46.9
865r
Q [ ]
ey { National
8 Academy
of
Sciences |
National Research Council
NUCLEAR SCIENCE SERIES
The Radiochemistry
‘of Uranium
=2
=3
=g
=z
i=0C" -
—ry
255%85 ' At:i]c

i

" Energy
Commission

|




COMMITTEE ON NUCLEAR SCIENCE

D. A. Bromley, Chairman
Yala University

Martin J. Barger
Natlonal Bureau of Standards

Victor P. Bond
Brookhaven National Laboratory

QGregory R. Choppin
Florida Stats University

W. A. Fowler
California Institute of Technology

Q. C. Phillips
Rice University

Georgs A. Kolistad
U. S. Atomic Energy Commission

John McElhinney
Naval Ressarch Laboratory

Robley D. Evam, Vice Chairman
Mamzchusetts | nstitute of Technology

C. K. Reed, Executive Secretary
National Acsdemy of Sclences

Herman Feshbech
Massachusetts Institute of Technology

F. 8. Goulding
Lawrence Radistion Laboratory

Bemd Kshn .
National Center for Radiological Health

Members-at-Large

Liaison Membens

Georgs Wetherl|l
University of Callfornia

Alexander Zucher
Osk Ridge National Laborstory

Walter 8. Rodney
National Sciencs Foundstion

Lowls Slack
Amaerican |nstituts of Physics

Subcommittes on Radlochemistry

Gregory R. Choppin, Chalrman
Floride Stats University

Herbert M. Clark
Rensssiser Polytechnic Institute

Raymond Devls, Jr.
Brookhaven Natiomal Laborstory

Brucs Dropesky
Los Alamos Scientific Laboratory

Rolfe Herber
Rutgers University

John A. Miskel
Lawrence Radiation Laboratory

Julfan M. Nieisen
Pacific Northwest Laborstory

G. D. O°Kelley
Osk Ridge National Leboratory

Andrew F. Stshney
Argonne Netionsl Laboratory

John W, Winchester
University of Michigan

Membership as of January 1972



AEC Category NAS:NS-3050

uc-4

The Radiochemisiry of Uranium

JAMES E. GINDLER

Argomne National Laboraiory
Argomne, Illinois

Iséua.nce Date: March 1962

LOS ALAMOS
SCTENTIFIC LABORATORY

W 7 1978

LIBRARIES
PROPERTY

Subcommittee on Radiochemistry
National Academy of Sciences —National Research Council



Price $3.00. which is the minimum order price for either one.
two, or three randomly selected publications in the NAS-NS
saries. Additional individual copies will be gold in increments of
three for $3.00. Avsilable from:

National Technical information Service
U. S. Department of Commerce )
Springfield, Virginia 22151

Printed In the United States of America

USAEC Technical Information Cantar, Gak Ridge, Tennessss
1962; iatast printing 1972



FOREWORD

The Subcommlittee on Radlochemlstry 1s one of a number of
subcommlttees working under the Commlttee on Nuclear Science
within the Natlonal Academy of Sclences - Natlonal Research
Councll. TIts members represent government, industrlal, and
unlverslty laboratorles in the areas of nuclear chemlstry and
analytical chemlstry

The Subcommlittee has concerned 1tself with those areas of
nuclear sclence which 1nvolve the chemlst, such as the collec-
tion and distributlon of radlochemical procedures, the estab-
lishment of specificatlons for radiochemlcally pure reagents,
avallabllity of cyclotron time for service 1rpradiations, the
place of radlochemistry in the undergraduate college program,
etc.

Thls series of monographs has grown out of the need for
up~-to-date compllatlons of radlochemlcal information and pro-
cedures. The Subcommittee has endeavored to present a serles
whlch wlll be of maximum use to the working sclentlist and
whlch contalns the latest avallable iInformation. Each mono-
graph collects in one volume the pertinent information requilred
for radiochemical work wlth an indlvidual element or a group of
clogely related elements.

An expert in the radlochemlstry of the particular element
has written the monograph, following a standard format developed
by the Subcommlittee. The Atomlc Energy Commisslion hap sponsored
the printing of the series. '

The Subcommlttee 18 confldent these publicatlons wlll be
upeful not only to the radlochemlst but also to the research
worker in other flelds such as physlcs, blochemlstry or medicine
who wlshes to use radlochemlcal technlques to solve a speclfilc
problem.

W. Wayne Meinke, Chalrman
Subcommittee on Radlochemiptry
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INTRODUCTION

This volume which deals wilth the radiochemistry of
uranium 18 one of a seriles of monographs on radliochemlstry
of the elements. There 1ls 1ncluded a review of the nuclear
and chemlcal features of partlcular interest to the radio-
chemlst, a discussion of problems of dlssolutlion of a sample
and counting techniques, and flnally, a collectlon of radlo-
chemical procedures for the element as found 1n the litera-
ture.

The series of monographs will cover all elements for
which radiochemlcal procedures are pertinent. Plans include
revision of the monograph periodically as new technlqueg and
procedures warrant. The reader is therefore encouraged to
call to the attention of the author any published or unpub-
lished material on the radiochemistry of uranlum which mlght
be included in a revised version of the monograph.

iv
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The Radiochemistry of Uranium

JAMES E. GINDLER
Argonne National Laboratory
Argonne, Illinois
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IT. General Revliews of the Radlochemlstry of Uranium.
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United Nations, New York, 1956.

IIT. Table of Isotopes of Uranium® .

Isotope

U227
U228

4229

U230

U231

232

Half-Life

1.3 min
9.3 min

58 min

20.8 day

4.3 day

74 year

Type and Ener
of Radiatilon %ﬁev)

e 6.8

a (~B0%) 6.67

EC(~20%)

EC(~80%)

a (~20%) 6.42

a 5.884 (67.2%)
5.813 (32.1%)

5.658 ( 0.7%)

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

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

Method of
Preparation

Th?32(a, 9n)
Th?32(a,8n); ~o%
daughter 36 min pu232

Th?32(a,7n); ~0.1%

daughter 20 min Pu?33
Th?32(a,6n); ~15%
daughter 17.7 day
Pa?30;

~6% daughter 9.0
hour Pu23n
h232(a,5n);
Pa?3l(a,2n);

3 x 10'3% daughter
26 min Pu®3?
Th232(a, 4n);
daughter 1.31 day

Pa232; daughter

2.85 year Pu236;

U233(n,2n)



Table of Isotopes of Uranium (Contilnued)

Isotope Hglf-Life Type and Ene Method of
' of Radlatlion (Mev) Preparation
y233 1.626 x 10° a 4.816 (83.5%) daughter 27.0 day
: . year® 233
L. 773 (14.9%) Pa
4,717 ( 1.6%)

4.655 (0.07%)
4,582 (0.0u4%)

0234(UII) 2.4 x 107 year a 4.768 (72%) natural radioactivity
4,717 (28%) 0.0056%;
daughter 1.175 min
Pa234m(UX2);

daughter 6.66 hour
pa?3%(uz);
daughter 86.4 year
2385 033 (n,7)

y235m 26.5 min IT daughter 24,360
year Pu239
U235(AcU) 7.1 x 108 year a 4.559 (6.7%) natural radloactivity
4.520 (2.7%) 0.720%;
4.370 (25%) " daughter 26.5 min
4.354 (35%) U235m; daughter
4.333 (14%) 410 day Np>3°;
4.318 ( 8%) daughter 23.7 min
4.117 (5.8%) Pa232
236 2.39 x 107 year o 4.499 51% daughter
Np236 &;

daughter 6,580 year
Put0; 4235(n, )

6.75 day B~ 0.248 daughter 11 min
Pa.237 g;

g237

4x10-3% daught
Euegl;% aughter

U238(n,2n);
4 U236(n,7)



Table of Isotopes of Uranium (Continued)

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

v?B(u) 451 x 209 year a 4.195 natural radio-

actlvlity
_ 99.276%

U239 23.54 min g™ 1.21 U238(n:7)5
u238(4,p)

240 . -

U 14.1 hour B~ 0.36 daughter ~7.6 x
107 year
Pu244; 2nd order

neutron capture
on U238

2 patae concerning half-lives, radlatlions and branchlng ratilos, unless
othefwise noted has been obtained from the "Table of Isotopes" by
D. Strominger, J. M. Hollander and G. T. Seaborg, Revlews of .
Modern Physlcs, 30, No. 2, Part II, April, 1958. This compila-
tion may be consulted for more complete lnformation on the

isotopes and for references to the orlglnal literature.

L] Ya. P. Dokuchayev and I. S. Oslpov, Atomnaya Energiya, 6, 73 (1959).

£ J. E. Gindler and R. K. Sjoblom, J. Inorg. Nuclear Chem., 12, 8
(1959) .

4

The half-1ife of Pa237 has been reported recently to be 39 * 3
min, K. Takehashi and H. Morlnaga, Nuclear Physics, 15, 664
(1960).

IV. Revliew of Those Features of Uranium Chemistry of Chief

Interest to the Radlochemlst.

A. Metalllc Uranium

1. Preparation. Uranlum metal may be prepared by several methods:l
the reduction of uranium oxides with carbon 1n an arc-melting
furnace; reduction of uranium oxldes with magnesium, aluminum,
calcium or calcium hydride; the reduction of uranium halides
with alkall or alkaline-earth metals; electrolytic reduction
of uranium halides; and the thermal decomposition of uranium.

iodide.



2. Physical properties. Metallic uranium exists 1in three allo-

tropilc fo::'ms:g’-1 the orthorhombic alpha form, Btable below
663°C; the tetragonal beta form which exists between 663°C and
770°C; and the body-centered cublc form which exists 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, lmpurlties may be contalned in the

metal which alter 1ts properties. Also, a mumber of the physl-
cal characteristics depend upon anisotropic and structural
effects, eg. thermal expansion. Therefore, 1f physlcal proper-
tles are pertinent to an experiment or design, 1t 1s best to
determine them indivldually for the metal used.

The changes wrought 1n metallic uranium by radlation and
thermal cycling may be considerable. The results of reactor radla-
tion on the metal are: dimenslonal 1lnstability, surface roughening
and pimpling, warping, high hardness, extreme brittleness, cracks
and porosity, broadened x-ray diffraction llnes, and decreased

thermal and electyical conducti'vity.i Thermal cycling growth 1s

similar in many respects to that caused by radiation damage.
However, dlfferences exist, the fundamental difference belng
in the mechanism of growth. (The reader is directed to reference

3 for more detailed discussion of thls subject.)

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

potential of +1.80 volts for the half-cell reaction, U= U + 3e,

places 1t below berylllum and above hafnium and aluminum in the
electromotive force series.é The metal forms Intermetalllc

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

sn, Ge, In, Ir, Pd, Pt, Tl, and Zn;2 solid solutions with Mo, Ti,

2

Zr, and Nb.= It reacts at varying temperatures with H,, B, C, S8i,

2’
Ny, P, As, 0y, S, Se, Fy, Cly, Bry, I, H)0, HF(y), HyS, NHy, NO, HCL (g

N204’ CH4, co, 002. 1.2 In alr, at room temperature, massive

uranium tarnishes to form a yellow and. eventually a black oxide



coating. Flnely divided powder may burn spontaneously. In boiling
water, massive uranium corrodes slowly wlth the formation of uran-
lum dioxide and hydrogen. The reaction products with steam are
uranium oxide and hydride. The dissolutlion of uranlum metal is

discussed 1in section IV-F.

Table I. Physical Properties of Uranium Metal?

Density (high purity) 19.05 + 0.02 gm/cm3
Density (industrial uranium) 18.85 * 0.20 gm/bm3
Melting point 1.132 + 1°C.
Boiling point 3,818°C.
Heat of fusion 4.7 keal/mole
Vapor pressure (1,600°C.) 10"4 mm
Thermel conductivity (70°C.) 0.071 cal/cm-sec-°C.
Flectrical resistivity (25°C.) 35 x 10° ohm/cm3
Mean coefficlent of linear 16 x 10'6/”Cu
thermal expansion (random
orlentation 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 1. Grainger, reference 4.

IvV-B. Compounds of Uranium

i Uranlum comblnes with most elements to form a large number
and varlety of compounds. "Gmelins Handbuch der Anorganischen
Chemie,"é which surveys the llterature through the year 1935,
describes several hundred compounds. Katz and Seaborgg describe
some of the more recently prepared compounds, princlpally of
organlc character, such as chelates, alkoxides, amides, mercap-

tides, and w-cyclopentadlenyl compounds.



The oxldatlon states of uranium in the comblned form vary
from II to VI. Divalent uranlum compounds reported are UO and
US. Trivalent uranlum compounds are more numerous and lnclude
the hydride, nltride, sesquisulfide, halides and borohydride.
Uranium (III) sulfate UH(SOu)e has also been reported.l A
large number of tetravalent compounds are known varylng in
complexity from the oxide and slmple binary salts to more com-
plicated organic structures. Complex salts such as 3(CN3H6)2003-
U(CO3)2 . 4H20 and 2(NH4)20204 . U(0204)2 . 6H20 form an impor-
tant group of uranium (IV) compounds. Complex salts are formed
also with hallde, sulfite, sulfate, and phosphate lons. Inorganlc

compounds of pentavalent uranium are UF5, UCl5, UCl5 . SOCle, 8

. [ . 3
UClg - BClg,= and UFy * xHF.2 UOC1,

medlate compound in the chlorination of uranium oxides with

has been reported as an inter-

carbon tetrachloride.l Uranium (V) alkoxides have been pre-
pared.g Also, the compounds (C5H6N)2 UOCl5 and UOCl3 « EtOH

have been reported.g Hexavalent uranium 1s represented by

UFg, UClg, UO,, uranates, and uranyl (U05") compounds. Uranyl
compoﬁnds are the most numerous uranium compounds and vary in
type from.simple salts to complex organlc arrangements. Complex
salts are formed with halide, lodate, nitrate, carbonate, cyanide,

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

vanadate lons. Tripie acetate salts of the form
IT
v (vo 2)g

where M! 1s an alkall metal (L1, Na, or K) and ML 15 a divalent

(CH3CO . 6H20,

2)3

metal (Mg, N1, Zn, etec.), are used 1n analytlical separations of

uranium. Addition compounds, such as er(No 20H30004H

3)p
represent a large number of uranyl compounds.

9’

Uranates and peruranates are important in the analytical

chemlstry of uranium. Uranates have the general formula xMIO .

2
6,10

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

However, 1ln usual analytlcal procedures, they are precipltated



from a uranyl solutlion by the addition of a soluable metal hydrox-
ide, NH,OH, NaOH, Ca(OH)e, etc. The uranates are 1lnsoluble in
water but dissolve 1n acids.

Peruranate&§ are formed when uranyl solutlons contalnlng
hydrogen peroxlde are made alkaline. The composltlion of the
peruranates depends upon the concentratlion of the alkall and
peroxlde. The followlng groups have been ldentifiled:

M2U2010 . xHQO, M2U06 . xH20, M6U2013 . xHQO, and M4U08 . xHQO.
The peruranates are generally soluble 1n water. The least soluble
are those of the M,U,0

272710
soluble 1n dillute mineral aclds.

. xH20 group. The peruranateg are

Table IT lists a number of uranilum compounds togéther with
thelr behavior 1ln different solvents. The compounds llsted are
primarily binary compounds or simple salts. The order 1n which
they appear 1s the order 1n which they may be found in "Gmelins
Handbuch der Anorganischen Chemie." 8

Table IT. Uranium Compounds and Thelr Solvents,

Compound Solvent

UH3 s. HN03(v1gorou8), conc. HC10y, hot
conc. Hesou, a. +H202 1. alk., liq. N‘I—I3

U02 8. HN03, aq. reg., conc. Heso4, slowly
converted to U(IV)-palts 1n hot fum. HC1

U308 S. HN03; heated to redness U308 1s only
v. sl. s. dil. HCl and H,S0,, more s. conc. -
a., 8. hot conc. Heso4; HF forms s. U02F2
and 1. UF4

UO3 8. mineral a.

U02'xH2Q[U(OH)4-(x-2)H201 s. dil1. a.

U308 . xH20 8. a.
UO3 . 2H20 s. a., converted to U03-H20 in bolling
H20



Table II. - Contlnued

Compound
U03-H20,[H2004,U02(0H)21

U0,

Us

Ny

. 2H20

U02(N03)2 - 6HL0 2

UFy

UF5, U2F9, U4F17

UFg

UO, F

2°2

ucCl

UClu

uCi

UClG

U0012

Uo,Cl

UBr

3

2

Solvent
8. a., Warm conc. UOQ(NO3)2 soln.
solubllity in H,0: 20° C-.0006 g/100 ml,
90°¢-.008 g/100 ml; d. HC1l; alk.
hydroxides form Uo3 and B. peruranates
s. HN03; 1. conc. HC1, Hasou
solubllity in H20= 0°C-170.3 3/100 ml,
60°C-poluble 1n all proportions; 8. al.,
ether, acptone, ail. a.
s. h. HC10y, h. HNO5, h. Hy80y, HaBO5 +
mineral &.
1. H20; 8. fum. HClOu, HNO3 + H3B03;
metathesized to U(IV)-hydroxide by
heating with NeOH
d. H20 forms B. U02F2 and 1. UF4
B. H20-vigorous reaction, 0014, CH013;
V. 8. 02H2014; 4. alcohol, ether
8. H20, alcohol; 1. ether, amyl alcohol
s. HQO, HCl1l, glac. acetlc a.; 1. 0014,
CH013, acetone, pyridine
B. H20, 02H50H, acetone, ethyl acetate,

ethyl bengoate; 1. ether, CHC1 benzene

31
s. Hzo(d.); absolute alcohol, ethyl
benzoate, trichloracetic acld, ethyl
acetate, benzonltrite, CSQ, 80012

d. H,0; 8. CCl,, CHC1

2 3
8. H20
8. H,0: 18°C-320 g/100 ml; s. alcohol,
ether
B. H20

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

10



Table II. - Continued

Compound

U02(IO3)2 * Hy

UOQSO3 . 4H20

U(sou)e " 9H,0
U(sou)e * 8H,0

U(sou)e . 4H20

U0804 . 2H20

U02804 . 3H20

U02804 . H20

USe2

U0 ,Se

Solvent

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

pyridine; 1. ether

8. H20

s. H,0, alcohol, ether

2

8. H20

8. H20

v. 8l. s. H20: 18°C-a form, 0.1049

g/100 m1, B form, 0.1214% g/100 ml;
cold ppt. s. HNO3 and H3P04, 1. a.
after previously heating to bolling
temp.; 8. alk. carbonates

v. difficultly 8. conc. HCl, dil. HNO

3

+0 aq. reg., conc. HNO3

d. steam, HN03; 8. hot conc, HCl

sl. s. Hy0; s. dil. a., alcohol, (NH4)2003;

1. absolute alcohol
1. H20; 8. aq. or alcohollc SO2 solution
s. dil. H2804

hydrolyzes in H.O with separation of

2
baslc sulfate, UOSOu . 2H20; 8. dil.
mineral a., acetlc a.

hydrolyzes 1in Heo(d.); s. dil. H,50,,
HC1

8. a. _

s. Hy0: 15.5°C-20.5 g/100'ml, 100°C-
22.2 g/100 ml; s. mineral a.

8. H20

lgnites with HN03; chemical properties

similar to US2

0; 8. cold HC1l - forms UO,Cl

d. H AP

2

11



Table II. - Contlnued

Compound

U028e03 . 2H20

UB2

UBy

UB)5

U(BH,,) ),
uc

UOQCO3

U0, (HCO,), * H,0

er(Hcoe) + U0, + 3H

2 3 2

U02(0H3002)2 * 2H,0

U(0204)2 . 6H20

U020204 . 3H20

U(C4H406)2 * 2H,0

U°2(04H4°6) . 4H20
U02(CNS)2 * 8H40

Solvent

and HQSe; reacts violently with HNO3 -
Se is first.formed and 1s then oxidized
1. H20; s. HC1

8. ag. reg., HNO3, HF

8. cold HF, cold HC1, HN03, conc. H2 Y
reduces conc. H2804

1. hot cone. HCl, HF; slowly s. hot conc.
H2804

d. H20, alcohol

d. H20, dil. HC1, di1. HN03, dil. H2804;
reacts vigorously with heated conc. a.

s. a.

8. Hy0: 15°C-420 g/100 ml; s. methyl
alcohol; sl. s. formic a.; i. ethyl

alcohol, ether, acetone, CS CClu,

)
CHCl3, benzene, petroleum ether
less s. H20 than neutral salt; more
8. formlc a. than neutral salt

8. Hy0: 15°C-7.694 g/100 ml; v. s.
alcohol; 1. ether

i. H20, dil. a.; s. warm conc. HCl,
conc. HNO3
s8l. 8. H20: 14°c-0.8 g/100 ml, 100°C-
3.3 g/100 ml; s. mineral a., H,C,0, and
alk. oxalate solutions

1. H20, organic solvents; s. tartaric a.,
tartrates, conc. a.
sl. s. Hy0: 17°C-3.28 g/100 .cc solutlon
8. Hy0, ethyl and amyl alcohol, acefone,

ether

12



Table II. - Jontlnued

Compound
USi2

U(H2P02)4 * xHy0
U0, (HyPO,) 5
U(HPO3)2 . 4H20
UO,HPO,

U3(P04)4

UH2(P04)2 * 2H,0

(U02)3(P04)2 » XH,0
U0 HPO) - XH,0
UP,0,

(UOQ)P207 * SH,0

U(Po3)4
U02(P03)2

U3Asu

U3(A804)4

UH2(A304)2 " 3H,0
UHQ(A304)2 * 2H,0
UOHASO) - 4H,0

(U02)2 A5207

500, * 35b,05 * 15Hp0
3 " V505 - X0
U0 ¢ V05 * HyO

2UO3 . V'205

T0,Croy, + xH,0

Uo

Solvent

1. cold or hot conc.: HC1, HNO3, Hasou,
aq. reg.; 8. conc. HF; converted to
silicate and uranate by molten alk. and
alk. carbonates at red heat

d. bolling conc. HNO3, aq. regs, alk.

hydroxide

1. H20, dil. a.; 8. conc. a., 50% H3P02
1. H20, dil. Hesou; 8. HNO3

i. H20, dil. a.; s. conc. a., 50% H3P03
1. H20, dil. a.; s. conc. a.

i. H20; attacked by a., esp. HNO3

s. conc. HCl
1. H20, acetlc a.; 8. mineral a.
1. H,0; s. mineral a., xs.(NHu)2003

1. H20, cold a.

1, H

20, alcohol, ether; 8. Xxs. N34P207,

3

1. H

00, HC1, HNO

3 HpS0y

8. HNO3

8. HNO3

s. HC1
1. H20; s. di1l. a., esp. araenlc a.

i. H20, acetlc a.

s. aq. reg., hot conc. HECl, d. HNO3

13



Table II. - Contlnued

Compound Solvent
U(M004)2 s. HC1
U02M004 1. H20, CHCl3, benzene, toluene, ether,

alcohol, acetlc a.; s. HC1, H,S80y,

HNO,, H,S,0;

3U03 . 7Moo3 1. H20, 8. mlneral ga.
UO3 . 8Moo3 * 13H20 8. HNO3
Uo, * 3Wog - 6H,0 s. HCl; d. HNO5; 1. H,S0,
3 : 3WO3 . 5H20 8. H20
3 : W03 . 2H20 sl. 8. H20
Abbreviations used:
a. - acld fum. - fuming
alk. - alkall h. - hot
aqg. - aqueous 1. - insoluble
aq. reg. - aqua regla 1. - liquld
conc. - concentrated 8. - soluble
d. - decomposes sl. - 8lightly
dil. - dillute v. - very
esp. - especlally Xx8. - excess

Iv-C. The Chemistry of Uranlum in Solution

1. Oxidation states. Four oxldation states are known for uranium

lons 1n aqueous solution: the tri-, tetra-, penta-, and
hexaposlitive states. TIons ln these states are usually repre-

i

sented as U*3, U**, U0,* and U0}? , respectively. The

2
potentlals between the varlious oxidation states are glven
below for acldlc and basic solutions.é

Acidic solution: 1M HClOu at 25°C
;L:80 ,+3 0.61 T+1+ -0.62 UO+ -0.05 qu
-0.334 ’

14



Baslc solution: i
p2:1T U(on)3ngi U(0H)¢9L§3 U0, (OH),,

Triposltlive uranlium, U+3. Evidence for the exlstence of

U3 comes from the reversibllity of the U(III)/U(IV) couple.
Solutions mey be prepared by the dipsolution of a uranium
trihalide or by the electrolytic reductlion of a uranium (IV)
or (VI) solution. Chloride, bromide, 1odide, perchlorate

and sulfate solutions of uranium(III) have been reported.ll
They are deep red in color and unstable, with oxidation of U*3
to U+4 occurring and hydrogen being evolved. Strongly acldi-
fled solutionalg or those kept at low temperaturealg appear
to be more stable.

+i

Tetraposltlve uranium, U . The exlstence of the U"'l+

lon in Bolution has been confirmed by measurement of the
acld llberated on dissolving UClu i3 and by solvent extraction

studles of U(IV) with 1:henoy11:r-‘.l.fluoroacetonel&E and
acetylacetone.IEE Uranous solutlions may be prepared by dls-

solutlon of a water-soluble salt: the chlorilde, brcmide,
lodilde, or sulfate; by dlssolutloh of uranium or a uranium
compound 1n an approprlate solvent, e.g., uranium metal in
sulfurlic or phosphorlc acid; or by reductlon of & uranyl
golution by chemilcal, electrochemlcal or photochemlcael means.
The solutions are green 1n color. They are stable 1n the
absence of air but are oxidized by oxygen. Uranium(IV) under-
goes hydrolyslis with evlidence in the first stages for the
formation of the mononuclear specles, U0H+3. 13,15-18 Poly-
meric specles also are formed which apparently ere not in
equilibrium with the monomer.:3:13:13 mietanenil found that
in additiqn to the monomeric specles, a polymer of the type
U[(OH)3U1§+n could account for the hydrolysis of uranium(IV)
to good approximation. Table III, based primarlily upon the

data compiled by Bjerrum, Schwarzehbach, and S111&n,22
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Takle IIT (Contimmed)
TARLE NOTATION

Tha notation used in this and in the tahles on camplex ian
_ra-umilpm;ﬁnmtudwum, Salmmreenbach,
and 81116n, referdocs 20. The explumation of ihe tahle which
follows is taken primarily from pary IT of referwncs 20 and this
should bé ocanmulted for farther details ecnoarning petatian.
Faré I of reference 20 may be cansulted for a Assoription of tha
varicas mwthods by which egoilibriom are

Oalmen ane, *Ion,® refers to the oanirwl ian W about whiah
the oamplex is formmd.

Oalmmn two. "Method, ® refars 50 U mwthod Wy which the

L) . Tha ations used are:
ml ex anion exchange b o mathad, not speoifisd
ofug cmntrifugs or ultrecentrifoge pol polarogruphy
oal calarimetry prep premrative wark
cand sondusbivity @ Quishydrone electrods
dist distribution betwesn ¥wo phases red exf with redcx alectrode
-t ef, not spacified =0l solubllity
p freasing paint L] speotrophotamatry
[ glass aleotrode I-rey XI-rey diffractio
la ion exchange aG of e.data
mgrat magnatio suscspbibility n -t with Py a1
p(Eg0) partisl pressure af scbstanse Ag 000, nf Deasuresant with Agg0,0, eleatrode
indieated L] mathod not kmawn to eampllers
OGolumn thres, "T,° glves the tamparature in °C, "Rr® indi-
cxtes room temperature, and °7% is uwsed if the tempareture is un-
imom to the oampilaers.
Oalmen four. "Kedizm, ® denctes the mture of the medium to
whioh the equilibrium canstmnts refer. The oanoemtrstions glven
in tarms of molss par libtar or mcles per icllogram are not dis-
tingnished. Water is tha salvent unlsss otharwiss stabed.
Hysbals used arei
-0 canatamss exbrapolated to marc ienioc mtrength. with the lon mhown in parenbthases as the
0 oorr constants oarrested to sero icnlo strength by inart cation.
spplicatian of same thecrstiaal ar scpirical o(010,7) -.lu-z;tl mads at & sariss of parahlorats
formala. oonoentTations.
0.1 an ionis strength af 0.1 mole pa= litar. a1 dilute molution, ocneanbretion usaally not
1 Ma0i0y of the more than 0.0l mole par litar.
whated (1 mole par liter Xal0y). ar lonio medioe varied, and in same cases no
1(mac10,) ionio strength hald oanstant ab valus ptated spscial attemps was mde $o oontral the Lonlo
(1 =cls par liter) by sddition of the inert strength.
salt indicated. 0L var ths medium was minly sgweous NC1 ¥ varicus
I(Xac10,) Deasurerents mde at a sarias of ilonlo consentrations.
strengths (I) with FaCl0y as the inert malt. Tt ethanol as solvunt,
1(Xa)010, oanoemtration of the anion (010,) held org wvaricas organio salvemts.
oanstant at the vnlue stated (1 mols per litar) S0% MeCH 508 mathancl-wntar as solvent.

Calumr five, °Log of eguilibriom ccostant. remarks.® Tha
Following canventicns are used: "X, 6° msans "log, X, - 6°
‘lz > 3° maans ":I.a;latn> 375 1.8., the ®log® and "=° mymbols are
amitted. Capesntrations [ | are usually expressed as moles par
liter, but is not distingnished from mocles par kilogrem. FPresmures p
are in atoosphsres.

Tha equilibrius canatamss refer-to varicos types of reantions
indicased ar the naxt page.
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Table III (Qoatimied)

1. Consecutive or step-wlss oomatants: K ’
a. Addlition of ligand (L)

My e My B

|
T
b, Additlon of protomated ligend (HL) with sliminatien
of protan
1 (54
" be i
0. Addition of protonated llgamd (BDL,

+
HI.n_1+HI.#III.n+H Ky

(N(E, L) 1
u(apx.)n_l + B = !(H,L)n HoL:X -

4. Addition of oantrel stom (M)

(% 13

L +Mead L
M ) o, i0m

e

2. Cumilative or gross constants: P

In Bm and *Bm the subeoripts n end m dencts tha
oampoeltion of the complax M L formed. When l. s 1. the
Second subfeript le omitted.

2. Additian of central atams (N) end ligams (L)

[llnl'-nnl
= + pk -—2n_
= HII'I'I Bm [l]l[LIn
b. Addition of central atoms (M) end protonated ligands
(HEL) with elimination of protons
1 (85
+ *
oA + pHL =22 Nl + ol Prm = TMI=(EL 1B
3. Solubility oconstante: Ku
a. 8olid xul"u in equilibrium with free lons in solublan
M Lp(8) o all + bD Kyt eatl®
b. Solid M., in equilibrium with complex M T, ard ligand
L in melution

B iy (e) ity + (B - o)
K, e [“JILI(% -s)
®rm.
In (. the subsoripts n amd m dencte ths composition of
™
the eamplex Han formed in aclution. When m - 1, the seoond
mubsoript le omitted.

o. Protonated ligand resats with the elimiratian of proten
Bur(e) + (B - et mang, + (R - a)m
. m,nnum.l("." =)
Fom™ ot )
4. Aoidio ard baelo constamte:
®. Wnen L 1a hydroxide (OE”), Hl ia water ama K 1is
the nth aoid dlpaceistion constant for tha hydrolysis of

a medailic len.

(2 L), J0R L

b. The use of H' as tha cantrel atom to represent pro-
tolytio oconstants i1s illustrated by 1.d, above. .

0. Other moidio ganstants are denoted bty K,. followsd .
by parenthesea encloaing the formula of tha specles domating
the protem.

d. Basle constants are denoted Iy l‘ follow, 1f nacesaary.
by parentheses enclosing the formula of tha species agoapting
the proton-

5. BSpsolal ocanstantse

a. X (equation) )

The equaticn definss the reaction to whioh K refers.

T A 3

Tha correspanding remotion 1a given in parenthesas
after the ocomstant when the latter 18 riret used for a
particular ligard or cantrel stom, or the reaction is
siven immsdiately below the eguilibriom constants for a
partioular ligand or central atom.

o. (formla)

The formula gives the composition of tha mlex in
terns of the mpsoles frow which it 13 formed. Speolas with
negative subscripts are 6liminkted in the formation of tha ocm-
plex.

4. K, (formula)

The formula gives thd composition of the solld phase
in terms of tha spsoles with which it 1e in equilibrium in
scluticn. Species with pegative subsoripts are sliminated
in the formation of the solid.

Heat ocntent and entropy changss sre inoluded in column
five. AH is usually written in idlocalories and AS in oaleries
par degree. Thay are related to the oorresponding cumulative
equilibrive ocnstants as followe: B . ABBn: Brme ABBm: 'ﬂm.
a%5,. Wnere the symsol K 1s used for the equilibrium constant.
H or 8 ig given tha sane supsrsaript or subsoript as ths corre-

epording K: e.g.. Ky, AR Koo BE s TR ATH s eto.

Other abbreviations ussd in column five are:

ev W I,  evidence far the existemce of the ocmplex KM L,
opx camplax

oat catignio

ani anianie

moh unoharged

polyn polymielear

? mthors' doubt exprosssd in referencs glven
(n ooupilars' doubt

Coluzn six, *“Hefsrences.®list the references as they are

fourd at the snd of this work.

A reference such as "6.0f.25°

indicates that caloulations have Pesn made in reference 25 based

upon data in refarense 6.
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sumnarizes the results of several stgdies on the hydrolysis
of the uranium(IV) ion.

Pentapositlve uranium, UOE,. The existence of uranium(V)

ion in solution has been-.conflrmed by polarographic measure-
2426

Support for the U02+ lon comes from the reversl-

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

ments.

