n a uranlum
separatlion. Ammonlum nitrate facilitates uranium precilpltation.
Sulfate lon hinders 1t. Separation can be made from alkall
metals, alkallne earths, Mn, Co, Ni, Cu,and Zn. 2r, Ti, Fe,
Cr, Al,and othérs are preclpltated by the reagent.gi

Pyrogallol and pyridine combine to form & derivative with
hexavalent uranium.gli

Quinaldic acidT forms & yellow, amorphous precipltate

wlth uranyl :Lon.glé Preclpiltation 48 made from a neutral or

weakly acidic (pH 2-3) solution 1n the presence of ammonium
chlorlide. The reagent preclpltates & number of metals lncluding
copper, zinc, cadmium®l3 and uranium (IV').—2-!'--i Uranyl ion
18 not preclpitated 1n the presence of alkall ta.rtr-at:eg-z-li or
& high concentratlon of acetate 1on;glé

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

Rhodizonlc acld forme a blue-black preclpltate with

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

T1, Pb, Cu(II), cd, Bi, Zn, Sr, Ba, Fe(II), and UOE(II) laona

are precipitated. At pH 2.8, Ag, Hg(I), T1, Pb,Ci, Ba, and Sm(II)
are precipitated.gzg
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Salicyeclic acld. The sodlum salt of the reagent forms

a greenish-white preclpitate with uranium (IV). Under con-
ditlons tested, Al, Cr, Fe, Co, Ni, Zn, Cd, Mo( , and UG
lons were not prec-ipitated.glé

Sebaglc acid brecipitates uranium (IV).QE

Sodium- acetate precipltates sodlum uranyl acetate from

ﬁeutral or weakly acldic solutlons of uranyl salts.lgg The

- method 18 not very useful for the precipitatioh of traces of
uranlum. The solubllity of sodlum uranyl acetate in a
solutlon 5M in sodium nitrate, 1M In acetlc acid, and 0.5M
in sodium acetate 1s about 100 mg per 1iter.gZ§ Neptunlum
(VI) end plutonium (VI) also preclpltate under these condl-
tlons. The addltion of sodlum acetate and zinc acetate to
a neutral or weakly acldic uranyl salt solution precipitates
the triple salt, sodium zinc uranyl acetate.lgg

Sodium dilethyldithiocarbamate preclpltates tetravalent

uranium, aluminum, iron, cobalt, nickel, copper, and cadmium.gli
Hexevalent uranium may be precipltated when both uranyl and
reagent concentrations are sufflclently large.246 2

Sodlum ethyl xanthate forme an orange preclpiltate
) 216

with uranium (VI
Strychnine 1n the presence of fluoride lon precilpltates

hexavalent uranium as 7(C HF) - 6(U02F2) * 2HF. The

211220
80lubllity of the preclpltate. in water at 25°C 1s 47.5 mg/100
ml; in 60% alcoholic solution at 25°C, 30 mg/100 ml.2L8

Tannic acid (digallic acid)f and tannin (a glucose ester
of tannic acid)* react with uranium (VI) to glve a deep-brown
.1:n:'ec:1.pit-ate.-3-i Elemente arranged according to decreasing
eage of precipltation by tannin are Ta, Ti, Nb, V, Fe, Zr, Hf,
Th, U, Al.’gz2 The poslitlon of chromlium 1n this serles 1s
uncertaln. Tantalum, titanium, and nioblum may be separated
by tannin in‘a slightly acildic oxalate solution. Uranium and

others are preclpitated by adding more tannin and by making
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" the solutlon ammonlacel. Uranium may be precipltated from

such solutions in the presence of mrbonate, acetate, or tartrate
1ons.222

Thiosinamine. Uranlum and cadmlum are preclpltated when
‘an alkaline solutlon containing these elements 1a bolled with
the rea.gent.?-§g

Carriers. Trace amounts of uranlium may be removed from
solutlon by the use of gatherding agente or carrliers. The
cholce of a partlicular agent depends upon the conditions
under which precipitation 1s to be made and upon subsequent
chemistry to whilch the precipltate is to be subjected.
Rodden and Warfii have deseribed the applicatlon of several
carrlers: ferric, aluminum, and calclum hydroxide. The use
of barlum carbonate and thorium hexametaphosphate has been
mentioned in the Bectlion on 1lnorganic precipltants. Mag-
nesium oxlde and thorilum psroxide have been used.iﬂ The
oxlde and salts of ant-:l.monqr,2§l~-’-gt—3-g calcium fluoride,i-li
and the phosphates of zircon-ium,lgI bismuth,ggi and thoriumlgz’
240 have been used to carry uranium from reduced solutlons.
Uranium (IV), 1n general, should behave simllarly as nep-
tunium (IV) and plutonium (IV). These are carried by
lanthanum fluoride, cerlc and zlrconium lodates, cerlc and
thorium oxalates, barium sulfate, zlrconlum phosphate, and
bismuth drsonate.gzg Uranium (VI) does not carry wlth these
agents provlding the concentration of either carrler or

uranium 1s not too large.

Complexes. The preclpitation of uranium in normally

precipltating medla 1e inhibited by the formation of

soluble complexes.-ai Carbonate lon 1B a very effilclent
complexing agent of uranyl lon. In ammonlum hydroxlde

solution, uranium can be separated from iron,_titanium,
zlirconlum, and aluminum with carbonate lon present. In ammonium

sulfide solutions, carbonate lon makes possible the separation
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of uranium from manganese, lron, cobalt, zinc, and tltanium.
Ammonium carbonate prevents the precilpltation of uranium with
phosphate. Preclplitation wlth sodlum carbonate makes posaible.
the separation of uranium from beryllium, manganese, iron, cobalt,
nickel, zine, titanium, zlrconlum, and the alkaline earths.

SodIum peroxide faclllitates the separation of uranium and
other metals with sodlum carbonate. The addltion of the per-
oxide alone to acid solutions of iron, cobalt, rare earths,
titanium, zirconium, hafnium, and thorium causes thelr preci-
pitation while uranium, 1f present, remalns 1n solution.

Uranium does not precipltate with tannlc acld in slightly
acldic solution wlth oxalate lon present. Tiltanium, nlobium,
tin, tantalum, and tungsten are preclpitated under such con-
ditlions. Oxsalate lon also interferes 1n the precipitation
of uranium by ammonia. |

Tartrate, cltrate, and malate ions prevent the precipi-
tatlon of uranium by ammonlum hydroxlde or §u1fide.§£

Sallcyllec acid and hydroxylamlne hsve both been used to
complex uranium ln separations from rare earth elements.-a-lt
Hydroxylamine has been used in separations between uranium and
berylilum, aluminum, lron, and thorium.éi

Complexling agents that form weak complexes with uranium
and relatively strong complexes wilth other metalllc lons make
separatlon posslble between the two: uranlum ls preclpltated
by a sultable reagent; the other lons remaln in solutlon.
Ethylenediaminetetracetic acid (complexone .II) and 1ts
disodium salt (complexone III) haﬁe been used successfully
in this respect. Uranlum has been preclipltated with
emmonla in the presence of complexones wlthout lnterference
from Al, Cr, Mn, Fe, Co, N1, Cu, 2n, C4, La, Ce, Hg, Pb, Bi,
'ahd the alkellne earths.g§£ The recovery of uranium 18 not
entirely quantltatlve slnce the complexing agent lncreases

the solubllity of the ammonium uranate.lg6 28 The absorp-
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tion of impurlties 1n the precipitate may necessltate
dlssclution and reprecipitation of the uranium.'lgé Berylll
and titanlum follow the uranium chem:l.at—ry.'-g§§ | -
Quantitative recovery of uranium from the aforementioned
cations: Al, Cr, Mn, Fe, etc., can be made with ammonium
monohydrogen phosphate, (NH4)2HP04, in the presence of
ethylenediaminetetracetlc acid.ggéiggz Beryllium and
titanium agaln interfere. Small amounts of titanlum may be
complexed wilith hydrogen peroxide before the addition of

other reagenta.ggz

Sen Sarma and Mallikggg have studlied the separation
of uranium from other elements using 8-hydroxyquinoline (oxine)
as preclpitant and complexone III as complexling or masking
agent. It was found that complexone had no masklng actlon
on uranium in the pH range 5-9. In a solution buffered wlth
scetle dcld and ammonium acetate et pH ~5.3 quantitative
separation was reported between uranium and Al, Mn, Fe(III),
Co, Ni, Cu, Zn, Z2r, C4, rare earths, Pb, Bi, Th, and P205.
In ammoniscal medium at pH ~8.4, a simillar separation was made
from V205, Moo3, and W03; Steele and Tavernel:',l-2§ however,
were unable to duplicate the above results.

Solvent extractlon. The solubllity of uranyl nitrete in

organlic solvents has long been recognized.lgé The ability
of dlethyl ether to extract this salt has been used in
gystems of anelysls for many years. However, 1t 1s only
within recent years (starting in the 1940's) that widespread
use has been made of solvent technlques as a means of

geparating and purlfylng inorganlic substences in genersal 289-299
and uranium in par-ticular.191"192-’194’197'199—’39'0:305

The conditlons under which uranium may be extracted are
many and varled. In the present paper, extraction from
aqueous solutlon 1s considered. However, extraction from

solild phase339§:391 and slurrie539§ has been investlgated
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and a favorable uranlum partition has been found. Conditions
whlch affect the extractlon of uranium from aqueous solutlon
by organic solvent are the composltion of the aqueous phase,
the nature of the organlc phase, the temperature, and the
time of equlllbration. In the aqueous phase, such factors
a8 uranlum, acld, common anion, forelgn anlon, and forelgn
cation concentration must be considered. The nature of the
organic phase depends upon the type and concentratlon of
solvent and dlluent. If the organlc phase 15 not 1nitlally
barren, lte concentration of uranium, acld, etc., affects
partition.

Because of the number of varlables and the large number
of uranlum solvents, one cannot conelder, in a volume of thils
glze, each solvent in the light of each variable. Indeed,
the behavioral relation between solvent and the afore-men-
tioned varlables 18 known for only a few well-studled solvents.
The purpose of the present paper 18 to provide information
on the conditions best-sulted for the quantitati&e extraction
of uranium or for the separation of uranium from interfering
elements. Thils 18 done as much as possible 1n graphic or
tabular form.

The solvente are divided into flve general classiflcatlions:
1) ethers, esters, ketones, and alcohols; 2) organo-phosphorous
compounds; 3) amines and quaternary emmonium salts; L) carboxylic
aclds; 5) chelating agents. Dialkylphosphorilc aclds, eg.,
dibutyl phosphate, are classified as organophosphorus com-
pounds rather than chelating agents. Carboxylic aclde are
clagsifled g8 Buch,although some may also be consldered
chelating agents, eg., sallcyllc acid. A number of extrac-
tants may serve also as diluents or secondary solvents for
other extractants. Such systems are descrilbed under the
primary extractant. For example, & cupferron-hexone system

is described under "cupferron'" rather than under "hexone!
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In the discussion, the terms "extractant" and "solvent"
are often used 1nterchangeably. '"Diluent" 1s used to describe
a secondary solvent rather than the term "lnert solvent." The
cholce of dlluent may appreclably affect the partition of
uranium. A number of terms that are frequently used are
defined below.

Partition or -extractlon coefflclent:

o = O _ concentration of g substance in the organlc phase
T, ~ concentration of the same substance 1n the aqueous
phase

Percentage extracted:
a
P = Tra X 100, when equal volumes of both phases are present

after shaking.

Mass ratlo:
- Mo - amount of a substance ln_the organic phase _ . Yo
B ﬁ; ~ amount of the same substance in The aqueous V:

phase
Beparatlon factor:

concentration of substance A in the organlc phase
8 concentration oi” substance B in the organie¢ phase
concentratlion of subgtance A 1n the aqueous phase
concentratlon of substarnce B in the aqueous phase

oFls®

Equlliibrium laws. The physlcal chemlcal princlples

Involved in the solvent extractlon of uranyl nitrate have
been summarized in references 308-312. Detalled methods
of treating the varlous equllibria lnvolved have been
devised.lil&il}:ili A more simple approach,adapted from a
paper by Carleson%il 18 herewlth presented.

It may be assumed that within a certaln concentration
range an average uranium complex 1s extracted. The complex
is representative of a whole set of complexes and may be
written HXM(+X)L(x+y)(H2O)h - (8),- M*®, in this case,
may be ut” or UOZZ. L, as written, ig a singly, negatively
charged ligand. It may be more hlghly charged. S8 represents
a solvent molecule. The subscripts y, h, and n need not be
Integers. The reactlon for the extraction mechanlism may be

wrltten '
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M¥aq + yH'aq + (xy)L7aq + nS org <
HyML(x+y)Sn(H20)h°r5 + mH,0.

The thermodynamlc equilibrium_cqistant for the reaction 1is

m
_ [HyML(x+y)Sn(H20)hJ org {§2o

K =
) (57 (115 [818rg - £(9)

where {-}-and [ ],respectively, represent the actlivlity and
concentration of a quantlty in the agueous phase unlese
otherwise identified by the symbol "org.". f(7) represents
the product of the activlty coefflecients. The partitlon
coefficlent is approximated by

[HyML(K+Yl§n(H20)h]org

a == 0
M >

The relation between the partilition coefficlent and equilibrilum
constant 1s

log a =y loglhtlag + (x+y)loglL lag + n loglSlorg

-m log {§2§} + log t(y) + log K.

Information concernlng the extracted specles may be obtalned
by measurlng the partition coefflclent whlle varylng the
concentration of only one of the quantitles. A knowledge of
the activity coefficients is_then requlred or the product of
the activity coefficlents 1n both phases must be kept constant.

As stated previously, the above approach to solvent
extractlion is a simplified version. It represents only an
average extracted species. Among other things, it does not
conglder the effect of water activity 1n tﬂe organlc phase,
golvent activity in the aqueous phase, complex formatlion be-
tween the varlous components 1n elther phase, or the formatilon
of polynuclear species. These effects may be large or small
depending upon the solvent, aqueous medium, and uranium con-

centration involved.

ETHERS, ESTERS, KETONES, AND ATCOHOIS., Uranyl nitrate

18 extracted by many polar solvents which contalin donor

oxygen atoms such as ethers, estere, ketones, and alcohols. 16320

\
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Extractlon from water solutions l1a small unless the uranium
concentration 1s apprecilable. Thie 18 shown in figures 1-5
in which the data of McKay and co-workera,izgilgé 1.f\r¢a.rne:|:',-3-21--?--agg
and Vesely, 95_5;;23 are plotted. 1In general, it has been
obse::'ved-3-gl that: '

1) the extraction coefficlent of uranlum decreases when
the number of carbon atoms 1ncreases for a glven homologous
series of organlc solvents, ' .