Crystallographicggiig studles of uranium and transuranlc ele-
ments. Solutions of U02+ may be prepared by dissolution of
UCl5-3-l or by reduction of a uranyl solution, electrolytically
or with U(IV) 1lons, hydrogen, or zinc amalgam.li The formatlon
of U(V) 1s an ihtermediate process in the photochemical reduction
of U(VI) in a sucrose solution.ig The solutlons are unstable
and disproportionate to U(VI) and U(IV). The rate of dis-
proportionation 1s second order in uranium(V) concentration
"and first order in acld concent:::-a.t:!.on.-3-3"-lz The U02+ lon 1s
most stable in the pH range of 2 to 4,12 1t 1s oxidized to
the uranyl lon by molecular oxygen, Fe(III) and Ce(IV).lé

Hexapositlve uranium, Uog2 . A number of physlcal-chemi-

cal measurements as well as crystallographic, infrared and
Raman spectra studies support the existence of U(VI) ion as
Uo'ge.?-ng Uranyl solutlons are easlly prepared by dls-
solution of water-soluble salts: the nltrate, fluoride,
chloride, bromlde, lodlde, sulfate, and acetate. Other water-
soluble uranyl salts include those of other organic acilds:
the formate, proplonate, butyrate, and valerate; and certain
double salts such as potasslium uranyl sulfate, sodium uranyl
carbonate, sodlum uranyl chromate, etc. Uranyl solutlons

may be prepared also by dissolutlon of a uranium(VI) compound
in an approprilate solvent, by dissolutlon of a lower valence
uranium compound 1n an oxldlzing medium, or by oxldation

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

uranlum solutions. As indicated 1n preceding paragraphs, the
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uranyl lon may be reduced by reduclng agent&ii or by electro-
chemical or photochemical means. The degree of dissoclatlon
of uranyl salts in aqueous solutlion varles. Uranyl perchlorate
1s apparently completely d:!.ssocia.t:ed;!'-g whereas, uranyl
fluoride 18 undissoclated and tends to form dimers (see section
on complex lon formation - IV-CQ).3§4§§ Hydrolysls of the
uranyl lon has been the subJect of extenslive lnvestigation.
Considerable evlidence has been adduced for the formation of
polymeric species of the type U02(U03)§+.31231 According

to Sut:ton,i9 formatlon of polymers beyond the trimer U3082+
is negliglble. However, the trimer 1tself may undergo
further hydrolysis with the formation of U308(0H)+, U505 (0H) 5,
and eventually anlonilc spec:l.es.&—q-’-&l Ahr-la.nd,&g in his
orlginal paper, proposed the formatlon of the monomer UOQ(OH)+
as wall as polynuclear specles. In a reappralsal of the
work, Arhland, Hletanen, and Sillénii stated that there was
no cartaln indication of mononuclear complexes belng formed.
Rather, the experlmental data was explalned on the basls

that complex lons of the type UOQ[(OH)2U02]§+ were formed.
From the data it was not possible to distinguilsh between a
limited mechanism in which n varled from 1 to 3 or 4 or an
unlimited mechanism in which n assumed all integral values.
The authors were 1ncllned to prefer the latter. Kr-a.us&!'-2
suggested that reactions leadlng to the formation of polymers
may have a less posltlve value of AH than the reactlon
leading to the formation of the monomer. Consequently, the
latter process might be identlfied more readily at high
temperatures than at room temperature. This 1s apparently
the case as was shown by Hearne and White£§ who determlned
the enthalpy change to be 20.8 kcal/mole for the monomeric
reaction (U020H+ formed) and 6.7 kcal/mole for the dimeric

reaction (112052+ formed). Table IIT summarizes much of the
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data avallable on the hydrolysis of the uranyl ion. Included
*

in the table are values of the equllibrium constant Kl’ the

constant for the formatlon of the monomerlc specles. This

constant has been evaluated by at least seven groups of
25¢,38,42,48-51

1nvestigators excluslve of Hearne and Whiteié.
The values obtalned agree very well (log *Kl = -4.09 to -4.70).
However, the experimental condfl.t::!.on:a-gég&ig-"—59 and assump-
t10n52§£¢§§ used 1n some of the evaluations have been

questioned.ié Also, the re-evaluation of Ahrland'a&g work

already has been mentioned, and Rydbergél has proposed an
explanation for not detecting polynuclear specles in his
experlments. None-the-less, one must concur wlth Rydbergél

"e--1t seems remarkable that the same constants

who wrote,
should be obtalned for a flctive mononuclear hydrolysls
product with different U(VI) concentrations and so different
methods of investigation---."

Complex ion formatlon. The abillty of uranium to form complex

ions in solutions 18 of conslderable importance in 1ts analytical
separation and determination. Hydrolysis, mentioned 1in the
previous sectlion, is but a speclal case of complex ion formation.
Numerous complexes have been reported.ii However, the amount
of quantitative data for the varlous ligands 1s rather limited
and often contradilctory.

Tripositive uranium. Evidence has been reported for

uranium(IIT) cuLpfer]:-ateéi and uranium(IITI) chlo::-oé§ complexes.

Tetrapositive uranium. Inorganic complexes of uranium(IV)

wnich have been recognized through the formation of complex salts
ineclude the fluoride, chlorlde, sulfate, sulfite, and phosphate.éi
Table IV lists the equilibrium constants and thermodynamic

data avallable for some of the uranium(IV) complexes 1n.aqueous
solution. In additlon, a carbonate complex, possibly U(CO3)g- ,
has been found to be stable in solutlons of excess carbonate

or blcarbonate ions.éi

21



4+

Table IV, Complex Formation with U'' Ions - Inorganic Ligande2

Complexing agent Method T Medium Log of equillibrium constant,remarkas Referance
Thiocyanate; red 20 1(NaClo,), 0.6H" K| 1.49, K, 0.46, X, 0.23 57
SCN™ atst 1o 2(Ra)clq, 18 K 1.78, K, 0.52 58
" 25 n K, 1.49, K, 0.62 58
AR\ = -5.7, AH,= -1.8, AS)= -10, AS,= 9.7
" ho " X, 1.30, K, 0.68 58
Phosphate, sl 35 var ov UALG(EL)§For UALG(RL)LZ 59
Pog”
Sulfate, 505~ atst 25  2(RCL0,) K, 2.53, K, -0.13 1%a
" n . ', 2.4, h, 1.32 1%a,0f
60
" " " K, 3.2%, K, 2.18[K (29)1.125)(7) 1%a,cf.
60, 61
" lo  2(va)clo,, W' 'K 2.63, 'K, 1.3 58
" = . 'K, 2.52, 'K, 1.35 58
8y~ -3:2, Aly= 0.9, AS)= 0.7, 88,= 9.3
" 30 " 'K, 2.38, X, 1.38 58
Fluoride. F~ a1t 25  2(MeCloy), iE* 'K 36, B> 8 58
Chloride, C1~ 8p 25 0.5(NaCl0,) . K, -0.20 13
n 25 0 corr K, 0.85 13
red 20 1(Na)Clo,, 0.6E" K, 0.30 57
aiet 10 2(MaClo,), 1EY K o.52 58
L " K, 0.26; or K, 0.08, K, -0.02 58
" 40 " K, 028; or K; -0.08, K, -0.06 58
anl ex 25 HC1l var ev ani cpx in >»5.5M HC1 62
Bromide, Br~ red 20 1(Na)clo,, o.6u" X, 0.18 57

atter J. Bjerrum, 0. Schwarzembach, snd L. G. S111%n, reference 20.

Column one denotes the complexing 1igand (L). The notation 1s explained following Table III.
Nu.merou's organlic complexes are formed with the uranium(IV)

lon: the acetate, oxalate, tartrate, malate, citrate, lactete,

glycelate, etc.;a—4 However, the amount of quantitatilve data

avallable on thelr formation 18 very meager. T:I.shkoff—6£ has

calculated dlssoclation constants for acetate complexes on the

basis of the oxygenated uranium(IV) ion U0ZT

belng formed. The
formatlon constanid measured for acetylacetone, thenoyltrifluoro-
acetone and ethylenedlamine tetraacetic acld complexes are given

in Table V.

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

complexes should be formed in the reduction of uranium(VI) lons

22



in complexing.media,éi little data 1s avallable.

Hexaposgltlve uranium. Inorganic uranium(VI) complexes
which have been ldentifled through the formatlon of crystalline
salts lncludée the fluorldes, chlorldes, nltrates, sulfates,
carbonates, cyanldes, and phosphates.ii Uranyl solutlons with
these anlons present have been studled. The results are llsted
in Table VI. A mumber of discrepancles appear 1n the data. For

example, evidence for some complexlng of the uranyl lon with

nitrateZELZQLZI and chlofid367’76’77’105'107ions has been reported
by some investlgators; but a complete lack of evidence'has been
reported by ot:her-s.é9 Day and PowereZZ have polnted out that the
constants calculated by them are concentration constants rather than
activity constants. Consequently, the small complexing effect may
be caused by. the varlatlon of activity coefficlents with a change
in medium. Other investigators, however, who have corrected
thelr results to apply to pure aqueous solutions have found some
complexling to occur with the chloride 1on.§ZLlQ§:lgz

The type of complex formed between uranyl and fluoride ilons
also 1s subJect to some question. Ahrland and co-workerslgg-’-l.gi
have determlned equllibrium constants for the formation of
complexes U02F+, U0, F,y, U02F3', and U02F42' and found no evidence
for the dimerization of U02F2 for uranyl lon concentrations less
than 0.1M. Day and Powers,zz however, found no evidence 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 investigated by Ahrland, gnggrlgi

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

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

proposed by some :I.nveat:I.gato::-erliél-ig a8 the complexing ligand;

the bicxalate lon, HC,0,”, by othersi*l:118; ang He1at*d nas

{Text continues on pbhge 30.)
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Table V. Complex Pormation with 'UA'" Ions - Urganio Llsa.ndﬁ.-

Complexing agent Methad T Medlum X of HPL Log of equilibrium constant, Reference
remarkes
€50, dist 25 0.1(€10,”) 8:82 K, 8.6, K, 8.4, K, 6.4 14b, 111
acetylacetone: HL Ky 6.1
" " " 8.82 . K, 9.02, K, B.25, Ky 6.52 14b, of- 112,
Ky 5.98, B, 17.27, 53 23.79 113
By 29.T7 '
CBH502F38 ap 25 - 0.1 KZL 7.2 114
thanoyltrifluoro-
aoetone L
0105162222- . H‘}L 2.21 KJ. 25: 115
athyle: 1amine - - + . +
tetracatic aoid. ©01 25 (Hy804)(7) HiL™' 2.77 pR[EGL®" & KL + 28711.91
HyL 512" 6.16
13- 10.26

a
TAfter Bjerrum, Schwarzenbach, and S1116ém, .reference 20,

The data, with the exoeption of reference 111, has been camplled by J. Gindler.

Column ons lists the empirioal formula, the name of the ligand, and a formula of ths type }IpL
which defines the entity L in terms of whioh the equilibrium constants are expressed.

The ligands are placed in order of  thelr empirical formula according to Beilstsint's system.
Column five lists the pK values (-loglcl() of the aold-base equllibria involving the ligands

and fer to the dlssoolation: (b#1-p)-
B l.,]:L(b-p).- == 1L(b+1-p)_ At K- Uf"lrl_ll_lL 1

P (b-p)-

[HPL ]

The notation 1s explained followlng Table III.

'I‘ablé vI. Complex Formation with Uog"' Ions - Inorganio _T.1ga.ndn,5

Complexing agent Method T Medium Log of equllibrium constant, remarks Refereanoe
Cyanoferrate(II),
Fe(CN)G' sol 25 var !!O -13.15 65
Thiooyanats, 8p 20 l(NuCIOu) K, 0.76, K, -0.02, K, 0.4k 66
SCN™ sp 25 -0 K, 0.93 . 67
Carbonate, prap solid av UOZI‘;- 68 .
co2- sol sp? 257 O eorr Ky 3.78 69 quoted in
3 ref. 70
sol sp 257 O corr x[uoz(on)anzo(.) + 602(5) - 1702003(9) 63
+ 2320)4
+ +
xuz/tpoxi (gh) 1.%2, xa/xpolq" ) 1.81 63
aG 25 0 corr B, 14.6, B3 18.3 63
ap- ~2 !3 ~3.5, av (U'02)2_(OH)3L' 70
sol 2% -0 x.[mﬁ(uczna)"j-a.e to -2.0 70

) x.2/xp°x§(3+) : T0,C04(s) + 2HOOZ e uoz(coa)g" + C0,(8) + Hy0

xa/kponf(a‘“) 1 U0,(00;)2" + aHCO] = U02(603)§' + C0,(8) +Ey0

sol 25  1(xE,C1) By 22.77 n
op o.B(kNO;) . 'x[uoz(coa)_;' + B,0, &= 00,(€0,) 0083 72
+ HC03)2.0

sp -0 R 2.2

sp var K[Uoz(coq)aoo*' + B @ 10,(c0,), 00R"110.6 73
Nitrate, N op 25 5.38(KaClog). 2H' K, -0.68 ™

sp 25  7(Rac10,), o8t K, -0.57 Th

X-ray solid ov UozL; in RbUOzLa( 8) 5

qh 20  1(NaCl0,) K, -0.3 C 76

a1st 10-80 2(NaC10,) K -0.52(10°), -0.62(25°), -0.77(40°) 7

2



Table VI. - Continued

Complexing agert Method T Medium Log of equilibrium constant, remarks Reference
-3 ? var no ev ¢px: 150-fold exocess L 50
ap 22-28 org ev 'U02L3 8
sp M8,CO Ky 3.6 in Me,CO : 79
cond 25 BtoH K,(?)3.15. 53(7)1.39 in BtOH 80
oond 25  Me,CO K2(7)3.96, x3(7)2.46 in Me,CO 80

Phosphate, PO}~ 8P 25 1HC10, KIUOZ* + HyL e DO,  L*F + (2-x)E*)1.58 81
301 25 1HC10, K[UO§+ +HL U02H1+1_Lx+ + (2-x)E 11,57 82,83

"x=lor2 of. B3

1HC10,? KIU0S¥ + 2HL == D0, (H,L), + 2871118

1HC10,? K[voZ* + 3L & U0, (HL) L + 2H*)2.30S

1HC10), K, [UO,AL(8) + 2H¥ o UoZ™ + H;11-2.85

1HC10, K, [0 AL(s) + xi* 2 voH,  17*1-1.29

x =-1lor?2

HiL var K [UOAL(8) + Hyl & U0,(HyL),)-1.7

H3L var K![U02}[L(u) + 2H3L = U02(52L)233L]-0.55

HyL 611 E,[(00,) 1, (8) + 6t e 300EY + 28,L]-6.15

Hl d11 K [(U0;)3L,(8) + HyL + 1 31702521.*1-2.110

HyL d11 Ry[(U0,)3L,(8) + SH,L = 300,(H L) ,)-2.69

HL @11 K [(U0,)4Lp(8) + THyL 300, (H L) HoL10.53

solid: "U0.AL(s)" = UOHPO, (H,0)4(s)

sol 25  var ev U0,H,L*, Vo1, vo,(8,1), 84,85
anl ex 20 0 corr IL‘,L' H K1 3.00, K2 2.43, KB 1.90 86

HL : K <1.89, B, 3.88. B 5.23
ma[uoz(H?,L)g*']-o.sa, -2.27. -1.48
K, [00,(H;1)5%1-1.52, -1.18
(a* - K5 2.12)

sol 19-20 var E (voZ ) 137)-26.36 87
K, (0057x*L37)-23.11
K!(Uo§+1m2')-1o.67, (7% : @ 12.84, K, 6.7,

Ky 1.96
ep 25  var ov U0 LY, U012, U0, (a,0),, Vo HL," 68
sp 25 1.07(Nec10,)  B(vo3*HY) LRAL L 89,90
+ b
dist 25 1.07(NaC10y) BIUOS'HI,(H1),)1.342 89,90
B[UO§+H:'2(H3L)311.012
anl ex 20 O oorr KiJ [Uo§+ + 1HL = UO§+(1-J}{2L'; JHBL)z"'J'i 91

+ (1-9)E : K 0.9, K)) < 1.8, Ky 1.38,

Ky 2.8, Ky 3.9, Kgg 1.1, K 2.52,

Ky, 4.8. Kg3 5.3

HL™ : K 3.0, By 5.5, By 7.4

H3L : Ky ¢ 1.8, By 3.9. 53 5.3 (same as
Kj1r Koor Kgg)

(5% : £5 2.10)

8p - 25 1(010,;) Ki.‘] * K9 0.7« Ky 0.8, Ky 0.4, Eyy 1.4 86,0f. 91
(2% : x5 1.68)

sp 25 0 Corr(?) Ku t Kg 1.1 Ky 1.2, Ky 1.3, Ky 2.2 8B8.0f. 91
(u* - X5 2.10)
£ game equilibrium reaoction. different notation
% same equilibrium reaotion, different notation

same equilibrium reaotion, different notetion
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Table VI. - Contimued

Camplexing agent Method T
Polyphosphate, pH 25
(n-2)-
[P03p4;)
Armenate, As0p~ ol g 20
Sulfite, $05” op
ol 25
2.
Sulfats, S0} sp 25
25
qh 20
B8p 20
cond 25
dist 10
dist 25
aist %0
anl ex
anl ex 25
sp 25
Fluoride, ¥~ anl ex 25
8p
8p -0
qh 20
cond 25
dist 10-40
25
dist 25
cfug 0-30
ah 20
Chloride, C1™ qh 20
ap 20
pol ep gl 25
‘dist 10-40
25
anl ex 25
25
ap 25
sp ?
sp
Perchlorate, C10y. 8p 25
Bromide, Br~ qh 20

Medium Log of equilibrium constant, remarks Referenoce
a11 n==5: K'.I. 3.0, or 52 6.0, or 53 9.5 92
var K, (v02* m2-)-10.50. K,(voZtLa*e3")-18.82 93
Ky (o2 *Na*13") -21.87
K, (V02K L37)-22. 60, xJuo%*mfﬂ')-aa.n
(g% : K, 11.53, K, 6.77. K4 2.25)
var ev Uozr.g', strong opx 94
(1t ) 80, var K.°'8-59 95
By 7-10
2.65(Nac10,), 26" 'K, 0.70 4
3.5(7), 28" K, 1.83[K,(¥"1.125] T4, of. 61
1(NaC10y) K, 1.70, K, 0.8%, K, 0.86 96
B(U0Z"L2"a0") 3.78
B(U05*137A07) M.60
1(NaC10y) K, 1.75. K, 0.90 96
0 corr K, 3.23% 97
2(Nac10,) X, 1.80, K, 0.96[K, (81)1.01) (4
2(NaC10y) K, 1.88, K, 0.97[K, (R11.08] (4
AH, = 2.3, AH, = -0.9, A3, = 16, 48, - 2
2(Na010y) K, 1.98, K, 0.93[K, (89)1.17) 7
var av UD,ZL;', U205£;' 98
var ev UOL, U012, uo,‘.L;'. 172052;' 99
-0 K, 2.96, K, =1 67
N
HC1 var K 1.18 100
K 4.32 100, 0£ 101
var K, 5.5, By =8 101
UO,F, var K)o [200,F, =2 {UO,F,),10.18 35
1(&0104) K, 4.59, E, 3.34, x3 2.56, Ky 1.36
I, (FD2.941 1o2
0 corr x2 =4.4, ev other opx 103
2(Nac10,) K, 1.78(10°). 1.k2(25°), 1.32(%0") ™
2(NeC10,) 8"E= -5.1%, a"= -12 ™
c(NaC10y) "k, i.42(c-2), 1.43(c=1). 1.38(C=0.5), 7
1.57(C=0.25), 1.71(C=0.05)
U0,F, var "‘x‘uz 0.48(0°%), 0.85(30°) 36
1(¥a)C10, K, B.5%, K, 3.3%, K 2.57, Ky 1.34 102. 104
[K_J_(H+)2.93), no ev polyn opx for < O.].H-Uog"' of. 104
1(NaC10y) K -0.10 76
1(NaC10,) K, -0.30% 76
0 corr K, 0.3 105
2(NaC10y) K ' -0.24(10°), -0.06(25°). 0.06(%0°) 7
2(NaClOu) AH, = 3.8, 88 - 12 K4
HC1 var ev ani opx in > 0.5M - HC1 106
0 corr K -0.1. K, -0.62, K; -1.70 106.0f. 107
-0 Xy 0.21 67
var no ev opx : 150-fold excess L~ 50
Ho,CO ev UO,L*, U0,L,, U0, ' 108
2-6 C10y no ev cpx 109
1(NaC10y) K, +0.30 76



Table VI. - Contlrmued
Complexing agent Method
8p
Todate, 103' 8ol
80l

T Medium

25 -0

25 0.2(NH,C1)
60 0.2(NHyC1)

Log of equilibrium oonstant, remarks
K -0.20

x!°-7.01, By 2.73, By 3.67
K!°-6.65. B, 2.74, Bj 3.44

% pfter Bjerrum, Sohwarsenbsch. and ‘S1l11an, reference 20.

Refsrence
67

110

110

Data whioh appeared in the 11temtu.re_ prior to the middle of 1957 has been oamplled mostly
SubBequent data has been oampiled by J. Gindler.

by the above authors.

The notation 1s explained following Table ITII.

Table VII.
Complexing agent Methed T
02H2°h Pt 25
oxallc aold:Hy%
oat ex 25
oat ex 25
oat ex 25
A;Eczou 25
Ag,C,0, 25
A;Eczou 25
sol 20
8ol 20
sol 20
oat ex 25
oat ex 25
80l 25
8p gl
sp gl
sp gl
02]{“02 emf sp 20
auet_:l'.'u acid :HE pol
oat ex 25
ion ex RT
C2H‘$°3 g1 20
giyocolio eold:HL cat ex 25
pH 25
emf 20

02]{30201

Complex Frmation with UOS"' Ions - Organic Ligands2
Medlum pK of H L Log of equilibrium oonstant, Reference
P remarics
0 ocorr KL 1.27 Ky 5.82, K, .74, BL : K 2.57 49
HL™ %.29
0.16HCl0,  E,L 1.28 HL™: Ky 3.40, K, 2.56 116
HL™ 3.75
1HC10, AL 1.28 HL: K 2.83. K, -1.85 116
2HC10, HL 1.28 HL™: K 2.89, K, ~1.85 116
0.069 1'K[(l:roz)sz' + 212" 2
(U02)2L5')u.u2 117
0.022 "k 5.60, *RI(00,), 12" + 12"
, 2213
2(u0,L,)2711.32 117
K[2(U0,L,)27 + 127 o (U0,) L2"13.28
0.008 ¥ -0.48 117
var H,L 0.97 K, 6.77, K, 5.23. B, 12 118
HL™ %.19 KI00Z" + B L = UOL + 26%11.60
K[005* + 2HL = 00,127 + an*31.68
HOL0y. >1.56" X, [003*1%7(1,0) ;1-8.66 18
oy, > 1.58% K, luod* L2'(H20)3)-8.52 118
1RC10) Ky 6.58 graphically, 6.40 anmlyti- )
116.0f
cally, Bp 10.74 118
2HC10,, K, 6.92 116, cf. 118
-0 K, 6.00. K, 5.08, &4 (pre- 119
ferred value) I
0.312 Ky 2.1 120 .
0.05 K[200,L + Hy0, &= (U0,L),(00)2" + 2r*i-1.62 120
0.312 K[2U0,12" + 1,0, o (U02)2(00)LE' + 28%).3.66 120
1NaClo,  %.59 K, 2.38, K, 1.98, K3 1.98 121
NaL-HL K, 2.63. K, 2.03. K3 1.60 64
buffer
0.16(¥aC1) K, 2.38. By 6.38 122
0.5(NaN03) 1% 1.22, By 5.89 123
1NaC10, 3.58 K, 2.42. K, 1.5%, K; 1.24 124
0.16(NaC1) K, 2.78, K, 1.30 116
0.16-0.19 K, 2.75, K, 1.52 116
1NaC10,, 2.66 K 1.3, K, 0.85, E, 0.51 125

a7



Table VII. - Continued

Complexing agent Method

chloroacetic aold:HL sp

02H502N diet
glyolne:EL
C,HgON, pH
glyoine amide:L
C4Hg04 sp
laotlo acld:HL ap.pH
C3H'7°3N dist
serine:HL
CRH6°5 8p
malio aoid:HzL
8p,PH
CyRelg 8p
tartario aoid:EzL
sp, pH
CSI-IBO2 gl
acetylacetone:HL gl
dist
8p
C6¥e% op. pH
ascorblo acid:(HzL)
CGHEO7 ‘ap
citric acid:HuL
pol
8p, PH
sp.pH
oond
el
CGI-I902N3 pH
histidine:HL
Cre% *»
sallcylaldehyde :HL
Crte0s i

salicylic acid :IL‘,L dist

T Medium pK of H L Log of equilibrium oonstant, Referanoce
L4 remarks
20 1KaClo,  2.66 K, 1.38, K, 0.80, K, 0.37 125
25 o.45(racl) BE' 2.32 K 1.83 122
pH 1.90
25 0.15-0.25 HL' 8.06 K, 5.15 126
RT ev U0Z*/L opx in ratic 1A M 3.5 127
RT ev U0Z*/L opx in ratio 1/1 pH 6: 128
presupposes dimsrization
25  0.45(KaCl) 32L+ 2.21 X, 0.87 116
PH 2.05
RT ev UpZ*/malate opx in ratio 1/ 127
and 2/1 pH 3.5
RT ev UOS"'/mla.te opx in ratio 1/1 as 128
dimer aoid solution; 3/3 and
3/2 pi ~8
RT ev Uo2*/tartrate cpx in ratie 1/1, 127
3/17. end 3/1 pH 3.5, 4.6
RT ev UO§+/mtmte opx in ratio 1/1 as 128
dimer acid polution; 3/3 and 3/2
pE 8
0 0 8.95 K, 7.7%, X, 6.43 129
10 -0 9.10 K, 7.9%, K, 6.53 129
25 0.1(c10;) 8.82 K, 6.8, K, 6.3 51, 111
K[003*+ L7 + HL @ U0,L(HE)*18.7
K[U0Z"+ 2L + HL. ¢ U0,L,(HL) 114.8
25  Et0H HL : Ky 2.43 80
20-21 0.1(KaCl10,) H,L 4.07 HL” : K 2.k8 130
PH 2-3
RT  (MaCl) ev U0Zt/c1trate opx in ratio 14
and 2/1 pH 2-6 131
30 ev UoZt/ottrate cpx in retio 1/
present as dimer pH 5.6 132
RT v UO?/oitmte opx in ratio 3/3
and 3/2 pH 8 128
?  var m37: Ky 3.165 pE 4-7 133
ov UOEL™ o U0L2™ + EY g 4.6
ev UQS"'/oitmte opx in ratio 2/3 pH 7-9
25  0.15(7) HL2.9% H37: K 8.5 138
HiL™ 4.38
112" 5.62
25 0.15-0.25 HELV 617 K 7.7 126
HL 9.20
? 50% EtOH K, 1.81 uranyl acetate, 135
acetlo aocld present, pH 3
var 52 2.63 uranyl nitrate, pH 5
K 13.4 136
25 0.1(NaCl0,) HJL 2.82 HL™: K 2.2 138
HLT 13 K[D05Y + HL™ + OH™ @ U0,(AL) (oH))12.1



Table VII.- Contlmued

Complexing agent Method T
Cre%y sl 30
koJlc acid:HL
€,496068 sp 25
5=-sulfosalicylio
acid:HaL
C.TE.?OzN ap
salicylamide:HAL
C7]-I1102N3 nH 25
histidine metiyl
ester:L
CBH6°N2 el 20
8-hydroxycinneline :HL
CgHgON, gl 20
5=-hydroxyquinoxaline:HL
CBHGON2 gl 20
8-hydroxyquinagoline :HL
CBHBOB dist 25
methaxybenzolo acild:HL
091-70}1 gl 20
B-hydro: inolire

(oxine) :HL dist 25
CQHEON2 gl 20
B8-hydroxy-4-methyloinnoline :HL
Cgl-L!OuNS PH, 8P 25

B8-hydroxyquinoline-5-sulphonic

Clo}IgON gl 20

B-hydroxy-2-methylquinoline:HL

Clo}{g'ON gl
B8-Lydroxy-5-methylquinoline :HL

20

clOHSON Bl 20
B8-hydroxy-6-methylquinolire :HL
Cl °H90N gl 20

B8-hydroxy-7-methylquinoline tHL

C10H10% &l 20

B8-hydroxy-2:4-dimethylquinazoline :HL

Cy 3}' ON gl 20

1) 5
1:2:3:4-tetraydro-9-hydroxy-
acridine :OJL

Cl 5H120N2 48 20

B8-hydroxy-4-methyl-2-
pherylquinazoline :HL

CapHa30gNy 8p 25

ammonium a.ur*.ntrioarboﬁlate
(aluminon reagent) :(N‘Eu)HEL

aocld :HEL

Medium B of H.L
50% dioxan 9.40
=0.015 KL~ 2.86
8.09
0.15-0.25 K12 5.38
.t 7.33
50% dioxan }I2L+ 1.77
0.3 NaCl0, HL 8.84
50% dioxan 32L+ <1
0.3 NaCl0, HL 9.29

50% dioxan 32L+ 3.30
0.3 NaCl0, HL 9.59
0.1(NaC10,) 3.69

50% atoxan HL* 4.4g
0.3 NaCl0, HL 10.80
0.1

50% dloxan 32L+ 2.59
AL 9.00
E,L 3.84

0.3 NaClo,
0.1 XNo,
HL™ B.35

50% dloxan
0.3 KaCl0,
50% dloxan HL' 4.71
0.3 NaClo, HE 11.11

50% dloxan HL™ 4.76
0.3 NaCl0,
504 dloikan H2L+ 4,26

Bt 5.0

HL 11.01

HL 10.71
0.3 FaCl0, HL 11.31
50% aloxan HL* 3.15
HL 10.14

50% dioxan HZL+ 5.49

0.3 NaCl0,,
50% dlaxan

HL 11.39
Lt <1

0.3 NaCl0, HL 11.33

var

Log of equilibrium constant, Reference
remarks
Kl 10.1. K2 7.4 139
2-
HLS K'.I. 3.89 140
K, 6.50, K, 4.97 151
K, 5.76 126
K, 8.68, K, 7.16 142
Kl 8.%0, K2 7.51 12
K, 8.99, K, 7-70 142

K[U0E" + L™ + 0B & vo, (L) (0m))11.9

K'.I. 11.25, K, 9.64

By 23.76
K, 9.00, K, 7.30

K, 8.52, K, 7.16

K[00,(0R)L3" + B o Vo121 6.68

KT (Uo, (0R)L,)S™ + 2* e 200,127111.7
K[2U02(OH)L2' - (U02(OH)L2)g']1.7

K, ~9.4, K, -8
K'.l 11.25, 9.52
K_l 10.89, K2 9.26
Kl 11.28, 1(2 9.78
K 8.77, K, 7-33

K, 10.10, K, 8.20
K, 8.53, K, 7.85

() HL2(2): Ky 4077

-2 after Bjerrum. S;:hwa!'zunbaoh, and Sillen. reference 20.

Date which appeared in the’ literature prior to 1956 has been compiled mostly by the

above authors.

The notation 18 explainad following Tables III and V.

29

Subsequent data has been compiled by J. Gindler.
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142

ish

142

142

142

142

142

1k2

142
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stated that a complex 1s formed wlth undissoclated oxalic acid,
H20204. In more recent work, Moskvin and Za]fcharova.!'-lg conclude

that complexes may be formed with both 02042 and H0204- dlons and
that the amount of each formed will depend upon 1ts stability and
the condltions of the experiment.

The composlitlon of a complex 1s sometimes decided upon by
comparison with complexes having similar ligands. For example,

H(':'»k-Bea:-nst;rom-,!'--3§ in her work with salicylic acld, H,A, and

2
methoxybenzolc acld, HB, was able to show that complexes of the
type U0,(H,A) (HY) ;, U0,(H,A) (HY) ,, and U0,(HB)(HT) , were
formed in the aqueous phase. (The negative subscripts indlcate
that H+ was eliminated in the formatlon of the complex;) The
experlmental data for methoxybenzolc acld was approximated by
assuming only the complex UOQ(B)(OH). For sallcylic acld, the
complexes UOQ(HA)+ corresponding to U02(H2A)(H+)_1 and
UOQ(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 fgund for the
two aclds, it was suggested that the sallcylate complexes are
formed by HA™ ligands.

A vast amount of work other than that listed in Table VIT
has been done on the preparatlon and ldentiflcatlion of organlc
uranyl complexes. Some of the complexing agents studled recently
include dlhydroxy-maleic a.cjl.d,!'-Eg triose-reductonelingég
(enoltartronaldehyde), reductic aclgtat (ecyclopentene-2-diol-2,3-
one-1), complexonesligiléi (1minodlacetic acld and 1ts derivatives),
xanthates and dithiocarbamates,lii protoporphyrin,léé o-cresotic
acid, 128 miricttrine,22T d1alkylphosphoric acids,238:159 ang
pyrazolone der:!.va.t-:l.ves.!'--é9

3. Non-aqueous solutlons of uranium.

Solubillity studles. A number of uranlum salts are

soluble in organic solvents. Uranyl nitrate 1s the' notable

example. As the hexahydrate, thls salt 1s soluble in.a
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varlety of ethers, esters, ketones, alcohols, aldehydes,
and substltuted hydrocarbons.lél:léi The followlng generalil-
zatlons have been m,a.clel—s-2 concerning 1ts solutlon in organic
solvents:

(1) In a glven homologous series, the s6lubllity decreases
as the molecular welght of the solvent -il.ncrea.ses.—]'-é-l-f—lé2

(2) Solutions occur~with:l§é

Ethers: aliphatlic
ethylene glycol

diethylene glycol
saturated cyclic

Acetals
Ketones: alliphatic

aromatlic

alicyclic

mlxed alliphatlc-aromatlc
Alcohols: aliphatic

allcycllc
Varlous esters

Nitrogen-contalnlng solvents: nitrilles
aromatlc bases

(3) Solutions do not occur with:
Hydrocarbonslél

Ethers:léé aromatlc
unsaturated cyclilc

Sul fur-contalning solvents.!'.--§2

Glueckaufléé has made the phenomenologlcal observation
that a plot of the solubllity of uranyl nltrate agailnst the
oxygen-to-carbon ratlo 1n the solvent molecule results in
a single curve for alcohols and ethers; but 1n a double curve
for ketones; one for symmetric and one for asymmetrlc ketones.

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

jonization of uranyl salts 1n organlc solvents. 3By this

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

* A = molar conductivity. T = vliscoslty. The constant 60 is
used for 1:1 - electrolytes; 120 for 1:2 - electrolytes.
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substantlally unionized in water-saturated solutions of ethers,
ketones, alcohols and tributyl phosphate? Only in saturated
diethyl cellosolve and in 1sobutyl alcohol 1s lonfization in
excess of 10%. The large amount of water which dissolves in
the latter solvent may account for th1s.

In tributyl phosphate, the dissociation of uranyl nitrate
increases as its concentratlion ln the organlc phase 1s de-
creased. At 10'5ﬂ-the salt 1s approximately 40 per cent
djl.ssocia.t:ed,!'-é2 i.e., An/120 = 0.4 Uranyl perchlorate at
this concentration 1s almost completely ionized.lég Ton
associatlon occurs at higher concentratibns, but slgnificantly
less than for uranyl nitrate. At approximately 0.01M, the
assoclation of uranyl perchlorate is maximum (An/120 has a
minimum value of ~0.1) in the concentration range 107 to 1M.
The lonizatlon of this salt may well be assoclated with the
amount of water contalned within the tributyl phosphate since

the electrical conductivity 1s decreased by clehyclr-a.t:ion.z'--é2

Jezowska ~ Trzebiatowska and co-m)rke]:-ag-g have measured
the molar conductivity of uranyl nitrate in organlc solvents
that contaln only water from the hexahydrated uranyl salt?*
The conductlvity was found to be low and to decrease with a
decrease of the dlelectric conatant of the solvent.

Conductivity measurements of UClu in methyl alcohol
indicated the salt to be somewhat dissoc:l.a.t:ed.g-9 The
‘dissociation was found to lncrease on addition of tributyl
phosphate.

Kaplan, Hildebrandt, and Ader:lC have classified into

Solvents tested other than trlbutyl phosphate: diéthyl
ether, dlethyl cellosolve, dibutyl carbitol, methylisobuﬁyl

-ketone, 1sobutyl alcohol, and isoamyl alcohol.
**Jolvents teated: methyl alcohol, ethyl alcohol, acetone,

ethyl-methyl ketone, methyl 1sobutyl ketone, acetylacetone,
stannous chloride 1n acetone.
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types the absorption spectra of uranyl nltrate in a number of
solvents and solvent mixtures.* Differences between types
were attributed to a series of hydrated and solvated nitrate
complexe’s, UOS+ s U02N03+, U02(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 18 lnteresting to note that the absorp-
tion spectrum of uranyl nitrate in tributyl phosphate (0.016 -

1.6 M) 1s characteristic of the complex U02(N0 and 1ndlcates

3)2
little ionization,lég A simllar spectrum 1s glven by uranyl
nitrate in methyl isobutyl ketone (0.02 ﬂ).zg Uranyl perchlor-
ate 1n methyl isobutyl ketone (0.02 M), however, exhibits a
spectrum characteristic of the uranyl 1on, UO?Q'+ . These
results appear to be 1n general agreement with those obtalned
through conductivity-viscosity measurements.léz:lég
The trinitratouranyl complex U02(N03)3- has been studied

by a number of workers(8279,171=1T3 14 15 rormeq by the

additlon of a second soluble nitrate to a solution of uranyl
nitrate in a non-aqueous solvent such as anhydrous nitric
acid,lll dinltrogen tetroxide,lzg acetone,zgizg methyl
1sobutyl ketone,Z§ dibutyl ether,lZi ete. Kaplan and co-
workersZg also report that the complex 1s formed in 16 M
nitric acid, but that 1t8 formation is faf from complete.
The negative character of the complex has been demonstrated
by electrolytic transference experiments.'—7§ Its composition
has been deduced by the 1solation of solld compounds from
solutions of the type described abovel2:1T1:172 .1y vy the
similarity of the absorption spectrum of such solutions with
that of crystalline cesium uranyl nitrate, CsUOe(NO3)3.L8-'12

*Spectra classified: uranyl -nitrate in water, acetone-water,
dloxane-water, n-propanol-watér, ethanol, chloroform + 0.7%
ethanol, pyridine, acetic acld, ethylacetate, tetraethylene
glycol dibutyl ether, nitroethane, methyl lsobutyl ketone,
cyclohexanone; uranyl perchlorate in methyl isobutyl ketone.
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The stabllity of the complex depends upon the nature of the
associated cation as well as the nature of the solvent and
the presence of water in the solvent. The general order of
the solvents with respect to stabllity of the trinltrate
complex 1s: ketone > ether > alcohol > waterl.Z§

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

108

Nikitinar=S The complexes U0201+, U0,C1,, UO ~ were

2 2013
formed by the additlon of pyridine hydrochloride or hydro-
xylamine hydrochlorlide to a solutlon of uranyl perchlorate
or uranyl chloride 1n dcetone. The stability of the tri-
chlorouranyl complex was found to be dependent upon the
amount of water present 1n the solvent. A compound was
separated and ldentifled as (C5H5NH)2U02014.

Hydration. In partition studies of uranyl nitrate
between aqueous solution and organic solvent (alcohols,
esters, ethers and ketones) 1t 1s generally found that the
water content of the organic phase lncreases wilth uranyl
nltrate concentration.léﬁiléz} For alcohols, the relatlon
between the water content Mw and uranyl nitrate concentration
Mu appears to be a complex function.** Fof esters, ethers,
and ketones the relation 1s linear except posslibly at high
values of Mu. This relatlion may be expressed

M, = MJ + hM .
The quantitlies are expressed 1n terms of molalltles of the
dry solvent. Mg 1s the solubllity of water in the pure

solvent; h is a constant. The siope of the llne, h, repre-

*The water content of alcohols may decrease inltilally as the
uranyl g%trate concentration is increased from 0 to 0.1-0.2
molal.l07 .

** -

Katzin and Sullivanléi report a llnear relation.bfg een
M _and M; for 1sobutyl alcohol. McKay and Mathleso polnt
o8t that 1f the data of Katzin and Sulllvan at low My are gilven
significance, then a more complicated relatlonshlp between the
two quantltles exlsts.
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sents the degree of hydratfon. For many of the linear
solvents h is very nearly 4.0.16. 167 This has been Iinter-

preted by Katzinlzg to mean that the species U02(H20)4(N0
175

3)2

is extracted. McKay, however, considers thls to be a
nean hydration number; that a serles of hydrates are presént
ranging from the di- to the hexahydrate; that these hydrates
are 1n equilibrium with each other-and.are of comparable
stability. The latter view 1s supported by 1soplestic
neasurements.lzg

Infrared measurements on ethereal and ketonic solutions*
of uranyl nitrate, lndlcate two molecules of water to be
strongly bound to the uranyl nitrate and the remainihg
water molecules to be more weakly bound.lzzal-lzg

The extraction of uranyl nitrate from an aqueous system
into tributyl phosphate (TBP) causes the displacement of
water from the organiec phase.lég The displacement 18 roughly
linear with h belng -2.195 This 1Is 1n agreement with the

formulae TBP:H,0 and U02(N0 '2TBP.1§§ Uranyl perchlorate,

2 3)2
however, apparently does carry some water 1into tributyl
phosphate.lég Whether thls water is assoclated wlth free
uranyl ions or unionized U02(0104)2 1s undetermined.

Solvatilon. The isolatlion of solvated uranium salts,
in particular uranyl niltrate,1s reported 1n the 11terature.§’
l§§¢l§9:l§g In phase studles of ternary systems: uranyl
nitrate, water, organlc solvent, Katzln and Sullivanléi_
have concluded that uranyl. nitrate in aqueous solution 1s
largely hexasolvated, subject to the actlivity. As organlc
molecules are dissolved, 2,3,4 and perhaps 6 water moleculep
may be displaced, depending upon the electron-donor -capabilities
of the organic molecules. The total solvatlion 1s a function

of the activity levels of the water and organlic molecules.

* Solvents studled: diethyl ether, acetone, methylethyl ketone.
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If a particular configuration 1s stable enough, 1t may survive
as a crystalline solid. The particular stabllity of the finel
two wster molecules 1s 1in egreement with the results of Ryskin
and co-workerslzzillg obtalned through infrared absorption
measurements. The abllity ef solvents to displace water is
in the order: alcohols > ethers > ketones.léi Thiles general
order of solvate stabllity is confirmed by heat of solwtion
measurements.lgﬁ It 18 in agreement also with the order of
base (electron-donor) strengths of the solvents determined by
other means.lééllgi' Methyl lsobutyl ketone 18 anomalous in
that 1t behaves stronger toward uranyl nltrate than its base
strength would indicate.283:183 friputyl phosphate, according
to heat messurements; competes with water almost as well as
diethyl ether and isobutyl aloohol.lgi

The order of solvents with respect to solvate stabllity
1s opposlte to that with resbect to the stablllity of the
trinitratouranyl complex. This suggests a competlitlon be-
tween Bolvent molecule and nitrate ion for coordination

with the uranyl :Lon.lZl

Feder, Ross and V'ogellgi have studled the stabllity of
molecular addition compounds with uranyl nltrate. The com-
pounds were prepared by shaking uranyl nitrate dehydrate with
various addenda 1n an lnert solvent: benzene and/or 1,2-
dlchloroethane. 1:1 moiecular addltion compounds were found
with uranyl nitrate and ethyl aleohol, n-dodecyl alcohol,
tetrahydrofuran, propylene oxlde, meslityl oxide, tributyl
phosphate, and N,N-dibutylacetamlide. 1:2 compounds were
observed with uranyl nitrate and acetone, methyl isobutyl
Ketone, cyclohexanone, ethyl acetate, 2,4-dimethyltetrahydro-
thiopene 1l,1-dloxlde, B-chloroethylacetate, ethyl chloroacetate,
ethyl cyanoacetate, dlethyl ether, allyl alcohol, ethylene
chlorohydrin, and acetonitrlle. Formation constants were

determined from changes in the solubllity of urenyl nitrate.
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It was shown that the stability of the addition molecules,
for those addenda havling 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 atréngth

df the addend.

The average number of solvate molecules n assoclated
with uranyl nitrate in 1ts partitlon between water and
varlcus organilc solvents* has been studled by McKayléELl-e-é
and co-workers. The value of n was found to vary with the
uranyl nitrate concentration of the organic phase. For
most of the solvents studled, n varied between 1 and 4.
For cyclohexane, conslderably larger values were found for
low uranyl nltrate concentrations.

A saturated Bolution of uranyl nitrate hexahydrate
in trlbutyl phosphate corresponds closely to the unhydrated
3)2-2TBP.l§§Ll§1 Evidence for
the exlstence of the single specles 1s:l§§il§1

disolvated compound U02(N0

(1) The solubllity 1s not apprecilably temperature
dependent over the range 0-50°C.

(2) On freezing and rewarming a saturated solution, a
sharp melting-polnt of -6.0 = 0.5°C 1s observed.

(3) The mole ratlo of uranyl nitrate to TBP approaches
the value 1:2 asymptotically under a variety of conditions.

(%) The effect of ilnert diluents for the TBP on uranyl
nitrate partition coefflclents supports a 1:2 formula? l.e.,
the partition coefflclent of uranyl nitrate varles as the
square of the TBP concentration. .

The experlmental conditlons under which Feder, Rose

184

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

3)2
conalderably different from those of Healy and McKa.y.!'--§§

* Organic solvents studled: diethyl ether, dlisopropyl ether,
dlethyl cellosolve, dlbutyl cellosolve, dlibutyl carbitol,
penta-ether, lsoamylacetate, methyl lsobutyl ketone, cyclo-
hexanone,
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Jezowska - Trzeblatowska, et 5129 report that the

absorptlon spectrum of uranyl nitrate in tributyl phosphate
gives no 1ndilcation of the formatlon of a stable complex.
Attempts to ldentlify a complex specles 1n the concentratilon
range 0.02-0.06M were unsuccessful.

Hesford and McKaylég report evidence for the formation
of UOQ(CIM)Q;QTBP under certain conditions. From a 10.3M
aqueoul perchloric acld solutlion, the partition coefficlent
of uranium varles as the square of the TBP concentration 1in
benzene. Under other condlitlons, other solvates may be formed.
Jezowska - Trzeblatowska, 93_5129 report the formation of a
1:1 complex between U014 and TBP 1n methyl alcohol.

Tributyl phosphline oxide, like tributyl phosphate,
forms an anhydrous dlsolvate with uranyl n:l.t::-a.t;e.!'-§Z Healy
and Kennedy!'-§§ report a number of other neutral organophos-
phorus solvents whlch form solvates with uranyl nitrate.
Most, but not all, of the solvates reported are anhydrous.
All of the solvents extract uranium from aqueous solution
in proportion to the square of the solvent concentratilon
(in benzene). However, not all solutions of the solvent in
benzene and saturated i1n uranyl nitrate give mole ratios of
solvent to uranium of 2:1. For the two diphosphanates and
one pyrophosphate ptudled the mole ratlos were 1:1. This
may be indicative of chelatlon or polymer formation. The
mole ratio in triphenyl phosphate was ~22:1. This 1s
probably the result of the solvent being unéble to'displace
water from the coordination sphere of the uranyl :I.on.;§§

Solvate formation. between uranyl salts and acid organo-

phosphorus compounds, eg. mono- and dil-alkyl phosphoric aclds
80,158,159,188

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

have been reported.ég In explanation of dlstributlion data
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in conjunctlon wlth l1sopiestic and viscosity measurements,
| Baes, Zingaro and Colemanlég have hypotheslzed that uranium
(VI) is extracted from aqueous perchlorate solutlons into
n-hexane solutions of di1-(2-ethylhexyl)-phosphate, HL, as
the speciles UOQ(HL)QLQ. As the uranium concentration of
the organic phase 1s increased, there is strong evidence
that polymerlzation occurs.lég Similar-conclusions have been
made by Dyrssenlég on the basis of the distributlion of uranium
(VI) between aqueous perchlorate solution and dibutyl phos-
phate, Hk, in chloroform. In hexone, the specles UOQ(HK)QKQ
and U02K2 have been 1dent1fied.122 The extraction of
uranium (VI) by dibutyl phosphate from aqueous nitrate
solutions 1into benzene has been studled by Healy and Kennedy.!'-§§
In additlon to the specles UOQ(HK)QKQ, the polyuranyl specles

(UOQKQ)XQHK and the nitrated specles U02(N0 - 2HK have been

3)2
postulated to explain the shape of the extraction curve as a
function of nitric acld concentration.

It has been postulated that the formation of mixed sol-
vates or solvated chelates enhances the extraction of uranium

into certaln solvent mixtures. These systems are discussed

In a later section on solvent extraction.

IV-D Separatlon of Uranium

A number of review articles have been written on the analyti-
cal chemistry of u]:'a.n:I.um.§-L-3&--’-l§2:-2-99 These, together with many
texts on chemical analysis (see, for example, references 201 -209),
serve well as guides to the separatlon and purification of the ele-
ment. More specialized surveys have been made by Hecht'gl-Q on the
quantitative micro-analysis of uranium-bearing minerals, and
by Law-rqwskigll on separation processes for the recovery of
nuclear fuels. '

Two general technlques are avallable for the separation of

uranium. (1) Uranium 1s'removed from solutlion 1n the presence
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of contaminants by precipltation, solvent extraction or some
alternative method. (2) Uranium is kept in solution and contam-
inants are removed. These techniques are facllitated by the
fact that uranium 1s reasonably stable ln two oxidation states,
(Iv) and (VI), and that complex formatlon may be effected to
prevent the removal of either uranium or contamlnant from solutlion.
In the followlng paragraphs, the separation of uranium by
preclipitation, solvent extraction, and ion exchange are described
in some detall. Reference 1s made also to other methods of separa-
tion: chromatography, electrodeposition, volatilization and

pyrometallurgy.

1. Precipltation. In claseilcal systems of analysis, uranium

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

1t 18 not preclpltated by hydrochloric acld or by hydrogen
sulfide 1n an acldic solutlion, but 1t ls precipltated by
ammonium hydroxlde or ammonium sulflde (see references 204,
206, 208, 213). Unfortunately, for the separation of
uranlum, many other elements also are precipltated by the
same reagents. However, there exlsts a large number of
reagents capable of preclpltating uranium over a wilde range
of pH. These, combined wlth Judiclous use of the two oxidation
states and/or the complexing abiiity of uranium, may be used
to provide reasonably pure uranium deposits.

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

date. Waregli has summarized early work using organlc rea-

* ~

In the system outlined by Noyes and Bray 202 uranium 1s
preciplitated 1n the sixth group with ammonium hydroxide and
is converted to the sulfide with hydrogen sulfide. 1In the
system of West and Parks,212 uranium 1s precipitated in the
fifth (basic benzoate)group.

40



gents as preclpltants. Sheglé and Ba:!.ley—e-lé have lnvestigated

some of the more promising ones. Rodden and Warfii have

discussed the use of many reagents, both ilnorganlc and organic,
and have described procedures for the use of many of them. The
latter precipitants, 1.e., those for which procedures have been
given by Rodden and Warf,ii are denoted by a dagger (t) in the

following discussion.

Inorganlic preciplitants. The reagents are listed-alpha-
betilcally according to anlon. '

Arsenates.T Arsenic acld and ammonium, sodlum and
potassium arsenate precipltate uranium as uranyl metal arsenate.
Silver, titanlum, zireconium, thorium and lead interfere.
Separation is made from the alkall metals, alkaline earths,
aluminum, iron (II), and rare earths, including trivalent
cerium.ii

Carbonates.6’63’201’204’206’217-224

Precipltation of
uranium with ammonium, sodium, or potasslum carbonates 1s not
very satisfactory. Highly soluble carbonate-uranyl complexes
are formed. Under proper condltbns,the metal uranyl tricarbon=
ate salts M4Uoébo3§are formed. The solubillties of the
respective ammonium, sodium, and potassium salts 1in water

)218

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

l1iter. The solubility of the potassium salt in a 50% solu-
tlon of potassium carbonate 1s 0.200 grams per 1iter.ggl
The solubllity of the sodium salt 1s decreased by increasing
temperature and by increasing sodium salt conc:eni.:::'at':l.on..—2-gi
Tefak2Ll has studied the precipitation of uranium by
ammonium and Sodlum carbonate. From a 0.043N uranyl nitrate
solution, precipitation was observed to be maxlmum 1n the
reglon of 0.1N preclpitant concentration. Two maxima were
observed for ammonlum carbonate; one for sodlum carbonate.
Above and below these falrly narrow reglons of precipitant

concentration, uranium enters into solution.
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The uranium (IV) salt, NasU(CO3)5 * 11H,0 is precipitated
from reduced carbonate solutlions at high uranlium and carbonate
concentrations.éi

Barilum uranyl carbonate salts are reported to be very
1nsolub1e.§3 However, 1ln the pregence of carbonate solutlons
the alkaline earth salts are unstable according to the
react:!.on,-s--1

M,U0,(C05)5 (g) + ecog' = [U02(003)3]4' + MCO5( 3
Tezakgll has found the precipltation of uranium to be nearly
complete when the barium:uranium ratio 1s greater than 600
and the excess carbonate 18 less than four times the barium
concentration.

A suspension of barlum carbonate may be used to pre-
cipitate uranium.éﬂlggé Ammonium salts interfere. A
suspension of baslc zinc carbonate may be simllarly used.ﬁﬁlggz
Iron, aluminum and thorium also preclpiltate.

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

Ferrocyanides.* The addltlon of potassium ferrocyanide

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

red preclpltate or suspenslon, depending upon the concentration
of uranium. The reaction 1s used much 1in qualltative anal-
vels for the identification of uranium. However, 1t 1s

1ittle used for quantitatiye separatlon. The separation 1s

poor and there are many :I.nt:e:c-fer-ences.-11!i Separatlon can be

made from beryllium in a weakly acldle sulfate Bolut:ion.—e-gg

Fluorides.* Hydrogen fluoride preclpitates uranium (IV)
as the tetrafluoride. The precipltate 1s gelatinous and
difficult to filter.gi Separation 1s made from metals com-
plexed by fluoride ions, eg., tantalum and zirconium. Uran-
ium may be reduced to the (IV)-state with zine in a solutilon

mede 8lightly acidic.lgé .
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The double fluorides, eg., Na.UF5 are sparingly soluble
196

even 1In the presence of strong acids.=== Separatlon can be
made under these conditions from Mo, Ti, N1, Co, Mn, Cu, Pe
(IX), and v (ITI). Aluminum precipitates as the double salt,
Na,AlF¢. TIron (TIT) precipitates in part. Reduction to
uranium (IV) may be done in the presence of fluorides with
iron (II). 197,229 Rongelite (Na2 25,0

has been used to effect reduction 230

2CH,0 - 4H20) also

2
Hydroxides. The addition of a metal hydroxide to a
solutlion of uranyl salts results in the formation of the
metal uranate. It has comnonly been assumed that the metal
diurante, M2U207, 1s precipitated by ammonium, sodlium, or
potassium hydroxide. However, experimental evlidence 1ndi-
cates that the compositlion of the precipltate depends upon
the conditions whilch exlst during preclpltation and upon
the subsequent treatment, such as washing, which 1t re-
ceives.gil:giz
Armonium hydroxide* precipltates uranium quantitatively
atpH 4 or greater.ii The presence of ammonium salts and
macerated fllter paper facllitate precipitation. Separation
1s made from alkall metals, alkaline earths, and cations '
forming ammonla complexes. Repeated preclpltations may be
necessary to glve sufficlent separation. Phosphorus, vana-
dium, sllicon, boron, aluminum, lron and other elements of
the ammonlum hydroxide analytical group also &are precipitated.212
Complexing agents: carbonate, oxalate, cltrate, tartrate,
fluoride, etc., Iinterfere.
Precipitation with alkall metal hydroxideas 1s slmllar to
that with ammonium hydroxide. Uranium may be preclpltated
in the presence of carbonate with sodium or potasslum hydroxlde
of sufficlent concentration. Carbonate lon ilnterference may

be removed by heatling.
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Pale green gelatinous U02 . H20 1s precipitated from
uranium (IV) solutions by ammonium and alkall metal hydroxides.
Todates.  Uranium (IV) 1s preclpitated from an acid

solution by potassium :I.o::la.‘ce.—3-i Separatlion can be made from

copper, molybdenum, and reduced vanad:Lum.—e-ig Aluminum in
amounts up to fifty times that of uranlum does not interfere.
Larger amounts of aluminum and divalent 1ron 1n any concen-
tration cause 1lncomplete preclipltation. Titanlum, zlrconlium,
cerium (IV), and thorium preclpltate with 1odate.§&

Mercuric oxide. Uranium 18 preclpltated when a

suspensiqn of mercurlc oxlde 1s bolled 1n an aqueous solution
contalning ammonium chloride.ii Separation 1s made from
alkall metals and alkellne earths. Hydroxy aclds lnterfere.
Peroxides.* Hydrogen peroxide preclpltates uranlum
peroxlde, U04 . xH20, from slightly acldlc solutions. The
reaction occurs in the pH range 0.5-3.5. The optimum range
1s 2.0-2.5. Hydrogen lons released wilth the formatlon of
uranium peroxide are neutralized with ammonla or ammonium
acetate. Complete preclpltation requires an excess of
hydrogen peroxlde. Quantltatlive separatlon may be effected
by freezling the solution, allowing 1t to stand, and filtering
at 2°C. The separation from most elements 1s good since 1t
1s done from an acldic aolution.ﬁi&gag Plutonium, thorium,
hafnium, zlrconlum, and vanadium also precipitate. Iron
interferes by catalytlcally decomposing hydrogen peroxide.
Small quantities of 1iron may be complexed with acetic, lactilc,
or malonlc aclid. Low ylelds may result from the use of
malonlic acid. Ammonium, potasslium, and alkaline earths re-
tard the rate of preclpiltation. Complexing lons such as
oxalate, tartrate,.sulfate, and fluoride 1n large quantitiles,

also Interfere. Fluoride lon may be complexed with aluml-
num, 2392
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Phosphates. Phosphorlc acid and sodium monohydrogen
phosphate_precipitateoneHPou from uranyl solutions. Uranyl
ammonium phosphgte, UO,NH,PO,, 1s precipitated by (NH4)2HP04
or NaeHP04 in the presence of ammonium acetate.f Precipltation
‘18 made in the pH range 1.2-2.3, 1.7 belng optimum. It 1is
not very selective. Zirconium, bismuth, and thorium pre-
cipltate under similar condlitions. Alkall metals are retalned.
Separation 1s made from vanadium. Both UOQHPou and U02NH4P04
are soluble 1in mineral acids.3£

Phosphate precipltation of uranium (IV) 1s more selec-
tlve. It 1s made from dllute hydrochloric or perchloric
acld solutions. Separatlon 1s made from manganese, lron,
vanadium and most other elements. Zlirconium, thorium, and,
to a smaller extent, titanium and tin precipitate.lgé:lgg
Aluminum interferes by the formatlion of soluble complexes wlth
uranium and phosphate lons.22 With sulfate and aluminum
present, uranium 1s precipitated in a narrow pH-range around
one. At hlgher pH, the soluble aluminum-uranium-phosphate
complex 1s formed; at lower pH;, the soluble uranium-sulfate
complex. Chromlum 1n excess of 0.2 gram per 100 milliters
causeB lncomplete precipitation.lgé Large amounts of fluoride
ion prevent precipitation.lﬂé

Sodilum hexametaphosphate [(NaP03)6] also preclpltates
uranium (IV) from acld solutions.gig Adherence to falrly
stringent conditlions allows for complete precipitation. A
3N.#310), solutlon of uranium (IV) 18 heated to 60-70°C. If
more than 2 mg. of uranium are to be precipitai:ed, a freshly
prepared 2% hexametaphosphate solution 18 added until 1its
concentration in the precipltating medium 1s 0.30-0.35 per
 cent. To preclpltate smaller amounts of uranium, 'a 0.5
per cent solutlon of thorium chloride 1s added as carrier

‘and the hexametaphosphate added untll 1t 1s in excess 25 per

cent wilth respect to the thorium, i.e., molar ratio of Th:PO3
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is 1:5. Coagulation 1s lmproved by heatlng 1n a water-bath
for ten to fifteen minutes after precipltation. Under these
conditions separation is made from V (Im) and (IV), Fe, éu,
and other di- and tri-valent metals. Incomplete precipitation
occurs with Increased or decreased acldlty -- probably because
of enhanced solubllity of the compound and complex formation,
respectively. Precipltation from sulfurlc acid 1s incomplete
bBecause of urﬁnium-sulfate ¢omplex formatlon. Under certaln
conditlons both uranium (IV) and (VI) form complexés with
hexametaphosphate,

Hypophosphoric acid (H4P206), sodium dihydrogen hypo-
phosphate (Na2H2P206), and sodlum pyrophosphate (Na2P207)
precipitate uranium (IV) from acid solutions.  Other
tetravalent metals, Tl, Zr, and Th, also precipitate. Separa-
tion 1s made from uranium (VI) and trivalent m.eta.ls-:I.n-genera.l.—3-i

Phosphites. Sodium hypophosphite (NaH2P02) and ammonium
thlosulfate or sulfurous acid precipitate uranium from a
boiling, dllute acld solut:-ion.g&l Zirconium and titanium
preclipltate under similar conditlons. These elements may
be separated prlor to uranium by boiling with sodium hypo-
sulfite alone. Elements forming acld-insoluble sulfides
are removed with hydrogen sulfide before adding sodium hypo-
~phosphite and ammonium thiosulfate.

Sulfates. Uranium (IV) sulfate 1is practlcally insoluble
in 47 per cent perchloric acid. Preciplitation 1s made in a
sulfurlc acid medium. Uranium 1s reduced on a mercury cathode
and concentrated perchloric acid 1s then added.

Sulfides. Ammonium sulfide’ or polysulfide precipitates
brown, amorphous uranyl sulflde. Numerous other elements are
preclipltated under similar cond:!.t:ions.—e-li Complexing agents
such as carbonate, pyrophosphate, and cltrate interfer.e.ii

Uranium (IV) salts are precipltated as U0, * H,0 by ammonium
sulf:l.de.!'-gg
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Hydrogen sulflde bubbled through & nearly neutral solu-
tion of uranyl salts contalning hexamethylene tetramine pre-
cipitates uranium in a readily filterable, crystalline form
of "uranium red. "t Separation 18 made from alkall metals and
alkallne earths.iﬂilgz

Vanadates. Ammonlum metavanadate ﬁrecipitates ammonium
uranyl vanadate from uranyl solutions buffered with ammonlum
acetate.ii Uranovanadlc aclds are preclpltated at pH 2.2~
6.5.gig Within these 1lmits, the compositlion does not depend
upon the hydrogen lon concentratlion. It does depend upon the

vanadium : uranium ratilo present'in solutlon. Compounds

corresponding to the formulae

H[UOQ(OH)2V03]'H20, H[U02(0H)(vo3)2]-2H20, and H[UOQ(VO3)3]'4H20
have been-:I.dent:!.f:l.ed.—2-ig Ammonium salts of these aclds have
242

been syntheslzed 1n the presence of ammonium chloride.=——=
Ammonium uranyltrimetavanadate 1s the least soluble. However,
1ts formatlion 1s a long process at room temperature. Heatling
greatly accelerates its rate of formation.

Organlc precipitants. Organlc preclpltating reagents

are listed alphabetlcally.

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

An alcoholic solution of the reagent added to a uranyl salt
solutlon forms a pale yellow preclpitate insoluble in ethano%%i
Precipitation occurs between pH 1.5 and 7. Below pH 1.5 the
reagent precipltates. The thorlum complex 1s soluble in
alcohol, but precipltates from an aqueous solutlon at pH 2-4,.
Lanthanum and cerium (III) do not interfere when present 1in
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 additlon of ammonium thiocyanate.glé
Iron (III), cobalt, copper, zinc, cadmium, mercury, and bis-

muth precipitate.gliiglé
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Aldehyde ammonla preclpltates 003.gl§

Alizarin and Alizarin Red S (sodium alizarin sulfonste).

Uranium 1s precipltated slowly by the reagents when the
uranyl lon concentration is less than 20 micrograms per
mi11111ter.222

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

Amines. Ammine salts, generally of the form U02(Am1ne)2 X,
where X 18 an acld radical such as acetate, chlorlde,
nitraté, etc. have been prepared from acetanlllde, anti-
pyrene, bromoantipyrine, dilethylanliline, exalgin, nitroso-
antipyrine, p-nitrosodlmethylanliline, phenacetin, pyramidon,
pyridine, quinaldine, and quinoline. Mono-, trl- and tetra-
ammine salts also have been formed. The salts are generally
prepared in anhydrous chloroform or amyl alecochol solutions.
However, some of the more stable salts may be preclpltated

214,244

from aqueous or alcohollc solutions,—2—=——

2-Amino pyridine precipltates Uo3.31§

Ammonium benzoate. Uranyl lon 1s preclpltated by the

reagent from slightly acldlc solutlons heated to bolling.
A 0.05 N solution of the reagent containing about 2.5%
NH40H 1s bolled separately and added 1n an excess of three
to four times the uranlum present. Carbonate lon prevents
guantitative precipitation.lgg&g&i

Ammonium dithiocarbonate precipltates uranium (VI).

Derivatives also are formed with Al, Mn(II), Fe(II), Co,
Ni, Cu(II), Zn, Ag, Sn(IV), Pb, and BL.246

Anthragallol forms brown precipltates or solutions with

U4+, Uog* , Fe3+, Cu2+, and Mooﬁ' ]

Anthranilic acid. Uranium (IV) 1s precipltated from a

solutlon of the reagent buffered with ammonium acetate. The

reagent added to a O.lgth(N03)2 solution forme a heavy
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yellow preclpitate. The amount of preclpltate 1s lncreased
by the addition of 1M acetlc aclid; decreased by the addltion
of 1M sodium acetate. Fifty micrograms of uranyl lon per
droﬁ of solution gives no observable preclipltate. In acetle
acid-sodlum acetate buffered solutlons, slightly soluble
salts are formed with the reagent and Mn, Co, Ni, Cu, Z2n,
Ccd, Hg(II),and Pb.2L2

Arsonic aclds. DBenzenearsonlc acid* precipltates

uranium (IV) in a weakly acidlc solution, pH 1-3. Titanium
and cerium (IV) are partially preclpltated. Thorium, zir-
conium, hafnium, tin (IV), niloblum, and tantalum are
quéntitatively precipitated.iﬁ

Arsonilic acld (p-aminobenzenesrsailc acld) precilpltates
uranium (VI) in a weakly acidic solution, pH 1-4 or great%%;
At pH 2.1 or greater the precipltation 1s quantitative as
evidenced by negative ferrocyanide tests of the flltrate.
Other lons which precipltate from neutral or slightly acidie

solutions include Cu2t, zn2¥, ca®*, ana Uu**.

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

Other substituted arsonic aclds whlch glve difflculty
soluble uranyl salts are 3-niltro-4-hydroxybenzene- and
methane-arsonic a.c:l.ds.—3-i

Bis-benzenephosphonlc acld. Tests on 50-150 mg/i

uranium (VI) in sulfurlc acld solutions 1n the presence of

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

aluminum, magnesium, and phosphate lons gave nearly 99%

precipitation with the reagent. Optimum condltlons for

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

to uranium.———

Benzenesulfnlc acld precipitates uranium (IV) in

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

Sn, Ce, and Th also p:f~ec:|.p:!.t:-a.t:e.g-]-'i
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Benzopurpin precipitates uranium (IV) and (VI).glé_
Benzoylacetone precipltates uranium (VI).glé

5-Bromo-7-carboxy-8-hydroxyquinoline preclpltates

uranium (VI), copper, zinc, cadmlium, mercury, and 1ead.gi2
5-Carboxy-8-hydroxyquliioline precipltates uranium (VI)

in solutlions buffered with acetic acld and sodlum acetate.

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

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

in ammonlacal tartrate solutlons.

Catechol forms compounds wlth tetravalent uranium, silicon,

titanlum, zirconlum, and thorium.gli Catechol comblined with

pyridine precipltates hexavalent uranium.gli—

Cresotinlc acld 1n the presence of sodlum acetate pre-

cipitates uranium (IV) from solution. Aluminum and iron
(ITI) also precipitate. Separation i1s made from Cr, Fe(II),
Co, Ni, Cu, Zn, Cd, and Mo.212.216

Cupferron (ammonium nitrosophenylhydroxylamine).T
Uranium (IV) 1s precipltated from acidic solutions by the
reagent. Good separetlion l1s made from other elements 1f this
precipitation follows one in which uranium was kept 1n the
hexavalent state. Ions which are preclpltated by cupferron
from acldic solutions include Ti, V, Pe, Ga, 2Z2r, Nb, Sn, Sb,
Hf, and Ta. Ions whlch are not precipltated under such
condltions include the alkall metals, alkaline earths, Be,
B as borate or fluoborate, Al, P, Cr, Mn, Ni, 2Zn,and U(VI).
Precipltation 1s usually made 1n a sulfurlc acld medlum
but hydrochlorlic or organic aclds may be used. Nitric acid
ghould be avolded; also perchloric acid 1if the precipitate
1s to be lgnlited. The presence of a reducing agent, hydrcx-
ylamine or sodlum hydrosulfite, facilitates complete pre-
cipitetion of uranium (IV). The cupferrate may be filtered
or extracted with an organic solvent such as chlor'ofor'm.ii'-gig B
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Hexavalent uranium 1s preclpitated by cupfefron from
neutral solut:-:l.ons.gég

Dibenzoyl methane forms a yellow preclpltate wilith
) 216

uranium (VI

3,5-Dibromosalicylaldoxime precipiltates U(VI), Co, Ni,

Hg(II), and Pb.22%

4,4 ' -Dihydroxy-3,5,3',5' -tetra(hydroxymethyl) -diphenylmethane
precipitates U(VI), Mn, Fe(ITT), Cu(IT), and Hg(IT).2L8

Dlmethylarmonium dimethyldithlocarbomate forms a red

precipitate with uranium (vI).218

Diphenyl thlocarbgzlde precipltates uranium (VI) from

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

precipltate with the reagent.glé

Dipropylamine forms & yellow preclpltate with u::-a.n:l.um.—e-lé

Disalilcylalethylene diimine precilpltates uranium (IV)

and (VI). Most heavy metals are preclpltated by the reagent.ii
216
3 =
Ethylenedliamine and uranyl nltrate form an insoluble
double salt, ersou(Hesou)2NH26H§0H2N@? in alcohollc-sulfuric

acld solut::!.on.gég Double salts of the same type are formed

Ethanolamlne precipitates UO

wilth plperazine and dimethylpiperaszine. S:Lemssenggi observed
that a solutlion of ethyléenedilamine added to a uranium solutilon
£lves a bright yellow crystalline precipitate that 1s soluble
in excess reagent.

Ethylenediamine tetracetic acid. Uranium 1s precipltated

when a uranyl acetate solutlon 1s bolled wlth solid Jr-eagent.géi
Gallic acid precipltates U(IV), U(VI), Pe(III), Cu(TI)
;nd Zn.glé
Gualacol. A brown precipitate results from the reaction of
the potasslium salt of gualacol and uranyl acetate 1n an
aqueous solut:‘:l.on.g-52

Hexamethylene tetramline (urotropine)* 18 a weaker base

than ammonium hydroxide and does not absorb carbon dloxzide.
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This reduces the likelihood of carbonate interference and of
alkaline earth carbonate precipitation. Uranium 1s preclpl-
tated when the reagent 1s .bolled in a uranyl solutlon that
contains ammonium lon and no excess acid.ii Tons that form
stable complexes wilth uranium interfere. Separation can be
made from alkall metals, alkallne earths, Mn, Co, Ni, and
Zn. Zr, Ti, Fe, Al, Ce(IV), Th, and some other elements
preclpltate.