2) for & molecule with a given number of carbon atoms
and ea glyen chemical functional group, solvents with straight
chalns 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 coefficlent of extractlon increases wlth the
80lubility; but there 18 no well-defined relation between
the two. | |

Evlidence consldered in the sectlon on non-aqueous sol-
utions indicates that uranium 1s extracted from aqueous
nitrate solutions as hydrated, solvated uranyl nitrate,
U02(N03)2(H20)hsh' Under approprilate conditions, the
hydrated, solvated trinitrate-uranyl complex may be extracted.
The relatlonshlp between partition coefficlent and equilibrium
congtant for the extraction mechanism shows the extraction of
the former species to be favored by 1large free nltrate and
free solvent concentrations and b& smell water activity.

Effect of nitric acid. The addition of nitric acid to

the aqueous phase favors the extraction of uranlum by pre-
venting or decreasing the hydrolysis of uranyl 1lon and by
increasing the nitrate 1ion conoentration.ig& Nitric acid

1s extracted also by the organic solvents. This requires
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Figure 1. Partitlon of uranyl nitrate between water and simple ethers. O,.diethyl ether. A,
ethyl-n-propyl ether. 0O, ethyl-n-butyl ether. WV, di-isopropyl ether. 8, dl-n-butyl ether. a,
dl-n-hexyl ether. 0O, 2,2’-dichlorethyl ether.

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

1-B. After R. K. Warner, reference 321. Dashed curve represents the partition of uranyl nitrate
between dlethyl ether and a saturated ammonlum nltrate solutlon. Temperature, 20°C,
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Figure 2. Partitlon of uranyl nitrate between water and complex ethers. O, phenyl cellosolve,
A, dibutyl cellosolve. V,V, dlbutyl carbitol. m,0, pentaether.

2-A. Open symbols, after E. Gleuckauf, H. McKay, and A. Mathleson, 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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Flgure 3-A. Partition of uranyl nitrate between water and 1soamyl
acetate. After E. Glueckauf, H. McKay, and A. Mathieson, reference
185. Temperature, 25°C.
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Flgure 3-B. Partltion 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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Flgure 4. Partition of uranyl riltrate between water and ketones. O, methyl ethyl ketone. e,
methyl 1lsobutyl ketone. A, methyl n-amyl ketone. A, dl-lsobutyl ketone. 0O, cyclohexanone, MHC,
methyl cyclohexanone.

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

4-B. MHC curves, after V. Vesely, H. Beranovd, J. Maly, reference 323. Dashed curve--agqueous
solution, 6M NH 4NO3. Remaining curves, after R. K. Warner, reference 321. Temperature, 20°C,
Dashed curve--aqueous solutlon, saturated ammonium nitrate.
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Flgure 5. Partitlon of uranyl nitrate between water and alcohols.
O, n-butanol. @, n-pentanol. A, n-hexanol. V¥V, methyl i1sobutyl
carbinol. 0O, 1lscamyl alcohol. B8, sec-octyl alcohol

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

'5-B. After R. K. Warner, reference 321, Temperature, 20°c.

69



that 1t be replaced 1n continuous or multlcontact extractlon
process. Large concentrations of nitriec acld are generally

not deslrable. The formatlon of HNO3 . Sn complexes reduces
the amount of free solvent, the extraction of other elements
1s enhanced, and the danger of an explosive reactlon between

solvent and acld 1s I1ncreased. The formatlion of HM(NOB)x+1

specles, which may be more easlly extracted than M(No3)x’
is promoted by the eddition of nitric acid. For uranium,
however, the formatlon of the trinltrate-uranyl complex 1s

8
3°
Effect of nitrate salts. The nitrate lon concentration

far from complete, even 1n 16 M HNO

may be lncreased by the addition of ﬁetal niltrates of signiflcant
solubllity to the aqueous phase. Thls not only promotes the
extraction of uranium but also the extractlen of other elements
whose nitrates are soluble 1n the organic solvent. In some
cases, nitrates whlch serve as saltlng-out agents, eg. thorium
may also be extracted in significant-amounts. The extractlion

of other salting-out agents, eg., ceslum, may be enhanced

by the formation of uranyl trinitrete complexes, MUO_2(N'O3)3.322
The abllity of varlous nitrates to salt-out uranium has been
related to the hydratlon of the cation,igé the actlvity

327 and the radius

coefflclent of the pure nltrate salt,
and charge of the cation.igg A salting-out agent which 18
highly hydrated facilitates extraction of uranlum by reducing
the water activity. In figure 6, the partitlon coefflcient
of uranium 18 plotted as a function of alumlnum nitrate

for several solvents. The partlition of uranlum between
saturated ammonium nitrate solutlons and dlethyl ether,
nitromethane, and methyl ethyl ketone 18 shown by the dashed
curves 1n figures 1B, 3B, and 4B, respectively.iglLigg
Ammonium nitrate is wildely used as a salting agent in splte
of 1ts relatlvely poor salting-out abllity. The ease wlth

which 1t 18 removed from solution or from heated samples
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Figure 6. Effect of aluminum nitrate as salting-out sgent on the
extractlion of uranium by varlous solvents.

Curve 1, dibutoxytetraethylene glycol (pentaether); Curve 2, dibu-~
toxytriethylene glycol; Curve 3, dlbutoxydlethylene glycol (dibutyl
carbitol); Curve 4, methyl 1sobutyl ketone (hexone); Curve 5, diethyl
ether; and Curve 6, dlbutylmonoethylene 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-
tlon containing alumlnum nitrate. Organlc phase - solvent represented
by curve. Equal phase volumes* equllibrated at 27°C.

——— e

*Equal or approximately equal phase volumes were employed 1n distribu-
tion experiments wlth dibutyl carbltol (C. A. Kraus, A-2322(1945)) and
with hexone (C. A. Kraus, A-2324(1945)). It 1s assumed that the same
volume ratlo was used for other experiments.
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mekes 1ts use advantageous.

The presence of nltrate salts which are sufflclently
soluble 1in the organic solvent facllitates the extractilon
of uranlium by formation of the trinitratouranyl complex,
RUOE(N03)3.ZQ This 18 discussed further under "Hexone."

Effect of other salts. Anlons that complex uranilium

in the agueous phase may serlously interfere wlith the ex-
tractlion of the latter. Chloride, fluorlde, sulfate, phos-
phate, and several organlc anions have been studled for
thelir Interference. The adverse effecta of these lons may

be minimized by removing them from solution prior to uranium ex-
tractlon, by complexing the anlons wilth cations of saelting-
out agents, or by using an excess of an effilclent salting-
out agent to over-ride the anilon interference. The inorganiec
anlons may be preclpltated as sllver chlorlde, lanthanum
fluorlde, barium sulfate, zlrconlum phosphate, or ammonlum
phoaphomolybdate. Fluoride lon l1s complexed by aluminum

and calcium. Sulfate lon 18 complexed by ferrilic lon. Large
amounts of sulfate :lon are also precipitatea by calclum
nitrate. Phosphate lon 18 complexed by ferric and alumlnum
lons., Calclum nltrate has been used to counteract the effect
of acetate and oxalate. The effect of chloride on the
partltion of uranlum may be reduced in the presence of a
8trong saltlng-out agent. Chloride lon 1s more obJectionable
from the fact that it promotes the extraction of other elements,
notably lron. In the presence of large amounts of interfering
dons, partlcularly sulfate and phosphate, it 1s advieable to
separate the uranlum from solution prlor to extraction. This
may be done by preclpltation with carbonate-free ammonium
hydroxide. The preclpitate 1s dissolved in nitric acld and
the extraction 18 iInltiated. Ferric hydroxide may be used

to carry trace amounts of uranium. '

Uranium may be extracted from aqueous medie other than
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nitrate. Thilocyanate solutlons have been found satisfactory.
The extractlon, however, 18 less Belective from thiocyanate
than from nitrate solutlons.

Solvent actlon. The partltlion of uranyl nltrate 1s

dependent upon the free solvent concentratlon. This 1s
reflected 1n the coefflclents of extractlon of miecro and
macro amounte of uranium from highly salted aqueous Bolutions.
The partition coeffleclent of trace amounts 1s larger than
thet of large amounts as a result of more avallable esolvent.
As mentioned previously, macro amounts of uranium extract
more readlly from water solutlions or less highly salted
agueous solutions than do mlcro amounts. This effect may

be attributed to the salting-out abllity of uranyl niltrate
itself.

The extrectlion of other elements 1s affected also by

the uranium concentratlon. Hlgh loading of the solvent

by uranlum reduces the extraétion of less preferred complex.
specles. High uranium loading may be achleved by diluting
the solvent wlith a secondary solvent 1in which uranyl nitrate
1s 1nsoluble or slgnificantly less soluble than 1n the primary
extractant. Solvenf dilution, 1n general, causes a deorease
“1n the partilition coeffic:l.ent.-?31-2--'--321-'-332«’-339 Wohlhuter and
Sauterongii have llsted a number of aromatlic and chlorine-
substltuted dlluents 1n order of lncreasing harmfulness to
uranium extractlon: benzene, toluene, xylene, carbon tetra-
chlorlde and dichloroethylene, chloroform. Solvent dilution
may be used also to lmprove upon the physical propertles

of the organic phase, eg., density, viscosity, etc.

The sultablllty of mixtures of oxygen-contalning

solvents as extractants for uranyl nitrate has been
studied: 318-320, 329,330

Stover and co-workers32> reported
that none of the mlxtures they investlgated were better than

the pure solvent. Recently, however, Fomln and Morgunovigg
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and Vdovenko and Krivokhatsk1133% nave reported enhanced
uranyl nitrate partition coefficlents from solvent mixtures.
Vdovenko and Krivokhétskii repoft that over ten sﬁch mixtures
have been found. Among them are: di-lsopropyl ether and B,B'-
&iéhi;rodiethyl ether, dibutjl gthér and E,B'—dichlofodiethyl
.ether, diethyl ether and acetophenone, lsocamyl alcohol and
ﬁethyl 1sobutyl ketone. The enhanced extraction by solvent
mixtures has been attributed to the formatlon of mixed sol-
vates of uranyl nitf@te.ggg&aﬁg _

Effect of tempgraturé. The-extraotion'of ﬁranyl niltrate

1a decreased by a temperature lnorease. Thg partition co-
efficlent of uranlum 18 plotted as a funoction of temperature

for several solvents 1n figure 7.333
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Figure 7. The effect or temperature on the extraction of uranium by
organic solvents. O, dlbutyl carbltol. 0O, hexone. @, dlethyl ether.
A, pentaether. :

After E. C. Evers and C. A. Kraus, reference 332. .
The tri les represent aqueous solutlons salted with 36.6 grams
of Al(NO 3 per 100 cc of water.  All other symbols represent solu-
tlons sa?ted wlth 58 grams of A1(NO3)3 per 100 cc of water. 2 to 6
grams of uranlum per 100 cc of solutlon were extracted.

74



Re-extraction. Uranlum 1s re-extracted from the or~-

ganle solvents consldered in this sectioﬁ by contact wlth
water. S8everal water contacts may be requlred if large
amounts of uranlum or nitrlc acild have beeﬁ extracted. Water-
soluble.salts whose anlons complex uranyl lon, eg., ammonium
gulfate, facllitate re-extraction,

Extractlon of other elements. A number of elements

other than uranium are extracted by oxygen-containing'sol-
vents. Those commonly found with irradieted uranium are
hexavalent Np and Pu*; pentavalent Pa; tetravalent Th, Np,
Pu, Zr(+Nb), and Ce; and ruthenium complexes. Neptﬁnium,
plutonium, and cerium are made less extractable by reduct;on
to lower oxidation states. Pavorable separation of uranium
from the other elements may be achleved by control of the
nitric aclid and salting-out agent concentrations. Free
halogens are extraoted. These elements may be elimlnated
from solutlion prlor to uranium extraction. The ﬁalogens
also comblne chemlcally with a number of solvents; eg,,
lodine and hexone. The combined halogeﬁ 1s not re-extracted
by water contacts. |

General survey. The extractlon of uranyl nitrate by

polar oxygen-contalning solvents has been lnvestligated under
a varlety of conditions. The results of three surveys?lg:igg
1n which the experlmental condlitions were all different;are
givén-in Table VIII.

* Am(VI) forme an extractable nitrate. Strong oxidizing
condltions are necessary, however, for a2mericium to be -
present in the (VI)-state. It 18 generally found in
solutton as Am{III). _
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Table VIII. Distribution of Uranyl Nitrate Between Various Oxygen-containing Solvents
ard_Aqueous Nitrate Solutions, .

b

Survey 12 % Tobel Survey 2= Survey 32
Solvent Peroent axtraated volume in , Percent extracted :
T Th FNO, org. layer v ™ Fa Iy

Bthors
Diethyl .ether 96 60 - 62.5 35 0.0 0.191" 0.09
n-Propyl ether 78 '1.& L2 55 2.2 0,0 0.10 )
Isopropyl ether 88 20 &66.5 58 0.00
Dibutyl ether LY:} <1 15 53.5 ’ 1.6 0.0 0.05 0.00
Ethyl n-butyl ether 85 <1 &9 55
Benzyl methyl ether 85 <] k1 55
p-g-Dichloroethyl ether 45 <1 37 53.5
Diethyl celloaolve 55 24 0.29
Ethyl butyl cellosolve | 95 60 5T 61.5 59 7
Divutyl cellosolve 90 17 80 56.5 0.01
Phenyl cellosolve 0.00
Benzyl cellosolve 21
Dibutyl carbitel 55 84 | 100 63.3 59 g.7| o.ast 0.09
Dimutpxytetra-ethylene 0.5k
glycol (pentasther) - P95 99 100 66.6
Dimethyldioxane 33 3.8
Eaters : :
Ethylacetate les |77 - 65 13 | o.6 o.26"
n-Propyl acetate 95 46 g2 60 50 1.3 9.1
Isopropyl acetate . 54 1.2 11.9
n-Butyl acetate 89 26 - 58 39 0.06 10.6
sec-Butyl acatate 39 20.2
Isobutyl acetate 21 0.02 0.18

Amyl scetate 86(?)| 16 - 56.5 s o3 | =gt
2-Ethylbutyl acetate _ 9 | 0.02
2-Ethyl hexylacetate T2 <1 95 4
Butyl carbitol acetate. 93 B5 - 67
Qlycol diacetate ' 0.25
Ethylacetoacetate 0.11
Methyl proprionate 10-20 | 0.2 0.06
Ethyl proprionate -] 0.03 [+]
Ethyl tutyrate 88 6 75 57.5 10 o
Ethyl a-bromobutyrate 35 |[<1 k2 54
Methyl benzoate T.5] 0
Ethyl benszoate -80 |1-3 54 56.5
Bthyl caproate 80 3 60 55
Diethyl maleate 0.07
Diethyl malonate 22
Ketonee
R P ik w22
Methyl n-propyl ketone 53 11
Methylh:;oa:;tyl ketone 57 20 20.9’ 0.00k
Methyl n-amyl ketons a7 0.9 | 30t 0.02
Methyl n-hexyl ketone 0.01
Diethyl ketone 0.08
Diisopropyl ketone . 56 0.3 113.7'r
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Table VIIT. - Contirnued

oy 12 % Total Survey 2l

Solvent | Pergent extramcted volume in . Percent extracted Survey 3g
v 'T—l o, org. layer T | ™ Pa o,

Acetophenone . ) 0.05
Cyclopentanone _ 0.80
Cyclohexanone 11 ) 0.5
Kethyl oyclohexancne large
m-Methyl cyclohexanone . 0.2k
p-Methyl cyclohexenone ) . 0.30
Mesltyl oxide 98 77.6 - 63 12.7 0.24
TIasophorane 7
Alcchols
n-~Butanol W 5.2
2-FEthyl butanol 0.01
sec-Butyl carbinol 30 | 0.6 0.013"
tert-Amyl alochol 68 63 - 61
Diethyl carbinol 24 0.7
Ditasopropyl ocarbinol ’ 11.4 0.0
Tri-n-butyl carbinol 48 5.6 51 5&
2-Ethyl hexanol 75 10 77.5 56.5 0.0 72.1
Feptanol 24 0.65 | 71.5%
Methyl r-amyl carbinol 36-50 3.7
n-Ostanol * 0.5 | T4.8
Heptadeosnol ) 0.0 | ;.7
|2-Ethylnexanediol-1,3 i . 0.09
Miacellaeneous
Nitromethane _ 60 32 - | 62 54
1-Nitropropane L Q.00
2-Nitropropane 3.5| Trece | 0.25
Nitrobenzens 2.1 Trace | ©.10
o=-Nitroanlsole . 3.5 Trace [+
Triochlorcethane o 0 ]
Trichloreoethylene 1.5 0.2
Chlorofora [}
Dimethyleulfalone C 1.68

2o, A Johnaon end A. S. Newton, reference 318.
Equal volumes of o: ¢ solvent and aqueous solution (3M HHO., 3M Ca(R0.),, O. 635" ’111(1303),},
0.045 gm/m U0, [§:10) mixed 10 mirutes. KNo extraction was ddtected witd %h
brumoa.niunle, p—ﬁr@mphemtol, anisocle, 1soamyl nitrite, uhlorobenzene, :wlune, ethyl 1odide,
Eutyl bromide, and trichloroethylerne.
*+ indicates mutual solubiliw of agqueocus Bolution and organic solvent.

D E.-K. Hyde 2nd M, J. Wolf, reference 319.

Equal volumes of organic solvent and aquecus solutlon (1N l-mo3 3N NH4N03, 2N Th(m:i)ll'
5 x 103 - 10%¢/min 1233 at 52 counting yleld) mixed 5 mimtes.

* Aquecis phame : 1N ENOg, 2N NHyNOg, 2N Th(N0,)y, 10" « 3 x 10% o/ Pa233 &t 108
counting ylald. 3 4

# aqueou : 4 5 233
queous phase : 1N HNO., 2N A1(NO,),, 3N Th(NO,),, 107 - 3 x 10° c¢/m Pe at 1
counting yield. ¥ = 337 5= TR /n o%

2¢. w. Stover, Jr., H. W. cru.nﬂ.nll, D. C. Stewart, amd P. ( H:Hyer, reference 32(() ) )
Equal volumes of organic golvent and agueocus sclution 0 344 HNOg5, 0.50M NO (1]
nixed 2 hours et 25°C. 3 D02(K03), - 6

Solvent ldentified as methyl imobutyl carbinol; formula given as Cﬁam{ECH(CEB)CBZDH
(son-butyl carbinol).
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ETHERS
Dlethyl ether

'égggggg_glggggg_gzggggg. The extractlon of uranyl nitrate
by diethyl ether 1s widely used in radiochemical separations.
because of the se;ecﬁivity of the extraction. Dlisadvantages
of the method are the high volatility and low flash point
of the solvent and the relatively low dlstribution of
uranium into the solvent.

The ﬁartition of uranyl nitrate between dlethyl ether
and water 1s 1llustrated in figure 1.285:321 yith voth
. phases saturated with uranyl nitrate at 25-26°C, the dis-
tribution coefficient is about Q.68.3§§ The effect of nitric
acid upon the partition of urantum333233% ang nitric ac1a32%s
333-335 1tself 1s represented in figure 8. Furﬁan, Mundy,
and Morrisonigé report that the pH'of the aqueous 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 1s also shown 1in flgure
8,328

Figurea 9 and 10 demonstrate the influence of various
salting-out agents on fhe distribution of uranyl nitm.l:e.-3g§1--3-2-g
The nitrate concentratlon plotted 1n 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 exception is the iron (IIL)
point at 1.18M nltrate concentration. In this 1nstance,
.0.82M nitrate lon 1s attributable to ferrlc nitrate and
the remalnder to uranyl nitrate. The nitrate concentration
of the saltlng-out agent 1is plotted in figure 10, Uranyl
nitrate contributes little to the nltrate concentration since
only one gram of uranyl nitrate was used per 100 grams of

inltlal aqueous solution. Furmen, Mundy, and Morrisonigé
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Figure 8. The extractlon of uranyl niltrate and nitric acid by
dlethyl ether.

Uranyl nitrate extractlon:
O, after R. Bock and E. Bock, reference 333. Initlal U concentra-
tlon, 0.1M; Temperature, 20° + 10 C; Vo/Va = 1. Dashed and dotted
curves, d?ter J. Kool, reference 334 Temperature, 25°C; Vo/Vg = 1;
Inltial U concentration, ——————————— 50, 150, 450 mg uranyl nltrate

(hexahydrate) per 15 ml; .....ovuu.. 1350 mg uranyl nitrate (hexahy-
drate) per 15 ml.

Nitric acld extraction:
O, after R. Bock and E. Bock, reference 333. Temperature, 19° +
10C; Vo/Vg = 1. @, after J. Kool, reference 334. Temperature,
25.0 + 0.1°C; Vo/Va = 1. 0O, after A, Grinberg and G. Lozhkina,
reference 335. Temperature, 20°¢; Vo/Va =1. A,V,V, after
N. Furmari, R. Mundy, and G. Morrison, reference YV, /Va = 1; HNO

Ca( NOaN R 100 g. of Ca(No3 % . 4Ho0O per 100 ml of 1nitial solugion

03 O g

plus BN NH4NO3, . of NH4NO3 per 100 ml of initilal
solution plus 03
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Flgure 9.
Effect of varlous nltrates upon the partltlon coefficient of
uranlum with dlethyl ether.
After N, Furman, R. Mundy, and G. Morrilson, reference 326.
The nitrate concentration plotted as the abseclssa
includes that attrlbutable to the equillibrium

concentrations of uranyl nitrate in addition to
that of the 1nitlal concentration of salting-out

agent.
Conditions:
Selting-out Agent (U], g1 T.°C VO/VA
NH4NO3 25 25-6 1
NaNO, (25) - 2k-6 1
L:I.NO3 (25) 1
Ca(N03)2 : (25-100) 25-29 1
Mg(NOg), (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 uranlum concentrations 1n paréntheses have been
estimated by roughly adding the equlilibrium uranlum
concentrations of both aqueous and solvent phase.

8l
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Figure 10, Effect of varlous nltrates upon the partitlion coefficlent
of uranlum wilth dlethyl ether.

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

Conditions: 1 g. UO2(NO3)2 in 100 g. of initilal aqueous solutions;
Temperature, 259C; and Vo/Va = 1.
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observed that the salting actlion of a mixture of nltrates
could be reasonably predicted by the following method:

The logarithm of a_ for each salt at a glven total

nltrate molarilty 18 divided by the total nitrate

molarity. These 1ndividual quotlents ere then mul-

tiplied by the nitrate molarity of the respective

salts. The sum of the resultling products 1s then

equal to the logarlthm of the predicted partitilon

coefficlent. ,
Hellman and Wolfiaé have studled the saltling action of
varlous nitrates 1n the presence of nitrlc acid and thorium
nitrate. Some of their results are listed in Table IX.
From the data 1t may be observed that (l) thorium nitrate
18 generally a less effectlve salting-out agent on a
normality basls than other metal niltrates and (2) the
extraction of uranlum becomes less efflclent as the amount
of extracted thorium becomes appreclable.

The effect of several forelgn anlons on the extraction
of uranyl nitrate by dlethyl ether 1s glven 1n figure 11331
and Table X.32§ Arsenate, molybdate,and vandate lons also
interfere with the extraction of uranium. The effect of
these ione may be offset by the addition of ferrlc n;trate
to the solut:!.on.;:ig

The partltlon of a large number of elements between
various aqueous nitrate systems and dlethyl ether 1s glven
in Table XI and illustrated 1n figures 12-i4. The lnecreased
distributlion of heavy elements and flssilon product elements with
Increased nitric acld concentratlon should be noted. For a
selectlive uranium extractlon the nitrle acld concentratlon
should be minimal. Hyde—3--32 haes recommended an agueous
phase 0.5~1M 1n nitric acld and 2.5M in magnesium nitrate
for the quantitative extraction of uranium by diethyl ether.
Mbre gelective extraction of uranyl nitrate may be made from
a saturated armonlum nitrate-solution, 0.05-0.1M 1in nitrilc
acild. The extractlon can be made quahtitative by repeated

contacts with ether.

83 (Text continues on page 92.)



Table IX. Distribution of Uranlum and Thorium between Dlethyl Ether and Aquecus
Solutions Contalning Verlous Amounts of Metal Nitmtaa.g

Salting Total nitrate Composition of initial agusous solution

agent normality 0.5N HNO; + salting agent 0.58 HNo, + 1F M™(No;),
. + salting agent
U extracted, & U extracted, % Th extracted, % .
HNO, 3 23 10 0.1
5 52 40 3.3
7 62 36 21
7 T
L1¥o, 2 10 22 0
3.5 36
5 31
5.5 T 25 2
? 66 19
7.5 81 53
NH, NO 3 8 0.0
4 g 5 30 0.1
5.5 25
7 47 0.5
9 57 0.8
10 59
12 59 1.2
Ca(NO3)2 2.37 13
2.75 11 0.0
3.62 32
.0 25 .0
4.87 63
5.25 59 0.1
7.50 - 99 96 i.2
Mg(¥No,) 1,50 3
3’2 2.17 : 9 0.0
2,58 18
3.15
5 » w
- 44 0.00
5.5 99 99 0.31
mn(No,) 2.5 18- )
372
3.5
-2 74 21.0 0.0
6.0 5.5
7.0 65
7.5 87
8.5 70
8.5 72 43
Cu(No. s 2.5 12
3 g.g & 12 0.0
Z'g o1 50 0.5
10’5 87 62 19
11.0 38 52
La(%0,) 2.5 14
3’3 ‘,:g 61 13 0.0
6.0 93 18 0.2
6.5 39 2.1
A1(No,) 2.0 18
3’3
2.5
B0 54 13 0.0
5.5 63 2.8
6.0 96
7.5 57 17.6
'I'h(noa)IF 3.0 8 0.0
5.0 32 0.1%
3.0 58 8.0
11.0 52 11.%

& After N. N. Hillman end M. J. Wolf, reference 336.

Five ml of ether were phaken 10 mimutes with 5 ml of the agquecus phase of appropriate
composition. 5,000 to 8,000 o/m of U233 tracer (52% counting yleld) were supplied to
the aquemuﬂphase. Variation of the trecer from 100 to 100,000 o/m in 5 ml did not

change the extracted.
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Flgure 11. The effect of various anions on the extraction of uranyl
nitrate by diethyl ether. )

After T. R. Scott, reference 337.

Conditions: Aqueous phage -~ varylng amount of anion, 3N HN03, iM
Fe(NO3)3; aqueous phase and organic phase shaken 1 minube at room
temperature.
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Table X. The Effects of Various Acids and Anions upon the Viatribution Coefficlent of

Acid or salt

Uranyl Nitrate to Diethyl Ether.2

Composition of esquecus phase

resent .
p 4, 23M Ca(N03)2 31,0 8M NHuNo? 6.86M NH, N0,
(1000 g/1) (6%0 g/1 (549 g/1)
None 19.95 0.645 0.364
HC1, 1N 10.2% 0.336
HC1, 2N 6.34 0.182
HNO, 1N 83.56 1.162
HNOg, 2N 71.2 1.95
CHyCO.H, 1N 15.7 0.662, 0.616
CHyCOH, 2N 10.52 0.72a, 0.762
H,S0,, 0.0039N 0.613
H,S0, 1N 29.6 0.02%
H,50y, 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
37w = 3.98 0.067
HNO,, 2N
g
(NHy),C0, * H,0, 0.7 g/100 ml 0.0847
HyC,0, * 2H,0, 0.7 £/100 ml 0.0800

2 After Furman, Mundy and Morrison, reference 326,

The initial volumee of ether and aqueous solution were equal.
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Flgure 12. The extractlon of varlous metal nitrates by diethyl
ether.