A double salt, ersou-Heso4-(CH2)6N4, i1s formed wlth the
reagent and an excess of sulfurlc acid and uranyl salt.géé

a-Hydroxyacetophenone forms a white preclpltate with

hexavalent ur-an:l.um.—e-lé

1-Hydroxyacridine (l-acridol or benzoxlne) precipltates

uranium (VI) in neutral solutions. Calclum preclpltates from
neutral solutions; Mg,Ca, and Ba from alkaline solutions;
Cr(III), Mn(IT), Pe(II and III), Cu(II), 2Zn, Cd, Hg(I and II),
Te(II), and Pb from solutlons contalning acetlic acid and -
sodium acetate. Al, Sn(II), and Bl do not precipitate.géz

1l-Hydroxyanthraquinone forms slightly soluble complexes

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

ganese :I.ons.—e--]—'2

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

uranium, thorium, cerlc salts and cerite ea.rt:hs.g-ég The

cerlc sal%s and cerlte earths are not precipltated by the
reagent. Thorium 1s precipitated at pH 2.6-4.0. Uranlum
(uranyl 1on) precilpitates at higher pH.

8-Hydroxyqulnaldine. Tetravalent uranium 1s preclpltated

by the reagent with the addlition of ammonlum acetate. The
precipitatidn of hexavalent uranium is almost quantitative
in the pH range 7-9 from carbonate-free ammonium acetate
'Wbuffer.gég Iron, cobalt, nlckel, copper, cadmlum, and
chromium are precipltated by the reagent.glé

8-Hydroxyquinoline (oxine).* Hexavalent uranium 1s
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preclpltated as U02(09H6N0)2 . 09H7N0 from weakly acidic or
basic solutions.gi Quantitative recovery has been reported
over the pH range 4.1-13.5. A large number of other elements
are precipitated by oxine lncluding Mg, Al, Cr, Fe, Co, Ni,
Cu, 2n, Cd, Mo, Bi, 6 and Th.gliigég:géi Uranlum can be pre-
clpltated 1n the presence of small amounts of complexing
agents: fluoride, hydroxylamlne, oxalate,lactate, end tar-
t-rate.ii Separation from small amounts of phosphate also can
be made at pH 10-12 uslng an excess of oxine. Ammonium
carbonate lnterferes. Tetravalent uranium and oxine form

a brownish-yellow deposit.glé

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

ions are precipitated by the reagent from weakly acldic
solution. Precipltatlion 1s incomplete but can be made
quantitative by lncreasing the pH wlth sodlum acetate. A
number of other elements preclpltate under these conditions
including Fe(II), Co, Ni, Ag, Hg(I), and pp.26% Separation
can be madé from Mn(II), 2Zn, and alkaline earth-ions.géé
In alkali tartrate solutlons, uranium can be separated from
cobalt and nickel.géé

Isojuglone. The sodlum salt of thls reagent and uranyl
acetate form a carmine-red precipltate after washing with
ethanol. Iron, cobalt, nickel, zinc, cadmlum, mercury, and

lead are precipitated by the rea.gent.—e--§Z

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

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

in acidic media (nitrate or sulfate). In acetate solutions,
'Ag, Cd, Ni, Co, Zn, Cu(II), and UO5" ions precipitate. By
reducing the acidity with sodlum acetate, salts of Ag, Pb, Bi,

Cd, Mn, Ni, Co, Fe(II), and Fe(III) can be precipltated from

53



nitrate solutlona. Salts of TL(I), Sb(III), Sn(II), A1,

Cr(IIT), and the alkaline earths do not precipitabe.gég

Lauramldine hydrochloride. This reagent has been

tested for the separation of uranium from phosphate solutions.gﬂg

At pH 2.45, 75% of the uranium was precipitated.
N-Lauryl -lauramldine. This reagent also has been tested

for the separatlion of uranium from phosphate solutlions. At
pH 2.45, 85% of the uranium was precilpitated.
Mercapto-acetic acld forms a greenlsh-whlte precipltate

wilth tetravalent uranium.glé&glé

Methylamine precipitates uranium (VI).—21—4

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

Morpholine precipitates uranium (IV) and (VI) as well
as a number of other metal 1ons.gl§ A 1l mg per ml solutlon
of uranyl nitrate shows only a yellow color with the reagent.
No preclpltate 1s fonned.gli

B=-Naphthogulnoline in the presence of thlocyanate lon

precipitates uranium (VI), mercury, bilsmuth, copper, cadmium,
nlckel, cobalt,’zinc, and iron (III) from sulfuric or nitric
acld solutions.gég

Neo-cupferron (ammonium a-nitrosonaphthyl hydroxylamine)

1s gimilar to cupferron in its application. Uranium (IV) is

preclipltated by the rea.gent.g;i

Nitrilotriacetic acld forms derivatives with uranium (VI),

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

m-Nitrobenzoic acld preclpltates uranium (IV).QE

o-Nitrosohydroxylaminophenyl p-toluenesulfonate forms a
yellow precipiﬁate with hexavalent uranlum. Many other me-
tallic lons are precipltated by the reagent including Al{ Cr,
Fe(III), Co, Ni, Cu(II), Cd, La, Ce, Hg(II), BL, Pb, and Th.2[:

a-N1ltroso-8-naphthol * deposlits uranium (VI) as a very

fine, yellow-orange3* to brownZi2 precipitate. Precipitation
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18 made 1in the pH range 4.0-9.4.—2-Zg Metals such as 1ron,
cobalt, nlckel, and copper are precipltated from slightly acld
solutions. Molybdenum as molybdate ion, zlne, and uranium (IV)
form colored solut:-:I.ons.—e-lé Aluminum, chromlum, and cadmium
give no visible 1:-ea.ct::l.on.g-]-'2 The uranium compound can be
extracted with amyl alcohol.—3-i

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

acldic solution. Iron, cobalt, nilckel, copper, zlnc, and
molybdate ions also are preclpltated by the reagent. Alumi-
num, chromium, cadmium, and uranium (IV) glve no visible
reactlons. The precipltation of uranium (VI) 1s most nearly
complete 1n an acetate buffered solution.glé

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

Oxalic acid’ precipitates uranium (IV) from aéidic
solution.ii Strongly complexing organlc compounds and
fluorilde, sulfafe, and large amounts of phosphate lons inter-
fere., Uranium 1s precipitated from 2-3N hydrochloric acid
media. At lower acidltles other metal oxalates preclpltate,
eg., Fe(II), Zn, Cu. At higher acldities the solubility of
uranium (IV) oxalate increases. Immediate filtration of the
precipitate may result in losses up to 1% of the uranium to
the filtrate. _Recovery of uranium may be made more quanti-
tative by chilling the solution and allowing 1t to stand.
Small amounts of manganese, 1lron, and nickel may be carrled
with the precipltate. Nioblum, the rare earths, and thorium
precipitate under similar conditlons. If uranium 1s reduced
on a mercury cathode prior to precipitation, no cations 1in
moderate amounts Ilnterfere except rare earths and thorium.

Precipitation of uranium can be made in cold 1N nitric
acld solut:-:l.ons.—e--39 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 required to precipitate
U(Ceou)e. The uranium then 18 reduced to the (IV)-state by
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ra
adding sufficient rongalite (Na2H28204-20H20'4H20) to glve a
7-10% excess of 1 mole of rongalite per mole of uranium.

Phenanthrene quinone monoxlme precipltates uranium (Iv)

and (VI), aluminum, iron, cobalt, nickel,copper, and zinc.233

Phenoxarsinlc acld preclpltates hexavalent uJ:'a.n:l.um.—e-Eg

2+

Phthiocol precipitates U'Y, vt , zn

:Lons.g-]-'2

R and.MoOﬁ'

Picrolonlic acld precilpltates tetra- and hexa-valent

uranium and most other metallic 1ons.glé

Piperazine. (See ethylenediamine).

gxridineT does nof absorb carbon dioxide like ammonilum
hydroiide does. Thils reduces the'possibility of carbonate
Interference or of alkaline earth precipltation in a uranium
separation. Ammonium nltrate facllitates uranlum precipltation.
Sulfate lon hlinders 1t. Separatlon can be made from alkall
metals, alkaline earths, Mn, Co, Ni, Cu,and Zn. Zr, Ti, Pe,
Cr, Al,and others are precipitated by the reagent.3*

Pyrogallol and pyridine combine to form a derivative wlth
hexavalent uranium.gli

Quinaldie acid* forms a yellow, amorphous preclpltate

wlth uranyl 1on.glé Precipitation 1s made from a neutral or

weakly acidic (pH 2-3) solution -in the presence of ammonium
chloride. The reagept preclpltates a number of metals lincluding
copper, zinec, cadmiumgzi and uranlum (IV).glé Uranyl ion
1s not precipitated 1n the presence of alkall tartrategZi or
a high concentration of acetate 1on;glé

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

Rhodizonic acld forms a blue-black precipitate with

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

T, Pb, Cu(II), Ccd, Bi, Zn, Sr, Ba, Fe(II), and U02(II) ions

are precipitated. At pH 2.8, Ag, Hg(I), T1, Pb, G4, Ba, and Su(II)
are precipitated.gzg

56



Sallcyclic acld. The sodlum salt of the reagent forms

. a greenlsh-white precipitate with uranium (IV). Under con-
ditions tested, Al, Cr, Fe, Co, Ni, Zn, Cd, Mo®h, , and UGS
lons were not precipitated.glé

Sebaalc acid ﬁrecipitates uranium (IV).QE

Sodium- acetate preclpltates sodium uranyl acetate from

ﬁeutral or weakly acldlc solutlons of uranyl salts.lég The
- method 1s not very useful for the precipitatioh of traces of
uranium. The solubllity of sodlum uranyl acetate 1in a
solution 5M in sodium nitrate, 1M in acetic acld, and 0.5M
in sodium acetate 1s about 100 mg per 11ter.gZ§ Neptunium
(VI) and plutonium (VI) also precipitate under these condi-
tlons. The addltion of sodium acetate and zlnc acetate to
a neutral or weakly acldic uranyl salt solution precipitates
the triple salt, sodlum zlnc uranyl acetate.122

Sod lum diethyldithiocarbamate preclpltates tetravalent

uranium, aluminum, iron, cobalt, nickel, copper, and cadmium.gli

Hexavalent uranium may be precipltated when both uranyl and
reagent concentrations are sufflclently 1a.1:-ge.246 2

Sodlum ethyl xanthate forms ah orange precipltate

with uranium (VI).glé
Strychnine in the presence of fluoride lon precipitates
hexavalent uranium as 7(C

N_HF) - 6(U02F 2HF. The

21H229N7 2) -
solubllity of the preclpitate. 1in water at 25°C 1s 47.5 mg/100
ml; in 60% alcoholic solution at 25°C, 30 mg/100 ml.2(8

Tannic acid (digallic acid)T and tannin (a glucose ester
of tannic acid)T react with uranium (VI) to glve a deep-brown
.pr’ecipit-ate.—3-i Elements arranged according to decreasing
ease of preclpltation by tannin are Ta, Ti, Nb, V, Fe, 2r, Hf,
Th, U, Al.'gz2 The posltion of chromium in thils serles 1s
uncertain. Tantalum, tltanlum, and nlobium may be separated
by tannin in'a slightly acidic oxalate solution. Uranium and

others are preclpitated by addlng more tannin and by making
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"the solution ammoniacal.. Uranium may be precipltated from
such solutions 1n the presence of @Erbonate, acetate, or tartrate
1ons.292

Thioslnamlne. Uranlum and cadmium are preclpltated when
‘an alkaline solution contalning these elements 1s bolled with
the reagent.ggg

Carrlers. Trace amounts of uranlum may be removed from
solutlion by the use of gathering agents or carrlers. The
choice of a partlcular agent depends upon the condltions
under which precipitation 1s to be made and upon subsequent
chemistry to which the preclpltate 1s to be subJected.
Rodden and Warfii have descrlbed the applicatlion of several
carriers: ferrlc, aluminum, and calcium hydroxide. The use
of barium carbonate and thorlium hexametaphosphate has been
mentloned in the sectlon on lnorganic precipltants. Mag-
nesium oxlde and thorlum peroxide have been used.ii The
oxlde and salts of a.nt:-:!.mony,ggl--’-g—e-g calclum fluoride,gﬁ
and the phosphates of zirconium,lgz bismuth,géi and thoriumlgz’
250 have been used to carry uranium from reduced solutions.
Uranium (IV), in general, should behave simllarly as nep-
tunium (IV) and plutonium (IV). These are carrled by
lanthanum fluorilde, ceric and zlrconlum lodates, cerlc and
thorium oxalates, barlum sulfate, zlrconlum phosphate, and
bilsmuth drsonate.gzg Uranium (VI) does not carry wlth these
agents providing the concentration of either carrier or

uranium 18 not too large.

Complexes. The preclpitation of uranium in normally

precipltating medla 1s inhiblited by the formation of

soluble complexes.ii Carbonate lon 1s a very efficlent
complexing agent of uranyl lon. In ammonlum hydroxide

solution, uranium can be separated from 1ron,_t1tan1um,
zirconium, and aluminum wlith carbonate ion present. In ammonium

sulfide solutlions, carbonate ion makes possible the separation
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of uranium from manganese, lron, cobalt, zinc, and titanlum.
Ammonlum carbonate prevents the precipitatlon of uranium with
phosphate. Precipitation with sodlum carbonate makes possible.
the separation of uranium from beryllium, manganese, 1lron, cobalt,
nickel, zine, titanium, zlrconium, and the alkaline earths.

SodIum peroxide facllitates the separation of uranlium and
other metals with sodium carbonate. The addltion of the per-
oxlde alone to acid solutions of 1lron, cobalt, rare earths,
titanium, zirconium, hafnium, and thorium causes their preci-
pltation while uranium, if present, remains in solution.

Uranium does not precipltate with tannic acid in slightly’
acldic solution wlth oxalate lon present. Titanium, nioblum,
tin, tantalum, and tungsten -are precipitated under such con-
ditions. Oxalate lon also interferes 1ln the precipitatioq
of uranlum by ammonia. |

Tartrate, cltrate, and malate lons prevent the precipl-
tatlon of uranium by ammonium hydroxide or nsulf:l.de.-:'!i

Sallicyllic acid and hydroxylamlne have both been used to
complex uranlum in separations from rare earth elements.ii
Hydroxylamine has been used in separations between uranium and
berylliium, aluminum, 1iron, and thorium.éi

Complexing agents that form weak complexes with uranium
and relatively strong complexes wlth other metalllc ions make
separation possible between the two: uranlum 1s precilpitated
by a sultable reagent; the other lons remain in solutlon.
Ethylened1aminetetra9et1c acid (complexone .II) and 1its
disodium salt (complexone III) have been used successfully
in thls respect. Uranlum has been preclpltated with
emmonla in the presence of complexones wlthout 1interference
from A1, Cr, Mn, Fe, Co, Ni, Cu, Zn, C4, La, Ce, Hg, Pb, Bi,
" and the alkallne earths.ggi The recovery of uranium 1s not
entirely quantitative since the complexling agent 1ncreases

the solubllity of the ammonium uranate.lg6 28 The absorp-
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tion of impurlitles 1n the preclplitate may necepsitate
dissolution and reprecilpltation of the uranium;lgé Beryll?l
and titanlum follow the uranium chemistry;ggé | -

Quantitative recovery of uranium from the aforementioned
catlons: Al, Cr, Mn, Fe, etc., can be made with ammonlum
monohydrogen phosphate, (NH4)2HP04, in the presence of
ethyle nediaminesetracetic ac1d.282:287 peryiitum and
titanium agaln interfere. Small amounts of tltanium may be
complexed with hydrogen peroxide before the addition of
other reagents.ggz )

Sen Sarma and Ma.ll:l.k-—e-§§ have studled the separation
of uranium from other elements using 8-hydroxyquinoline (oxine)
as preclpltant and complexone III as complexlng or masking
agent. It was found that complexone had no masking actlon
on uranium in the pH range 5-9. In a solutlon buffered with
acetlc acld and ammonium acetate at pH ~5.3 quantltative
separation was reported between uranium and Al, Mn, Fe(III),
Co, Ni, Cu, 2n, 2r, Cd, rare earths, Pb, Bl, Th, and P205.
In ammoniacal medium at pH ~8.4; & sinllar separation was made
from V205, Moo3, and WO3: Steele and Ta.ve::'ner-,l-2§ however,
were unable to duplicate the above results.

Solvent extractlion. The solublility of uranyl nitrate 1in

organic solvents has long been recognized.lgé The ability
of dlethyl ether to extract this salt has been used 1in
eystems of analysls 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

separating and purlfying lnorganlc substances in general 289-299
and uranium in particular.191)192’194’197'193’390:305

The condltlons under which uranium may be extracted are
many and varled. In the present paper, extraction from
aqueous solution 1s consldered. However, extraction from

8011d phases=s22=397 and slurries3®2 has been investigated
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and a favorable uranium partition has been found. Condltilons
which affect the extractlon of uranium from aqueous solution
by organlic solvent are the composition of the aqueous phase,
the nature of the organlc phase, the temperature, and the
tlme of equilibration. In the aqueocus phase, such factors
as uranlum, acld, common anion, forelgh anlon, and forelgn
catlon concentration must be considered. The nature of the
organic phase depends upon the type and concentration of
solvent and diluent. If the organic phase 1s not 1nltlally
barren, 1lts concentratlion of uranlum, acld, etc., affects
partitlion.

Because of the number of varlables and the large number
of uranlum solvents, one cannot conslder, 1in a volume of this
slze, each solvent ln the 1light of each varlable. Indeed,
the behavioral relatlion between solvent and the afore-men-
tioned varlables 1s known for only a few well-studled solvents.
The purpose of the present paper 1ls to provide informatlon
on the conditions best-suited for the quantitati&e extractlion
of uranium or for the separation of uranium from interfering
elements. This is done as much as possilble 1n graphlic or
tabular form.

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

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

Partition or extraction coefflclent:

@ = o2 = concentration of a substance in the organic phase
T, =~ concentratlon of the same substance 1n the aqueous
phase

Percentage extracted:
a
P = T4 * 100, when equal volumes of both phases are present

after shaking.

Mass ratlo:
- Mo _ amount of a substance in the organic phase _ a Vb
b ﬁ; T amount of the same substance In tThe aqueous V:

phase
Beparation factor:

concentration of substance A in the organic phase

B = concentratlion of substance B 1n the organic phase
~ concentratlon of subgtance A in the agueous phase
concentratlon oi substarice B 1n the aqueoup phase

oFls

Equlllibrium laws. The physlcal chemlcal princlples

involved 1n the solvent extraction of uranyl nitrate have
been summarized 1n references 308-312. Detalled methods
of treatlng the various equllibria 1lnvolved have been
devised.lll&il}iili A more simple approach,adapted from a
paper by Ca.:f-leson*,a-!'l 1s herewlth presented.

It may be assumed that withln a certaln concentration
range an average uranlum complex 1s extracted. The complex
1s representative of a whole set of complexes and may be
written HXM(+X)L(x+y)(H20)h = (8),- M*®, in this case,
may be ot or UOZQ. L, as wriltten, 13 a singly, negatively
charged ligand. It may be more highly charged. & represents
a solvent molecule. The subscripts y, h, and n need not be
integers. The reactlion for the extraction mechanlism may be

written '
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M*aq + yHTaq + (x+y)L7aq + nS org =
HPME (24y) Sn (Hp0)p0FE + MELO-

The thermodynamic equilibrium_cq¥stant for the reaction 1s

m
‘- [HyML(x+y)Sn(H20)hJ org {Heo

M) (57 113 [51Bhg - £(9)

where {-}-and [ ], respectively, represent the activity and
concentration of a quantity 1n the aqueous phase unless
otherwise identified by the symbol "org.". f(7) represents
the product of the activlity coefflcients. The partltion

coefficlent is approximated by
[HyML(x_'_YlSn(HQO)h]or-g

a == -
M ¥

The relation between the partitilon coefficient and equilibrium
constant is

log a = y log[H+Jaq + (x+y)loglL"laq + n loglSlorg

-m log {§2§} + log f(y) + log K.

Information concerning the extracted specles may be obtalned
by measuring the partitilon coefflcient while varylng the
concentration of only one of the quantitles. A knowledge of
the activity coefflclents 1s_then requlred or the product of
the activity coefficients in both phases must be kept constant.

As stated previously, the above approach to solvent
extraction is a simplified version. It represents only an
average extracted species. Among other things, it does not
conglder the effect of water activity in tﬁe organic phase,
solvent activity in the aqueous phase, complex formation be-
tween the various components 1ln either 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 ATCOHOILS. Uranyl nitrate

18 extracted by many polar solvents which contaln donor

oxygen atoms such as ethers, esters, ketones, and alcohols. 16-320

5
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Extraction from water solutions 1s small unless the uranium
concentration is gppreciable. This 1g shown 1n flgures 1-5
in which the data of McKay and co-workers,lzgilgé Vlv’a.r-ner,-a-gl--?--agg
and Vesely, gg_gl;gi are plotted. 1In general, it has been
observedigl that: '

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

2) for a molecule with a given number of carbon atoms
and a glyen chemical functional group, Bolvents with stralght
chalns are more efficlent extractants than those with
branched chalns, .

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

4) primary alcohols are more efficlent than secondary
ones, '

5) the coefflclent of extractlion increases with the
solubility; but there 18 no well-deflned relation between
the two. | |

Evidence 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)hsn. Under eppropriate conditilons, the
hydrated, solvated trinitrate-uranyl complex may be extracted.
The relationshlp between partltion coefficlent and equilibrium
constant for the extraction mechanlism shows the extractlon of
the former specles to be favored by 1large free nitrate and
free solvent concentrations and bj small water activity.

Effect of nitric acld. The addition of nitric acld to

the aqueous phase favors the extraction of uranium by pre-
venting or decreasing the hydrolysis of uranyl lon and by
increasing the nitrate 1on conoentration.igi Nitric acid

la extracted also by the organlc solvents. This requires
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Figure 1. Partition of uranyl nitrate between water and simple ethers. o, .diethyl ether. A,
ethyl-n-propyl ether. 0O, ethyl-n-butyl ether. V, di-isopropyl ether. 9, 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, 259C except for
dlethyl ether: first three points at 25°C, last polnt at 20°C, remainder at 18°C.

1-B, After R. K. Warner, reference 321. Dashed curve represents the partltion of uranyl nitrate
between diethyl ether and a saturated ammonium nitrate solutlon. Temperature, 20°0C.



URANYL MOLALITY (organic phase)

0s b

H
oW
()]
kS
mn-
Fo 0.3 I 4
22 |
0.2
0 |
1.4
5%
[ - -
OE 0.1
1 4
20 |
5 o L T o
o 0. 0.2 0.3 0.4 0.5 0.6
4 GRAM OF URANYL NITRATE per
URANYL MOLALITY (oqueous phase) GRAM OF AQUEOUS PHASE

(a) (8)

Filgure 2. Partltion of uranyl nitrate between water and complex ethers. O, phenyl cellosolve,
A, dlbutyl 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,.



URANYL MOLALITY
(organic phase)

0o 1 ]
0 l 2 3 4
URANYL MOLALITY (oqueous phose)

Figure 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. Partition of uranyl nitrate between water and nitro-
methane and saturated ammonium nitrate (dashed curve) and nitro-
methane. After R. K. Warner, reference 322. Temperature, 20°C,
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Figure 4. Partition of uranyl riltrate between water and ketones. O, methyl ethyl ketone. @,
methyl 1sobutyl 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 Vegely, H. Beranovd, J. Maly, reference 323, Dashed curve--agueous

. solution, 6M NH 4NO3. Remaining curves, after R. K. Warner, reference 321. Temperature, 20°C.

Dashed curve--aqueous solution, saturated smmonium nitrate.
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Figure 5. Partition of uranyl nitrate between water and alcohols.
O, n-butanol. ®, n-pentanol. A, n-hexanol. V, methyl isobutyl
carbinol. 0O, isoamyl alcohol. ®, sec-octyl alcohol

5-A, After E. Glueckauf, H. McKay, and A. Mathleson, reference 185,
Temperature, 259C,

' 5-B. After R. K. Warner, reference 321, Temperature, 20°C.
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that 1t be replaced 1n contlnuous or multicontact extractlon
process. Large concentrations of nitric acld are generally

not deslirable. The formatlion of HNO3 . Sn complexes reduces

the amount of free solvent, the extractlon of other elements
1s enhanced, and the danger of an explosive reaction between

solvent and acld 1s increased. The formation of HM(N03)X+1

specles, which may be more easlly extracted than M(NO3)x’
is promoted by the eddltion of nitrlc acld. For uranium,

however, the formation of the trlnitrate-uranyl complex 1s
18

3°

Effect of nitrate salts. The nitrate lon concentration

far from complete, even in 16 M HNO

may be lncreased by the addition of ﬁetal nltrates of significant
solubllity to the aqueous phase. Thls not only promotes the
extraction of uranium but also the extraction of other elements
whose nltrates are soluble in the organlic solvent. In some
cases, nitrates which serve as salting-out agents, eg. thorium
may also be extracted 1n significant-amounts. The extractlon

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

by the formation of uranyl trinitrate complexes, MUOQ(NO 322

3)3'
The ablility of various nltrates to salt-out uranlium has been
related to the hydratlon of the cation,igé the activity
coefficlent of the pure nltrate salt,ggz and the radlus

and charge of the cation.igg A salting-out agent which 1s
highly hydrated facllltates extractlion of uranium by reducing
the water activity. In figure 6, the partltion coefflclent
of uranium 1s plotted as a functlon of alumlinum nitrate

for several solvents. The partition of uranium between
saturated ammonium nitrate solutions and dlethyl ether,
nitromethane, and methyl ethyl ketone 1s shown by the dashed
curves 1in figures 1B, 3B, and 4B, reSpectively.gglLigg
Ammonlium nitrate is wldely used as a salting agent in spilte
of its relatively poor salting-out ability. The ease with

which 1t 1s removed from solution or from heated samples
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Figure 6. Effect of aluminum nitrate as salting-out agent on the
extraction of uranlum by various solvents.

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

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

Conditlions: Aqueous phase - 2.0 to 6.0 grams of U per 100 cc of solu-
tion containing alumlnum nitrate. Organlc phase - solvent represented
by curve. Equal phase volumes* equilibrated at 27°C.

e ——]

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

The presence of nitrate salts which are sufflclently
soluble in the organic solvent facllitates the extraction
of uranium by formatlion of the trinitratouranyl complex,

RUO,, (NO I8 Tnis 1s discussed further under "Hexone."

3)3
Effect of other salts. Anions that complex uranium

in the agueous phase may serlously lnterfere wlth the ex-
traction of the latter. Chloride, fluorlde, sulfate, phos-
phate, and several organic anions have been studled for
thelr interference. The adverse effects of these lons may

be minimized by removing them from solution prior to uranium ex-
tractlion, by complexing the anlons with cations of salting-
out agents, or by using an excess of an efficlent salting-
out agent to over-ride the anion interference. The inorganic
anions may be preclpitated as sllver chloride, lanthanum
fluoride, barium sulfate, zlrconlum phosphate, or eammonium
phosphomolybdate. Fluoride lon 1s complexed by aluminum

and calcium., Sulfate lon 1s complexed by ferric lon. Large
amounts of sulfate :lon are also precipitatea by calcium
nltrate. Phosphate lon 1s complexed by ferrlic and aluminum
lons. Calclum nitrate has been used to counteract the effect
of acetate and oxalate. The effect of chloride on the
partlition of uranium may be reduced 1ln the presence of a
s8trong salting-out agent. Chlorlde lon 1s more obJectionable
from the fact that 1t promotes the extractlon of other elements,
notably iron. In the presence of large amounts of interfering
ilons, particularly sulfate and phosphate, it 18 advisable to
separate the uranlum from solution prior to extraction. This
may be done by preclpltation with carbonate-~free ammonium
hydroxide., The precipitate 1s dissolved in nitric acld and
the extraction 18 -initiated. Ferrlc hydroxide may be used

to carry trace amounts of uranium. '

Uranium may be extracted from aqueous ‘medie other than
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nitrate. Thiocyanate solutions have been found satlsfactory.
The extractlon, however, 1s less selective from thiocyanéte
than from nltrate solutlons.

Solvent action. The partition of uranyl nitrate 1s

dependent upon the free solvent concentration. This 1s
reflected 1n the coefficlents of extractlion of micro and
macro amounts of uranium from highly salted aqueous solutlons.
The partition coefflclent of trace amounts 18 larger than
that of large amounts as a result of more avallable solvent.
A8 mentloned previously, macro amounts of uranium extract
more readlly from water solutions or less highly salted
aqueous solutions than do micro amounts. Thls effect may

be attributed to the salting-out abllity of uranyl nitrate
1tself.

The extraction of other elements 1s affected also by

the uranium concentratlion. 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 with a secondary solvent 1n which uranyl nitrate
1s insoluble or slgnificantly less soluble than in the primary
extractant. Solvenﬁ dilution, 1in general, causes a decrease
" in the partltion coeff:l.c.:l.ent.-?31-2--'--321-'-3224’-339 Wohlhuter and
Saut-eroniil have listed a number of aromatic and chlorine-
substltuted dilluents 1in order of lncreasing harmfulness to
uranium extraction: benzene, toluene, xylene, carbon tetra-
chloride and dichloroethylene, chloroform. Solvent dllution
may be used also to lmprove upon the physical properties

of the organic phase, eg., denslty, viscosity, etec.

The sultablllity of mixtures of oxygen-contalning

solvents as extractants for uranyl nltrate has been
studied318-320,329,330

Stover and co-workers322 reported
that none of the mixtures they investlgated were better than

the pure solvent. Recently, however, Fomln and Morgunov3g2
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and Vdovenko and_Krivokhatskiiiag'have reported enhanced
uranyl nitrate partition coefflclents from solvent mixtures.
Vdovenko and Krivokhétskii repoft that over ten sﬁch mixtures
have been found. Among them are: di-isopropyl ether and B,B8'-
d1ichlorodiethyl ether, dibutyl ethér and 8,8 ' -dichlorcdiethyl
-ether, diethyl ether and acetophenone, 1soamyl alcohol and
ﬁethyl 1sobutyl ketope. The enhanced extraction by solvent
mixtures has been attributed to the formation of mixed sol-
vates of uranyl nitf@te.igg&aag

Effeet of tempgraturé. The-extraction'of ﬁranyl nitrate

1a decreased by a temperature increase. The partitlon co-
efficlent of uranium 1s plotted as a function of temperature

for several solvents 1n figure 7.§§§
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Flgure 7. The effect or temperature on the extraction of uranium by
organlc solvents. O, dibutyl carbitol. 0O, hexone. ®, dlethyl ether.
A, pentaether. :

After E. C. Evers and C. A. Kraus, reference 332. .
The tri les represent aqueous solutions salted with 36.6 grams
of Al(Ngn§3 per 100 cc of water.  All other symbols represent solu-
tions salted with 58 grams of A1(NO3)3 per 100 cc of water. 2 to 6
grams of uranlum per 100 cc of solutlon were extracted.
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Re-extractlion. Uranium 1ls re-extracted from the or-

ganlic solvents considered in this aectioh by contact with
water. Several water contacts may be requlred 1f large
amounts of uranium or nitric acid have beeh extracted. Water-
soluble.salts whose anlions complex uranyl ion, eg., ammonium
pulfate, facllitate re-extraction.

Extraction 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), &nd Ce; and ruthenium complexes. Neptﬁnium,
plutonium, and cerlum are made lesg extractable by reduct;on
to lower oxidation states. Favorable separation of uranium
from the other elements may be achleved by control of the
nitric acid and salting-out agent concentrations. Free
halogens are extracted. These elements may be eliminated
from solution prior to uranium extraction. The ﬁalogens
also comblne chemically with a number of solvents; eg,,
lodine and hexone. The combined halogeh 18 not re-extracted
by water contacts. |

General survey. The extractlion of uranyl nitrate by

polar oxygen-containling solvents has been investigated under
-a varlety of conditions. The results of three surveys;lgiigg
1in which the experimental conditions were all different;are
givén-in Table VIII.

* Am(VI) forme an extractable nitrate. Strong oxidlzing
condltlions are necessary, however, for americium to be -
present in the (VI)-state. It is genelally found in
solution as Am(III). _
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Table VIII. Distribution of Uranyl Nitrate Between Visrious Oxygen-containing Solventa
ard Aqueous Nitrate Solutions. .

Survey 12 £ Totel Survey 22 Survey 32
Solvent Peroent extraoted volume in , Perosnt extracted .
U Th HNO, org. layer U ™ Fa Iy

Etners
Dlethyl .ether 96 60 - 62.5 35 0.0 0.191" 0.09
n-Propyl ether 8 1.4 m 55 2.2 | 0.0 |. 0.10 '
Isopropyl "ether L] 20 66.5 58 0.00
Dibutyl ether T <1| 35 53.5 1.6 | 0.0 0.05 0.00
Bthyl n-butyl ether 85 <1 &g 55
Benzyl methyl ether 85 8 n 55
p-p'-Dichloroethyl ether 45 <1 37 53.5
Diethyl celloaolve 55 24 - 0.29
Ethyl butyl callosolve | 95 60 57 61.5 59 7
Dibutyl ocellosolve 90 17 80 56.5 0.01
Phenyl cellosolve 0.00
Benzyl oellosolve 21
Dibutyl carbitol 95 g4 | 100 63.3 59 g.7| 0.5t 0.09
Siyoo (pentanthon) 99 | 100 66.6 o5+
Dimethyldioxane 34 3.8
Esters : :
Ethylacetate lea |77 - 65 13 | 0.6 0.26"
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
seo-Butyl uoa'tate 39 22.2
Ieobutyl acetate 21 0.02 0.18

Amyl acetate 86(7)| 16 - 56.5 31 |o.3 31.9"
2-Ethylbutyl acetate _ 9 | 0.02
2-Ethyl hexylacetate T2 <1 95 5h
Butyl oarbitol acetate. 93 85 - 67
Qlycol dilacetate ' 0.25
Ethylacetoacetate 0.11
Methyl propricnate 10-20 | 0.2 0.06
Ethyl propricnate 22 0.03 ]
Ethyl butyrate 88 6. 75 57.5 10 {0
Bthyl a-bromobutyrate |35 |[< 1 42 54
Methyl benszoate 7.5| 0
Ethyl benzoate -80 1-3 54 56.5
Ethyl caproate 80 3 60 55
Diethyl maleate 0.07
Diethyl malonate 22
Ketones
Heﬁh{é’eg{l.n::etm - ¥ "
Methyl n-propyl ketone 53 11
ot e e s o 2057 | oo
Methyl n-amyl ketons ¥ | 09| 30" 0.02
Methyl n-hexyl ketone 0.01
Diethyl ketone 0.08
Diisopropyl ketone 56 0.3 | s8.77
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Table VIII. - Continued a . b
oy 1= % Total Survey 2-—

Solvent | Percent extraoted volume in , Peroenteixtmctad Survey 3g
U T—l HNO, org. layer 7 ] m Pa .