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

Metal nitrate Initilal aqueous Temperature

concerntration
Th 0.1M 20 + 1°C
Saturated LiNO3, Ca(NO3)3, or Zn(NO3)p solutions
Ce(IV) 0.1M 23 + 1°¢
Au(ITI 0.1 room
Se(III 0.1H 20°¢

Saturated L1NO3 solutlon
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Table XI. Distribution Ooefficlents of Elementa betwesn Diethyl Ether and Various Nitrate

Solutions.
Hament H0%  0.@MN0L  0.8MmNO.E 1551:033 w02 Ao Y emo.S 1.41_:&1«035 1.3wN0 &
10MMH,KO;  5.240Ca(R0;), satdNE, N0, satdLiRo, _ BMNH N0, €A1 (NO,) 4
Al 0,001 ¢0.001 €0.001 0.0006 €0.0001
Am(VI) 0.622
sb(¥) €0.01
As 0.0015%0.007" o.o88" 0.168
Ba €0-0005 <0.0005 €0.0005 €0.0001
Be 0.01M 0.002
BL 0.0001 0.0003 0.007 . 0.073 0.00031  0.021
B o.0o1" 0.033-0.39
cd €0.00001 ¢0.00001  ©.00001 0.003 €0.0001  0.0002
Ca 0.0003 0.0005 0.0005 €0.0001
Ce(IIT) . | €0.0009
Ce(IV) 27 0.095 0.314 30.3(29.3%)
Cr(III) ¢©.0001 <0.0001 €0.0001 €0.0001
cr(vI) <17
Co €0.0001 <0.0001 €0.001 0.002 €0.0001
Cu 0.000% 0.0002 0.0004 0.005 €0.0001  -0.00082
Dy 0.000k  0.0003 0.002
ad 0.0001 0.00001 0,00076
aa < 0.00z
Qe 0,022
Au(IIT) 32.3(36.5-50)
" 0.¢2(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
11 £0.00002 0.0001 0.0002 0.0003
¥g 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 8% 0.0065
N €0.0009
N €0.0001 ¢0.0001  <0.0001 0.0006 €0.0001
Np(IV) 0.2
Np(V) 1.1
Np(VT) L9
P 0.256
Pu({III) <0.001
Pu(Iv) 10.3
Pu(VI) 2.4 1.5
X 0.0005 0.0002 0.0027 <0.0001
Ra €0.00025 <0.00025 <0.00025
Rare
earths  0.00076 €A00005 <0.0031
Re <0.015%* ¢0.0l5%  <0.015%+
Rb 0.0001%
sm €0.0009
S0 ) 0.013 0.1%6 0.001
Ag 0.025 €0.0001 0.001



Table XI. - Contlmed

Mement H,0%  0.8MNO.% o.eMmwO.f Lm0 1Mmo.®  aMaNo.® eMiN0.S 1. kmNo,S 1. 3pmwo S
10MMH,NO,  #.2MCa(NO,), satdNHNO; satdLiko, " BMNH,NO_ ML (K0,)

XNa £0.0001 ¢0.0001 <0.0001 <0.0001

sr €0.0008 <0.0009 <0.0009 €0.0001

TI(I)  <0.00Y5 <0.0585 <0.0005" <0.005

T1(III) 0.083

Th Q.00L% 0.0036  1.30 0.528(0.531) 0.5 0.0034 0.32

T <€0.005

u(vI) 0.68% 1,31% 165" 2.09 73.8 1.86(1.78) 1.85 2.3 208

v(Iv) 0.0006-0:001" 0.004-0.008%

v(v) <0.0005% 0.019* 0.0lo* 0.02

Y 0.001  ¢0.0009

zn <0.0005 <0.0005  <0.0005 0.001  <0.0001

zZr 0.001* ~0.087  0.0011 0.011

2 pfter Furman, Murdy, and Merrison, reference 326.

Conditions were a ed, 1n general, so that approximately 5g. of U. °B were recovered
from the ether extract prilor to spectographic examination, In genaraﬂ. survey studles,
0.1 g. of each of the elemsnts: Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Mo, Hg, K, Li,
Mg, Mn, Ka, Ni, Pb, Sr, Ti, Zn, and 0.05 g. each of In & Re was present along with
uranyl nitrate and a salting agent, @0 g. per 100 ml of ammonium nitrate and 100 g.
per 100 ml of calcium nitrate. (The latter is equivalent to 4.23 M if the salt 1s
conalderad to be Ca(NDg)z - 4HpO0, 4.58 M if it is considered to be Caf )a). The
description of the expdriment given in Teference 326 glvea the nitric acld concentra-
tlon as 5 ml of concentrated acid per 100 ml. A table of the partition ococefflclents
glves the acid concentratlon aa 5 g. of HN per 100 mi. If the conocentrated acid
concentration is consldersd to be approximafely 1&_f, both of the 2bove velues glve
& nitric acid concentration of the aguecus solutlion as 0.8M. The aqueocue eclutionam
were shaken to equilibrium with an equal volume of ethar af 20°C.

The uranium partition coefficients are the maximum values determined (see, also,
filgure 9).

Rare larbhu werse present in amounts such that only limiting values could be given
for individual elements DY apedtrographic means axcept fur Dy and 03i.

* Large amounts of clements were uUsed: V 1-2g, As or Cr 16-20g, Na or Ca nitrate 70-100g,
Fe 1g, Mo 0.3g per 100 ml. Analyels of the ether phase made by means other than
spectrograpnic.

* Limit set by lack of msensitivlity of apectrographic test; a probably much smaller.

E 23

*

-
Velence mtate not deslgnated.
*EHE
a 1s mich gregter for Mo present as a heteropoly aold.
D pfter Bock and Bock, reference 333,

Values of a for BM HND3 sclutlone have been calaulated fram P-values glven by Bock
and Bock. Those values 31 parentheses are a-valuea giver directly by Bock and Bock
or interppisated fram thelr data.

Concentration of element concerned in initial solution: 0.1M with the axception of
Al 0.94, Sb, BL 0.2M, Ge 0.03M, H BM Ha,, Fe(III) 0.4, La 0.Z7M, Fb 0.075M, So 0.2M
for BM HD3, Zn 0.4M. - h -

Elt(znen 5 were pnesan; asAthe hitrate with the follcvging exceptione: Ge am UeQp,

P as (NH HPOy, As as Ne. 80y, V as VOg, Cr aa T , Mo as -molybdate.

The 5%26) sglution hydglyz‘;d atron:?;.oa‘me largzgst pegz't: of them&timony waa
precipltated as hydroxide and only traces were detected 1n the ether phase.

Cr(VI) extracted well but an exaot value could not be determined bacause of
reduction of the chromilum.

¥n(VII) wee reduced with the separation of MnOo from the ether eo that practically
no Mn was axtracted, -

Temperaturs: 20° for the saturated NH4NO3 and LiNQ3 solutions. Room temperature
for the AX Bo, aolutiona.

Rquh:pr-ey, Stephanon and Penneman, refersnce 343.

An(VI) was prepared by peroxydlsulPate oxidation.

£ After Kool, reference 334,

The values given in this column are values taken from curves given in this reference
(mes, also, figures 8 and 13).

Concentrations of the varlous elements in the initlal aqueous solution: Th, 22 mg
per ml of Th(KOg)y - #HpO; U, 3.3, 10, 30 and 90 mg per ml of UOa(NO3)p - 6Hp0; Np and
Pu, tracer quantities. No detectable difference was observed in the partition data for
the first three quantities of U listed; a lower a (1.7) was obsarved for the latter
concentration..

Sheking times for the Np and Pu experiments were -kept short (15 sec to 3 min) to
mirimiee disproportionation to other oxldation staiea, The shaking timea for U solutions
wae never less than 5 mlrmutes. An Inorease to two hours did not make a difference in
the results.

[[-9

After Vdovenko, reference 34,

The initial aquecus layer contalned, in addition to the acid end salting agent, about
0.1M of the nitrate examined. Equal volumes of the agueous solutlon and diethyl ether
wers shaken for 5 mimutes. After 12 houras equlilibration a sample of the organic
eolution was teken for mnalysis.
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Figure 13.
The extractlon of actinide nitrates by dlethyl ether.
After J. Kooi, reference 334,
Conditions:

Tracer amounts of Np239 and Pu239 in aqueous solutlons
were .equilibrated with an equal volume of dlethyl ether
at 25°C and room temperature, respectively. 330 mg of
Th(NO3)4 - UH,0 per 15 ml of initial aqueous solution
was equilibra%ed with an equal volume of ether.

The oxidatiog_gfates of neptunium have been the subject of
some quesation. w3
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Flgure 14. Partition coeffilcients of fisslon products between
dlethyl ether and aqueous solutlon contalnlng Ca(NO3)o and different
initial aciditles. After V. Vdovenko, reference 343. Condltlons:
Aqueous solutlon--required amounta of nitric acld and radloactive
material added to 3.5M solutlon of Ca(NO3)2; Vo/Ve, 1.
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Aqueous_thiocyanate_systems. Urenium may be extracted
from agqueous thiocyanate solutions by diethyl ether.iﬁgLi&l
Table XII 1lists the ﬁartition coefficients of Beveral
elements from aqueous solutions of various thiocyanate con-
centrla.t-iorls.ﬁ A number of substances not 1listed in the
table glve negligible distributions or distributions of
only a few percent under the cdnditions teated: NHM’ Sb(III),

As(11I), AB(V), Bi, Cd, Cu(I)., cr(III), Ge(IV), Li, Hg(II),

Table XII. - Partition Goefficlents of Varlous Elements between Ilethyl
Ether and Aqueous Thlocyanate Solutions.2
Compoaition of the iniltilal aqueous solution

Hﬁ} 08. ' m NH43§CN concegﬁr&tion -

0.1M a1l 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 ScClg 0.5 RT 0.145 3.95 8.06
0.1M(NHy)2SnClg 0.5 RT 144 950 > 1000 > 1000
0.1M T1Cl, 0.5 RT 1.43 5.25 3.94 3.22
0.1M TiCl, 0.5 RT ~0.15
0.1M UO,C1, 0.5 RT 0.821 0.417 0.160 0.072
0.1M VOCl, 0.5 RT 0.176 0.095 0.022
0.1M ZnCl, 0.5 RT 23.7 37.8 18.3 12.9

2 After R. Bock, reference 341.
D as A1C1,7
L 6.om
g 6.6M

Equal phase volumes equllibrated at room temperature.
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N1, P4(II). Figure 15 represents the change in a, with
thlocyanate concentration for aqueous solutlions of different
aciditiieef:E Anglyels of the ammonlum, uranium, thiocyanate
concentration of the ether phase 1ndicates that uranium is
extracted as U02(SCN)2§£l

by dlethyl ether from aqueous fluorilde solutions.iﬂg Table
XTITI 1lists the partition coefflclents of a number of elements
from aqueous solutions of various hydrofluoric acld concen-
trationsa.

Dibutyl ether

ether as an extractant fao uranium has been Investligated
extenslvely by workers 1ln the Sovilet Un:l.on;-aﬂifj&é:ﬁ&2 Di-
butyl ether offers several advantages over dlethyl ether.

It 1s less soluble 1ln weter, less volatlle, and has a hlgher
flash point. The dlstribution coefflclent of uranyl nitrate
is, however, less for dlbutyl ether than for diebhyl.ether.
The partitlion of uranium between water and dlbutyl ether 1s
represented in figure 1.282:321 mme qigtribution of uranyl
nltrate and nitric acld 1s plotted as a functlion of agueous
nitric acld concentration in figure 16.§£§ Karpacheva,
Khorkhovina, and Agashkina.-iig have studled the effect of
varlous salting-out agents on the distribution of uranyl
nitrate. The salting-out actlion was found to inerease with
inereasing valence of the catlon. The partition coefflclent
of .uranium from an aqueous solutlion initially 0.5M ﬁoe(NQ3)2,
L.5M ca(wNo

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

3)2 3
volume) dibutyl ether and -15% carbon tetrachloride 1s 0.70;
%pu (V) is 0.42.:'--3—1El Zirconlium, nioblum, and ruthenium are
the main fissglon product elements ext::'ac.‘oed..;ﬂi'-gig Heyn
and Ba.ner.jee;a-29 have studled the extractlon of blsmuth

nitrate by dibutyl ether and several other solvents.
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URANIUM PARTITION COEFFICIENT
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Figure 15.
The extractlon of uranyl thlocyanate by diethyl ether at
various 1nitilal NHHSCN and HC1l concentrations.
After R. Bock, reference 341.
Conditions:
Aqueous phase~-initially .0.1M, UO,Cl, and NHucNS and

HC1 concentratlion indlcated. 272
Equal phase volumes equilibrated at room temperature.
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Table XIII.- Partition Coefficlents of Various EKlements between Aqueous.
HF Solutions and Diethyl BtherZ
HF concentration of the starting aqueous solution

Element®  1.0MuF 5. OMHF 10. OMHF 15.OMHF 20.. OMHF
§SB{TII) <0.0005 0.903 ' 0.019 5.010 0.067
As(IITI) 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 0.01%
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
N1 €0.0005 €0.0005 <0.0005 0.005 0.007
Nb(V) 0.006 0.0L4% 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(II) . 0.020 0.029 0.052
Sn{IV) 0.006% 0.0062 0.053% 0.055
U(vI) <€0.002 <€0.002 <0.002 0.005 0.011
v(IIT) <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

& After Bock and Herrmann, reference 342,
Equal phase volumes equllibrated at 20.0 % 0.5°C.

L} The concentration in the 1nitlal equeous solution of the lonlc specles
of the element lieted in the table was O. 1M in each case wilth the
exception of Re(VII) which was 0.05M.

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

As 03 was dissolved 1n a known volume of O.1N NaOH and the calculated

amount of HF added to the solutlon; BeF and SnF2 were dissolved; K HAsou,
Na2HP04, KReOu, ammonium vanadate, ammonium molybdate, and sodlum uranate
were dissolved 1n HF. '

21.2 M HF
5.4 M HF
£ 10.4 M EHF

95



- =

w N HNOgy
'ty »

'Y L

w

w R

o

(&)

o

=

-

o

<

a

4 5 8 7 8 -2 10 1] 12 13 14 15 16

INITIAL AQUEOUS NITRIC ACID CONCENTRATION, M

Figure 16.
Partition of uranyl nltrate and nltric acid between dlbutyl
ether and aqueous solutlon.

After V. Vdovenko, A. Lipovskil, M. Kuzina, reference 346.
Conditilons:

Equal phase volumes equllibrated at room temperature for
both UOo(NO3)o and HNO, extractions. For nitric acid,
polnts corrésponding tg an acld content in the aqueous
solution of greater than 13.4M were obtailned by the ex-
traction of previously ascidiffed dibutyl ether wilth con-
centrated nitric acld. For uranyl nitrate, polnte greater
than -12.0M HNO3 were simllarly obtalned. The uranium
concentration was 78 mg/ml. :

Dibutyl "Cellosolve" (Dibutoxymonoethyleneglycol)

Aqueous nitrate systems. A number of cellosolve
derivatives have been Ainvestlgated for -the extraction of
uranium (Table VIII). Diethyl cellosolve 18 an excellent
ex1:r-ac1;ant.-—3-33 Unfortunately 1its solubllity 1n water 1is
large (21% by welght at 20°C). Dibutyl cellosolve 1s less
soluble in water (0.2% by welght at 20°C). However, 1t does

not -extract uranium as well as dlethyl ether, either from water
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solutlon (fligure algilagl) or from aqueous alumimum nitrete
solution (figure 5333)_ The partition coefficlent of urenium
into dlbutyl cgllosolve from nearly saturated solutliona of
ammonlum, calecium, or ferric nitrate 18 1, 50, and 20,

respectively.333

Dibutyl "Carbitol" (Dibutoxydiethyleneglycol)

Aqueous nitrete_systems, Dibutyl carbitol (Butex) ie
used in the recovery of irradliated fuel material.iil As a
Bsolvent, 1t has ‘been subject to conslderable u‘l:udy.333-'-352
The partition of urenium between water solution and solvent
1s given 1n figure 2.11§Ll§51321 The partition of uranium
between nitric acid solution and dlbutyl cerbltol 1s
11llustrated in figure 17.353 For aqueous solutlons in this
range of acld concentration, the partlition coefficlent 1s
observed to lnorease with increased uranyl nitrate concen-
tratlon. The partition coefficlent of nitric acid 1s plotted
as a function df acld concentration in figure 18.33&1353&35&
In figures 19 end 20, the partitlon coefficlents of uranlium
and several other heavy elements are plotted againset nitric
acld concentration. The initlal acld concentration of the
aqueous phase 18 plotted 1n figure 19.33& The equllibrium
acid concentration of the aqueous phase 1e glven in figure
20.35E Best, et hl322 have observed that the ateepﬁess of
the extraction curves (figure 20) 1s compatible with the
formation of the specles HM62(N03)3 and HZM(N°3?6 in the
organic phase rather than just H02(N03.')2 and M(N03)4. The
curves glven 1n figures 19 end 20 -are 1n general agreement
consildering the dlfference 1n acld concentration plotted.
There 18 a large discrepancy between Np(IV) data. The
abllity to maintain neptunium 1n the pentavalent state during
extractlon may be sublect to question. The partition of some
fisslon product elements 18 glven in figure 21 fop various
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Figure 18. Distribution of nitrlc acld between dibutyl carbltol and
aqueous solutlon,

O, After C. A. Kraus, reference 353. 0, After J. Kooi, rﬁferﬁnce 334,
A, After D. G. Tuck, reference 354. Conditlons: Equal334,354 or ap-
proxlmately equa1355 volume portigns of solvent and aqueous solutlon
equilibrated at ~279C,353 250C,334 and ~21°C.354%
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Flgure 19.

The extractlion of actinlde nlitrates by dibutyl carbitol.

After J. Kool, reference 334.

Conditions:

Tracer amounts of Np239 or Pu 39
430 per 15 ml, or 300 mg of U02(N0 )2 (hexahydrate) per
15 ml in aqueous nitric acid solution equilibrated wilth
an equal volume of dibutyl carbitol at 25°C or room tem-

perature.
The oxldatili
some question.
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Flgure 20.
The distributlion of actinide elements between dibutyl carbitol
_and aqueous solutlon as a functlon of equilibrium aqueous nitrie
-acld concentration.
After G. Best, E. Hesford, and H. McKay,; reference 345.
Conditilons:

Tracer concentrations (~10'3ﬂ) of aotinide. Temperature, 25°C..
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The partltion of tracer amounts of yttrium, cerium, and

zlrconlum between dlbutyl carbitol and aqueous solution

T T T T T T T3
-
& Ce(IV) o
A Ce(lll) :
Y
L1
6 7 8 9 10 11 12

Flgure 21.

ag & functlon of aqueous nltrlec acld concentration.

After H. McKay, K. Alcock, and D. Scarglill, reference 355.
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Flgure 22. The effect of salting-out agents on the extractlon of
uranium by dibutyl carbitol. ©Cu(NO3)2, mCa(N03)2, 4 2Zn(NO3)sz,
0 A1(NO3)3, DFe(NOg)g, ALa(NO3)3. After E. Evers and C. KTaus,
reference 332. Conditlons: Urdnium concentration, 2-6 g/100 cc .
of phase. Temperature, 27°9C; V,/Vg = 1. X Al(NO3S3. After D. Lee,
R. Woodward, G. Clewett, reference 358. Conditlons: Trace amounts
of wranium. Temperature, 279C; V,/Vay, varled.
aqueout nitrlic acid conc—en’t;ria.t:l.ona.122 The distributlion of
iron into dibutyl carbltol 1s 1lncreased by an lncrease :in
ac:!_dity.3—5g Chlorlide ion promotes the extractlon of iron.
Boron .1s extracted by butex, especlally In the presence of
copper nitrate as salting-out ageni:.a322 Vanadlum and molyp-
denum are extracted to several per cen'c.-32 The extractlon

of cadmlum. chronlium, nickel and tltanlum 1s sma.ll.-32
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The effect of sa;ting-out-agents on the distribution
of uranium into dibutyl carbltol has been sutdied.ﬁig&gﬁg’
356-358 Some of the results are presented 1n flgure 22.

Agueous_chloride systems. Uranium (IV) and (VI) and
thordum are poorly extracted by dibutyl cerbitel from
aqueous Bolutioﬁs 2-6M in hydrochloric acid.gég The extrac-
tlon of protactinlum 1s lncreased as the acld concentration
1s increased. From 6M HCl, ap, 18 10. The extraction of
_hydrochloriec acid 1s negliglble from aqueous solutions less

than.ﬁﬂ in hydrochlorlc acld. A thlrd phase 1s formed upon
equilibration with 7.5M HC1. The third phase contains a

large amount of the acld. One phase results upon equlllibra-

tion wlth 8.5M HC1.

Pentaether (Dibutoxytetraethyleneglycol)

much of the data pertinent to the extractlion of uranlum by
pentaether. The distrlbutlon of uranyl nitrate between
solvent and water 1l glven 1n figure 2A&I§Li§i The parti-
tlon coefflclent of uranyl niltrate from variocus nitrate
medla 1s plotted in figure 23.—3-§9 The distributlion of
nitric acid as a functilon of aqueous acld concentration 1s

also shown 1n flgure 23.§§l

The effect of salting-out agents
on the partitlon of uranium 1is 1ilustrated In figure 24.512
Table XIV 1liste the partition coefficlents of & number of
elements other than uranlum between pentaether and varlous
agqueous media.—3—-§g Uranium 1s éxtracted by pentaether from
aqueous solutlons contalning ammonium nitrate'and/br nitric
acld in the presence of sulfate, phosphate, or silicate 1ons.§ég
Phosphate lon, in large quantity, and soluble sllicate lons
are extracted by the solvotan‘t;.:iég Fluorlde ion, in signifi-
cant quantity, 1nterferes wlth uranyl nitrate extractlon.
This effect may be overcome by compiexing the fluoride ion

with calclum or aluminum n:Ltrat.e.-aég
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Flgure 23. The partitlion coefficlents of uranyl nitrate and nitric
acld between pentaether and aqueocug solutlon. A;UOQ(N03)2 : 1.0 g.
Ugoa dlssolved 1n HNO;, dlluted to 50 ml wilth aclid of desired
strength, and shaken minute wlth an equal volume of pentaether.
DUOS?NO3)2 + NHyNO3 : 1.0 g. U308 dissolved in 10 ml of HNO3 of
deslred strength afger addition of 5 g. NH4NO3; shaken with an equal
volume of pentaether for 1 minute at room temperature. Adapted from
D. Musser, D. Krause, and R. Smellle, Jr., reference 360. OHNO3 :
equal volumes of niltrlc acld solutlon and pentaether equilibrateé
fgr 1 hour at 259C. After C. Stover, Jr. and H. Crandall, reference
361.

Cyclic ethers.

A number of cyclic ethers have been investigated as ex-
tractants for ur-an:l.um.-:2531-3--6-i Those aolventé that contaln
the furane nucleus have been found to glve good extractlons
of urenyl nitrate from aqueous solutions. Solvents of the
hydrocarbor substituted tetrahydrofurane type have been
found to be especlally good.ﬁéi The extractlon of uranium
and thorium by four cyclic ethers 1ls 1lluatrated in figure

25 a8 a function of acld concentration 1ln the agueous phaa.se.gé-lt
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Flgure 24, Effect of salting-out agents on the extraction of uranium
by pentaether. AN‘aNOgr V NH4NO3, ®Ca(NO3)2, OAI(NO3)3, DFe(NO3)3.
After E. Evers and C. aus, refeérence 332 Conditions: Uranlum con-

centration, 2-6 3/100 cec of phase. Temperature, 279C or room tempera-
ture. '

From figure 254, 1t can be seen that uranyl nitrate 18 ex-
tracted more efficlently by the varlous solvents than i1s
uranyl perchlorate. Better separation of uranium and

thorium 1s also achleved from nitrate solution rather than

perchlorate.

ESTERS
Information is less complete or less readlly available
for the extractlon of urenlum by esters than by ethers.
The dilstribution of uranyl nitrate between 1so-amyl
acetate and ﬁater 18 represented in fig;u:l:'e_}-A.l-a-2
KRarpacheva, et 8,1,.-:":Eg have found the extraction capaclty
of butyl acetate to be intermedlate between dlethyl ether

and dibutyl ether. Hyde and Wolf,glé in addition to thelr
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Table XIV. Partition Uoefficlente of Elements between Penta-ether and

Various Aqueous Media2
Element Concentration in Aqueous sol1.1t:Lon]—D
agqueous phase
before extraction Nitrate Nitrate + Sulfate Sulfate

(mg/25 ml) Chloride + Chloride
Al 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
n 10.5 0.004
Ca 521 - 0.011 _ - c
" 500 0.0001 —c
" 10.4 0.020 ' 0.00
c1 496 0.026
" 4ol 0.02
" 10.3 0.025
n 9.9 0.03
Ccr(IIT) 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
n 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
n _ 10 0.001%4 0.00075
Hg(II) a7 ' 0.21 0.015
n 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
n 10 0.10 0.015
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Table XIV. - Continued
Element Concentration in Aqueous Bol1.1'l'.-:|.o:rr-E
agueous phase
before extractlon Nitrate Nitrate + Sulfate Sulfate
(mg/25 ml) Chloride + Chloride
N1 516 0.0001
" 500 0.0018
" 10.3 0.0008
" 10 0.0032 0.00064
P(Poﬁ' ) 500 0.00005 0.00001
" 10 0.00024 0.00
Ag 500 0.09 0.005
" 10 0.32 0.005
sof“ (as(NHy),80,) 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(IV) 11 0.003 0.00 0.035
W 10 0.081 0.0025
v(v) 140 0.22
n 107 0.11
" 14 0.12
" 8.5 0.07 0.009
Zn kgt 0.15
" yt 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 solutlon and pentaether.

D Nitrate : 3/4 saturated ammonium nitrate solution.

Sulfate : saturated ammonium sulfate solutlon.

Chloride: chloride edded as ammonium chlorlde equlvalent to the metal
preeent.

L Precipitates of insoluble sulfate obtalned in ammonium sulfate layer.
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Flgure 25, The effect of inltial nltric and perchloric acld concentra-
tlon on the extraction of uranyl salts (Flg. 25-A) and thorium salts
(Flg. 25-B) by tetrahydrosylvane (THS), tetrahydropyrane (THP), 2-
ethyltetrahydrofurane (ETHF), and 2,5-dimethyltetrahydrofurane (MTHS).
After M. Branlca and E, Bona, reference 364, Conditions: Uranlum
concentration, 2 x 10_-3&. Thorlum concentration, tracer UX;. Tempera-
ture, 25 + 0.29C. Vy/Va, 1. .
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general survey work (Table VIII), have studled the.extrac;
tion of thorlum and uranlum by ethyl acetate, n-propyl
acetete, and 1so-propyl acetate as a function of the

nitrate concentratlon of the agueous phase. It was the
observatlion of the latter groupglé that the extraction of
uranium tends to decrease with lncreasing molecular welght

of the ester. Therefore, only acetates and proplonatee
need to be consldered serlously. Increased protactinum
extraction was observed wlth incfeasing length of the

alcohol portion of the exst:er-.-:ilg It was further observed
that hydrolysls of the ester tends to lncrease the extraction
of both thorium and uranium.ilé It was not determined whether
the addition of alcohol or organic acld causes the lncreased

extractlon.

Ethyl acetate

nltrate between ethyl acetate and water has been studled by

deKeyser, Cypres, and I—Ierma.nn.l-6-i The partition coefflecient

was found to vary from 0.17 at 22% U02(N03)2 . 6H20 in the
aqueous phase to 0.78 at U43% aqueous concentration. In
laboratory practlce, uranium 1s extracted by the solvent
from aqueoue nitrate medla. The followlng condltlons have

been used by varlous groups to extract uranlum:

Grimaldl and Levineiéi: 9.5 g. of Al(NO3)3 * 9H,0
are added to 5 ml of solutlon approximately 2.4N
in HN03. 10 ml of ethyl acetate are added and
shaken at least 30 seconds.

Rodden and Tregonningiéé: Urenium preclpltated 1n the
presence of aluminum (20 mg) wilth NH40H 18 dlasolved
in 1 ml of HN03(1 to 1). 8 g. of Mg(No3)2 . 6H20
18 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 U40g-)
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Nietzel and DeSesa§§ZL3§§: Approxlimately 15 ml of sat-
urated alumlnum nltrate solution are added to 3 ml
or less of sample containing 0.30 to 15 g. of U308
per liter. 20 ml of ethyl acetate are added and
shaken for 1 mihute.

Guest end Zimmermaniégz To 5 ml of sample contalning
5% concentrated HNO3 by volume, 6.5 ml of hot alumi-
num nitrate solution, having a bolling point of 130°C,,
are added. The resulting solutlon 1s cooled, 20 ml
of ethyl acetate are added, and the mixture shaken
for 45 to 60 seconds.

Steele and Tavernerigg: Approximately 5 ml of aqueous
solution are saturated with alumlnum nitrate. The
resulting solutlon 1s shaken with 10 ml of ethyl
acetate for 1-2 minutes.

In the procedure of Rodden and Tregonning,iég aluminum ni-
trate 1s used lnstead of megneslum nltrate 1f extractlon

is to be made 1n the presence of phosphate. DeSesa and
Nkﬂzeliéz&iég found that 1 molar concentratione of phos-
phate, sulfate, or carbonate ion could be tolerated with

no 111 effect on uranlum extractlon. Small amounts of
sodlum phosphate have been used to suppress the extractlon
of thorlum wlthout affectlng the extraction of uran:l.um.l-2§
Steele and T:a.ver-ner—jigg report the extractlon of appreclable
amounts of thorium and zirconium and small amounts of
vanadium, molybdenum, and platinum by ethyl acetate.
Grimaldl and Levine,iéé Guest and Zimmerman,éé2 and Niletzel
and DeSesa-i—qL-gé§ have Ainvestigated the effect of a number
of elements on the récovery and /or determination of uranium
according to thelr respective procedures. Nletzel and
DeS'eB&B-éZ"-ié§ found vanadium, present in 100 mg amounts, was
precipltated and uranium was occluded in the preclpltatate.
Titanium was observed to partially extract. This vas pre-
vented by preclipltation of titanlum wlth p-hydroxyphenylarsoniec

acld before extractlion.



procedure in which uranium is extracted by ethyl acetate from
an aqueous phase contalning an excess of ammonium thlocyanate.
Dizdar and Obrenovio31l have also Investligated the extractlon

of the uranyl-thlocyanate complex by ethyl acetete,.