Acetophenone . ’ 0.05

Cyolopentanone ) I 0.80

Cyclohexanone 11 - 0.53

Kethyl oyolohexanone large

m-Methyl cyolohexanone . 0.24

p-Methyl cyclohexenone ) . 0.30

Mesityl oxlde 98 T7.6 - 63 1l2.7 0.24

Isopkorone 27

Alcohols

n-Butanol W 5.2

2-Ethyl butanol 0.01

seo-Butyl carbinol 30 | 0.6 0.013"

tert-Amyl aloochol es 63 - 61

Diethyl carbinol 24 0.7

Dlisopré)wl oarbinol - ll.q 0.0

Tri-n-butyl oarbinol | 48 5.6 | 51 54

2-Ethyl hexanol 75 | lo 77.5 56.5 0.0 | 72.1

Feptanol 24 0.65 | 71.5%

Mothyl r-amyl oarbinel 36-50 b7

n-Ootanol : 0.5 | 74.8

Heptadeosnol ) 0.0 | .7

.|2-Bthylnexanediol-1,3 I . 0.09

Migosllaneous

Nitromethane _ 60 32 - | 62 54

1-Nitropropane L 0.00

2-N1troi:ropane 3.5 Trace | 0.25

Nitrobenzens 2.1 Trace | 0.10

o-Nitroanisole . 3.5 Trace 4]

Trichloroethane o [} (o}

Triohloroethylene 1.5 0.2

Chloroform (o} o

Dimethyleulfalons C 1.68

2 0. A. Johnson and A. S. Newton, reference 318.
Equal volumes of o o solvent and aguecus solution (3M HNO., 3M Ca(N0.),, 0.635M -'111(1303)“,
0.045 gm/ml U02(NO ) mixed 10 mirutes. No extraotion was ddteoted witd fhenyl ether,
~bramoanisocle; p-ﬁr@mphembol. anisole. lsoamyl nitrite, chlorobenszens, xylene, ethyl lodilde,
tyl bromide. and triohloroethylene.
#* indioates mutual solubllity of aqueocus solution and organio solvent.

1lE.-K. Hyde and M. J. Wolf, referenos 319.
Equal volumes of organlo solvent and aquecus solution (1K mB' 3N NE,‘NOB, 2N Th(ma)u,
5 x 109 - 10%/nin 1233 at 52 counting yleld) mized 5 mimites.
t : 4 5 o s pa233
ecis phase : 1N ENO,, 2N NH,NO.. 2N Th(NO_),, 10° - 3 x 10° o/m Pa' t 1
S rting yiena. & oy B N0y A2 3’4 3 /n st 10%
¥ Aquecus phase : 1N HNO,. 2N Al(NOg);. 3K Th(NOg)y, 10% - 3 x 165 ¢/n Fa®33 at 108
oounting yleld. -

2 ¢. N. Stover, Jr.. H. W. Crandall, D. C. Stewart, and P. ? H:Hyer, reference 32(() ) )
Equal volumes of organio solvent and aguecus sclution (0,344 HNO5, 0.50M NO - (o]
mixasd 2 hours at 25 C. 3 002(K03)z 632

**Solvent 1dentified as methyl 1sobutyl carbincl; formila given as CH,GH,CH(CH;)CH,OH
sep-butyl carbinol}.

7.



ETHERS
Dlethyl ether

'égggggg_glggggg_gzggggg. The extractlon of uranyl nitrate
by dlethyl ether 18 wldely used in radiochemlcal separations.
becauBe of the selecﬁivity of the extraction. Dlsadvantages
of the method are the high volatility and low flash point
of the solvent and the relatively low distribution of
uranium into the solvent.

The ﬁartition of uranyl niltrate between dlethyl ether
and water 1s illustrated in figure 1.182:321 yitn woth
. phases saturated with uranyl nitrate at 25-26°C, the dis-
tribution coefflclent 1s about Q.68.3g§ The effect of nitric
acid'upon the partlition of uraniumiiiiiii and niltric acidigé’
333-335 itself 1s represented In flgure 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 extractlon of nltrle acid 1s also shown in figure
8,328

Figures 9 and 10 demonstrate the influence of various
saltlng-out agents on fhe distribution of uranyl nil.tra.te.-3g§1--3-2-§
The nitrate concentration plotted in flgure 9 includes that
of the salting-out agent plus that of uranyl nitrate left
after extraction by an equal volume of ether. The latter
contributes only a few percent to the total nitrate concen-
tration in most cases. A notable exceptlon 1s the iron (III)
point at 1.18M nitrate concentration. 1In this -instance,
.0.82M nitrate lon 1s attrlibutable to ferric niltrate and
the remalnder to uranyl nitrate. The nltrate concentration
of the salting-out agent 1s plotted in figure 10. Uranyl
nitrate contributes 1ittle to the nitrate concentratlon since
only one gram of uranyl nitrate was used per 100 grams of

initlal aqgeous solutlion. Furmen, Mundy, and Morrisonigé
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Figure 8. The extractlon of uranyl nitrate and nitric acid by

dlethyl ether.

Uranyl nltrate extractlon:

O, after R. Bock and E. Bock, reference 333. Initlal U concentra-
tlon, 0.1M; Temperature, 20° + 1°C; Vo/Vq = 1. Dashed and dotted
curves, after J. Kool, reference 334, Temperature, 25°C; Vo/Va = 1;
Initial U concentration, ---eeeceeoo. 50, 150, 450 mg uranyl nitrate

(hexahydrate) per 15 ml; ...........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/Vy = 1. e, after J. Kool, reference 334. Temperature,

25.0 + 0.19C; Vo/Vgq = 1. 0O, after A. Grinberg and G. Lozhkina,

reference 335. Temperature, 20°C; Vo/Vy = 1. A,V,V, after

N. Furmari, R. Mundy, and G. Morrison, reference Vo/Vy = 1; HNO3 -

Ca(NOa% s 100 g. of Ca(NO3)2 . 4HpO per 100 ml of initilal solugion
03;

plus _HNOaN- NH4NO3, 80 g. of NH4NO3 per 100 ml of initial
solution plus 03. ’

79



000 17171 T T T—T—T

500

ll|l
lllll

200

1

100

Fe (Ill)

ay
o
O

-— N

(@] (@]
I 1 IIIIIII
T

(3 ]

N
I

PARTITION COEFFICIENT,

o

(8]
rlllllll
e NEETI |

0.2
0.l
0.05

1 IIIIIII
1 llIIJJI

0.02

i I N DR N B R R R B
o | 2 3 4 5 6 7T 8 S 10 il 12

NITRATE CONGENTRATION OF AQUEOUS PHASE, M

0.0l

(See facing page for legend.)

80



Flgure 9.
Effect of varlous niltrates upon the partition coefficlent of
uranlum with dlethyl ether.
After N. Furman, R. Mundy, and G. Morrison, reference 326.
The nltrate concentration plotted as the abscissa
includes that attrilbutable to the equlilibrium

concentrations of uranyl nitrate 1n addition to
that of the inltlal concentratlion of salting-out

agent.
Condltlons:
Salting-out Agent (ul, gA1 T.°C Vb/Va
NH, N0, 25 25-6 1
NaNo, (25) . 24-6 1
L1No3 (25) 1
Ca(NO3)2 : (25-100) 25-29 1
Mg(No3)2 (25-100) 27-28 1
Zn(NO3)2 (50) 28-31 1
(}u(NO3)2 (~8->600)
Fe(NO3)3 (~8->200) 1
Al(NO3)3 (25-100) 29 1
Th(NO5)y (50) 1

The uranlum concentrations 1n paréntheses have been
estimated by roughly adding the equilibrium uranium
concentrations of both aqueous and solvent phase.
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Flgure 10. Effect of various nitrates upon the partition coefficlent
of uranium with diethyl ether.

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

Conditions: 1 g. U02(NO3)2 1n 100 g. of 1nitilal aqueous solutions;
Temperature, 259C; and Vo/Va = 1,

82



observed that the salting action of a mixture of nitrates
could be reasonably predlicted by the followlng method:

The logarithm of a_ for each salt at a glven total

nitrate molarity 1¥ divided by the total niltrate

molarity. These 1lndividual quotlents are then mul-

tiplied by the nitrate molarity of the respective

salts. The sum of the resulting products 1s then

equal to the logarithm of the predicted partition

coefflcient. .
Hellman and Wolfiaé have studled the saltlng action of
varlious nitrates in the presence of nitric acid and thorium
nitrate. Some of their results are listed in Table IX.
From the data 1t may be observed that (1) thorium nitrate
18 generally a less effectlve salting-out agent on a
normality basis than other metal nitrates and (2) the
extraction of uranium becomes less efficlient as the amount
of extracted thorium becomes appreclable.

The effect of several forelgn anions on the extractlon
of uranyl nitrate by dlethyl ether is glven in figure 11331
and Table X.3g§ Arsenate, molybdate,and vandate ions also
interfere with the extractlon of uranium. The effect of
these lons may be offset by the addition of ferric nitrate
to the solution.iig

The partlition of a large number of elements between
varlous aqueous nitrate systems and dlethyl ether 1s gilven
in Table XI and illustrated in figures 12-14%. The increased
distributlion of heavy elements and fission product elements with
Increased nitric acld concentration should be noted. For a
selectlve uranium extractlon the nitric acld concentration
should be minlmal. I+ch1e—3--32 has recommended an aqueous
phase 0.5-1M 1In nitrlc acid and 2.5M in magneslum nitrate
for the quantitative extraction of uranium by diethyl ether.
Mbre selectlve extraction of uranyl nltrate may be made from
a saturated ammonium nitrate-solution, 0.05-0.1M in nitrilc
acld. The extractlion can be made quantlitative 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 Various Amounts of Metal Nitmtap.!

Salting Total nitrate Composition of initial agueous solution

agent normaiity 0.5H HNO, + salting egent 0.58 HNO, + 1N Th(NOg)y
+ salting agent
U extracted, & U_extracted, % Th extraoted, & .
ENO, 3 23 10 0.1
5 52 40 3.3
7 62 EG 21
7 7
Livo, 2 10 22 0
3.5 36
5 31
5.5 T4 25 2
7 66 19
7.5 81 53
NH, NO 3 8 0.0
47y 5 30 0.1
5.5 25
7 LY 0.5
3 57 0.8
10 59
12 59 1.2
Ca(N03)2 2.37 13
2.75 11 0.0
3.62 32
.0 25 0.0
4.87 63
5.25 59 0.1
7.50 99 96 1.2
Hg(N03)2 1.50 3
2.17 . 9 0.0
2.58 18
3.15
E'fﬁ 8 18.5 0.0
. Ay 0.00
5.5 99 99 0.31
Hn(N03-)2 gg 18 - o
23 ™ . 0.0
6.0 5.5
7.0 65 .
Z.g 87
. 70
8.5 72 43
c.‘u(}toa)2 2.5 12
g.g é 12 0.0
Z'g o1 50 9.5
10.5 87 e 19
1l1.0 38 52
La(N0,) 2.5 14
3/3 “:g €1 12 0.0
60 o3 18 0.2
6.5 39 2.1
Al(N03)3 g:g 18 "
20 s4 0.0
5.5 63 2.8
6.0 96
7.5 57 17.6
Th(NOa),‘_ 3.0 8 0.
5.0 32 0.14
9.0 58 8.0
1l.0 52 11.

2 After N. N. Hillman end M. J. Wolf, referencs 336.

Five ml of sther were ghaken 10 mirmtss with 5 ml of thes aquecus phase of appropriate
composition. 5,000 to 8,000 o/m of U233 tracer (52% counting yleld) were supplied to

the aquemu’phaue. Variation of ths trecer from 100 to 100,000 o/m in 5 ml did not

change the extraoted.
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Figure 11, The effect of various anions on the extraction of uranyl
nltrate by diethyl ether. ’

After T. R. Scott, reference 337.

Condltions: Aqueous phase - varylng amount of anlon, 3N HNO3, 1M
Fe(N03)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 Caefficlent of

Acid or salt

Urenyl Nitrate to Diethyl Ether.2

Composition of esquecua phase

resent B
p 4.23M Ca(N03)2 hH,0 aM NH4N0? 6.86M NHy N,
(1000 g/1) (640 g1 (549 g/1)
None 19.95 0.645 0.364
HC1l, 1N 10.24 0.336
HC1, 2N 6.3 . 0.182
HNOg, 1N 43.56 1.162
HNO,, 2N 71.2 1.95
CHyCO,H, 1N 15.7 0.662, 0.616
CH,C0,H, 2N 10.52 0.720, 0.762
H,80,, 0.0039N 0.613
H,S0y, 1N 29.6 0.024
HyS0,, 2N 23.5 0.019
HyPOy, 0.0058N 0.609
HyPOy, 1N 0.01 0.01
HyPO,, 2N 0.01 0.01
H,PO,, 1N
37 = 3.98 0.067
ENO,. 2N
—
(Nﬂu)zczo4 * Hx0, 0.7 g/100 ml 0.0847
H,C,0, * 2H,0, 0.7 g/100 ml 0.0800

& After Furman, Mundy and Morrison, reference 326.

The initial volumee of ethsr and aqueous solution were equal.
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Figure 12. The extractlon of varlous metal nitrates by dlethyl
ether,

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

Metal nitrate Initial aqueous Temperature

concentratlon
Th 0.1M 20 + 1°C
Saturated L1NO3, Ca(NO3)2, or Zn(NOg)e solutlons
Ce(IV) 0.1M 20 + 1°C
Au(ITIT 0.1H room
Se(III 0.1M 209C

Saturated LiNO3 solution
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Table XI. Distribution Ooefficisnts of Elements between Diethyl Ether and Varicue Nitrate

Solutiona.
Rament H0%  o.gMmmo2  o.gmmo 1551:033 o2 aymENo Y epNo,2 1.41_:&1«031 1. 380, 2
10MH N0, B.2MCa(RO,), sataN{NO satdLiXo, _ BHNANO,  EMAL(NO,),
Al €0.001 <0.001 <0.001 0.0006 €0.0001
An(VI) 0.622
sb(¥) <€0.01
As 0.0015*0.007" o0.0%8" 0.168
Ba €0.0005 <0.0005 €0.0005 €0.0001
Be 0.01k 0.002
BL 0.0001 0.0003 0.007 . 0.073 0.00031 0.021
B o.01" 0.033-0.39
ca €0.00001 <€0.00001  0.00001 0.003 €0.0001  0.0002
ca 0.0003 0.0005 0.0005 €0.0001
Ce(III) . ~ €0.0009
ce(IV) 27 0.095 0.314 30.3(29.4)
cr(III) <0.0001 <0.0001 €0.0001 €0.0001
cr(vI) <17
Co €0.0001 <0.0001 <0.001 0.002 <0.0001
Cu 0.0004  0.0002 0.000% 0.005 <0.0001  -0.00082
oy 0.000% 0.0003 0.002
ad 0.0001 0.00001 0.00076
Ga < 0.002
ae 0.022
Au(IIT) 32.3(36.5-50)
i 0.72(0.71)
In <0.0004 <0.0004 0.0003 0.001
Fe 0.0005 0.0005 0.001 : 0.0013 €0.0001  0.0017
La <0.0001
o 0.0037 €0.0002  <0.0002 0.005
L1 €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  <D.0001 0.049 €0.0001  0.0003
Mo <0.001*8%+ 0.0065
M €0.0009
28 <0.0001 ¢0.0001  <0.0001 0.0006 <0.0001
Np(IV) 0.2
Np(V) 1.1
Np(VT) 4.4
P 0.256
Pu(III) €0.001
Pu(TV) 10.3
Pu(VI) 2.4 1.5
X 0.0005 0.0002 0.002% <0.0001
Ra €0.00025 <0.00025 <0.00025
Rare
earths  0.00076 <Q00005 <0,0031
Re <0.015%* <0.G15% <0.015%+
Rb 0.00014
sm <0.0009
So ) 0.013 0.126 0.001
Ag 0.025 €0.0001 0.001



Table XI. - Contimued

Hement ot  0.aM@NO.f  0.6MENOS  1Mm0,2  1MmNo.®  eMmNo.® eMaN0.S 1MoL 1. 3o, d

3
10MMNH, NO, u.z!(:a(Noa)z satdNHNG satdLilGOa BX0H, NO, qu(woa)3
Xa €0.0001 <0.0001 €0.0001 €0.0001
sr €0.0008 <0.0008 €0.0008 <0.0001
TI(I)  <0.0005 <0.0005 <0.0005" €0.005
T1(IIT) 0.083
™ Q.001% 0.0036  1.30 0.528(0.531) 0.5 0.003% 0.32
T €€0.005
u(vT) 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* 0.0ko* 0.02
Y 0.001  <0.0009
zn <0.0005 <0.0005  <0.0005 0.001  <0.0001
zr 0.001+ ~0.087  0.0011 0.011

& after Purman, Murdy, and Merrison, reference 326.

Conditions were & ed, in general, so that approximately 5g. of U. O8 were raocovered
from the ether extract prior to spectographio examination. In generaﬂ. survey studles.
0.1 g. oF each of the elemsnts: Ag. Al. B, Ba, Bl, Ca, Cd, Co, Cr, Cu, Pe. Hg. K, Ii,
Mg. Mn, Ka, N1, Pb, Sr, Ti, Zn, amd 0.05 g. each of In & Re was present along with
uranyl nitrate and a salting agent. 80 g. per 100 ml of ammonium nitreate and 100 g.
per 100 ml of calcium nitrate. (The latter is equivalent to 4.23 M if the salt 1s
considersd to be Ca(ND3)2 - HHpO, 4.58 M if 1t 1s considered to be Ca(NO3),). The
desoription of the expgriment glven in Teferenoe 326 glves the nitric acld“concentra-
tlon as 5 ml of concentrated aold per 100 ml. A table of the partitlon coefflolents
glves the aold concentration as 5 g. of HN per 100 ml1. If the conoentrated acid
ooncentration 18 considersd to be approximately lﬂ_f, both of the above values give
a nitrio aold oonoentration of the aguecus solution as 0.8M. The aqueous solutions
were shaken to equilibrium with an equal volume of ether af 20°C.

The u.s-a.nim partition ocefflolents are the maximum values determined (eee., also.
flgure .

Raregearbhu were present in amounts suoh that only limiting values could be given
for individual elements bY Apectrographio means except fur Dy and (+1.

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

- Limit set by laek of sensitivity of speotrographio test: a probably mich smaller.
b Velenoe state not deslgnated.
seue a 18 much gregter for Mo present as a heteropoly aoid.

- After Book and 3ook. raference 333.

Valueas of a for BM §ND3 solutions have been osloulated fram P-values glven by Bock
and Bock. Those velues 31 parentheses are a-values gilver. direotly by Bock and Bock
or interplated fram thelr data.

Conﬁentmtlon of element osmnoeﬂm;d in :Ln:Lt:E.aJ. goluﬁm: 0.1%;11:)1 the exoeption of
Al 0.98N, Sb., Bl Q.2M, Ge 0.0 M Fe(III) O0.4M. La O. Fb 0.075M. So 0.2M
for GM D3 Zn 0.4H. Ho H OL Ey = = = =

Elenents were present as the hltrate with the followlng exoeptions: Ge as Qe0p,

P as (N}{uz HPOy, As as NagHAsOy. V as NH4VO3. Cr as K20r207. Mo as NHy-molybdate.

The Sb 6) solution hydrolyzed strongly. “Ths largest part of the antimory was
preolpltated as hydroxide and only traces were deteoted in the ether phase.

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

¥Mn(VII) wes reduced with the separation of MnOz from the ether eso that prectiecally
no Mn was axtraoted. :

Temperature : 20° for the saturated NH4NCO3 and L1NO3 solutions. Room temperature
for the 8K an solutlona.

ELAsprey. Stephanon ard Penneman., refersnos 343.

Am(VI) was prepared by peroxydisulfate oxidation.

2 After Kool. reference 334.

The velues given ln this column are values taken from curvee given in this reference
(ses, also, figuree 8 and 13).

Coneentrations of the varicus elements in the initlal aquecus solution: Th, 22 mg
per ml of Th(KO3)y - #HpO: U, 3.3, 10, 30 and 90 mg per ml of UOa(NO3)p - 6HpO: Np and
Pu, tracer quantitiees. No deteotable difference was observed in the partition data for
the first three quantities of U listed: & lower a (1.7) was observed for the lattsr
concentration..

Shaking timee for the Np and Pu experiments were -kept short (15 aeo to 3 min) to
mirimiee dlsproportionation to other oxldatlon states. The shaking time for U solutlons
was never less than 5 mlrutes. An inoreaee to two hours did not make a difference in
The results.

After Vdoverko. reference 3.

The initial aqueous layer oontained. in addition to the acld and salting agent, about
0.1M of the nitrate examined. Equal volumes of the agueocus solutlion and dlethyl ether
were shaken for 5 mimutes. After 12 hours equilibration a eample of the organio
solution was taken for analysls.
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Figure 13.
The extractlon of actinlde nitrates by dlethyl ether.
After J. Kool, reference 334.
Conditions:

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

The oxidatiog_gtates of neptunium have been the subject of
some questlion. 45
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Figure 14. Partition coefficlents of flsslon products between
dlethyl ether and aqueous solutlon contalning Ca(NO3)p and different
initilal acidities. After V. Vdovenko, reference 343. Conditlons:
Aqueous solutlon--required amounts of nitric acid and radloactive
material added to 3.5M solution of Ca(NO3)2; Vo/Va, 1.
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Aqueous_thlocyanate gystems. Ura.niurh may be extracted

from aqueous thiocyanate solutions by dlethyl ether.

340,31

Table XITI l1lists the pa-rt.-ition coefflclents of several

elements from aqueous solutions of varlous thlocyanate con-

centratlore 3£ A number of substances not listed in the

table glve negligible distributions or distributions of

only a few percent under the conditions tested: NH,, Sb(III),
As(III), As(V), Bi, Cd, cu(1), Cr(III), Ge(IV), Li, Hg(II),

Table XII. - Partition Coefficlents of Various Elements between Dlethyl

Ether and Aqueous Thlocyanate Solutions.2

Composition of the inltilal aqueous solution

Hﬁl oté- 1 N'H43S[CN concegﬁration ™

0.1M ml 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 3.0k
0.1M GaCly 0.5 RT 1.89 9.56 152

HC1 0.5 20 2.67 12.7 31.1 59. 4
0.1M InCly 0.5 RT 1.06 3.05 2.15 0.908
0.1M FeCl, - 0.5 RT 8.00 5.13 3.08 1.4
0.1M MoOC1, ~0.5 RT 140 34.9 36.42
0.1M ScCl, 0.5 RT 0.145 3.95 8.06
0.1M(NHy)2SnClg 0.5 RT 144 950 > 1000 > 1000
0.1M T1C1, 0.5 RT 1.43 5.25 3.94 3.22
0.1M T1C1, 0.5 RT ~0.15
0.1M U0,Cl, 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.
2 as a1c1,?
£ 6.2M
4 6.6M

Equal phase volumes equllibrated at room temperature.



Ni, P4(II). Figure 15 represents the change in a, with
thiocyanate concentratlion for aqueous solutlons of different
aciditiieef:E Analysis of the ammonium, uranium, thiocyanate
concentration of the ether phase indicates that uranium 1s
extracted as U02(SCN)2;il

by diethyl ether from aqueous fluoride solutions.iig Table
XIII 1lists the partition coefflclents of a number of elements
from aqueous solutlions of various hydrofluoric acld concen-

trations.

Dlbutyl ether

ether as an extractant far uranium has been Investigated
extenslvely by workers 1n the Soviet Un:l.on;-3-1-&*-*-3&-@-'-'-3&2 Di-
butyl ether offers several advantages over diethyl ether.

It 1s less soluble 1n water, less volatlle, and has & hlgher
flash polnt. The distrlibutlon coefflclent of uranyl nitrate
is, however, less for dlbutyl ether than for diethyl.ether.
The partltion of uranium between water and dlbutyl ether 1s
represented 1n figure l;lggiagl The distribution of uranyl
nltrate and nitric acid 1s plotted as a functlion of aqueous
nitric acid concentration in figure 16.§£§ Karpacheva,
Khorkhovina, and Agashkinaﬁig have studled the effect of
various salting-out agents on the distributlion of uranyl
nitrate. The salting-out action was found to 1ncrease with
increasing valence of the catlon. The partition coeffleclent
of .uranium from an aqueous solution 1lnitially 0.5M ﬁoe(NQ3)2,
4.5M ca(NO

, and O,5M HNO, into an organic phase 85% (by

3)2 3
volume) dibutyl ether and ‘15% carbon tetrachloride 1s 0.70;
%py (VT) is 0.42.:'--;—1tl Zirconium, niobium, end .ruthenium are
the maln filsslon product elements extractedwiiiiiig Heyn
and Baner'Jee—3-29 have studied the extraction of blsmuth

nitrate by dibutyl ether.,and several other solvents.

93



URANIUM PARTITION COEFFICIENT

0.l

0.02

] _ 1 | 1 l_. ]
0] | 2 3 4 5 6 7
INITIAL AQUEOUS NH4qSCN CONGENTRATION, M

Figure 15.
The extractlion of uranyl thlocyanate by dlethyl ether at
varlous 1inltial NHusCN and HC1l concentrations.
After R. Bock, reference 341.
Conditions:
Aqueous phase--initially 0.1M, UO,Cl, and NHucNS and

HCl1l concentration ilndicated. 22
Equal phase volumes equllibrated at room temperature.
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Table XIII.- Partition Coefflclents of Varlous Elements between Aqueous'
HF Solutions and Diethyl Etherg
HF concentration of the starting aqueous solutlon

Flement®  1.0MHF 5. OMHF 10. OMHF 15. OMHF 20 . OMHF
SH({TII) <0.0005 0.903 ' 0.019 5. 040 0.067
As(IIT) 0.111 0.227 0.432 0.530 0.605
As(V) €0.001 0.017 0.048 0.121 0.157
Be <0.0005 <0.0005 0.005 0.019 0.042
cd <0.0005 0.002 0.006 - 0.009 0.014
Co €0.002 ' €0.002 <0.002 0.005 0.017
Cu(II) <0.001 <0.001 <0.001 0.010 0.013
Ge(IV) €0.002 <0.002 0.005 0.028 0.072
Mn(II) €0.0005 <0.0005 0.002 0.005 0.013
Hg(II) <0.0005 <0.0005 <0.0005 0.009 0.028
Mo(VI) 0.007 0.018 0.031 0.062 0.103
N1 €0,0005 €0.0005 <0.0005 0.005 0.007
Nb(V) 0.006 0.044 0.480 1.08 1.92

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

Se(1V) 0.0006 0.022 0.080 0.131 .0.148
Ta 0.012 0.774 - 3.80 3.82 3.8%4

Te(IV) 0.0001 0.020 0,071 0.237 0.298
Sn(IT) . 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(III) <0.0005 0.003 0.03 0.10 0.13

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

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

L] The concentration in the initlal aqueous solution of the lonlc specles
of the element listed 1n the table was 0.1M in each case wlth the
exception of Re(VII) which was 0.05M.

Fluoride stock solutlons were prepared in the following menner:
carbonates (Cd, Co, Cu, Mn(II), N1, Zn), oxides (Sb(III), Ge(IV),
Hg(TI), Nb(V), se(IV), Ta(Vg Te(IV), VIIII)) or hydroxides or
hydrated oxides (SN(IV), 2Zr) were dissolved in an excess of HF;

A5203 was dissolved 1n a known volume of O.1N NaOH and the calculated

amount of HF added to the solution; BeF2 and SnF2 were dissolved; K HAsOu,
NaQHPou, KReOu, ammonium vanedate, ammonium molybdate, and sodlum uranate
were dissolved 1in HF. ’

21.2 M.HF
5.4 M HF
£10.4 M EF
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Flgure 16.
Partition of uranyl nitrate and nitrlc acid between dibutyl
ether and aqueous solutilon.

After V. Vdovenko, A. Lipovskil, M. Kuzlna, reference 346.
Conditions:

Equal phase volumes equlllibrated at room temperature for
both UOo(NO3)2 and HNO; extractions. For nitric acid,
points corrgsponding td an acid content 1In the aqueous
solution of greater than 13.4M were obtalned by the ex-
traction of previously acldifTfed dibutyl ether wlth con-
centrated nitric acld. For uranyl nitrete, polnts greater
than 12.0M HNO3 were similarly obtained. The uranium
concentration was 78 mg/ml. :

Dibutyl "Cellosolve" (Dibutoxymonoethyleneglycol)

Aqueous nitrate systems. A number of cellosolve
derivatives have been investigated for the extraction of
uranium (Table VIII). Diethyl cellosolve 18 an excellent
extractant;ﬁig Unfortunately lts solubility 1in water 1s
large (21% by welght at 20°C). Dibutyl cellosolve 1s less
soluble 1in water (0.2% by weight at 20°C). However, 1t does

not extract uranlum as well as dlethyl ether, elther from water
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solutlon (figure 21554325) or from aquecus aluminum nitrete
solution (figure 6232). The partition coefficlent -of uranium
into dibutyl cgllosolve from nearly seturated solutiona of
ammonium, calecium, or ferrlc nitrate 1s 1, 50, and 20,

respectively.aag

Dibutyl "Carbitol" (Dibutoxydlethyleneglycol)

Aqueous nitraete_systems. Dibutyl carbitol (Butex) 1s
used 1n the recovery of irradilated fuel mater-:l.al.:iﬁl AB a8
Bsolvent, 1t has ‘been subJect to conslderable study.3331353
The partitlion of urenium between water solution and solvent
18 given in figure 2.11§L1§5&32l The partition of uranium
between nitric acld solution and dlbutyl carbltol 1s
11lustreted in figure 17.222 For aqueous Bolutions in this
range of acld concentration, the partitlon coefflcilent 1s
observed to increase with increéeassed uranyl nltrate concen-
tretlon. The partition coefflclent of nitrlc acid 1s plotted
as a function df acld concentration 1n flgure 18.332--'-353"-35i
In figures 19 and 20, the partltlon coefficients of uranium
and several other heavy elements are plotted against nitric
acld concentration. The initlal acld concentretlion of the
aqueous phade 1s plotted in flgure 19.33i The equlllbrium
acld concentration of the aqueous phase lg glven in figure
20.3%3 Best, et 41323 have observed that the steepness of
the extraction curves (figure 20) 18 compatible with the
formation of the species HMO,(NO,); and HM(NO3)g in the
organic phase rather than just HOQ(N03')2 and M(N03)4. The
curves glven 1n figures 19 and 20 are in general agreement
considering the difference 1ln acld concentratlion plotted.
There 18 a large dlscrepancy between Np(IV) data. The
abllity to mainteln neptunium 1n the pentavalent state during
extractlon may be subjJect to questlon. The partitlion of some
flsslon product elements 18 glven ln figure 21 fop varlous
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Figure 18, Distribution of nitric acid between dilbutyl carbitol and
aqueous solutlon.

O, After C. A. Kraus, reference 353. 0O, After J. Kool, rﬁferﬁnce 334,
A, After D, G. Tuck, reference 354%. Conditions: Equal334,35%4 or ap-
proximately equa1355 volume portigns of solvent and aqueous solution
equilibrated at ~27°¢,353 250C,334 and ~21°c.354%
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Figure 19.

The extractlon of actinide nitrates by dlbutyl carbiltol.

After J. Kool, reference 334.
Conditlons:

Tracer amounts of Np239 or Pu239

s 330 mg of Th(NO3)y

4Hpo0 per 15 ml, or 300 mg of UO2(NO3)s (hexahydrate) per
15 ml in aqueouB nitric acid solutlon equlllbrated with
an equal volume of dlbutyl carbitol at 25°C or room tem-

perature.

The oxidatigﬂ statea of neptunlum have been the subject of

gome questlon.
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Figure 20.
The distributlion of actinide elements between dibutyl carbitol
_and aqueous solutlon as a functlon of equllibrium aqueous nitric
acld concentration.
After G. Best, E. Hesford, and H. McKay, reference 345.
Conditlons:

Tracer concentretlons (~10"3§) of actinlde. Temperature, 25°C..
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Flgure 21.
The partition of tracer amounts of yttrium, cerium, and
zirconium between dlbutyl carbltol and aqueous solutlon
as & functlon of aqueous nltrlc acild concentration.

After H. McKay, K. Alcock, and D. Scarglll, reference 355.
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Flgure 22. The effect of salting-out agents on the extraction of
uranium by dibutyl carbitol. eCu(NO3)p, ®mCa(N0O3)2, & Zn(NO3)p,
O A1(No3)3, ElFe(NOg) , ALa(NO3)3. “After E. Evers and C. Kraus,
reference 332. Condifions: UranIum concentration, 2-6 g/100 cc
of phase. Temperature, 279C; ¥,/Vy = 1. X Al(N03S3. After D, Lee,
R. Woodward, G. Clewett, reference 358. Conditiohs: Trace amounts
of wranium. Temperature, 279C; Vo/Vy, varled.
aqueous nitric acid concentrations.322 The distribution of
iron into dlbutyl carbltol 1s lncreased by an 1increase :in
acidi‘l:snéég Chlorlde lon promotes the extractlon of 1ron.
Boron 1s extracted by bubtex, especlally in the presence of
copper nitrate as salting-out agent.gig Vanadlum and molyp-
denum are extracted to several per t:ent.-322 The extractlion

of cadmlum. chronlum. nickel and tiltanlum 1s small.iég
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The effect of sa;ting-out-agents on the dlstrilibutlion
of uranium into dibubyl carbitol has been sutdied.3222352s
3§§:3§§ Some of the results are pregented 1in filgure 22.

Aqueous_chloride systems. Uranium (IV) and (VI) and
thorlum are poorly extracted by dibutyl carbitol from
aqueous solutioﬁs 2-6M in hydrochloric 8c¢1d.322 The extrac-
tion of protactinium 1s increased as the acld concentratlion
is increased. From €M HC1, ap, 18 10. The extraction of
_hydrochloric acld 18 negligible from aqueous solutlons less
than.ﬁﬂ in hydrochloric acid. A third phase 1s formed upon
equilibration with 7.5M HCl. The third phase contalns a
large amount of the acld, One phase results upon equillbra-

tion with 8.5M HC1.

Pentaether (Dibutoxytetraethyleneglycol)

mich of the data pertlnent to the extractlon of uranium by
pentaether. The distributlon of uranyl nitrate between
solvent and water 1s glven 1in filgure 2Alz§il§i The parti-
tion coefficlent of uranyl nitrate from various niltrate
medla 1s plotted in filgure 23.—3-§g The distribution of
nitric acld as a functilon of aqueous acld concentration 1s

also shown 1in flgure 23.—3--§l

The effect of salting-out agents
on the partitlon of uranium 1s 1ilustrated in flgure 24.533
Table XIV 1ists the partition coeffliclents of a number of
elements other than uranlum between pentaether and varlous
aqueous med:!.a..—3-§g Uranlum 1s éxtracted by pentaether from
aqueous 8solutions contalning ammonlum nitrate and/or nitric
acld in the presence of sulfate, phosphate, or slllicate 1ons.§§g
Phosphate 1on, 1n large quantity, and soluble sllicate 1lons
are extracted by the solvent.3§g Fluorlde ion, 1n signifi-
cant quantity, interferes with uranyl nitrate extractilon.
This effect may be overcome by compiexing the fluoride 1lon
with calelum or aluminum nitrate.iég
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Figure 23. The partition coefficlents of uranyl nitrate and nitric
acld between pentaether and aqueous solution. A U0p(NO3)2 : 1.0 g.
U308 dissolved 1in HNO; dlluted to 50 ml with acid of desired

th, and shaken minute with an equal volume of pentaether.
DUOn%NO )2 + NHyNO 1.0 g. U308 disaolved in 10 ml of HNO3 of
desired strength afger addition of 5 g. NHyNO3; shaken wlth an equal
volume of pentaether for 1 minute at room temperature. Adapted from
D. Musser, D. Krause, and R. Smellie, Jr., reference 360. O HNO
equal volumes of nitric acld solution and pentaether equilibrateg
fgr 1 hour at 250C. After C. Stover, Jr. and H. Crandall, reference
361.

Cyclic sthers.