KETONES
Methyl ethyl ketone.

nitrate between methyl ethyl ketone and water and between
methyl ethyl ketone and saturated ammonlum nitrate solutlon
is glven in filgure y-B,321 Paleilgé reports a uranium
partition coefflclent of approximately 25 between methyl
ethyl ketone and an aqueous solutlon of 60% NH4N03 and
1N HNO3. Methyl ethyl ketone 1is not as selectlve as
diethyl e1:her.—3-gl Homogeneous solutions are formed be-
tween the ketone and an equal wwhime of saturated ferrlc or
cupric nitrate at 20°C.3gl
clent of uranium between methyl ethyl ketone and an aqueocus
60%'NH4N03, 3% NH) SCN solution 1s about 2000.32-é Iron 1B
extracted.

Milner and Woodal2 report the separation of tantalum
and nioblum from uranium by extracting the fluorldes of
the former elements with methyl ethyl ketone.

Hexone (Methyl iso-butyl ketone).

between hexone and water ls represented 1n figure 4.5§§L§gl
The partition coeffilcients of uranium, nltrlc acld, and
geveral other actinlde elemente are plotted as a funection
of aqueous nitric aecid concentratlon in figure 26.33& The

effect of several salting-out agents on the partition coeffil-
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Flgure 26.
The extraction of nitric acid and actinide nitrates, Th, U,
Np,and Pu, by methyl 1sobutyl ketone (hexone).
After J. Kool, reference 33..
Cond;tions:
Tracer amounts of Np239 or Pu239, ?30 mg of Th(NOj)y °
40 per 15 ml, or 300 mg of UOo(NO3), (hexahydrate$
per 15 ml in nltric acid solution o nitric acid alone

equllibrated with an equel volume of hexone at 25°C or
room temperature.

The oxidation stﬁtes of neptundum have been thé subject
of some question.345
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clent of uranlum 18 given 1n figufe.27.§lﬁ Vdovenko and
co-workers322 have obeerved an increase 1n the partition
coefficlents of ceslum, calelum, strontium, and lanthanum
when the uranyl nitrate concentratlion in the initial

aqueous solutlon 18 Iincreased. This has been related to

the extraction of the elements as metal uranyl trinlitrate
salta. The partlition coefflcient of uranlum from a highly
palted aqueocus solutlon is decreased by an ilncrease 1n
uranium concentration. K]:-a.uséz-3 observed a, to decrease
from 153 to 78.3 aB the inltlal uranium concentration was
increased from 5 to 100 grams 1n an aqueous solutlon con-
taining 580 grams of aluminum nitrate. Jenkins and McKangi
found a, to decrease from 1.58 to 1.28 as the 1initlal 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, commercial hexone adjuated to 0.15N HNO3
was used as the extractant. Flgure 28 represents the ex-
tractlion of uranium by hexone from aqueous solutions contalning
various amounts of nitric acid and calclum or sodium'nitrate.:’-Zi
The distribution of U(VI), Pu(VI), Pu(IV), Th, La, Ca, Na,

and HNO.,, by hexone from aqueous solutions contalinlng niltric

3
acld and calclum nltrate has been 1nvestigated by Rydberg and
Bernstrgm.QZQ Hyde and co-workers have studled the extraction

of uraniumilé and thordi 316,377 by hexone as a functlon of

the total nitrate concentration of the aqueous phase. Dlstri-
bution curves (a or P versus nitrilc acid or total nitrate
concentration of the agqueous phase) are presented for the
various elements in the different papers. The effect of
aluminum nitrate concentratlon on the extraction of fission
product gamma-actlvity in general and zirconlum-nloblum,
cerium, and ruthenium in particular 1s shown in flgure
29.315— Increased extractlon 1s effected by an increase

in salting-out agent. An lncrease 1n nitrie acld concentra-
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Figure 27. The effect of various saltlng-out agents on the extraction
of uranium by hexone. WV NHyNO3, mNaNO3, DCa(NO;)g, A Co(NO3)2, &
Mg(NO%)z, oBe(NOig)a, 0 Al( 03?2. After W. H. Baldwin, referénce 319.
Condltiona: Equal volumes of pure hexone used to extract aqueous con-
talning 30 g U/liter.
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Figure 28.
The partitlon coefficlent of uranium as a function of the
nltrate concentration of the salting-out agents, Ca(N03)é
and NaN03, for an 1nitlal concentration in the aqueous
phase of 100 g/1 of uranium and 1,2,3, or 4M HNO3.
After A. Cacclarl, R. Deleone, C. Flzzottl, and M. Gabaglio,

reference 375.

tlon also causes an 1lncreased extractlon of flssion products
(figure 29).§Z§

The extractlon of uranium by hexone is facilitated by
the presence of substltuted ammonlum nitrates whlch are
sufflciently soluble in the organlc solvent. A number of
these salts and thelr effect on the extraction of uranium
are listed in Table XV.Zg Trli-n-butylamlne, 2-hexyl pyridine,
and dibenzoyl methane increase the extraction of fission
products.gzg Maeck, gg_gl.ilg have investigated the extrac-
tlon of uranium by hexone from an aqueous solution con-
taining aluminum nitrate and tetrapropylammonlium nitrate.

The extraction condltlons adapted as a result of the
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Figure 29. The effect of salting-out agent, Al(NO3) » on the ex-
tractlon of uranlum and flssion products by hexone ffom aqueous
solution at various nitric acld concentrations. After F. R. Bruge,
reference 378.

Conditilons:

The results on uranlum and gross flssion product activity
were obtalned using GB A1(NO3), as sdlting-out agent and
pretreated hexone as solvent. gn irradlated uranium slug,
cooled 144 days and dissolved in HN03, was used as activity
source. Extractiones were made at 30°C from an aqueous
phase oxidized 1 hour wlth 0.1M NaxCr O7 at this tempera-
ture. The nitric acld 1s the sum of %hat-in the -aqueous
and organic phases, expressed as moles of nitric acid per
liter of aqueous phase.

Ruthenlum extraction:aqueous phase--0.1M KoCrp07, 0.2M
}11\103, Al(NO3)3.

Cerium extractlon:aqueous phase--0.025M Na20r207, 0.5M
HNO,, A1(NO.).. ,
3 3’3
Zirconlum-nioblum extraction:aqueous phase--0.1M chr

2075
0.25M HN03, 8 g U per liter.
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Table XV. Effect of Substituted Ammonium Nltretes (RNOB) on the
rxtraction of Tlranyl Nitrate by Hexone.2

Catdion, R Total RNO3 o,
- concentratlon
(mol/1 x 103)

None 0 2.62
(c,H,) NH 2.1 6.2
49’3 5.2 10.7
11.0 32.4
21.0 68
(C.H. . ) NH, 2 2.5 6.0
ghi7/2 e 5.0 g-u
10.0 15.5
' 20.0 33
c v & 2.0 5.4
11"15% 5.0 13.4
10.0 26.7
20.0 57
C. H.,N.H 2.1 5.5
1272472 10.5 25.6
(c,H,) N 10.0 97
K9’k 10.0 gl
C gH, NH =3 10.0 2.8
(C.H_),NH 10.0 4.0
2°5'3
( CH2CH20H) N 10.0 2.67

2 prter Kaplan, Hlldebrandt, and Ader, reference 78.

Conditions:

equal volumes of hexone and of an aqueous solution. 8M in
NH, NO3, 0.4 in HNO3, and about 0.02M in uranyl nitrate.

12

dl-2-ethylhexylammonium

lo

2-n-hexylpyridinium

[=1

methyl l1sobutyl ketazinlum

o

2-methylpyridinium

investigation were 4.0 ml of 2.8M aluminum niftrate, 1N
acld-deficient, contalning 0.1%(weight/ﬁoiume) tetra~
propylammonlum niltrate; 2.0 ml hexone; and a sample slze

of b.5 ml (~2 mg of uranium). These condltlons provide

a good separation of uranium from many lons. The separation

from zirconium-nioblum 1s particularly good. The recovery
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of uranium is excellent even 1n the presence of foreign
anions (10 to 1 mole ratlo of anlon 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, exhibilt
no appreclable interference in the extraction of uranlum.
Chloride does promote the extraction of those ions which
form anionic chloride complexes, eg. gold (III). Certailn
other anions enhance the extractlon of fisslon producte, eg.

dichromate and thiosulfate Increase cerium extraction.

by hexone from aqueous thlocyanate solu‘cion.iz-l-"—-3§g Reasigg
has investigated the separation of.uranium and thorlum by this
means. Some of hls results are given 1n Table XVI. The
effect of sulfate lon (experimental conditilions B) 18 to
hinder the extraction of both thorium and uranium. The
effect, however, 1s greater for thorium than for uranium.
Consequently, greater separation of thorilum and uranium

can be made 1n the presence of the complexing sulfate ion.

The extraction of protactinium from an aqueous solutlon i.2M
in NHyNO, 0.20M in HNOg, about 0.01M in Th(NO;),, 0.0098TM
in Naasou, and 0.501M 1n KSCN by an equal volume of hexone

was < 4.4%. Decontamlnation from fission products is not

too good. Equllilbration of equal volumes of hexone and

an aqueous solution approximately 0.04M in UOE(NO3)E'

0.504M in Th(NO,),, 0.485M in Na,S0,, and 1M in HNO, resulted
in a beta decontamination factor of about 6.6 and a soft
gamma decontamlnation factor of about 1.5. Zirconlum was

found to be the principal fission product extracted.

Methylecyclohexanone

Agueous 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 condltions KsSM U extracted Th extracted

M % : Z
A Q.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

antipyrine
*

B 0.501 63 0.14
B 0.25 35 0.015"

& After W. H. Reas, reference 380.
Experimental conditilons: :

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

B: 0.0974M UOg(N03) s 0.252M Th(NO3)4, 0.2M HNO3, 0.224M
NapSQy, volume o% aqueoue phase = 10 ml, volume of
hexone = 10 ml.

The thorium extractlon was performed under slightly
different conditlons 1n that NHyNO; was substituted
for U0p(NO3)p. An donium (Th230) Tracer was added
to the solutlion and the dlstribution was measured
by the determination of 1onium 1n each phase.

by workers 1n Czechoslovakla as a meana of separating uranium
from thoriumigl and flssion products.gg}iigg The extracta-
bllity of uranium by methylcyclohexanone from sodium nitrate
solution (6—8&) i1s conselderably better than that of thoriumégl
From nitric acld solution (B8M), the extractabllity of uranlum
1s only two- to three-fold greater than that of ‘s;horium.ggl
Ammonium nitrate 1s comparable to sodium nltrate as a salting-
out agent for uranium.—3--2—1 Aluminum nitrate is more effective
than elther. However, the order of saltlng-out agents 1in
causlng increased flssion product extractabllity 1s Al > Na >
NHu. The best separation of uranlum from fission products

is achleved wlth ammonium nitrate as the salting-out

agent.ggi Methylcyclohexanol present in commercial methyl-

cyclohexanone suppressea the extractlon of uranium and fisslon
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products. The separatlon factor between the two activitles,
however, 1 increased since the partitlon coefflclent of
fisslon products is decreased more than that of uz:*azm:l.um.j’-gi
The partitlon of uranlum between methylcyclohexanone and
‘water and methyleyclohexanone and 6M ammonium nltrate solutlon

1s given 1n filgure ma.ﬁgi

Other ketonle solvents

Hyde and Wolf31® have studled the extraction of uranium

and thorium by methyl n-amyl ketone and dlisopropyl ketone
as a function of total nitrate concentratlon 1n the aqueocus
phase. In both casee, uranlum was better extracted than
thorlum. The extractlion of thorium did not become appreclable
(¢5%) until the aqueous nitrate concentration was greater
than 5M.. Dilsopropyl ketone was found to be an excellent
extractant of prota.ct-:l.n:l.um.:):lé

VEself, Beranové, and l'laa.l{r'-‘-’—’§g have i1nveastlgated the
extraction of uranium and flssion products by several
methylalkyl ketones: methylhexyl, methylamyl, methlbutyl,
and methylpropyl I1n addltlion to methyl lsobutyl and methyl-
cyclohexanone. The partltlon coefficlents of both uranium
and flsslon product actlvlty ‘vere measured as a function of
acid concentration 1n the range of -0.4 to 3¥ nitric acid.
In thls acldlty range, fisslon product extraction was found
to be maximum in the 0-1M nitric acld reglon. The partition
coeffilcient, Opps In this reglon was greatest wlth methyl-
propyl ketone (22 x 10_3 at 0.61&) and least with methyl-
hexyl ketone (2.4 x 1073 at 0.03M). 1In the acid-deflclent
reglon, Opp Increased as the acld-deficlency was decreaaéd
(the solution was made more acidlc). After the maximum
opp was reached 1n the 0-1M acid.region, the partitlon
coefflelent was décreased and then increased as the aqueous

solution was made more acldlic up to 3-4M. The partition

120



coefficient of uranlum, o, increased as the nltric acid
concentration was lncreased over the entlire range. At 3M
nltric acld, o, varied from about 0.7 for methylhexyl
ketone to about 2 for methylpropyl ketone and 3 for methyl-
cyclohexanone. The greatest separation, p, of uranlum
from fisslon products was found In the 0.1M acld deficlent
region (-0.1M). For methylhexyl ketone B was found to be
>1500; for methylpropyl ketone P was about 400. The extraction
coefflicients of uranlum were ¢ 0.2 for methylhexyl ketone
ahd about 0.5 for methylpropyl ketone at this acld concentratilion.
Allenigi has tested dlisobutyl ketone, diisopropyl
ketone, and methylhexyl ketone as solvents for the purifi-
catlion of uranium from iron, copper, chromium, and nickel.
Dilasobutyl ketone was found most satiafactory under the
conditions tested. Dilsopropyl extracted some iron and
chromlum. Methylhexyl ketone extracted 1ron, chromlum,
and copper.
Uranium and thorlum may be extracted quantiltatively
from a nitrate medium by'mesityl oxide.§§£ Under the condl-
tlions tested* zirconlum 1s extracted to a large extent;

vanadlum and yttrium to a lesser extent; cerilum only slightly.

AT.COHOLS
Hyde and Wolfilé found alcohols to be only falr ex-
tractants of uranlum and the extractlon capaclty to decrease
rapldly wlth the length of the carbon chaln. This 1s borne
out by the work of Poston, gE_El.égé who meagured the ex-
traction coefflcients of uranium and ruthenium as a functilon

of alumlnum niltrate concentration of the aqueous phase for

* Experimental conditlons: 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 solutlion
was shaken for 15 seconds wlth 20 ml of mesltyl oxlde. The
extract was washed once with 20 ml of alumlnum nitrate solutlon
and analyzed.
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hexone and several tertliary alcohols: tertlary amyl alcohol,
2-methyl 2-pentanol; 2-methyl 2-hexanol, 2-methyl 2-heptanol.
Only tertlary amyl alcohol extracted uranium better than
hexone (0:5 - 1.5M Al(NO3)3, o.a_ngmo3) and all four alcohols
extracted ruthenium better than hexone. Ruthenlum was
extracted as well or nearly as well ae uranium by the al-
cohols. '

Dilsobutylearbinol extracts ruthenlum nearly as well
as uranium.§§§ Thorium and zlrconium-robium are poorly ex-
tracted. Protactinium ia extracted much more efficlently

than uranlum.

MISCELLANEOUS SOLVENTS

Nitromethane has been recommended by.Warner'ggg as an
extractant for uranium. It 1s reslstant to oxildation,
stable to high concentrationes of ritric :acid, and highly
selectlve. The dlstribution of uranyl nitrate between
nltromethane and water and nltromethane -and saturated ammon-
ium nitrate solutlion 1s given 1n figure 3-B. The extraction
of thorium nitrate by nitromethane from aqueous asolution is
much less than that of uranlum. Color tests indilcate that
nelther copper, cobalt, 1ron III),nor-chromium nitrate 1s
extracted by the solvent. With dlethyl ether, considerable
amounts of copper nitrate and trace-amounts_of ferric nitrate
are extracted. Nitrlic acld enhances the extraction of uranyl
nitrate by nitromethane. However, above a critical acid
concentration (~5§ Initial acid concentration with equal

phase volumes &t 20°C) only one 1iquid phase 1s formed.
ORGANOPHOSPHORUS COMPOUNDS. Within recent years, a

large number of organophosphorous compounds hsve been developed
and investlgated as extractants for uranium. These compounds
have'beeﬁ gubdivided in the present paper into neutral and

acldic organophosphorus compounds.
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NEUTRAL ORGANOPHOSPHORUS COMPOUNDS

Solvents 1included in thils cabtegory are trialkylphosphates,
(R0)3P-+ 0; dilalkyl alkylphosphonates, (RO)QRP-a O;'alkyl
dialkylphosphinates, (RO)RZP-e 0; and trialkylphosphlne oxides
R3P-4 0. The abllity of the solvents to extraét uranium is
in the order

(Ro)3P-» 0 < (RO,)RP— 0 < (RO)R,P— O <.RgP - 0.
This 18 also the order of 1increasing base strengths of the
phosphoryl o‘xygen.—3-gg 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 hlghly extracted. In fact, in spite of
lower extraction coefflclents, tributyl phosphate affords a
better separation of uranium from thorium, plutonium (IV),
and fission products under the conditions listed in Table
XVII than does trihutylphosphine oxide.

Tables )CVIZI:I-3-8-§J-§§2 and XIXQEQ llat the distributlon co-
2fficients of uranium and some assoclated elements for a number
of neutral organophosphorus extractants. Silimllar information
on other solvents may be found 1n papers by Burger,égl Healy
and Kennedy,lgg and 1n numerous ORNL reportsa. The latter have
been summarized by Blake, et 21.3% ana quwn,_gg_Eiégiiégz

The mechanism of extractlon by neutral organophosphorus
reagents appears to be simllar to that of tributyl phosphate,égg’
392#3@1 From nitrate syatems, the extraction of uranium by
tributyl phosphate and trioctylphosphine oxlde 1s descrilbed

fairly well by the equllibrium reaction

2+ -
Uo5* + 2NO,T + 28 = UO,(NOg), (S),,

3
where S represents the solvent molecule.égg Extractlon may

be made by tributyl phosphate from chloride solution. Stronger
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Table XVII. Comparlson of the Extractlve Capaclties of Various Types of Organophosphorug

Compound&g
Extraction of U02(NO ) Extractlon of U, Pu, and Fission !Exgraction of
3’2 Productaé |Th—
Nitriec acld concentration
oM lo.em M No added HNOg 0-6M HNO4
U U - Aeld Aeld | U Pu | Groes dross Pu Groesy Gross [ Th
ext'dl ext'd ext'dlext'dl ext'd évx) {IV) A EVI.]EIV) B ext'd
@ @ @ (@ @ | @@ ® o (@@ [ | &
Tributyl :
phosphate 11 56 4 96,5 8 17.4]0,7 |0.01 |0.01 |58 |6.6 |0.0T | 0.08 3.5
Dibutyl .
butylrhos -~ ) '
phonate 55 o7 6 99.4 (11 64 |1.1310.05 |0.13 |97 54 _0.72 1.0 18
Butyl
dibutylphos- : ' '
phinate 98.5 | 99.9 | 15 99.9 |14 94 |20 1.9 |7.9 (999! 98 |23 38 T4
Tributyl
phosphine
oxlde 99.7199.9 139 99.9 | 17 99.9(97.31 37 64 999 99.8 72 |77 98.7

& pfter Higgins, Baldwin, and Ruth, veference 387.

Experimental conditions: equal phase volumes equllibrated 30 minutes at 25 t 0.2°C; organie
phase ~ 0.75 M phosphorus compound dissolved in CCly; aqueous phase - 0.1M uranyl salt with
or without salting agent.

b Aqueous phase - 0.1M U02(N03)2 from dissolving irradlated U slugs in HNOg - 6 months cooling.

£ Aqueous phase - 0.1M Th(NOB)Q,
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Extractiog l Extraction Extraotion of acids-£

of UOo3S0u= i1 of U0aClo

H,80) concen- | HC1 concen- % extracted

tration tration '
oM aM oM M Aced{ Clt-| Tar- | HNO S0, | H,PO, | HEL
tic | ric | tarie 3 H2 ol B

U U U U

ext'd | ext'd | ext'd ext'd
Teibutyl (2 | @ | &) (%)
phosphate 0.001 [ 0.001 | 0.3 0.8 25 |0 0 7 0 0 0
Dibutyl
butylphos- 0.1 0.03 1 26
phonate
Butyl
d1ibutyl-
phosphinate 16 48 40 92 b9 |20 |20 27 2 3 0
Tributyl
phosphine .
oxide 95 96.8% | 90 all pre- 58 | 39 |23 39 0 10 7

some ppt. clpltated
formed

a

Aqueous phase - 0.1M UO,S0,; acid as indlcated.

|

Three phases were present, two of which were largely aqueous.

|+

Aqueous phase - - approxlmately 1N acid.
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Teble XVIII. Extraction of Actinldes and Zlrconlum by Phosphates and Phosphonates at 30°C$

Solvent b o Extractiog Goefficignt
o Th Np(Iv)= Pu(IV)= U(VI) Np(VI)E Pu(vI) Zr
Trialkyl phosphate=
n-butyl 2.3 3.2 16.1 26 15.6 3.5 0.22
1sobutyl 2. 2.7 11.8 22 15.9 3.4
n-amyl 2.9 b2 15.6 32 19.3 L.l
1go-amyl k.2 4.7 17.8 34 18.9 4.4 0.12
n-hexyl 3.0 3.6 15.6 38 20.0 k.5 0.14
n-octyl 2.4 3.4 15.3 3 15.7 3.9 0.1%
2-ethylhexyl 2.5 k.3 2 5 23 5.7 0.14
2-butyl 0.45 4.9 2 42 20 4.6
3-amyl 0.22 3.5 18.1 4o 22 5.0
3-methyl-2-butyl 0.18 3.0 24 k7 25 5.4
4-methyl-2-amyl 0.047 3.5 22 3 24 4.9
eyclohexyl 3.5 106 0.64
Dlalkyl alkylphosphonate£
di-n-butyl n-butyl 24 92 0.11
dl-n-butyl oyclohexyl 17 125 0.1
41 -n-amyl n-amyl 32 133 0.092
dil-n-hexyl n-hexyl 2 89 0.070&
dl-2-ethylhexyl 2-ethyl-
hexyl 10.6 176 0.12

|

After T. H. 81ddall III, references 388 and 389.

Aqueous phase contalned 0.0lM ferrous sulfemite.
Aqueous phase oontained 0.01M NaNOz.
Aqueous phase contained 0.01M cerlc ammonlum sulfate.

1.09M trialkyl phosphate 1n n-dodecane; extractants washed with 1M NaOH, water, and nitrie
aold before use; aqueocus phase 3.0M HNO3 at equllibrium; tracer concentratlion of element.

1.09M phesphonate in n-dodecahe;aquecus phase O.Bﬂ HN03 at equilibrium; tracer oconcentration
of element.

ErEztrapolated value,

lo | o |&

[ La}



extractants may extract uranlum from sulfate and phosphate
solutlons, especlally 1f a small amount of nitrate 18 added

to the solutlom.

Tributyl phosphate (TBP)

Aqueous nitrate systems. Investigations on the ex-
traetion of metal nitrates by TBP indlcate the catlons are
extracted as single, well-defined specles: M(N03)3(TBP)3,

3)4(TBP),, and M02(N03)2(TBP)2.l§§45§14§liL3324§23 This

differs from the extractlon of ethers, esters, and other

M(NO

oxygen-contalning solvents, consldered previously, 1n which

a whole serles of complexes contalning varylng numbers of
nitrate, solvate, and water molecules 1s extracted. The
atability of the TBP-solvate moleculesa lncreases 1ln the orderill
H20(TBP) < Pu(N03)3(TBP)3 < Pa(N03)5(TBP)3 < HN03(TBP),
HNOS(TBP)(Hzo) < Th(N03)4(TBP)2 < Pu02(N03)2(TBP)2 <
Pu(N03)4(TBP)2 < U02(N03)2(TBP)2.

The unexpectedly large extractlon of nitric acld, thoriunh and
zirconium at very high acid concentrations indicates higher
complexes may be extracted.éll'

The distribution of uranyl nitrate betweén_TBP and water
is represented 1n filgure 30.—3‘-—9-i The extraction coefficlent
of uranlum ls plotted as a funetlion of acld concentration for
various concentrations of TBP in figure 31.-3lgi The observed
effects of (1) decreased Q,, Wlth increased acld concentration
and (2) increased @, with increased TBP concentration, may
be explained on the basis of free solvent concentration.
Flrst, as the acld concentration 18 increased, more nitrile
acld 1s extracted resultling in lessB free solvent. Second,
more free sélvent 1s obviously avallable ae a result of 1in-
creasing the solvent conecentration. Since the partition
coefficlent of uranlium depends upon the second power of the

free solvent concentratlon, @, wlll decrease in the first case
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Table XIX. Extractive Power of Tributyl Phosphate, Alkyl Phosphonates, Diphosphonates, and Phosphine oxidesd

Initlal concentration of HNOg,N l 0.5 1 2 0.5 1 2 | o5 1 2 | 0.5 1 2
Distribution ooeffiu;l.enta I
Solvent jif Pu(IV) LZr-Nb Nb
(cHg0) 3P0 0.68 1.42 4.65| 0.19 0.67 2.73| .64 .86 105 .011 .014  ,010
(C,}H90)2P-§H3 4.50 10,35 21.50( 5.46 11.15 14.90{ .0058 .0040 ,015 | .0001 .0020 .07
(1-05H110)210=;cx-13 6.95 21.10 70.66 1.53 T7.43 16.90| .15 .22 .33 .52 W34 .20
(06H130)2P‘\~ 3}13 .5.72 18.45 45.70| 3.51 11.65 18.95| .10 .053 .13 .0050 - .012 .021
(c,rﬂlso)zr\‘-’ CHy 21.30 ¥7.1 1031 | 3.25 10.95 17.15| .0078 .04 .12 . 00040 .(ols .08
(CgHy70) P Q CHy 22.10 50.70 178.0 | 5.71 13.65 19.45| .037 .14 .28 .0061 .019  ,Ohk4
(°9H19°)2Pt3 CHy 27.60 32.60 61.40] 23.25 24.15 21.70| .97 .67 .55 .013 .0l4  .017
(°10H21°)2P\\' CHgy 6.73 14.65 34.30| 16.60 21.65 21.50| .38 ko .54 . 0043 L0043 .00
(°“’6“11°)21?\\' CHy 17.45 44,10 101.0| 4.47 17.35 25.15] .020 .061 .30 .015 .013  .O0057
(061-[50)21’\\— cga 0.03 0.053 0.15 1.84 1.3% 1.71{1.31 L2 .86 Jho .15 .086
Egggi:c)))\/xi- oty 13.43 26.80 69.90| 3.80 11.60 19.60| .24 .16 .24 | _0056 .0053 ,0062
(C4H0) N\ p c_) CH 12.20 36.3 65.8 | 7.89 17.85 24.50 (.80 &7 .47 .0038 L0041 .0051
(CpHy g0}~y 3
(n_cuﬁgo)gp\gce% .97 13.05 44.20 | 2.58 7.58 14.85].031 .091 .33 - - -
‘(1_04}[90)29\\_ °c2H5 7.58 22.50 57.30 | 2.53 7.67 14.85| .0085 .018 .11 .0021 .0089 .039
o
(cuﬂgo)ep\\; CqHyn 10.45 22,20 T4.70 2..58 8.65 16,75| .0039 .020 .10 |<.0OM6 .0028 ,0063
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(1-C H_-n

5H110)2g§- CH,
0
(C4H90)2P - Cy¥g
*%
(CyHLO) P - C.H
4Hg0)a S, 5t
(i'°5H11°)2f$' G5ty
(1-C.H, . 0) °
5711028 - OgHyy -1
0
(1-051-1110)21:\- CBH17
0
(GHHQO)EQ&; GH206H5
(04H90)2%:CH200H3
s}
(04H90)2§(CH200235

0
(cuﬂgo)2%4n505200459

(o}

(041{90)21:%:1{(0}13)01-123-00439

€,H 0) P ~ CH,CH,CO0C

(cyay >a\\oﬂzﬂzc ¥

(6,H,0) P - CH, - P(CyH,0)
yig0), \, Hp Q§g 9%)2

(1-05H110)2P§: CH, - P(oc5nn-1)2

[¢]
(cyHg) 3P0
(1-04H9)3P0

2.30

9.4%0 22.30
8.98 21.00
8.26 25.75
13.65 28.4%0
7.68 21.10
9.60 11.50

2.45 6.34

1.13 3.09
1.31 3.11
3.15 B8.68
6.35
2.1% 5.57
1.73 12.55
1.32 2.98

1880
5.33

1360
7.26

73.80

65.30

103.5

58.40

30.95
85.4
21.10
7.79
8.86
42,20
34.50
16.46
17.26
9.60

352
7-19

2,02 T.46
2.82  9.46
2.45 8.91
2.50 9.00
2.18 7.69
2.65 B8.92
0.47 1,91
0.28 1.16
0.3% 1.50
0.80 3.26
0.15 2.35
0.79 2.38
2.71  6.72
3.33 8.4
365 299
16..5 21.85

1%.15 - .013
17.50[ .0034 .02k
17.65} .0032 .024
15.75 I.012 .036
13.05| .011 .031
17.00[ .016 .038
6.00| .0034 .0084
4.24} .029 .OT5
5.03{ .43 U2
10.95( .031  .o77
6.39] .021 .025
6.24) .04 .12
19.24| .23 .28
2k.70| .m1 W41
83.2 {1.00 1.8%4
22.55 ‘.61 .55

.099

-097

11

.13

.13

.13

.022

.12

.42

.062

.043

.057

.29

b2

.45
.55

. 0022
<,001
.0035
.011
.0017
.0012

.axg2

0046
.0050
.0031
.0058
.011
.032

.64
3.95

.0027

.0028

.010

.022

0024

.011

.0011
L0046

-0057
.0060
.0041
.0080
.011
.031

.60
4,10

.0022
025
.032
Neig
.0031
.029

.0012
.0061

.0067
.012

0058

.011
-031

47
2.15

2 arter Petrov, et al., reference 390.