A number of cyclic ethers have been lnvestigated as ex-
tractants for uranium.w Those solventls that contailn
the furane nucleus have been found to glve good extractlons
of uranyl nitrate from aqueous solutlons. Solvents of the
hydrocarbor substituted tetrahydrofurane type have been
found to be especlally good.ﬁéi The. extractlon of uranium
and thoriﬁm by four cyclic ethers 1ls 1llustrated in figure

25 as a functilon of acld concentration 1ln the aqueous pha.se.—3-§i

104



10,000
=
]
-
=
w  j000
©
(1%
1%
(11}
[e]
(&)
=
o
= 100
l._
4
g
e.
R R R T R R T DA S N S
10 !
3 4 5 6 7 8 9 10 Il 12 13 14 1%

EQUIVALENTS OF METAL NITRATE par 1000cc OF WATER

Figure 24. Effect of salting-out agents on the extraction of uranium
by pentaether. AN‘aNO%P V NH4NO3, ®Ca(NO3)2, O Al(NO3)3, DFe(NO3)3.
After E. Evers and C aus, reference 332 Conditlions: Uranlum con-
centration, 2-6 g/100 cc of phase. Temperature, 270C or room tempera-
ture. '

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

tracted more efficlently by the various solvents than 1s

uranyl perchlorate. Better separation of uranium and

thorium 1s also achleved from nltrete solution rather than

perchlorate.

ESTERS
Information 18 less complete or less readlly avallable
for the extractlon of uranium by eaters than by ethers.
The distribution of uranyl nitrate between 1so-amyl
acetate and water 18 represented in figure 3-A.—= 185
Karpacheva, et al.i—— have found the extraction capaclty
of butyl acetate to be Intermedlate between diethyl ether

and dibutyl ether. Hyde and Wolf, 1—— 1n addition to thelr
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Table XIV. Partition Uoefficients of Elements between Penta-ether and
Various Aqueous Media2
Element Concentratilon in Aqueoup solutionE

aqueoup phase
before extraction Nitrete Nitrate + Sulfate Sulfate

(mg/25 ml) Chloride + Chloride
A 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
n 10 0.053 0.01
" 10.5 0.004
Ca 521 - 0.011 _ -—c
" 500 0.0001 -—c
" 10.4 0.020 ' 0.00
cl 496 0.026
" 4ok 0.02
" 10.3 0.025
" 9.9 0.03
cr(III) 500 0.003 0.004 0.0001
" : 10 0.0023 0.013 0.0004
Co 555 0.007
" 500 0.002 0.00013
" -1 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(IIT) 515 0.031 0.003
" 500 _ 1.2
" 10.3 0.035 0.002
" 10.0 0.046
Pb 500 0.017 --c
L 10 0.007 - 0.005
Mn(II) 500 0.0011 0.00006
n _ 10 0.0014 0.00075
Hg(II) 497 ' 0.21 0.015
" 127 0.19 0.036
" 10 0.4 0.176 0.23 0.03
Mo(VI) 500 0.028 0.10 0.001 = 0.001
" 10 0.10 0.015
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Table XIV. - Contlnued

AQueous Bolut-ionB

Element Concentration 1in
aqueous phase
before extractlon Nitrate Nitrate + Sulfate Sulfate
(mg/25 ml) Chlordde + Chloride
Ni 516 0.0001
" 500 0.0018
" 10.3 0.0008
" 10 0.0032 0.00064
P(PO%- ) 500 0.00005 0.00001
" 10 0.00024 0.00
Ag 500 0.09 0.005
" 10 0.32 0.005
soﬁy (as(NH,),S0,) 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
" 107 0.11
" 14 0.12
" 8.5 0.07 0.009
Zn gt 0.15
" 4y7 0.018
" 10 0.14 --c
" 8.9 0.022 0.000
Zr 106 0.040 0.013

2 pdapted from A. G. Jones, C-4.360.3(1945).
volume portions of aqueous golutlon and pentaether.

Equal

b Nitrate :
Sulfate :
Chloride:

3/4 paturated ammonium nitrate solution,
saturated ammonium sulfate solutlon.

chloride added as ammonlum chloride equivalent to the metal

preegent.

L Precipitates of insoluble sulfate obtalned in ammonium sulfate layer.
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Figure 25. The effect of 1nltial nitric and perchloric acid concentra-
tion on the extraction of uranyl salts (Fig. 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, Condltions: Uranium
concentration, 2 x 10_"3!. Thorium concentratlon, tracer UXj. Tempera-
ture, 25 + 0.20C. Vo/Vg, 1. o
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general survey work (Table VIII), have studied the extrac-
tion of thorlum and uranium by ethyl acetate, n-propyl
acetate, and 1so-propyl acetate as a function of the

nltrate concentratlon of the aqueous phase. It was the
observation of the latter groupilé that the extraction of
uranium tends to decrease wlth lncreasing molecular welght

of the ester. Therefore, only acetates and proplonates
need to be consldered seriously. Increased protactinum
extractlion was observed with 1ncfeasing length of the

alcohol portion of the eater.3l§ It was further observed
that hydrolysls of the ester tends to 1ncrease the extraction
of both thorium and uranium.ilé It was not determined whether
the additlon of alcohol or organlc acld causes the 1ncreased

extractilon.

Ethyl acetate

nltrate between ethyl acetate and water has been studied by

deKeyser, Cypres, and Hermann.léi The partition coefficilent

was found to vary from 0.17 at 22% U02(N0 6H20 in the

302
aqueous phase to 0.78 at 43% aqueous concentration. 1In
laboratory practice, uranium 1is extracted by the solvent

from aqueous nltrate medla. The following condltions have

been used by varlous groups to extract uranlum:

Grimaldl and Levine3®2: 9.5 g. of AL(NOZ)5 * 9H,O
are added to 5 ml of solution approximately 2.4N
in HN03. 10 ml of ethyl acetate are added and
shaken at least 30 seconds.

Rodden and Tregonningiééz Uranium precipitated 1n the
presence of aluminum (20 mg) with NH,OH 1s dissolved
in 1 ml of HNO3(1 tol). 8 g. of Mg(NO3)2 - 6H,0
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 U30g.)
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Nietzel and DeSesa3®l2368. approximately 15 mL of sat-
urated aluminum nitrate solutlon are added to 3 ml
or less of sample contalning 0.30 to 15 g. of U3O8
per liter. 20 ml of ethyl acetate are added and
shaken for 1 mihute.

Guest and Zimmermaniég: To 5 ml of sample containlng

5% concentrated HNO3 by volume, 6.5 ml of hot alumil-
num nitrate solutlion, having a bolling point of 130°C,.,
are added. The resulting solutlion 1s cooled, 20 ml

of ethyl acetate are added, and the mixture shaken

for 45 to 60 seconds.

Steele and Tavernerlggs Approximately 5 ml of aqueous
solution are saturated with aluminum nitrate. The
resulting solution 18 shaken with 10 ml of ethyl
acetate for 1-2 minutes.

In the procedure of Rodden and Tregonning,3§§ aluminum ni-
trate 18 used 1lnstead of magnesium nitrate 1f extraction
1s to be made in the presence of phosphate. DeSesa and
Nie"tze1-3§-z-?-:31-§g found that 1 molar concentrations of phos-
phate, sulfate, or carbonate ion could be tolerated wilth
no 111 effect on uranium extractlon. Small amounts of
sodium phosphate have been used to suppress the extractlon
of thorlium without affecting the extractlion of uranium.lgg
Steele and Tavernerlgg report the extractlon of appreciable
amounts of thorium and zirconium and small amounts of
vanadlum, molybdenum, and platinum by ethyl acetate.

Grimaldl and Levine,iéé Guest and Zimmerman,369 and Nietzel

and DeSe:aa.-g—s-L-iég have 1lnvestigated the effect of a number

of elements on the recovery and/or determlnation of uranium
according to thelr respectlve procedures. Nletzel and
DeS.'esat3-§ZL§§g found vanadium, present 1n 100 mg amounts, was
precipltated and uranium was occluded 1ln the preclpitatate.
Titanium was observed to partially extract. This vas pre-
vented by precipltation of titanlum with p-hydroxyphenylarsonlc

acld before extraction.



procedure 1in which uranium is extracted by ethyl acetate from
an aqueous phase contalning an excess of ammonium thilocyanate.
Dizdar and Obr-enov:l.cizl have'also Investlgated the extractlion

of the uranyl-thlocyanate complex by ethyl acetate.

KETONES
Methyl ethyl ketone.

nltrate between methyl ethyl ketone and water and between
methyl ethyl ketorne and saturated ammonium nltrate solution
is given 1n figure y-p.32L Paleilgé reports a uranium
partition coefflclent of approximately 25 between methyl
ethyl ketone and an aqueous solution of 60% NH4N03 and
1N HN03. Methyl ethyl ketone 1s not as selectlve as
dlethyl ether.égl Homogeneous solutlons are formed be-
tween the ketone and an equal whime of saturated ferric or
cupric nitrate at 20°C.3gl
clent of uranium between methyl ethyl ketone and an aqueous
6O%INH4NO3, 3% NH), SCN solution 1s about eooo.lﬁé Iron 1s
extracted.

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

Hexone (Methyl i1so-butyl ketone).

Aqueous nitrate systems. The partition of uranyl nitrate
between hexone and water 1s represented in figure 4.1§5&§gl
The partition coefficlents of uranium, nitric acid, and
several other actinide elements are plotted as a functlon

of aqueous nitric acid concentration ln flgure 26.§3i The

effect of several salting-out agents on the partition coeffi-
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Flgure 26.
The extraction of nitric acid and actinide nitrates, Th, U,
Np,and Pu, by methyl isobutyl ketone (hexone).
After J. Kool, reference 334.
Conditions:

Tracer amounts of Np239 or Pu239, 30 mg of Th(NO3)y *
4Hp0 per 15 ml, or 300 mg of UOn(NO3), (hexahydrate}
per 15 ml in nltric acld solutlon of nitric acld alone
equilibrated with an equal volume of hexone at 25°C or
room tempersature.

The oxldatlon stﬁtes of neptunium have been the subject
of gsome question.345



clent of uranium is given 1n figufe.27.§12 Vdovenko and
co-v:«'or-ker-ssigi have observed an lncrease 1in the partition
coefficlents of cesium, calclum, strontium, and lanthanum
when the uranyl nitrate concentration in the 1nitial

aqueous solutlion 1s increased. This has been related to

the extractlon of the elements as metal uranyl trlnitrate
salts. The partition coeffliclent of uranium from a highly
salted aqueocus solutlon ls decreased by an lncrease 1n
uranium concentration. Kraus3l3 observed %, to decrease
from 153 to 78.3 as the inlitlal uranium concentration was
Increased from 5 to 100 grams 1n an aqueous solution con-
talning 580 grams of aluminum nitrate. Jenkins and McKa.y—3-zi
found a, to decrease from 1.58 to 1.28 as the 1lnitlal uranium
concentration was lncreased from 144 to 348 grams per liter

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

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

was used as the extractant. Flgure 28 represents the ex-
traction of uranilum by hexone from aqueous solutions containing
various amounts of nitric acld and calcium or sod:!.um'n:I.t:.'r'at:e.—3--zi
The distribution of U(VI), Pu(VvI), Pu(IV), Th, La, Ca, Na,

and HNO, by hexone from aqueous solutlons contalning nitrlc

3
acld and calcium nitrate has been lnvestigated by Rydberg and
Bernstrgm.§Z§ Hyde and co-workers have studled the extraction

of uraniumilé and thori 316,377 by hexone as a functilon of

the total nitrate concentration of the aqueous phase. Distri-
bution curves (a or P versus nitric acid or total nitrate
concentration of the aqueous phase) are presented for the
varlous elements in the different papers. The effect of
aluminum nltrate concentration on the extraction of fissilon
product gamma-activity in general and zlrconlum-niobium,
cerium, and ruthenium 1ln particular 1s shown 1n flgure
29.§Z§_ Increased extractlion 1s effected by an increase

in salting-out agent. An 1ncrease in nitric acld concentra-
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Figure 27. The effect of varlous salting-out agents on the extraction
of uranium by hexone. WV NHyNO3, mNaNO3, DCa(NO;)g, A Co(NO3)2, &
Mg(NO%)e, OBe(NOig)g, O A1(N03)J2. Afte? W. H. Baldwin, reference 319.
Conditions: 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
nitrate concentration of the salting-out agents, Ca(N03)é
and NaN03, for an lnitlal concentration in the aqueous
phase of 100 g/1 of uranium and 1,2,3, or 4M HN03.
After A. Cacclarl, R. DeLeone, C. Fizzottl, and M. Gabaglilo,

reference 375.

tlon also causes an 1ncreased extractlon of flssion products
(figure 29).318

The extraction of uranlum by hexone 1s facilitated by
the presence of substlituted ammonlum nitrates whilch are
sufficiently soluble 1n the organlc solvent. A number of
these salts and thelr effect on the extraction of uranium
are llsted 1n Table XV.Z-g Trl-n-butylamine, 2-hexyl pyridine,
and dlbenzoyl methane increase the extraction of fission
procluct:s.—3--zg Maeck, gﬁ_gl.ilg have lnvestigated the extrac-
tlon of uranium by hexone from an aqueous solutlion con-
taining aluminum nitrate and tetrapropylammonium nitrate.

The extyaction condltions adapted as a result of the
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Figure 29. The effect of salting-out agent, A1(NO3)3, on the ex-
traction of uranium and flssion products by hexone ffom aqueous
solution at various nltric acld concentrations. After F. R. Bruge,
reference 378.

Conditlons:

The results on uranlum and gross fisslon product activity
were obtalned using G.B A1(NO3), as sdalting-out agent and
pretreated hexone as solvent. gn lrradlated uranium slug,
cooled 144 days and dissolved in HN03, was used as activity
source. Extractions were made at 30°C from an aqueous
phase oxlidized 1 hour with 0.1M NasCr O7 at this tempera-
ture. The nitric aclid is the sum of %hat-in the -aqueous
and organic phases, expressed as moles of nitric acld per
liter of aqueous phase.

Ruthenium extraction:aqueocus pPhase~-0.1M K,Crp07, 0.2M
HNO,, A1(N03)3.

Cerium extraction:aqueous phase--0.025M Na20r207, 0.5M
HNO3, Al(NO3)3. 3

Zirconlum-nlobium extraction:aqueous phase--0.1M K20r207,_
0.25M HN03, 8 g U per liter.
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Table XV. Effect of Substituted Ammonlum Niltretes (RNO3) on the
rRxtraction of Tlranyl Nitrate by Hexone.2

Catlon, R Total RNO3 o,
- concentration
(mol/1 x 103)

None 0 2.62
(C,H.) NH 2.1 6.2
479’3 ¥.2 10.7
11.0 32.4

21.0 68
(C_H..,). NH, 2 2.5 6.0
ghi7/2™M2 = 3 2.4
10.0 15.5

' 20.0 33
c N & 2.0 5.4
11715" 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

49Tk 10.0 8k
CH, NH £ 10.0 2.8
(02H5)3NH 10.0 4,0
(CH,CH,OH) N 10.0 2.67

& pfter Kaplan, Hilldebrandt, and Ader, reference T78.
Condlitions:

equal volumes of hexone and of an aqueous solution. 8M 1n
NHyNO3, 0.4M in HNO3, and about 0.02M in uranyl nitrate.

dl-2-ethylhexylammonium

o

2-n-hexylpyridlinium

|

methyl lsobutyl ketazinlum

|o

2-methylpyridinium

investigation were 4.0 ml of 2.8M a2luminum nltrate, 1N
acld-deficlent, containing O.1%(we1ght/%oiume) tetra-
propylammonium nitrate; 2.0 ml hexone; and a sample slze

of 6.5 ml (~2 mg of uranium). These conditlions provide

a good separation of uranlium from many lons. The separation

from zlrconium-niobium 1s particularly good. The recovery
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of uranium 1s excellent even 1n the presence of foreign
anions (10 to 1 mole ratio of anlon to uranium). Of those
anlons tested, tungstate lon interferes most seriously

(only 64.28% uranium extracted). Chloride, sulfate, phos-
phate, acetate, oxalate, etc., ln the amounts tested, exhibit
no appreclable interference in the extraction of uranilum.
Chloride does promote the extraction of those 1lons which
form anionic chloride complexes, eg. gold (III). Certaln
other anlons enhance the extraction of fisslon products, eg.

dlchromate and thiosulfate Increase cerium extraction.

by hexone from aqueous thilocyanate solut:ion.iﬂ-"—-329 Reasigg

has 1nvestigated the separation of ﬁranium and thorium by this
means. Some of his results are given in Table XVI. The
effect of sulfate lon (experimental conditions B) 1s to
hinder the extraction of both thorlum and uranium. The
effect, however, 1s greater for thorium than for uranium.
Consequently, greater separation of thorium and uranium

can be made 1n the presence of the complexing sulfate 1lon.
The extractlon of protactinium from an aqueous solutilon 1.2M
in NH4N03, 0.20M in HNO3, about 0.01M 1in Th(NO3)2, 0.00987M
in Na2304, and 0.501M 1n KSCN by an equal volume of hexone
was < 4.4%. Decontamination from fission products is not

too good. Equilibration of equal volumes of hexone and

an aqueous solutlon approximately 0.04M in U02(N03)2,

0.504M 1in Th(NO3)4, 0.485M in Na,S0,, and 1M in HNOg resulted
in a beta decontaminatlon factor of about 6.6 and a soft
gamma decontamination factor of about 1.5. Zirconium was

found to be the principal fission product extracted.

Methylcyclohexanone

Aqueous nitrate systems. Thils solvent has been studied
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Table XVI. Separation of U(VI) from Th(IV) by Thiocyanate Systems.2

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

*
B 0.501 63 0.1%
B 0.25 35 0.015"

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

A: 0.16M U0p(No3)2, 0.81M Th(NO3)4, volume of aqueous
phase = % 2 ml, volume of hekxone = 10 ml.

B: 0.0974M UOp(NO3)p, 0.252M Th(NO )y, 0.2M HNO3, O. 224M
NagSOu, volume o% aqueous phase = 10 ml, volume of
hexone = 10 ml.

The thorium extraction was performed under slightly
different conditions 1n that NH NO was substltuted
for U02(NO3)2. An lonium (Th23 racer was added
to the solution and the distribution was measured
by the determlnation of ionilum 1n each phase.

by workers 1n Czechoslovakla as a means of separating uranium
from thoriumigl and fission p:c-ocluct:s.;g:i*'—igg The extracta-
b1lity of uranium by methylcyclohexancne from sodium nitrate
solution (6-8M) is considerably better than that of thoriums=— 381
From nitric acid solution (8M), the extractability of uranium
1s only two- to three-fold greater than that of thor':’Lum.—3-§l
Ammonium nitrate is comparable to sodium nitrate as a salting-
out agent for ur’an:l.um.—3-gi Aluminum nitrate 1s more effective
than elther. However, the order of saltilng-out agents 1n
causing Ilncreased flssion product extractability 1s Al > Na >
NHu. The best separation of uranium from fission products

is achleved wlth ammonium nitrate as the salting-out

agent.ggi Methylcyclohexanol present in commerclal methyl-

cytlohexanone suppresses the extraction of uranlum and fission
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products. The separation factor between the two actlivitles,
however, 18 lncreased slnce the partitlon coefflclent of
fisslon products 1s decreased more than that of uran:l.um.—3-gi
The partition of uranium between methylcyclohexanone and
‘water and methylcyclohexanone and 6M ammonium nitrate solution

1s given 1in figure wB.323

Other ketonlc solvents

Hyde and Wolfglé have studied the extraction of uranium

and thorium by methyl n-amyl ketone and dilsopropyl ketonhe
as a function of total nltrate concentratlion 1in the aqueous
phase. In both cases, uranlum was better extracted than
thorium. The extraction of thorium did not become appreciable
(¢5%) until the aqueous niltrate concentration was greater
than 5M.. Dilisopropyl ketone was found to be -an excellent
extractant of protactinium.3l§

Veself, Beranové, and llla.lf-?—’§g have lnvestigated the
extraction of uranium and fission products by several
methylalkyl ketones: methylhexyl, methylamyl, methlbutyl,
and methylpropyl 1n addition to methyl 1lsobutyl and methyl-
cyclohexanone. The partitlion coefficlents of both uranium
and flssion product actlvity vere measured as a function of
acid concentration in the range of -0.4 to 3M nitric acid.
In this acldity range, flsslon product extraction was found
to be maximum in the 0-1M nitric acid region. The partition
coefficient, Apps in this region was greatest with methyl-
propyl ketone (22 x 1073 at 0.61M) and least with methyl-
hexyl ketone (2.4 x 1073 at 0.03M). In the acld-deficient
reglon, opp Increased as the acid-deflclency was decreaaéd
(the solution was made more acidic). After the maximum
app Was reached in the 0-1M acid.region, the partltlon
coefficient was décreased and then 1lncreased as the aqueous

solution was made more acidic up to 3-UM. The partition
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coefficient of uranium, a Increased as the nltrlec acld

u’
concentration was lncreased over the entire range. At 3M
nitrlic acid, a, varied from about 0.7 for methylhexyl
ketone to about 2 for methylpropyl ketone and 3 for methyl-
cyclohexanone. The greatest separation, B, of uranium
from flsslon products was found in the 0.1M acid deficient
reglon (-0.1&). For methylhexyl ketong B was found to be
>1500; for methylpropyl ketone, B was about 400. The extraction
coefficients of uranium were ¢ 0.2 for methylhexyl ketone
ahd about 0.5 for methylpropyl ketone at thls acld concentratilon.
Allenigi has tested dilsobutyl ketone, diisopropyl
ketone, and methylhexyl ketone as solvents for the purlfi-
catlion of uranium from iron, copper, chromium, and nickel.
Diisobutyl ketone was found most satisfactory under the
conditions tested. Diisopropyl extracted some iron and
chromium. Methylhexyl ketone extracted lron, chromlium,
and copper.
Uranium and thorlum may be extracted quantitatively
from a nitrate medium by'mesityl oxide.—3—gi Under the condi-

tions tested* zlrconium 18 extracted to a large extent;

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

ALCOHOLS

Hyde and Wolfglé found alcohols to be only fair ex-
tractants of uranium and the extraction capaclty to decrease
rapldly with the length of the carbon chain. This 1s borne
out by the work of Poston, et al.géé

who measured the ex-
tractlion coefflcients of uranlum and ruthenlum as a functilon

of aluminum nitrate concentration of the aqueous phase for

* Experimental conditions: A salt of the elements tested was
dissolved in 10 ml of HN03(15 + 85). Nineteen grams of alum-
inum nitrate crystals weré added and dlssolved. The solution
was shaken for 15 seconds with 20 ml of mesityl oxlde. The
extract was washed once with 20 ml of aluminum nitrate solutlon
and analyzed.
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hexone and several tertlary alcohols: tertiary amyl alcohol,
2-methyl 2-pentanol; 2-methyl 2-hexanol, 2-methyl 2-heptanol.
Only tertlary amyl alcohol extracted uranium better than
hexone (0:5 - 1.5M A1(N03)3, 0.2MHNO,) and all four alcohols
extracted ruthenium better than hexone. Ruthenlum was
extracted as well or nearly as well as uranium by the al-
-cohols. -

Diisobutylearblinol extracts ruthenlum nearly as well
as uranium.igé Thorium and zirconium-robium are poorly ex-
tracted. Protactlinlum 1s extracted much more efficiently

than uranlum.

MISCELLANEOUS SOLVENTS

Nitromethane has been recommended by.Warneﬁigg as an
extractant for uranlum. It 1ls resistant to oxldation,
stable to high concentrations of nitric :acld, and highly
selective. The distribution of uranyl nitrate between
nltromethane and water and nitromethane -and saturated ammon-
lum nltrate solutlon is given in figure 3-B. The -extraction
of thorlum nitrate by nitromethane from aqueous solution ‘is
much leas than that of uranium. Color tests indicate that
nelther copper, cobalt, lron IIIL nor -chromlum nitrate 1s
extracted by the solvent. With diethyl ether, considerable
amounts of copper nitrate and trace-amounts_of ferric nltrate
are extracted. Nltric acld enhances the extraction of uranyl
nitrate by nltromethane. However, above a critical acild
concentration (~5§ initlal acld concentration with equal

phase volumes at 20°C) only one 1iquid phase 1s formed.
ORGANOPHOSPHORUS COMPOUNDS. Withln recent years, a

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

acldic organophosphorus compounds.
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NEUTRAL ORGANOPHOSPHORUS COMPOUNDS

Solvents included 1n this category are trialkylphosphates,
(RO)3P— 0; dlalkyl alkylphosphonates, (RO),RP - 0; alkyl
dialkylphosphinates, (RO)RQP-A 0; and trialkylphosphline oxldes
R3P-4 0. The ability of the solvents to extradét uranium is
in the order

(R0)3P—> 0 < (ROQ)RP—) 0< (RO)RQP—) o} <,R3P—) 0.
This is also the order of increasing base strengths of the
phosphoryl o‘xygen.égg In Table XVII, the four types of
compounds are compared as extractants of upranium (VI),
plutonium (IV), thorium, fissilon products, and acids.§§1
It should be noted that although uranium 1g extracted almost
quantitatively by tributylphosphine oxlde (Table XVII), other
elements are also hlghly extracted. In fact, 1n splte of
lower extraction coefficlents, tributyl phosphate affords a
better separation of uranium from thorium, plutonium (IV),
and fission products under the conditions l1listed 1n Table
XVII than does tributylphosphine oxide.

Tables xvItT28:389 4ng xx320 118t the distribution co-
2fficlents of uranium and some assoclated elements for a number
of neutral organophosphorus extractants. Similar information
on other solvents may be found 1n papers by Burger,égl Healy
and Kennezdy,!'-§§ and in numerous ORNI. reports. The latter have
been summarized by Blake, et 21.3% ana quwn,_sgljgsﬁﬁlégi

The mechanism of extraction by neutral orgenophosphorus
reagents appears to be similar to that of tributyl phosphate,lgg’
302,387 From nitrate syatems, the extractlon of uranium by
tributyl phosphate and trioctylphosphlne oxlde 1s described

falrly well by the equilibrium reactlon

24 -
U0 + 2NO3” + 28 = U02(N03)2 (s)e,

where S represents the solvent m»:>1ecu1e.§-Qg Extrectlion may

be made by tributyl phosphate from chloride solutlon. Stronger
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Table XVII. Comparison of the Extractive Capaclties of Varlous Types of Organophosphorug

Compound&g
Extraction of U02(N0 ) Extraction of U, Pu, and Filssion !Exgraction of
3’2 Productaé !Th—
Nitric acld concentration
oM 0.6M M No added HNO3 0.6M HNO3
U U - Aeld Acld | U Pu | Groes (dross Pu Groes; Gross | Th
ext'dl ext'd ext'dlext'd| ext'a £VI) EIV) B T EVI‘]EIV) p ext'd
(#) |(#) | (® [(#) [|(®) %) (%) | (®) () (&)%) | (%) Y%) (%)
Tributyl .
phosphate 11 56 4 96,5 8 17.4|0,7 [ 0.01 |0.01 |58 6.6 |0.07 | 0.08 3.5
Dibutyl _
butylrhos- . .
phonate 55 o7 6 99.4 111 64 ]1.13|0.05 |0.13 |97 54 _0.72 1.0 18
Butyl .
dibutylphos -~ : ’
phlnate 98.5 {99.9 | 15 99.9 |14 9% (20 1.9 |7.9 (999! 98 |23 38 T4
Tributyl
phosphine
oxide 99.7:199.9 1 39 99.9 |17 99.9|97.3| 37 64 999 99.§ 72 |77 98.7

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

Experimental conditions: equal phase volumes equllibrated 30 minutes at 25 t 0.2°C; organic
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 discolving lrradlated U slugs 1n HN03 - 6 monthe cooling.
£ Aqueous phase - 0.1M Th(NOB)Q,



szl

£

Extractiog l Extraction Extraction of aclds—

of U02S04- t of U0oClo

H,S0, concen- | HC1 concen- % extracted

. tration tration '

oM 2M oM M Agced Clt-| Tar- | HNO SO H,PO HC1

tic | ric | taric 3 H2 bl U3TH

U U U U

ext'd ext'd ext'd ext'd
reibutyl 2 | @ | () (2)
phosphate 0.001 | 0.001 | 0.3 0.8 25 |o o] 7 (o] (o] o]
Dibutyl
butylphos- 0.1 0.03 1 26
phonate
Butyl
dibutyl-
phosphinate 16 48 40 92 49 20 20 27 2 3 0
Tributyl
phosphine .
oxide 95 96.8% | 90 all pre- 58 | 39 |23 39 0 10 7

some ppt. cipltated
formed

da

|®

|+

Aqueous phase -~ approximately 1N acld.

Aqueous phase - 0.1M ersou; acld as indicated.

Three phases were present, two of which were largely aqueous.
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Teble XVIIT. Extraoction of Actinides and Zlirconlum by Phosphates and Phosphonates at 30°C$

Solvent c Extractiog Coefficignt
e Th Np(IV)— Pu(Iv)= U(vi) Np(vIi)& Zr
Trielkyl 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 4,2 1546 32 19.3 Ia
iso-amyl 4,2 4.7 17.8 34 18.9 4.4 .12
n~-hexyl 3.0 3.6 15.6 38 20.0 4.5 0.14
n-octyl 2.4 3.4 15.3 3 15.7 3.9 0.14
2-ethylhexyl 2.5 4.3 eg 5 23 5.7 0.14
2-butyl 0.15 4.9 2 42 20 4.6
3-amyl 0.22 3.5 18.1 49 22 5.0
3-methyl-2-butyl 0.18 3.0 24 47 25 5.4
}-methyl-2-amyl 0.047 3.5 22 3 24 4.9
cyclohexyl 3.5 106 0.64
Dlalkyl alkylphosphonater:
di-n-butyl n-butyl 24 92 0.11
di-n-butyl eyclohexyl 17 125 0.1
41l -n-amyl n-amyl 32 133 0.092
dil-n-hexyl n-hexyl 2 89 0.070&
di-2-ethylhexyl 2-ethyl-
hexyl 10.6 176 0.12

|

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

Aqueous phase contalned 0.01M ferrous sulfemite.
Aqueous phase oontained 0,01M NaNOe.
Aqueous phase contained 0.01M cerlc ammonium sulfate.

1.09M trialkyl phosphate 1n n-dodecane; extractants washed with 1M NaOH, water, and nitric
aold before use; aqueous phase 3. oM HNO3 at equillibrium; tracer concentration of element.

1.09M phosphonate in n-dodscane;aquecus phase O. 8M HNO3 at equilibrium; tracer concentration
of element.

ErEztrapolated value.

lo |& |0 |o

|+



extractants may extract uranium from sulfate and phosphate
solutions, especlally 1f a small amount of nitrate is added

to the solutilon.

Tributyl phosphate (TBP)

Aqueous nitrate systems. Investigatlions on the ex-
traction of metal nitrates by TBP lndicate the catlons are
extracted as Bilngle, well-defined specles: M(N03)3(TBP)3,
1682181l3111522,§2§
3)4(TBP)2, and M02(N03)2(TBP)2. This

differs from the extraction of ethers, esters, and other

M(NO

oxygen-contalning solvents, considered previously, in which

a whole serles of complexes contalning varying numbers of
nitrate, solvate, and water molecules is extracted. The
stabllity of the TBP-solvate molecules 1lncreases 1n the orderill
H20(TBP) < Pu(N03)3(TBP)3 < Pa(NO3)5(TBP)3 < HN03(TBP),
HN03(TBP)(H20) < Th(N03)4(TBP)2 < Pu02(NO3)2(TBP)2 <
Pu(N03)4(TBP)2 < U02(N03)2(TBP)2.

The unexpectedly large extraction of nitric acid, thoriunb and
zirconlum at very high acld concentrations indlcates higher
complexes may be extracted.éll'

The distribution of uranyl nitrate betweén_TBP and water
1s represented in figure 30_§2i The extraction coefficient
of uranium 1s plotted as a function of acld concentration for
various concentrations of TBP in filgure 31.322 The observed
effects of (1) decreased @, with lncreased acid concentration
and (2) increased e, wlth increased TBP concentration, may
be explained on the basls of free solvent concentration.
First, as the acid concentration 1s lncreased, more nitrie
acld 1s extracted resulting in less free solvent. Second,
more free sblvent 1s obviously avallable as a result of in-
creasing the solvent concentration. Since the partition
coefflicient of uranium depends upon the second power of the

free solvent concentration, o, will decrease in the first case
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Table XIX. Extractive Power of Tributyl Phosphate, Alkyl Phosphonatea, Diphosphonateg, and Fhoephine oxideeg

821

Inltlal concentration of HNOg,N l 0.5 1 2 0.5 1 2 | 0.5 1 2 F 0.5 1 2
Distribution coefficlente
Solvent jif Pu(IV) LZr-Nb Nb
(0‘4“90)3?0 0.68 1.42 4,65| 0.19 0.67 2.73| .64 86 105 .011 .0l%  .010
(“'4“90)2?:533 4.50 10.35 21.50{ 5.46 11,15 14.90] .0058 .0040 .015 [ .0001 .0020 .O17
o )
(1-05H110)2P-CH3 6.95 21.10 70.60( 1.53 7.43 16.90| .15 .22 .33 .52 .34 .20
LN
0
(c61{13o)2_r'-cn._.l 5.72 18.45 45,70 3.51 11.65 18.95| .10 053 .13 .0050 - .012  .021
W .
(c,rﬂl5o)299cn3 21.30 ¥7.1 131 3.25 10.95 17.15 .0078 .040 .12 . 0040 a5 00080
N
0
(°8H17°)2P\' c113 22,10 50,70 178.0 | 5.71 13.65 19.45 .037 .14 .28 .0061 019  .Oh4
(c93190)2p9c33 27.60 32.60 61.40] 23.25 24.15 21.70| .97 .67 .55 .013 014 .017
A
(°10H21°)2P\\' CHy 6.73 14.65 34.30| 16.60 21.65 21.50| .38 .40 54 L0043 L0043 L,00%0
0 .
(o-c61-.r110)29-cn._.l 17.45 44,10 101.0| 4.47 17.35 25.15] .020 .061 .30 .015 013 .OBT
i A
0
(CgH0), P - C 0.08 0.063 0.15| 1.84 1,3% 1.71/1.31 L#2 .86 .40 .15 .086
6t 2\\0 iy
Eguﬁgog)\/P-cna 13.43 28.80 69.90[ 3.80 11.60 19.60| .24 .16 .24 | .0056 .0053 .0062
613"/ N\
0
('°4H9°)\p-cna 12.20 36.3 65.8 | 7.89 17.85 =24.50 .80 .47  .&7 .0038 .0041 .0051
(C7H50) 7\
0
- - 4,97 13.05 44,20} 2.58 7.58 14.85] .031 .091 .33 - - -
(n 04390)25‘ < CoHg
0
(1_c4H90)2p_0235 7.58 22.50 57.30 | 2.53 T7.67 14.85| .0085 ,018 .11 .0021 .0089 .039
. A\
(cuﬂgo)ap_gsﬂr_,, 10.35 22.20 T74.70| 2.58 8.65 16.75| .0039 .020 .10 |<.00Mm6 .0028 ,0063
Q :
0
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(1-051-1110)2?\- 03H7-n 9.40 22.30 73.80 | 2.02 7.4 14,15 - .013 .099} .0022 .0027 .0022
(°4H9°)2P\\' 8439 8.98 24.00 65.30| 2.82 9.46 17.50( .003% .02% .097 | <.001 .0028 .025
(Cquo)a 2 C5Hyy 8.26 25.75 103.5 | 2.45 B8.91 17.65} .0032 .04 .11 .0035 .010 .032
(1-053110)23\\- CoHyy 13.65 28,40 58.40 . 2.50 9.00 15.75 | 012 .036 .13 .011 .022  ,074
(1-CoH, 10)2p - CoHyy -1 7.68 21.10 30.95| 2,18 7.69 13.05| .011 .031 .13 .0017 .0024 .0031
(1-051-1110)22{\ -008H17 9.60 11.50 85.4 | 2.65 8.92 17.00| .016 .038 .13 .0012 .011 | .029
(°4H9°)2{\0' 8H206H5 2.45 6.3% 21.10| 0.47 1.91 6.00| .0034 .0084 .022] .axg2 J0011 .0012
(cul-[go)ar\&\-cnaocn3 1.13 3.09 7.79}0.28 1.16 .24} 029 .075 .12 .0029 .0046 .0061
(041-190)22\'?01{200235 1.31 3.11 8.86| 0.34% 1.50 5.03{ .43 .42 42 .0046 .0057 0067
(cuﬂgo)ar\';m%c%ocuﬂg 3.15 B8.68 42.20) 0.80 3.26 10.95| .031 .077 .062 | .oos0 .0060 ,012
(cl}l-xgo)arf\c-)cli(c:-xa)cnzcl:l-ocuu9 . 2.30 6.35 3%.50| 0.15 2.35 6.39 ..021 .025  .043 | .0031 .0041 0058
(c4390)2p£ cuzcnz-cooguﬂg 2.14 5.57 16.46| 0.79 2.38 6.24] .074 .12 .057 | .0058 .0080 .0066
(Cquo)aP\c-) CH, - P(\04H90)2 1.73 12.55 17.26| 2.71 6.72 19.24| .23 .28 .29 .011 .011 .01l
(1-051-1110)2?\- CH, - P(oc5 11" )2 1.32 2,98 9.60] 3.33 8.4 24.70| .41 41 42 .032 .031 .031
(°4H9)3P° ° 1880 1360 352 [ 365 299  B3.2 [1.00 1.84% 2.45 .64 .60 47
(1-c4H9)3P0 5.33 7.26 T7.19| 6.5 21.85 22.55 .61 .55 .55 |3.95 h.yo 2.15
& arter Petrov, st al., reference 390.

T TR T A IR N R T i i ST .0/ D It L 40

Temperature, 20° = 1°C.
1 =180; ¢ = cyclo.
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Figure 30.
The partition of uranmyl nitrate between 100% TBP and water at 25°C.

After T. Healy, J. Kennedy, @. Waind, reference 394%.

and increase 1n the second. The effect of uranium concentration
on a, is gilven also as & functlon of nitrlc acld concentration
in flgure 32.§2§ The decreased extractlon wlth increased
uranium concenﬁration may agaln be ilnterpreted in terms of

the solvent avallable. The partition coeffilclents of other
metal nitrates are also decreased, in general, by 1ncréﬁaed
uranium coneentration. More efflclent separation may there-
fore be achleved by ilncreesed uranlum loadlng of the solvent.
For small amounts of uranlum, a high uranium concentration may

be attalned in an organic phase sultable for handling by
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Flgure 31. The extractlon of uranyl nitrate by various concentra-
tione of TBP in keroscene as a function of 1initial aquecus acid
concentration. After T. Sato, reference 395. Conditions: Organic
phase - volume % TBP 1n kerosene as indicated. Aqueous phase - 5 g.
uranyl nitrate per liter, nitrlec acid concentration indicated.
Temperature, 200C; Vo/Vg, 1.
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Flgure 32.

The effect of 1lnltial uranium concentratlion on the extraction
of uranyl nitrate by 20 volume per cent TBP in 0014 ag 8
function of 1nitial aqueous nitric acld concentration.

After R. L, Moore, reference 396.

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

dilution of the solvent. Duncan and Holburt32L have measured
the distribution of uranium,initlally present in 1.2 to 1200
micrograms per liter between 20% TBP in keropene and nitric
acld solution. Although the results were somewhat erratic,

i1t was generally shown that the partition coeffleclent 18 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. Taube-i}—g-g extracted U{VI), Np(IV),
Np(VI), and Pu(VI) from 5M HNO; aqueous solutions with 0.15M
TBP dissolved in a number of solvents,includlng benzene and
chloroform. Larger extractlon coefficlents were obtalned for
all the elements tested with benzene rather than chloroform
as diluent. In the case of uranium, the difference in o, was
- greater than ten-fold. Llttle difference in extractive
capaclty was observed wilth TBP dlluted by benzene or carbon
tetrachloride. Simllar results were obtalned by Dizdar, et
21,322 Uranyl nitrate (0.0038M) was extracted from 2M nitric
acld solutions by varlous concentrations of TBP dlluted with
carbon tetrachloride, xylene, kerosene, hexane, dibutyl ethef,
dliethyl ether, and isopropyl ether. The partition coefficient
was found to lncrease with lncreasing TBP concentration to a
maximum for pure TBP. For carbon tetrachlorlde and xylene
the maximum value was already attained at 40 mole per cent
TBP. The other diluents are listed above 1n the approximate
order 1n which they inhibit the extraction of uranium by TBP.
Differences in au,for various diluents, were found to become
srgiler with increased uranium concentration. Bruce§Z§ has
found that the extraction of fisslon products 1s also affected
by the cholce of dlluent.

The extractlion of uranium by TBP is considerably en-
hanced by the presence of salting-out.agents in the aqueous
phése.igg:&gé The rasults of Satoigé are glven 1n Table XX
and figure 33.

The extraction of uranium by TBP decreases wlth increased
1:empe1:-a1:ur’e.&9-11ill

Phosphate, sulfate, and fluoride lons reduce the extrac-
tion of uranium by TBP from nitrate med:l.za..&-‘:-)2 Uranium is
-extracted from chloride solution but less efficiently than .

from nitrate solution. Sillca causes poor phase separatlion
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Salting-out agent

Table XX. Extraction of Uranyl Nitrate by TBP Uslng Various Nitrate

Salting-out Agents.2

Percentage extracted

OM HNO, 1M HNO, 3M HNO, 6M HNO

3
(HNO,) 2.96 82.10 95.52 97.10
NH),NO, 70.00 92.30 96.50 97.40
LiNO3 73.05 94.60 97 .50 97.95
NaN03 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(No3)2 84.35 97.20 97.50 99.40
Ca(No3)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(NO3)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 nitrate, 1M salting-out agent, initisl

ecld concentration indlcated.
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.igg Ammonium sulfate, sodium sul-
fate, and urea solutlons have been used satisfactorily.Egg
Water or hydrogen peroxide 18 lneffective for TBP contalning
consliderable nitric acid.ﬁgg

The dlstributlon qf nitric acld between aqueous solution
and 100% TBP 1s demonstrated in figure 34.&lg The. distri-

butlon of various metal nltrates between TBP and nitrate
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Flgure 33.

Effect of nltrate selting-out agents upon the extraction of
uranyl nitrate at 1M initlal nltrlc acld concentration.
After T. Sato, reference 406.
Sonditions:
Orgenic phass - 19% TBP 1n kerosene.
Aqueous phase - 5 g/1 uranyl nitrate, 1M HNO3, salting-
out agent concentration indlcated.

gqual phase volumes shaken together for 30 minutes at
20°C. .
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ACID CONCENTRATION, AQUEOUS PHASE, M
Filgure 34.

The distribution of minerel aclds between 1004 TBP and aqueous
solution at 25°C.
After E. Hesfbrd and H. A. C. McKay, reference 412.

solutions has been extensively investigated. The extraction
coefficients of some actinlde elements are plotted against
aquéous nltric acld concentration in figures 35 and 36.1—&3—1’1—6
Ishlmori and Naka.muraﬂ have also measured the partition co-
efficlents of Hf, Th, Pa, U(VI), Np(IV)(V)(VI), and Pu(IV)(VI)
at various aqueous nitric acld concentrations. Figure 37
represents the partltion coefficlent of several fisslon pro-

ducts as a functlon of the nitric acid concem;r'ﬁr.tion.M
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Pigure 35. The partitlon coefficlent of actinide nitrates between
19% TBP in kerosene and aqueous solution as a function of equili-
brium nitric acid concentration. U (VI), aNp (VI), mNp (IV),
APu (VI) at 209-239C., after K. Alecock, G. F..Best, E. Hesford,
H. A. C. McKay, reference 413, &Pu (IV), VPu (III), at 25°C. or
20-239C., atter G. FP. Best, H. A. C. McKay, P. R. Woodgate, ref-
erence 414, OTh (IV) at 25°C., after E. Hesford, H. A. C. McKay,
D. Scargill, reference 415.
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Figure 36.

The distribution of trivalent actinldes between 100% TBP and
aqueous solution as & function 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, Z2r, Sc, Th,and Am by TBP
from aqueous nltric acld solutlon has been ilnvestigated by
Peppard and co-workers.ﬁgli&gg Iodine 18 extracted. It
forms addition compounds with carbon-unsaturated compounds
in the solvent. The extractlon of lodine is minimlzed by
keepling 1t 1n a reduced state and by careful selection of

TBP diluents.gzg Rufhenium 1s'also extracted by TBP. Iis

extraction may be reduced by lnoreased solvent saturation with

uranium, by digestion 1n a nitrate solution of very high ionic

138



100 =111 —71 T 1 T T T 7T 1
- o Eu-100 % TBP ]
i m Y-100% TBP J:
i v Ce(lll)-100% TBP |

A La-100% TBP
1o L o Nb-100% TBP X
: e Nb-20% TBP ]
- x Zr=19% TBP X ]
° i B Y-19% TBP m ]
= N 4
Eﬁ #5”3;' ALY

§ .0 = & K’E T . 3
E " . s "K( 20 b/ ]
S [/ g / ® .|
z ) g —d/ Ve
2 o -ghe Vg .
t: ¥ ’/l ) ~A_ 3
L :'.(/, / - b 3
(14 ) > / _ ]
. i - -
0.0l = ' =

0.001 ] ] ] I I ] i | ] l l

C 2 3 4 5 6 7 8 9 10 I 12

[HNO3]aq.
'Figure 37. The distribution of fission product elements between

TBP of several concentrations and aqueous solution as a function of

equilibrium nitric acid concentration.

Bedford, W. H. Hardwick, and H. A. C. McKay, reference 418.
Ce, Eu, after D. Scargill, K. Alcock, J. M. Fletcher, E. Hesford,

and H. A. C. McKay, reference 419.
D. Scargill, reference %20,
with less than 1 g/1 of carrler, use
tions made at 20-239C.; Nb, ~20°C.;

with kerosene.

Condltions:
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Nb, after C. J. Hardy and
Tracer, carrler-free or

d in all cases, Zr equlllbra-
all others at 250C. TBP diluted
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strength, or by treatment with a reducing agent.izg Susic
and Jel:l.c>-——:i and Sato— 406 have studled the TBP extractlon of
metal nitrates that may be used as sslting-out agents.. The
order of extraction of 0.1 mg per ml concentrations of metal
from 2N HNO3 solutions by 20% TBP/kefosene with no uranium
present is BL > Co > Cu > Fe > Zn > Cd > Ph.223 The partition
coefficlent of bismth under such condltions, with equal phase
volumes, is about O0.l. The results of Satoigé are listed 1in
Table XXI.

The partition of uranium and other metal nitrates be=-
tween tributyl phoéphate and aqueous solution is affected

greatly by the presence of hydrolysls products in the organic

Table XXI. Extraction of Metal Nitrates by TBP.2
Metal nitrate Percentage extracted
oM HN03 M HN03

L1N03 - _ -
NaNOg - -
KNO4 _ _ - -
Cu(N03)2 0.050 0.025
ME(N03)2 - .. -
Ca(N03)2 0.118 0.064
Zn(No3)2 0.005 -
Al(N03)3 0.004 0.003
Fe(NO3)3 0.010 0.008

2 After T. Sato, reference 406.

Aqueous phase - 5 g/l uranyl nitrate and 1M matal nitrate at initial
nitric acid concentrgtion indicated.

Organic phase - 19% TBP diluted 1n kerosene.

Equal phase volumes 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
alkallne solution. Two procedures for the removal of TBP

Impuritlies are gilven,

Procedure 1&§£; TBP is purified by bolling with a dllute

caustic soda solution. Add 500 ml of
0.4% NaOH solution to 100 ml of impure
TBP. Distlill at atmospherlc pressure un-
til 200 ml of distlllate have been collected.
The remainling TBP ls washed repeatedly with
water. It may be dried by warming under
vacuum.

Procedure QEEA: TBP 18 stirred 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 portions
of water, three equal volume portlons of
5% aqueous sodium carbonate solutlon; and
three equal volume portlons of water. The
resultant TBP 1s dried by heating to 30°C
under reduced pressure.

Aqueous chlorilde systems. Uranium is extracted from

chloride solutlion as UO,Cl, ° 2TBP although higher uranyl

2772
chloride complexes may also be extrza.cted.&gé:&gg

The par-
tition of uranium between TBP and aqueous hydrochloric acid
gsolutlion 18 shown in figures 3 422,42 and 39.£§9 The effect

of uranlum concentration on the dlstribution 1s glven in
428

figure 40; the effect of TBP concentration, in figure
41.&2§Li§1 In Table XXITI, the influence of salting-out

agente on the extraction of uranyl chloride by 30% TBP in

dibutyl ether 1s recorded.iﬁl The dlstributlon of hydro-

chloric acld between TBP and aqueous solution is shown 1n

figuré 34.El§ In figure 37, the partition coefficients of

Pa, Th, Zr, and Sc are plotted as functions of aqueous HC1
concentration.ﬁggl&gg In filgure 39, the partltion coefficlents
of Ni, Mn, Cu, Co, Zn, In, and Fe (IIT) are similarly plotted.33°
Ishlmorl and NakamuraElz have measured the partition coeffi-

cients of Hf, Th, Pa, U (VI), and Np (IV)(V)(VI) as functions

of aqueous acld concentration. Gal and Ruvareci;l-have similarly
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Figure 38. The extraction coefflclent of U, Pa, Th, Zr, and Sc
between pre-equilibrated 100% TBP and aqueous hydrochlorilc acld
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. Maler,
reference 422, :
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Flgure 39. The extractlon coefficients of U, In, Zn, Cu, Co, Fe,
and Mn between pre-equillibrated 100% TBP and aqueous HC1l solution
at 21 + 0.19C,  After H. Irving and D. N. Edgington, reference

430. Tondiltions: TBP and HCl pre-equilibrated by stirring equal
volumes together for about 10 minutes. Tracer concentratlions or
about 0.02M U and Cu used. Equal volumes of pre-equilbrated phases
stirred together about 5 minutes.
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Fig_'ure 40./

The distributlion of U0,Cl, between 1002 TBP and aqueous HC1

Bolution as & functlion of uranlum concentration of the aqueous

phase.

Curve 1 reprepents the partition with the equilibrium

aqueous uranium concentration plotted as abecissa; curve 2,

the partition with initlal aqueous uranium concentration as

absciésa;.
After A. S. Kertes, and M. Halpern, reference U428,

Conditlons:

Constant HC1 acld concentration of 8.83M; equal
phase volumes eguilibrated for 15 minutes at room
temperature, 18° - 22°C.
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Flgure 41. Partition coefficient of uranium as a function of TBP
concentration for varlous initial aqueous HC1l concentrations.
10.7M, 6.75M, and 1.02M HC1l curves, after V. M. Vdovenko, A. A,
Lipovskii, and S. A. Nlkitina, reference U426. Conditlons: TBP
dissolved in benzene. Extraction made at room temperature using
U233, 4.,6M, 5.9M and 7.6M HCl curves, after V. B. Shevchenko,

I. G. Slepchenko, V. S. Schmidt, and E. A. Nenarokomov, reference
427, Conditions: TBP dissolved in CCly. Equal phase volumes
(10 m1) mixed together for 30 minutes and allowed to stand for
12-15 hours.

examined the partition coefficients of Fe (II)(III), U (VI),
cd (I1), Sr (II).2r (IV), Ce (III), Ru (IV),and V (V).
Agueous_perchlorate systems. The distribution of uranyl
perchlorate between TBP and water at 25°C 1s shown in figure
42.l§2 Figure 43 gilves the partition coefficlent of uranium

a8 a function of the aqueous pefchloric acid concentration.lég
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Shevchenko gg_gl.iig have studied the extractlion of uranyl
perchlorate in the presence of HClOu, LiClOu, and NaClOu.

The salting-out capaclity of these salts increases 1n the order
listed. The cholce of TBP diluenﬁ also affects the extractlon
of uranyl perchloraté. From.an equeous solution of 0.065ﬂ
HC10, and 1M NaC10,, the extractlon of uranium by 2.20M TBP
was found to decrease 1n the followlng order of diluentr:t:&§g

lsoamyl acetate > n-butyl acetate > 1socamyl alcohol >
toluene > xylene > benzene > carbon tetrachloride.

The distributlion of perchloric acld between TBP and aqueous
solution 1s glven 1in figure 34.&;g The partlition coefflclents
of Th, Zn, Pm, Y, and Ce are plotted agalnst aqueoug per-

chloric acid concentration in flgure 44.533 Ishimorli and

Table XXII. Effect of Salting-out Agents on the Extraction

of Uranyl Chloride by TBP.2

Salting-out agent . a,
- 0.03
NaCl, esat'd 2.85
KC1, sat'd 0.38
NH,C1, 5M 0.71
LiCl, 5M 0.90
HCl1l, 5M 17.6
CaCle, 2.5M ' 5.06
MgCle, 2.5M 11.7
A1013, 1.67TM 23.8

8 After Gal and Ruvarac, reference 431.

Initial composition of organic phase - 30% (v/v)
TBP in dibutyl ether, sat'd with 1.225M HC1.
Initlal composltion of aqueous phase - 1.225M HC1,
0.1M UO,Cl,, salting-out agent at concentration
2
1ndTcat®d.
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1.0

10

The partition of uranyl perchlorate between 100%'TBP and

water at 25°C.

After E., Hesford and H. A. C. McKay, reference 169.

_Nakamuraiiz have studied the extraction of Pa, and Np (IV)

(V).(VI) by TBP as a functlon of perchlorate concentration.

Agueous sulfate systems. Sulfate ion 1s normally con-

sldered an interfering lon in the extraction of uranium from

aqueous solution by TBP. V'ezere:3wa1:'ara.o,&-"i-li however, found

that significant amounts of uranium may be extracted from

sulfuric acld solution and that the extraction 1s increased

as the acid concentration 1s increased (figure 45).Eéi
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Figure 43,

The extraction coefficlent of trace amounts of uranium between
100% TBP and aqueoups solution as a funetion of equilibrium
aqueous HC10, concentration. 25°C. |

After E. Hesford and H. A. C. McKay, reference 169.

148



- 3

0% |- E
& n ]
— i J
2
E .
c 0F E
w o -
[T = -
w = -
o i i
O
2
o 1.0 | —
= o -
- C 3
A - ]
< 5 4
a

o1k -

- .
0.0\ L] j; | R R R

i |
o I 2 3 44 5 6 7 8 9 10 Il 12
[HCi04]0q., ®

Figure 44. The distribution of Th, Pm, Ce, 2Zr, and Y between 100%
TBP and aqueous solutlion as a functlon of initlal equilibrium aque-
ous HC10y concentration. After S. Sieklerski, reference 433. Con-
ditions: Equal phase volumes (15 ml) shaken together for about 20
minutes at 219-250C,
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The partition coefficlent of uranium between 30% TBP (v/v)
in.kerésene and equeous solution a8 & function of equilibrium
aqueous H2804 concentration. _

After U. Veereswararao, reference 434.

Condltions: _
Equal phase volumes (10 ml) equilibrated by shaking

for 5 minutes at 18° * 1°C.
-The Presence of sodlum chloride in sulfuric acid solutiown
gugments the extraction of uranium by TBP.&ﬁi Molybdenum
and iron (III) are well extracted from such solutions.
Vanadium and iron (11) ére poorly extracted compared to
ura.nium.i:ii The distribution of sulfurlc acld between
TBP and aqueous solutlon 18 represented in figure 34_&12

have studled the effect of thiocyanate ion on the extraction
of uranium from sulfate liquors by TBP. From an aqueous

solution containing 1.5 g/1 of U308 a8 uranyl sulfate and.
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2.1 g/1 total sulfate concentration at pH 1.5, the partition
coefficlent of uranlum varled from 3.5 to 100 as the thio-
eyanate to uranyl molar ratio was increased from 2 to 6.
Twenty per ceﬁt TBP dlgsolved 1n kerosene was used as ex-

tractant. The partition coefficient, «

22 increases with

increased TBP concentratlon, lncreases with lncreased pH,

and decreases wlth increased sulfate concentration. Vanadium
and iron (III) are appreclably extracted by TBP from thio-
cyanate solutions. Copper, titanlum, cobalt are weazkly
extrécted. Iron (II), cadmium, molybdenum, magnesium and
2luminum are essentlially not extracted. Phosphate lon may
cause the precipiltatlon of uranium or complex formatlion when
present in large amounts. Okada, et 511.53-é report the ex-
traction of uranium by TBP, mesityl oxide, and methyl ethyl
ketone from phosphorlc acld solutlons having 20 tlimes as much

ammonium thiocyanate as uranium.

Tri-n-octylphosphine oxide (TOPO)

Much of the work on thls solvent has been reported by
White and co-workers.ﬁiz:&ii Uranium 1s extracted by TOPO
from nitrate and chloride solutions and to a smaller extent
from sulfate and perchlorate solutions. It is essentlally not
extracted from phosphate solut:T.ons.&El The extraction of U,
Th, Bi, Mo, Zn, and Cr by 0.1M TOPO from aqueous solutions
1s given ap a functlon of nitric acld concentration 1n filgure
46; as a functlon of hydrochloric acld concentration in

figure 47.&&9?&31

Tron and titanium extraction curves are
also included in figure 47. The extraction of over 40 1lons
by 0.1M TOPO from hydrochloriec, sulfurlec, perchloric, and
nitric acid solutions 1s qualitatlively indicated 1n Table
XXIII.&QQ The extraction of mineral aclds by O0.1M TOPO as
a function of acld concentration is glven 1n figure 48.&£l

Uranium mey be stripped from TOPO solutlons by contact
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Figure 46.
Extraction of some metal ions by 0.1M tri-n-octylphosphine
oxide from niltric acld solutions.

After J. C. White, references 440 and 441.
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Figure 47.
Extraction of metal lons by 0.1M tri-n-octylphosphine oxlde
from hydrochloric acid solutions.
After J. C. White, references 440 and 441,
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.1M TOPO in

H2804

™

Cyclohexane.2

Extraction of Ionsg from Acld Soluflons with O
HC1

Table XXIII.

Ion

m_

N

a3
sp*3
ast?
Bt
Bt
p1t3
a3

cat?
cat?
Ce+3
Cr+6
cot2
cu*2
Dy*3
Er*3
Eut3
aa*3
gat3
Ge+4

m

Aut

N
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Hot3
In*3
Fe+3
Lat3
g2
Hgt?
Mo*0

Pb+2



Table XXIITI.~Contlnued.
Ton HO1 H2804 HC10, . HNO

Nd+3
n1te

Pd+2
Pt+2

2 =z 2 =2 =z
2 =2 2z =z =z

prt3

Ru+2

Sm+3

=~

2 2 2 g o2 =2 2
-

Ag+
Sr+2

mpt3

Z 1 o= oz o2 vz oz = ﬁ%
]
]

2 =2 2 2 =z =z 2 =z =2 =2

2 =z =z =

2
2

Th+4

]
]
]
-
o
2 w2 2 =2 2 2 2 2 2 =2 =2

3
+4

Sn
T1+4
uto
v
w3
v+3

2 oz oW W oW

-

Zn+2

H w2 22 HZ2 H 2 12 2 @2 =2 2 "= =2 =2 d%
-4

H w2 2 H.HE H =
H o2 2 2 2 @ w &+ =2
H o2 2 2 2 @6 © @ =2
W o2 2 2 2 @ @ ®°H =2
H =2 2 2 2 @© o H©

Zr+4

E = complete extractlon P = partlal extraction N = no extraction

2

H =2 2 2 2 @8 9w @6 2 9 2 2 =2 2 2 2 2 =z =

2 after J. C. White, reference 438.
Equal phase volumes equilibrated 10 minutes.
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Figure 48.
Extraction of mineral acids by trl-n-octylphosphine oxide.
After J. C. white,-reference by,
Condltlons:
Aqueous phases - acld solution of indicated molarity.

Organic phase - 10 ml of 0.1M TOPO 1in cyclohexane.

v a - 1.

with acid (HF, H3P04, or concentrated (NH4)2804 solutiong
at pH 2), hydroxide (NaOH or NH,0H), or carbonateE(NH4)2003
or Na2003] Bolutions.-u—ﬁ Sodium carbonate 1s the most
effectlive stripping agent.

Tetraphenylphosphonium chloride (TPPC)

A recent study has been réported in which uranlium was
extracted into chloroform as the tetraphenylphosphonlium uranyl
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" trlbenzoate c:omplex.&ié Uranyl lon was converted to an anlonlec

form by benzoic acid. Tetraphenylphosphonium chloride was usSed
ag extractant. The extraction of uranium was found to depend
ﬁéon pPH, TPPC concentratlion, and uranium concentration. A%

-;H 3-9, the extraction of uranium was nearly quantitative.

The partition coefficlent, a,

TPPC concentration and was decreased wlth increased uranium

, waB Increased with lncreased

concentration. The decrease 1n @, with lncreased uranium
' concentration was observed with a comstant urﬁnium-to-TPPC
molar ratio. At 25°C and ﬁH 5.2, zinc, zirconium (niobium),
and ruthenlum were appreclably extracted (=10-20% compared
to 100% for urenium). The extraction of zinc and zirconilum
may be depressed by the use of a complexing agent, EDTA, in

solutlon.

ACIDIC ORGANOPHOSPHORUB COMPOUNDS

Uranium 18 efficlently extracted by acldlic organo-
phosphorus compounds which lnclude di- and mono- alkylphosphoric
acids, (HO)(RO),P— O and (HO),(RO)P - O; dialkylphosphinic
aclds, (HO)RQP-a 0; alkylphosphonic acids, (HO)ERP-é 0; and
dialkylpyrophosphorilc s.cids, H2R2P207¢ The latter acids are
dligcussed sgeparately.

Table XXIV comp#res the extfactive capacltles of several
diallkylphosphoric, dialkylphosphinic, and monoalkylphosphoric
acids for uranium.égg The abllity to extract uranium, within
2 given class, appears to decrease with increased branching
of.the 2lkyl chaln near the phosphate group. The acldity of’
the .reagent decreases roughly in the same order.zgg Where
comparisons can be made for the same alkyl group between classes
of reagent, the extraction coefficlent of uranium increases in
the order

dialkylphosphoric acld < dialkylphosphinic acid <
monoalkylphosphoric acld.

The choice of diluent affects the extraction of uranium, For
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. Table XXIV. Extraction of Urenlum by Acldic Organophosphorus

Reagents.2
Reagent Uranlum extraction coefflcient, « -
B Uarbon tefrachloride Kerosene
Dialkylphosphoric aclds
n-octyl ﬁo 450
3,5,5~-trimethylhexyl 0 260
2-ethylhexyl - 17 135
2-ethyl-4-methylpentyl _ - 90
2-propyl-4-methylpentyl ' - 60
octyl-2 11 -
diisobutylmethyl 2 10
Dialkylphosphinic aclds
v~-phenylpropyl 300 -
phenyl-2-ethylhexyl 300 -
n-decyl 180 -
n-octyl 160 -
3,5,5~-trimethylhexyl 120 -
2-ethylhexyl 30 -
Monoalkylphosphorilc aclds
n-octyl 580 -
3,5,5-trimethylhexyl >1000 >1ooo;
2-ethylhexyl >1000 >1000
diisobutylmethy? : 450 -
2,6,8-trimethyluonyl-4 - 650
1l-1sobutyl-l4-ethyloctyl - 600
3,9-dlethyltridecanol-6 - 550

& After C. A. Blake, Jr., C. F. Baes, Jr., K. B. Brown, C. F. Coleman,
J. C. White, reference 302.

Aqueous phase: 0.5M soﬁ', DH 1, 0.004M U(VI) initially.
Organic phase: 0.1M reagent in solvent indlcated.
Temperature, 25°; Vb/Va, 1.

dialkylphosphoric and dialkylphosphinic aclds, a, generally

increases as the dilelectric constant of the solvent 1ncreases.§9g

For monoalkylphosphoric aclds, a reverse trend is 1nc11cat:ed..3-Qg
The mechanlsm of extractlion of uranlum by dlalkylphos-

phoric aclds has been studled by varlous gx-oups.158’1—59’3°2'447

At low uranium concentrations, the extractlion mechanism appears
to be consistent with the reactlon

2
2

where HDAP represents a dlslkylphosphoric acld. However, in

vo3* aq + 2(HDAP) ag= UO,(DAP) arg + 2H' aq,
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organic solvents, dilaslkylphosphoric aclds are largely asso-
clated as dimers.lég&lég&&&é On this basis, the reactlon

UGGt 'aq + 2(HDAP), 218 = UO,(DAP),(HDAP), org + 2H" (1)

- :I.nd!.caa.t:ed.-]-'---5-§1'-lig The number of dlalkylphosphate groups
assoclated with the uranyl ion in equation (1) may be accounted
for by a chelate structure 12@*392

feRe N
P P ~
U02+ - Y Y H
2 |~ 0 o~
~
|
0
[ 22 a2 .

At higher uranlium concentrations, isopiestlc and vlscosity
measurements lndicate that polymeric uranyl-dlalkylphosphate
chaelne are fo::'mec:l.-]T§§

The extraction coefflcilent of uranium by dlbutylphosphorilc
acld, HDBP, is given in figure 49 as a function of nitric

acid concentration.lgg The shape of the curve has been

explained by Healy and Kennedy 1n the followlng ma.nnezr:z'-—e-§

The 1nitial decrease in o, between 0.1M and 3M

HNO3 18 expected on the basis of hydrogen ion
rep?acement by UO§+ lon, However, for o greater
than 10 not enough HDBP 1s present 1ln the organlc
phase to glve the mongmeric species UOp (DBP),(HDBP),
demanded by equation (1). In this region, thé ex-
traction mechanism is Xikely to be governed by the
reactlion

x003* aq + (x+1)(HDBP), org = [U0,(DBP),],2HDEP org + 2xH" aq. (2)

2]x
The shape of the extraction curve from 3M to 10M
HNO; is simllar to that obtained with TBF and
indYcates a change 1n extraction mechanlsm. The
likely reactlion 1s
o3t aq + 2NOZ agq + (HDBP), org = UO,(NO3),2HDBP org. (3)

The decrease in q;; above TM HNO3 1s probably due
to the competlng reaction

(HDBP), org + 2HNOg aq = 2HDBP - HNO5 orge (#).

It 1s 1likely that mechanisms (2) and/qr)(3) also
oceur to some extent at hlgh acld concentrations.
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The extraction mechanigm of dialkylphosphipic aclds 1s
expected to be similar to that of diallkylphosphoric.aecids.
The former are often found as dimers in organlc solvents
and the partition coefficient of uranium, Q. exhibits a
power dependence on extractant concentration at low uranium -
levels similar to that of dlalkylphosphoric acids.s22 Mono-
alkylphosphorlc and monoalkylphosphonic aclds havelfeen found
in larger polymeric aggregates.ﬁggl&&g” Partition coefficients
for these extractants exhibilt first to second power depen-
‘dencles oﬁ.extractant concentration.ggg

Interference to uranium extraction by anions increases
in the order €10,” < C1” < 805~ < POp"

Stripping 1s essentially the inverse process of extraction.
Uranium may be stripped from dlalkylphosphoric aeids by con-
tact with hydrofluorleg sulfuric, phosphorile,or even hydrochloric
acids. The stripping efficliency 1s generally increased with
increased acld concentration.ﬁig Ammonium or sodium carbonate
stripping 1s efficient..&ig
SzgergiggL* In a search for reagents to modlfy kerosene as
the diluent for dialkylphosphoric acids, 1t was discovered
that neutral organophosphorus compounds provided a synerglstic
enhancement of the uranium partition coefficiept. The en-
hancement 1s 1ncreased in the following order of neutral
reagent:

trialkylphosphaté < alkyl dlalkylphosphonate < dlalkyl al-
kylphosphinate < trialkylphosphlne oxide.

Table XXV lists % for several synerglstic systems.ggg The

reason for the enhanced partition coeffilcilent, @, has been

* Co-operatlve actlion of discrete agencles such that the total
effect is greater than the sum of the two effects taken in-
dependently.

**Kerogene 1s modified to prevent separation of a dialkylphosphate
salt a8 a separate phase when alkaline stripping is uscu. Iong
chain alcohols have been used as chemical modlflers. These,
however, depress the extractlion coefflclent of uranium and

other metals,
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Figure 49.
Varlation of a, with nitric acid concentrations for 0.14M
dibutylphosphoric acld 1n benzene using 20 ml organic phase,
and 50 ml aqueous phase, and an 1nitial ﬁranium concentration
of 0.018M.
After T. V. Healy and J. Kennedy, reference 188.

explalned on the basis of (1) the addition of neutral reagent
to the uranyl-hialkylphosphate complex through hydrogei. bond-
:I.ng-:-d}-gg or of (2) eliminating the need of monomerizing a mole
of dimeric extractantiép in the extraction mechanism (see
equation (1)). A recent study of the synergistlc system,
thenoyltrifluoroacetone~neutral organophosphorus compound,
indicates that more investligation is neéessary for a more’
precise explanation of synergistic effect:s.ﬁél Much of the
work done on synerglstic systems involving dlalkylphosphoric

aclids is summarized. in reference 452.
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Table XXV. Synerglstilec Enhancement of Uranium Extraction Coefficlent.2

a,
Organophosphorus reagent Conoc.,M iigﬁznt ggmgggzzgiztiith
0.1M TREHPA
Di(2-ethylhexyl) phosphoric
aclid (D2EHPA) 0.1 135 -
Phosphates '
tri-n=butyl 0.1 0.0002 470
tri-2-ethylhexyl 0.1 .0.0002 - 270
Phosphonates
di-n-butyl n-butyl 0.1 0.0002 1700
di-n-amyl n-amyl 0.1 0.0003 2000
di-n-hexyl n-hexyl 0.1 0.0004% 2200
di-2-ethylhexyl 2-ethylhexyl 0.1 0.0002 870
Phosphlnates
n-butyl di-n-butyl 0.1 _ 0.002 3500
n-butyl di-n-hexyl 0.1 0.002 3500
Phosphline oxldes
tri-n-butyl 0,05 - 0.0025 7000
tri-n-octyl 0.1 0.06 3500
tri-2-ethylhexyl 0.1 0.02 650

2 After C. A. Blake, Jr., C. F. Baes, Jr., K. B. Brown, C. F. Coleman,
Je. C. White, reference 302.

Aqueous phase: 0.5M SOF~, pH 1, 0.004M U(VI) initlally.
Organic phase: Reagents in kerosene diluent.
Temperature, 25°C.; Vb/V P

Di(2-ethylhexyl) phosphoric acid (D2EHPA, HDEHP)

This reagent may also be known by a less descriptilve
name, dloctylphosphate (DOF). The extraction of uranium by
D2EHPA 18 reviewed in reference 4#53. The effect of acid
concentration on the extraction of uranium by D2EHPA is
shown 1n figure 50.52; The uranium extraction curve for
D2EHPA from nitric acid is simila:, in shape, for the few

- points glven, to that for dibutylphoaphorichacid glven 1n
figure 49. PFigure 51 1llustrates the effect of nitrate 1lon
on the extractlion of ﬁranium by D2EHPA.&§§ The presence of
a small amount of nltrate 1n aﬁ aqueous sulfate solutlion in-
creases the extractlion of uranlum sligniflcantly. An 1lncrease

in temperature causes a decrease 1n uranium extraction.ﬁéi
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PFigure 50. Extractlon of uranium by di(2-ethylhexyl) phosphoric
acld in kerosene from mineral acld solutions. After C. A. Blake,
K. B. Brown, and C. FP. Coleman, reference 453. Conditions:
Organlc pnase - 0.1M D2EHPA in kerosene, 2% (w/v) 2-ethylhexanol.
Aqueous phase - 1 gU/1 for all acld solutions except H3PO4 in
which case the U concentration was 100 ppm. Agitation time -~ 2
minutes. Vo/Vy = 1 for all aclds but HNO3 in which Vo/Vy = 2.
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Figure 51. The effect of nitrate 1on on the extraction of uranium
by di(2-ethylhexyl) phosphoric acid. Curve 1 - initial pH = 1.5 -
1.85; Qurve 2 - initlal pH = 0.5 - 0.75. Conditions: 0.01M D2EHPA
in kerosene (1.3% 2-ethylhexanol), 1 g U/l in aqueous phase, Vo/Vg =
2, 2 min. contact time. Curve 3 - 0.5M SO4, pH = 1.2. Conditlons:
0.05M D2EHPA in CCly, 1 g U/l in aqueous phase, Vo/Vg = 1, 20 min.

contact time. After C. A. Blake, K. B. Brown, and C. F. Coleman,
reference 453,

The effect of diluent on &, 18 given in Table VI 223 e
enhanced extraction of ura.niﬁm by D2HPA 1n synergistic com-
bination with neutral organophosphorus reagents has already
been noted (Table XXV) 392 e extent to which other ions

are extracted 1s indlcated qualitatively in Tables XXVII and
xxvrrr.red '
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Table XXVI. Cholce of Diluent wita Di{2-ethylhexyl}
Phosphoric Aéidai

Dlluent !
Kerosene 135
Hexane i1o0
Carbon tetrachloride 2C
Isopropyl ether 17
Benzene 13
Chloroform 3
2-Ethylhexanol 0.1
Cctanol-2 (capryl aleohol) 0.08

2 After C. A. Blzke, K. B. Brown, and C. F. Coleman, reference
153,

0.1M D2EHPA, 0.004M U (VI), 0.5M SOF~, oH = 1.1,
Vb/Vg = 1, agitation time = 10 min. (wrist-action shaker).