Organic
1 ¢/1 Nb

1 =180; c = oyclo.

e - 0.5M phosphorus compound in CCl
, nitrio acid as indicated.
Temperature, 20° = 1°C,

Volume r&tio

Initlal squeaus phase - 50 g/1 U, 1 g/1 Bu(IV), 1 o/1 209 + oo

(organic,

aqueous), 2.

Time of shaking and of settling, 30 minutes.
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Pigure 30.
The partltion 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, 1s glven also as & functlon of nitrle acid concentration
in flgure 32.§2§ The decreased extractlion wlth lncreased
uranium concenfration may 3galn be lnterpreted 1n terms of

the solvent avallable. The partition coefficlents of other
metal nltrates are also decreased, in general, by 1ncréaaed
uranium coneentration. More effliclent separatlion may there-
fore be achieved by lncreased uranium loading of the solvent.
For small amounts of uranium, a high uranium concentratlion may

be attalned 1n an organic phase sultable for handling by
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Flgure 31. The extractlon of uranyl nitrate by varilous concentra-
tions of TBP in kerosene as a functlon of initial agueous acid
concentration., After T. Sato, reference 395. Condltions: Organlc
phase -~ volume % TBP 1n kercosene as indicated. Aqueous phase - 5 g.
uranyl nitrate per liter, nitrlec acild concentratlon indicated.
Temperature, 200C; Vo/Vg, 1.
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Flgure 32.

The effect of 1nitlal uranium concentratlion on the extraction
of uranyl nitrate by 20 volume per cent TBP in 0014 88 &
function of initial aqueous nitrlc acid concentration.

After R. L, Moore, reference 396.

Conditlons:
Equal volumes of phases shaken 1n a water bath at 25°C.

dilution of the solvent. Duncan and Holburbigz have measured
the distrilbutlion of uranium,initially present in 1.2 to 1200
micrograms per liter between 20% TBP in kerosene and nitric
aclid solution. Although the results were somewhat erpatic,

1t was generally shown that the partition coefficlent 1s nearly

constant over this range of uranium concentrations.
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The extractive cepaclty of TBP is affected considerably
by the cholce of diluent. Taube3? extracted u(vi), nNp(IV),
Np(VvI), and Pu(VI) from S5M HNO3 aqueous solutlons with 0.15M
TBP dlssolved ln a number of solvents, including benzene and
chloroform. Larger extraction coefficlents were obtalned for
all the elements tested with benzene rather than cechloroform
a8 dlluent. In the case of uranium, the difference in a, was
- greater than ten-fold. Little difference ln extractlve
capaclty was observed wlth TBP diluted by benzene or carbon
tetrachloride. Simllar results were obtailned by Dlzdar, et
a1.§22 Uranyl nitrate (0.0038§) was extracted from 2M nitric
acld solutions by various concentratlons of TBP dlluted wlth
carbon tetrachloride, xylene, kerosene, hexane, dlbutyl ethef,
diethyl ether, and isopropyl ether. The partlition coefflclent
was found to lnerease with increasing TBP concentration to a
maxlimum for pure TBP. For carbon tetrachlorlde and xylene
the maximum value was already attalned at 40 mole per cent
TBP. The other dlluents are listed above 1n the spproxlmate
order 1n which they inhiblt the extractlon of uranium by TBP.
Differences in e, for various dilluents, were found to become
smailer wlth increased uranium concentration. Bruce§Z§ has
found that the extraction of flssion products 1s also affected
by the choice of dlluent.

The extractlon of uranilum by TBP is considerably en-
hanced by the presence of salting-out.agents i1n the agueous
phése.igg:&gé The results of Sato&gé are glven 1in Table XX
and figure 33.

The extractlon of uranium by TBP decreases wlth increased
temperature.ﬂgz:Eli

Phosphate, sulfate, and fluoride lons reduce the extrac-
tion of uranium by TBP from nitrate media.ﬂgg Uranlum is
‘eXxtracted from chlorlde solutlon but less effilciently than.

from nltrate solution. Sillica csauses poor phase separation
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Table XX. Extractlon of Uranyl Nitrate by TBP Using Varlous Nltrate
Salting-out Agents.ﬁ

Salting-out agent Percentage extracted
oM HNOg 1M HN03 3M HNo3 6M HN03

(HNO,) 2.96 82.10 95.52 97.10
NH, NO4 70.00 92.30 96.50 97.40
L1N03 73.05 94.60 97 .50 97.95
NaNO3 72.50 93.00 97.10 97.80
KNO3 65.00 90.50 96.00 97.10
Cu(N03)2 86.02 97.50 97.70 99.00
Mg(N03)2 84.35 97.20 97 .50 99.40
Ca(N03)2 82.48 96.60 96.60 97.50
Zn(No3)2 79.75 98.05 98.10 99.40
Al(NO3)3 99.90 99.60 98.20 99.50
Fe(N03)3 99.80 99.50 98.20 98.90

2 After T. Sato, reference 406.
Organic phase - 19% TBP in kerosene.
Aqueous phase ~ 5 g/1 uranyl nltrate, 1M saltlng-out agent, initlal

acld concentration lndicated.
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, sodlum sul-~
Ffate, and urea solutlons have been used sail.isisi‘ac1:or.'11y.]—1L92
Water or hydrogen peroxide is lneffective for TBP contalning
conslderable nitric acid.ﬂgg

The dlstribution qf nitric acld between aqueous solution
and 100% TBP is demonstrated in figure 34.£l§ The. distri-

bution of various metal nitrates between TBP and nltrate
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Flgure 33.

Effect of nltrate selting-out agents upon the extraction of
uranyl nitrate at 1M initlal nltric acld concentration.
After T. Sato, reference 406,
Jonditions:
Orgenlc phass - 19% TBP in kerosene.
Aqueocus phsee - 5 g/1 uranyl nitrate, 1M HNO3, salting-
out agent concentratlion lndlcated.

Equal phase volumes shaken together for 30 mlinutes at
20°C, :
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Figure 34.

The distribution of mineral aclds between 100% TBP and aqueous
solution at 25°C.
After E. Hesfbrd and H. A. C. McKay, reference 412.

solutions has been extensively lnvestigated. The extractlon
coefficients of some actinide elements are plotted agalnst
aquéous nitrie aold concentration imn figures 35 and 36.5-1—'3-'-&-1-§
Ishlmorl and Nakamuraﬂlz have also measured the partition co-
efficlents of Hf, Th, Pa, U(VI), Np(IV)(V)(VI), and Pu(IV)(VI)
at varilous aqueous nitric acld concentrations. Figure 37
represents the partition coefficlent of several fission pro-

ducts as a function of the nitrlc acld concentration.-i8-420
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Flgure 35. The partltlon coefflclent of actlnlde nitrates between
19% TBP in kerosene and aqueous solutlon as a function of equili-
brium nitric acld concentratlon. @U (VI), ONp (VI), mNp (IV),
APu (VI) at 20°-23°C,, after K. Alcock, G. F.-Best, E. Hesford,
H. A. C. McKay, reference 413. 4Pu (IV), VPu (III), at 25°C. or
20-23°C., after G. F. Best, H. A. C. McKay, P. R. Woodgate, ref-
erence 414, O Th (IV) at 25°C., after E. Hesford, H. A. C. McKay,
D. Scargill, reference 415,
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Filgure 36.

The dilstribution of trivalent actinldes between 1004 TBP and
aqueous solutlon as a functlon of equllibrium nitric acld

concentration at 25°C.

After G. F. Best, E. Hesford, and H. A. C. McKay, reference 416.

The extraction of rare earths, Y, Zr, Se¢, Th,and Am by TBP
from aqueous nitric acid solutlon has been investigated by
Peppard and co-workers.ﬁgl&&gg Jodine 18 extracted. It
forms addition compounds wlth carbon-unsaturated eompounds
in the solvent. The extractlion of lodine is minimlzed by
keeping 1t in a reduced state and by careful selection of

TBP d:l.luents.;:l§ Rufhenium 1s.also extracted by TBP. 1Its

extractlon may be reduced by lnereased solvent saturation with

uranium, by digestion in a nltrate solution of very high ilonic
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The distribution of flssion product elements between

TBP of several concentrations and aqueous solutlon as a functlon of

equilibrium nitric acld concentratlon.

Bedford, W. H. Hardwick, and H. A. C. McKay, reference 418.
Ce, Eu, after D. Scarglll, K. Alcock, J. M. Fletcher, E. Hesford,

and H. A. C. McKay, reference 419.
D. Scarglll, reference L420.
with less than 1 g/1 of carrler
tions made at 20-23°C.; Nb, ~20

wlth kerosene.

Condlitions:
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Nb, after C. J. Hardy and

Tracer, carrler-free or
used in all cases, Zr equllibra-

8c.; a1l others at 25°C. TBP diluted

Zr, after K. Alcock, F. C.
Y, La,



strength, or by treatment with a reducing agent.zzg Suslc
and Jel:l.e&gi and Sa.toEgé have studled the TBP extraction of
metal nitrates that may be used as sslting-out agents.. The
order of extractlion of 0.1l mg per ml concentrations of metal
from 2N HNO3 solutions by 20% TBP/kefosene with no uranilum
present 1s BL > Co > Cu > Fe > Zn > Cd > Pb.223 The partition
coefficlent of blsmth under such condltilons, with equal phase
volumes, is about 0.l. The results of Satoﬂgé are listed in
Table XXI.

The partitlion of uranium and other metal nltrates be=-
tween tributyl phoﬁphate and aqueous solution ls affected

greatly by the presence of hydrolysils producte in the organic

Table XXT. Extraction of Metal Niltrates by TBP.2
Metal nltrate Percentage extracted
oM HNO3 1M HN03

L:LNO3 - . -
NaNO3 - -
KNO3 . _ - -
Cu(N03)2 0.050 0.025
Mg(N03), - -
Ca(N03)2 0.118 0.064
Zn(N03)2 0.005 -
Al(N03)3 0.004 0.003
Fe(N03)3 0.010 0.008

& After T. Sato, reference 406.

Aqueous phase - 5 g/l uranyl nitrate and lM matal nitrate at i1nitlal’
nitric aclid concentration indicated.

Organic phase - 19% TBP diluted in kerosene.

Equal phase volmms 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 bolling the solvent with an
alkaline solution. Two procedures for the removal of TBP

Impuritles are given,

Procedure l&giz TBP is purlfied by boillling with a dllute

caustlic soda solution. Add 500 ml of
0.4% NaOH solution to 100 ml of impure
TBP. Distlll at atmospheric pressure un-
til 200 ml of distlllate have been collected.
The remalning TBP lis washed repeatedly with
water. It may be drled by warming under
vaouum.

Procedure 2&5l: TBP 18 stlrred with an equal volume of
6M HC1 at 60°C for 12 hours. The separated
TBP is cooled to room temperature and
scrubbed wlth two equal-volume poritlons
of water, three equal volume portions of
5% aqueous sodlum carbonate solutlon, and
three equal volume portlons of water. The
resultant TBP 1s dried by heating to 30°C
under reduced pressure.

Aqueous chloride systems. Uranium is extracted from

chlorlde solutlon as U02012 ° 2TBP although hlgher uranyl
chlorlde complexes may also be extzuacted.-E—z-é-ﬂgg The par-
tition of uranlum between TBP and aqueous hydrochloric acid
solution 18 shown 1lh figures SBEEELEQQ and 39.&39 The effect
of uranium concentratlon on the dlstribution 1ls given in

figure 40;&g§ the effect of TBP concentration, in figure
41.&2§L&21 In Table XXII, the influence of salting-out

agents on the extraction of uranyl chlorlde by 30% TBP in
dibutyl ether 1s recorded.ﬂil The dlstributlon of hydro-
chloric acld between TBP and aqueous solution is shown in
figuré 34.233 In figure 37, the partition coefficients of

Pa, Th, Zr, and Sc¢ are plotted as functions of aqueous HCL
concentration.ﬂggl&gg In flgure 39, the partitlon coefflclents
of'Ni, Mn, Cu, Co, Zn, In, and Fe (III) sre similarly plotted.ﬂﬂg
Ishimori and Nakamuraill have measured the partition coeffi-
clents of Hf, Th, Pa, U (VI), and Np (IV)(V)(VI) as functions

of aqueous acld concentration. Gal and Ruvareciil-have similarly
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Figure 38. The extraction coefficlent of U, Pa, Th, Zr, and Sc
between pre-equilibrated 100% TBP and agqueous hydrochlorilec acid
at 220 + 20C., After D. F. Peppard, G. W. Mason, and M. V. Gergel,
reference 429, and D. F. Peppard, G. W. Mason, and J. L. Mailer,
reference 422, :
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Figure 39. The extractlon coefflclents of U, In, Zn, Cu, Co, Fe,
and Mn between pre-equilibrated 100% TBP and aqueous HCl solutlon
at 21 + 0.1°C. - After H. Irving and D. N. Edglngton, reference

430. TCondltions: TBP and HC1l pre-equllibrated by stlrring equal
volumes together for about 10 minutes. Tracer concentrations or
about 0.02M U and Cu used. Equal 