Dialkylpyrophosphorlc aclds

Dialkylpyrophoaphoric aclds are used in the recovery of

uranium from low-grade phosphate ores. Much of the work that
has been feported in project literature has been summarilzed
by Ellis,*23 by Long, Ellls, and Bailespﬁéé'and by Brown and
Coleman.igi :The aclds are prepared just prlor to usge by
adding alcohol to a slurry of P205 in kercsene wlth stirring
and coollng. A concentration of avout 0.1 g P205 per ml of
455

kerosene 1s optimum.- A 2:1 mole ratio of alcohol:P, 0

. 2’5
is used to form the dialkylpyrophosphorlc acid. A 3:1 mocle
ratio should give about equal mole quantities of mono- and
di-alkyl orthophosphorilc acids.&éé The reactlons are com-
plex and mixtures of various phosphoric acids are formed.
With pyrophosphorlc acids, uraniﬁm extraction lncreases

with carbon chain length from butyl toc octylﬁEﬁé Nonyl and
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Table XXVII. Extraction of Metal Ions from Acidic Soluticns with
- 0.1M Di(2-ethylhexyl) Phosphoric Acid in_Cjclohexane.E

Metal Sodium Chloride (1M) Ammonium Sulfate (1M) Sodium 1511trate

Ion pH O pH 0.5 PH 1.5 pH 1.5

H 1.5

F o

N
N

art3
As+5

Ik§+2 - -

Bet? P P
B+3
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w
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w
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w
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W w o

=
1]

complete extraction, P = partlal extraction, N = no extraction,
no test was conducted.

1]

After W. J. Ross and J. C. White, reference 454.

Aqueous phase: 1-2 mg of ion, salt at concentration indicated,
PH indicated.

Organic phase: 0.1M D2HPA in cyclohexane. 5 ml portions of each
phase shaken together for one hour.
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Table XXVIII. Extraction of Rare Earths from Chloride Solutione

with Di(2-ethylhexyl) Phosphoric Acid in Cyclohexane.2
Ion pH 1.9 _pH 1.0 _pH 1.0 pH 0.5 pHO0.5% pH O

f+3

La*3
.ce+3
prt3
Na*3
Sm
Eut3
@a*3
3
Dy+3
HoT3
Er+3
T3
o3

E

a

Io

=
=
o
=
g

+3

Lo I s I e I e I T - O > O > I > B I - B - B
H B EHHDEHEEE=Z 222 =2
H HEHEHEHEHEE D D222
HEHEHEHEHE DD Z 22
HEHEEEEZSZZ 2 Z 22
LEL- - -

= complete extractlon, P = partial extractlion, N = no extraction.

After W. J. Ross and J. C. White, reference 454,

Aqueous phase nd solution of_2 ml Ce+3
1 mg/ml Pr+3 ats. ant3 ﬁ Ho+3 mgé wme/m1 To*3
02mg/m1Y+,La+3 Eut3, G+3, Er 3,01mg/m1¥'b+'

1 ml of standard solution, 1 ml 5M NaCl, NaOH or HC1l to
glve desired pH in 5 ml of solution..

Organic phase: 5 ml of 0.1M D2EHPA in cyclohexane extraction
ror 1 hour.

Without NaCl.

decyl give about the same extraction as oc‘cyl.&22 No appre-
ciable difference in extracting abllity was observed between
pyrophosphorlc aclds prepared with octanol-l or oct:a.nol-2.£‘-5—i
Most of the studles have been made wilth octylpyrophosphoric
acid (OPPA). Pyrophosphoric aclds deterlorate falrly rapidly
with tlme at room temperature. At elevated temperatures,

the rate of deterloration 1ls even greater. Contact with
mineral acld causes pyrophosphoric acids to hydrolyze to
orthophosphoric aclds. The rate of hydrolysls 1s slower
with basic :3<'>1u’c:|.ons‘.-li—5-i
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Kerosene is a satlsfactory dlluent for OPPA.&Z5 The
acld 1s used in 1-10% concentration.

The partition coefficlent of uranium,_qu, 1s considera-
bly higher with OPPA than with the correspondlng mixture of
orthophosphoric aclds, OPA. The partitlion coefficlent 1s a
function of the oxldation potential of the acid. With OFPA,
satisfactory uranium recovery can be made if'the e.m.f. 18
-0.250 volts or greater.iéi Reduction of the acid increases
the extraction of uranium conslderably. At zero to +100

volts.au is about twenty times that at -300 to -200 volts.iﬁé

The extraction of 1ron 1s decreased 1n reduced solution, 1.e.
%re(11) < ®Fe(III)"

Uranium is stripped from the organlc solvent by precipil-
tatlon as uranous fluoride.

. ‘Several papers have recently appeared ln open literature
publications concerning fthe extrﬁction of uranium by pyro-
phosphoric acids. Zangeniéz has shown that OPPA prepared by
the alcoholysls of P205 1s a mixture of several components.
OP?A prepared 1n this manner was found to be more effective 1in
the extraction of uranium than pure dloctylphosphorlc .acié by
two orderr of magnltude. The pure acid was prepared by syn-
thesls, starting from POCl3;

In an effort to determlne the uranium specles extracted
by OPPA, Grdenic and Korparﬁég have 1solated the specles
U(Oct2P207)2. The specles, however, was insoluble in ligroin,
the OPPA dlluent. It was soluble in ligroin contalning OPPA
in a ratio- of one mole of U(IV)-galt and 2 moles of OPPA.
This indicates U(OcteHP207)4 1s the extractable specles. The
same formula was obtalned by determination of the uranium
content 1n a saturated ligroin phase.

Habashiﬂég has investigated the extraction of uranium
and other metals by OPPA from phosphoric acid solutions.

Uranium (VI) was found to be more highly extracted than uranium
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(IV). This is surprising in view of the increased extraction
of uranium from reduced acld solution mentioned previously.
Also, cerium (III) was found to extract more resdily than
cerium (IV). The partition coefficients of several metal ilons

are given for varlous phosphoric acld concentrations in Table

XXIX., The partition coefficientgdecrease with H3P04 concen-
tration for all the metal ilons tested except cerlum. The
extraction coefficlents of both cerium (IV) and (III) pass
through maxima in the region of 4M H3POy. The partition
coefficlent of uranium 1s decreased by lncreased initial
uranlium concentration. The addition of Na3P04 to the solution
causes a, tc increase greatly--apparently by decreasing the
hydrogen ion concentration in the aqueous phase. Fluoride
1lon interferes most seriously wlth the extraction of uranium
by OPPA.

Za.ngeniég has studled the extraction of uranium (IV)
from phosphoric acid by di(2-butyloctyl) pyrophosphate, BOPPA.

AMINES AND QUATERNARY AMMONIUM SALTS. A large number of

amines, quaternary ammonium salts, and other organonitrogen
compounds have been investigated as possilble extractants of
ur’a.nj’.1.1m.&—6-l::iéi The physical chemlstry of uranlum extraction
by amines has been studled by Mcwaell, Baes, and A11t=m£§-i:ﬂég
and Bo:l.r-emli—s-g‘--lﬂ9 Much of the above work has been summarilzed
by Coleman, et al.égi More recently, Moo::'e-liZl has reviewed
the extractlion of a large number of elements, including
uranium, by amines.

The reactions 1nvolved 1n the extraction of uranium by

amines have been reviewed by Coleman, et al.égi

Organic solu-
tions of amines extracit aclds from aqueous solutlon to form
alkylammonlium salts

R3N org + HX ag = R,NHX org. (5)

3
The amine salt in the organilc phase can exchange its lon for

another in the aqueous phase

169



Table XIX. Partition Coefficlents of Several Metal Ions

Between OPPA and H3P04.3

° Partition coerflclent

Ton - H3P04 concentration

oM | 64 oM
U(VI) 190 46 23 20
u(IVv) 18.6 14.2 13.5
Th{IV) 24 23 18 13
Pe(IIT) 18 8 5
Fe(IT) ' 1 <1 <1
v(Iv)E 2 0.8 0.1l
Ce(1V) 5 8 3 1
Ce(III) 7 22 4 2

After F. Habashl, reference 459.

The coefficlents, with the exception of G, (Iv)s Were
determined from figures which appear in reference U459.

|o

0.4 mg metal 1on per ml; 24 OPPA in n-hexane; VO/Va = 0.1.

vo/va = 1.

o

RgNHX org + Y aq = RNHY org + X aq. (6)

The order of preferences for anlons in the organic amine
solution is C10,” > #03™ > €17 > HSo, > F~, 3%
In this anion exchange representation, metals are then ex~
tracted from aqueous solutionsin which they are present
as anlons or anlonic complexes. For example,
Uog"‘ aq + 3X” aq & U02x3" aq. ' (7a)
R3NHX org + UOyX;"aq = RoNHUO,X; org + X~. (7b)
This mechanism, however, 1s indistingulshable from one in
which a neutral complex is extracted.
oSt aq + 2X” aq = UO,X, aq. (8a)
R3NHX org + UOX, ac R3NHU02X3 org. . (ﬂb.)
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The factors that influence uranium extraction have been
studled most extensively for amine-aulfate systems.égi The
effect of amine structure on the extraction of uranium and
other metal ions is illustrated in Table XXJC.:}--Q-Ii Uranium
(IV) 1s efflclently extracted by primary amines. The effi-
ciency decreases with secondary and tertiary amines. With
uranium (VI) there does not seem to be much correlation be-
tween a, and amine class. With primary, sscondary, -and ters
tlary laurylamines, au(VI)’ under the condltlons given in
Table XXX, 1s < 0.1, 80, and 140, respectively.ggi With
primary laurylamine an emulsion 1s formed.égi The extractlion
of uranlum 1s also affected by carbon chaln branching near
the nitrogen atom in tertlary amines (Table XXX). Certain
n-benzyl-branched-alkyl secondary amines have been found to

extract uranium extremely well.ég& The uranium (VI) partition

coefficients of N-benzylheptadecylaminé, N-benzyltetradecyl-
amine, N-benzyldodecylamine, and N-(2-naphthylmethyl) dodecyl-
amine, under the condltlions outlined in Table XXX, are 2000,
51000, > 1000, =1000, respectively.3°* The partition coeffi-
clent depends upon the amine-dlluent combination. The effect
of diluent on Uu(VI) 1s indicated in Table XXX.§9i
The partitlion coefficlent, au(VI)’ 1s influenced by
uranium concentration in that 1t changes the amount of free
amine sulfate concentration.égi In sulfate solution, blsul-
fate complexes the amine more strongly than does sulfate. The
uranium partition coeffiecient, therefore, decreases with in-
creaseﬁacidity.égi Excess agueous su;fate causes a decrease
in au(VI)°§9i The partitlion coefflclent is also decreased
by increased temperature.égi Extraction isotherms 1lndlcate
that four to six amine molecules are assoclated with each
uranium (VI) ion.égi The number depends upon fhe particular
amline used. ith vigorous shaking, the partition coeffleclent,

@, varies approximately as the first power of the free amine
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Table XXX. Effect of Amine Structure on the Extraction of Metal Sulfates.2

Metal ion Partition coefficient, a
Primary Amines Secondary Amlnes Tertliary Amines
Amine,  Primepe  Dllauryl- Di(tri- Aming  Methyl- Tri-iso- Tris(2-
21F81— JM-IZ amine decyl) 8-24& di-n- octylamine ethylhexyl)
’ amlne decyl- amine
emdne
, Ca, Al
v(Iv), cr(III),
Mn(II), Pe(II),
Co(IT), Ni(II), '
cu(T1)) zu <0.1 <0.01 €0.01  <¢0.01 <0.01  <0.01
v(III) yfeg 0.1528
Fe(III) 4o 0.5 <0.5 0.1 <0.01
"R.E.(III) 20 <041 <0.01 <0.01
Ce IV} 50 15528 0.1 - €0.01 €0.01
gi Iv 1o000 5 0.2 <0.1
r >1 350 |, . 200 Pl
Th(0,5M S04)  >5000%  >5000% >s0ef. o <0,f
u(1v) 3000 $50002& 200 50528 i
vm <1 <1 <1 <1
v{V) (pH2)2 -20 =20 ~20 ~20 =20
Mo VIg-e- o 150 200 400 400 150 3
Mo (VI)(pH2)= >1000 >1000 . >1000 >1000 >1000
U(vI 4o 1 80 12 20 50 90 0.2
u(vI 258 32}‘ 8 1&05- '
U(vI 502 90 5o o
a

After C. F. Coleman, K. B. Brown, J. G. Moore, K. A. Allen, reference 30k.

1M SOy, pH 1, ~1 g metal ion per liter except as noted. Vo/Vy = 1, 0.1M amine in aromatic
hydrocarbon dlluent. -
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1-(3-ethylpentyl)-4-ethyloctylamine TN
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trialkylmethylamine, homologous mlxture, 18-24 carbon atoms e s
. . ! L. + « H
bls-(1-1sobutyl-3,5-dimethylhexyl) amlne AT
N,
. ,':.' :.'-
Goefficlents at loadings of =5 g Vor =3 g Mo per liter of extractant. Extraction

coefficlents of these metals decrcase as thelr concentration decreases.
Extraction from 0.5M 50, solution.
Diluent kerosene instead of aromatic hydrocarbon.

Diluent chloroform instead of aromatlic hydrocarhbon.



sulfate concentration,
Tu(vr) = k [M (= amine) - nM (U (VI)) orgl,
where n has a-value between 4 and 6, characteristic of the
amine.ﬁgi With slow equilibration, in which the liquid-liquid
interfacial area 1p strongly limited and interfaclal turbu-
lence is prevented, nearly theoretically 1ldeal resultg have
been obt:a.:!.ned;iég il.e.;
Caiyr) = ¥ [M (5 anine) -t (U (VD)) orgl”.

Small amounts of foreign anions added to sulfate solu-
tions hinder the extraction of uranium more than similar
amounts of added sulfate. The order of increaslng interference
is 804 < P04 < Cl<FK N03.§9i

Effective separations between uranlum and other metal lons
may be made by cholce of amine and/or diluent (Table XXX).égi
Modificatlon of the dlluent with long-chaln alcohols or other
modifiers affects the extractlve powers of the organlc solvent
phase. A possible synerglstic enhancement of au(VI) has been
found with 3,9-dlethyltridecyl-6 amine and di(2-ethylhexyl)
phosphorilc ac:l.d..iég

The amine extraction of uranium (V¥I) from aqueous phosphate
or fluoride solutions 1s qualitatively similar to that from:
sulfate solution. Uranium 1s extracted from relatively low
anion concentrations. As the latter concentration is in-
creased, a, is decreased.igi The opposBlte 18 true for chloride
or nitrate solutions. Uranium extraction 1s lncreased as the
concentration of elther of the latter two anlions 1s 1ncreased§-gi

Uranium may be stripped from the aminé,solvent phase by
a number of methods. " Uranlum extracted as the. amlne-sulfate
complex may be stripped by contacﬁ wlth a niltrate or chloride
solution. Alkaline stripping with so&ium carbonate results
‘ln an aqueous uranyl tricarbonate solution. Armonium or so-

dium hydroxide forms preclpltates that are difficult to handle.

A slurry of magneslum oxlde causes uranlum to precipltate
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as a magnesium polyuranate.égé

Tri-n-octylamine (TnOA)

The partition coefficlents obtained by Keder, et a1.212,
513 for the extraction of actinlide metals from nitric acid

solutiongby 10 volume percent TnOA 1n xylene are given in

figure 52. Carswell322 has studied the extraction of uranium
and thorium by 0.2M TnOA 1n %oluene, also, from nitric acid

" solution. Thorium appears to be more strongly extracted than
uranium in the latter system. Uranium, however, 1s extracted
practlcally to the same extent in both systems for acid.con-
centrations up to 6M.

The extrgotion of uranium from hydrochlorle acid solu-
tiong by TnOA in CClu'has been gtudied by Blzct and Tremillonizi
The extraction curve aé a funotion of HCl concentration 1is
simllar in shaepe and magnitude to that for triisooctylamine
plotted in figure 53.

Allen and co-workers 2268 1.ve made fundamental studies
oﬁ the extractlion of uranium from sulfate solution by TnOA.

Extractlon of uranium from acetlc acld solutlion by TnOA
in Ameco D=95 appears to be intermedliate between extraction
from sulfuric and phosphoric acids on one side and hydrochloric
and nitric aclds on the other.ggi
Triisooctylamine (T104)

The results of Moore&Zi for the extraction of uranium
(VI}, thorium, and fission products from hydrochloric acld
solution by 5% TLi0A in Xylene are presented 1in figure 53.

The extraction of strontium-85 is negliglble from 2-11M HC1.
Americlum (III) and curium (III) are not extracted. Elements
which are extracted include Fe(III), Co(II), 2n(II), HE(IV),
v(v), Pa(V), Cr(VI), Mo(vI), U(IV), Np(VI,V,IV), and Pu(VI,IV)
in additlon to thoge shown 1n figure 53. The extraction of
iron, vanadium, and chromium may be suppressed by reduction

to a lower oxldatlon state. Ruthenlum remains in the organic
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Flgure 52. The extractlon of actinide lons by ten volume percernt
tri-n-octylamine in xylene from aqueous nitric acid solution. After
l) W. E. Keder, J. C. Sheppard, and A. S. Wilson, reference 472 and
2) A. S. Wilson and W. E. Keder, reference 473,

Conditions:

(1) Ten volume percent TnOA in xylene were stirred with
an equal velume of nitric acid of the deslred composi-
tion for 3-5 minutes at room temperature (~25°C.). Phases
were separated by centrifugation after contacting.

(2) Uranium (IV) data only. Aqueous golutions were pre-
pared at each nitric acid concentration by dilution of
a stock solution which was ~1M U(IV), 0.1M H310y, and
=1M Zn(IT). Solutions for extraction experiments were
0.015M U(IV). TnOA was contacted by an equal volume of
12M HRO3 followed by three contacts of one volume each
of the nitric acld concentration used. Equal volumes
of aqueous and amine solutlons were contacted at room
temperature for 5 minutes. Phases were Beparated by
centrifugatlion. . -

176



100 b 3
10 £ E
o - ]
o - N
o i
O B -
< i i
x
9
- _ ]
2 - -
i - -
=
w B o
-
ul 0.l — —
— s :
b4 - -
14 o -
(&] - o
[1:4
11} - i
[:
0.0l — =
0.00i l | | | | | | j | | |
0o | 2 3 4 5 &€ T 8 © 10 1 12

HGI CONGCENTRATION, M

Figure 53. The extraction of U233, Th230, and fission products by 5%
(w/v) trilsooctylamine in xylene as a function of HCl concentration.
After F. L. Moore, reference 475. Conditlions: Equal phase volumes
extracted for two minutes at room temperature (240C.),
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phase when washed with 0.1M HC1l solution. Uranium is stripped
into the aqueous phase. Excellent extraction (>90%) of macro
amounts of uranium (60.4 mg U/ml inltial aqueous concentration)
can be obtalned from 9M HC1l with 20% Ti0A in hexone.

MooreEZé has also 1nvestigated the extraction of uranium
(VI) from acetlic acid solution by T10A. Extractlons were
carried out in the same manner as those from hydrochloric
acild solution (figure 53). Aqueous solutions of varying
acetic acid concentration contalning 2 x 104 alpha counts
per minute per ml of U233 tracer were extracted with equal
volumes of 5% (w/v) T10A in xylene. It was found that maxi-
mm uranium extraction (>90#)} 1s obtalned from 0.5M to 1M
acetlc acld polutions. The addition of 3%(v/v) butyl cello-
solve to the T10OA-xylene solutlon inhibits foaming during
the extraction process. By lncreasing the T10A concentration,
macro amounts of uranium are efficlently extracted. Greater
than 95% stripping may be achleved by contacting the amine-
xylene phase with an equal volume of 0.5M HN03, 3M Hasou,
6M H,S0), 1M NH,HCO5, concentrated NH,OH, or 0.25M HF-0.25M
HNO3 solutlon. From 0.5M-1M acetlc acid solutilon, ruthenium
(11.5%), zirconium (27.9%), and niobium (11.1%) are extracted.
Separation is made from strontium (alkaline earths), cesium
and europlum (rare earths), plutonium (IIT) (trivalent actin-
ides), thorium, protactinium, hafnium, tantalum, iron, lead,
nlckel, cobalt, manganese, chranium (III), aluminum, copper,
zinc, bismuth, tin,and antimony.iZELEZQ The selectlivity may
be improved 1f the uranium is first precipltated by hydroxlde,
dissolved with 1M acetlc acid, and then extraoted as pre-
viously described. Iron hydroxide is used to carry trace

amounts of uranium in the precipiltation step.ﬂzg ]

Other amlne extractants.

Apg Btated at the beglnning of thils section, many organo-

niltrogen compounds have been investigated as extractants of
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uranium. A large number of these investigations are reported
in ORNL reports (eg., onNL-lgeaﬁll, ORNL-209951§). - For
further information, one may refer to these reports, the
Bumm&rie&ég&i&él:ié; previously mentioned, or the review by
Maore.F[L '

Quaternary ammonium salts.

Thé enhanced extraction of uranium by hexone contalning
tetrabutylamonium nitratezg or tetrapropylammonium nit::c-at:e:}-z2
has already been noted {see Hexone). Haeffner, Nilsson,and
Hul‘i;grerniz2 have also used tetrabutylammonium nitrate to
extract uranyl nitrate with chloroform.

Quaternary ammonlum salts, unlike amlnes, may be used to

extract uranium from alkallne carbonate solutions.EZZJE@A&Qg
The Rohin and Haas compound Quaternary B—104* converted to the
carbonate form has been used successfully to extract uranium
from aqueous solutlons having carbonate concentratlions up to
one molar.,iég Amsco G alone or modified with a long-chaln
alcohol, tridecanol, and kerosene modifled with tridecanol
have been used as dlluents. The alcohol modifler improves

both the phase separation time and the extraction coeff:l.c:l.ent:.&§g

The partition coefflclent exhlblts a negative two power

dependence on carbonzte concentrationigglin accord with

the r-ea.c‘c:l.ong-‘:-)-2
2(R4N)QCO3 org + er(co3)g' aq Fé (R4N)4U02(CO3)3 org
+ 200%" aq. (9)
The extraction coefficient is virtually independent of the
blcarbonate concentration with the carbonate-bicarbonate
fotal concentration held constant.’8Q The coefficlent is
decreased by an lncrease 1in temperature.EQQ Uranium may

be stripped from the organic phase by solutions of HC1,
HC1-NH,C1, HNOg, and HNO3—NH4NO3.4 8,480 \itrate solutions

* An 1sopropanol solution of dimethyldiodecylammonium chloride.
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are more effectlve than chloride..—uZg Sodlum hydroxide (2!—
3M) may also be used as a stripping agent.&§g

Clifford, gz_gi.ﬂél report the extraction of uranium
from aqueous carbonate solutlons by (1) forming a singly
charged anion, Uozxg,with a complexing agent, and (2) ex-
tracting thils anion into an organlc solvent with a singly
charged catlon. Extractions were obtalned with benzoin 2-
oxine, cupferron, hydroxylamine, peroxlde, pyrogallol, and
8-quinolinol (oxine). The latter was used for further study.
Arquad 2C, REN(CH3)201, where R 1s about a 16-carbon chain,
was found to be the most effective extractant tested. Hexone
was found to be the most effective solvent tested. Kerosene
gave no extractlion. With oxlne as complexing agent, the
extracted specles was identifled as R4NU02(0x)3. The ex-
traction coefflcient of uranium was found to increase with
Increased pH; to lncrease with lncreased oxlne concentration

and wlth lncreased R4N01 concentration (to an optimum value);

to decrease with increased carbonate concentration. An ex-
tractlion coefflclent, @, of 10.9 was obtalned by extracting
two volumes of an aqueous solutlon containing 0.01K U02(N03)2,
0.92M N32003, 0.04M NaOH, and 0.02M Arquad 2C with one volume
of hexone containing 0.100M oxine. Both uranium and oxine were
removed from the organic phase by strong acids. Sodium bl-
carbonate was found the most efficlent stripping agent on a
counter-current basis.

CARBOXYLIC ACIDS.

HBk-Bernst:romlzéiie—g has studied the extraction of

uranium (VI), thorium, and lanthanum by several carboxylic
aclds: sallcyllic, methoxybenzole, 3,5=dinltrobenzolc, and
cinnamic. Table XXXI 1lists the pH at which 50 percent of
the metal lons are extracted from perchlorate solutions by
0.1M solutlons of the carboxylic acid 1n hexone. Chloro-

form was found to be a poor solvent for the extraction of
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Table XXXI. pH for 50 Percent Extraction of U(VI), Th, La
by Carboxylic Acid.2

Acid PH g
ozt h'*H La3*
Salicylic 3.2 3.332 4,93
Methoxybenzoic 3.42 3.82
3,5-Dinitrobenzolc 2.75% 2.85% 4,388
Cinnamic 3.60% 3.078 6.13%

2 After B. HOok-Bernstrom, references 138, 482.

Aqueous phase: metal concentration, 10™°M Th or La, 10'3! U;
ionic strength, 0.1M adjusted by the addItion of NaClOu;

pH adjusted with NaGH and HC10,.

Organic phase: 0.1M carboxyllc acld 1n hexone.

V,/V,, 1; temperature, 25°C,

|o

Log @ = 0, reference 138.

o

Calculated from data glven in reference 482.

the metals by the carboxylic acids studled.

Cole and Br-owni-e-1 have studied the extraction of U(VI),
Th, Hf and Zr from aqueous nitrate solutions by salicylic
acid in furfural. Satlsfactory separations between uranium
and thorlum were obtalned, depending largely upon the two
metal concentrations.

Sudarikov, gg_gl.igi have studied the extraction of U
(VI), Th, Ce, La, Y, and Sc from aqueous solutions by sali-
cylic acld in isoamyl alcohol. The uranlum complex was Qb-
served to extract at pH 1.5 and to be completely extracted at
pH 2.5 to 5.0. Up to pH 6.5, @, was found to decrease from
100 to 0.3-0.4 and to remain unchanged at higher PH values.

Mills and Whetseligé have extracted uranium'(VI) with

. perfluorobutyric acid dissolved in diethyl ether.
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CHELATING AGENTS. The chelating agents described below are

1isted 1n the same general order as they may be found 1in the
book by Morrison and Freiseraggg

0 0
n B
Acetylacetone, CH3 - Q - CH2 -C = CH3

The extraction of both uranium (VI) and (IV) from per-
chlorate solutions wilth acetylacetone as chelating agent has
been investigated by Rydberg. The percentage extracted 1s
glven aB a functlon of equilibrium pH 1ln filgures 544, -B, and
~C for the three solvents, chloroform, benzene, #nd hexone,
respectlvely. The extraction of other actlinldes, fisslon
products, and hafnium 1p also 1included 1in the figures.lﬁhiil’
E§§;ﬁ§§ Strontium and potassium are poorly extracted by

acetylacetone into chloroform.ﬂgz Lanthanum and samarium

are poorly extracted by the chelatlng agent into all three
solvent:ﬁs..ﬂé-Z

Krishenigg has 1lnvestigated the extraction of uranium
(VI) with acetylacetone used both as chelating agent and
solvent. The results are given in figure 554 together with
the extractlion curves of several other metals. The eifect
of masklng agents, ethylenedlaminetetraacetate, fluorlde,
and tartrate, on the extraction of these metals is glven in

figures 55-B,-C and D, respectively.E§2

The extraction of uranium by acetylacetone-chloroform
in the presence of sodium chloride and EDTA has been
studled by Ta_bushi.ﬂgg Sodium chloride lncreases the ex-
traction yield and broadens the favorable pH range. EDTA
permits the separatlion of uranium from thorium and fisslon
products by more effectlive masking of the latter. Uranium
has also been extracted wlth acetylacetone using butylacetate

as solvent.ﬁgl
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Figure 54-A. The extraction of various elements from 0.1M NaClOy
solutions by an equal volume of acetylacetone-chloroform solution
at 25°C. Acetylacetone concsntrations used: U(VI), 0.0210M
[HAa]aq; U(IV), O0.50M [HAa]" org; Pu(IV), 1.00M [HAg) init; Th(IV),
0.0489M [HAza] init; Hf'gIV), 0.050M [HAa]O org. ZEfter J. Rydberg,
references 51, 486-488.
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Figure 54-B. The extraction of varlous elements from 0.1M NaClOy
solutions by an equal volume of acetylacetone-benzene solutlon at
250C, Acetylacetone concentrations used: U(VI), 0.0210M [HAalaq;
U(1v), 0.072M [HAa]aq; Pu(IV), 1.00M [HAa]init; Th(IV), 0.06T3M
[HAaj Qorg; F.P., 0.7OM [HAa]Oorg. F.P. irradlation time = coolIlng
time = 1 year. After J. Rydberg, references 51, 487, 488, 492 and
J. Rydberg and B. Rydberg, reference 1lib,
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Figure 54-C. The extraction of various elements from 0.1M NaClOj
solutions by an equal volume of acetylacetone-hexone solufion at
250C, Acetylacetone concentrations used; U(VI), 0.0210M [ Hha]aq;
Pu(IV), 1.00M [HAalinit; Hf, 0.050M [HAa]%rg. After J. Rydberg,
references 51, 487, 488. -

0 0
n n
Benzoylacetone, ¢ - C - CH2 = C - CH3.

Star&igi has determined the stabllity constants of
uranyl acetate, oxslate, tartrate, and EDTA complexes. The
effect of these 1lons was observed on the extractlon of uranlum
(vI) from 0.1M NaC10, solutions by 0.1M benzoylacetone in
benzene.

. 0 0
o n
2-Acetoacety1pyr1d1ne;:(;J -C - CH2 -C-CH

3
The extractlon of uranium from a 0.2N NaOH, 0.2N acetic
acid solution at pH 5.0 to 6.5 by 0.12% acetoacetylpyridine

in butylacetate 1s reported by Hara.2%
0 0
" n
Dibenzcylmethane, ¢ - C = CH, - C - o.

Uranium (VI) (0.05 - 0.5 mg) 1s extracted from aqueous
solution by a 0.5% solution of dibenzoylmethane 1n ethyl ace-
tate.ﬁgé In the presence of other catlons, the extractlion is
made more selective by the addition of complexore IIT (EDTA

sodium salt). Excess complexore 18 complexed by a 1% Ca(N03)2
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Figure 55-A. The extraction of varlous metals from aqueous solution
by an equal volume of acetylacetone at 250C. Solid lines indicate
the metal was orlglnally contalned 1n the aqueous phase, The dashed
lines indicate the metal was origlnally in the organic phase. The
pPH was adjusted to the desired value bX sulfuric acid or sodium hy-
droxide. After A. Krishen, reference 489,
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Figure 55-B. The effect of ethylenedlaminetetraacetate (EDTA) on the
extraction of various metals from aqueous solution by an equal volume
of acetylacetone at 250C. The mole ratlo of metal to EDTA 1s shown
by the line texture. After A. Krilshen, reference 489.
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Filgure 55-C. The effect of fluoride on the extraction of varlous
metals from aqueous solution by an equal volume of acetylacetone at
250C, The mole ratio of metal to fluoride 1s shown by the line
texture. After A. Krishen, reference 489.
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Figure 55-D. The effect of tartrate on the extractlon of varlous
metals from aqueous solution by an equal volume of acetylacetone at
250C, The mole ratlio of metal to tartrate 1ls shown by the line
texture. After A. Krishen, reference 489.
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solution. The resulting solution 18 neutrallzed wlth ammonia
to pH 7 and 1s then contacted several times with the extract-
ing solution.

The dibenzoylmethane extraction of uranium with chloroform,

benzene, and carbon tetrachlorlde has been ilnvestigated by

s
Moucka and Stary.igé

Thenoyltrifluoroacetone (TTA), ’[;]l- C=-CH, -C - CF
n n

3"
0 0

Considerable effort has been expended in the study of

TTA as an extractant for uranium. MmﬁﬂONﬁﬁ Helsig

and Crandall,ﬁgg Walton, et a.l.,—5-99 and Pet:er'soné-c—)l have

made fundamental studles on the extraction of uranium (VI)
from aqueous per’chlo:c-at:e&-ah-iSg and nitrat 499,500 /cd1a by
TTA dilssolved in benzene',ug{’498’500"501 hexone,499 cyclo-

hexanone,ﬁgg and pent:a.et:her*.ﬂg2 The partition coefficlent,
“u(VI)’ 1s increased by 1lncreased TTA concentration 1n the
organic phase; decreased by increased 1nitial uranlum con-
centration.égg The effect of pH and varilous salting agents
on the extraction of uranium (VI) and thorium from nitrate
solutions by 0.2M TTA in benzene is shown in figure 56.égg
Salting agents increase the extraction of uranium by TTA-
benzene from low pH solutione. There 1s no apparent effect
on the extraction of thorium with or without 1N A1l(NOj),.

A 4ﬂ NH4N03 concentration 1n the aqueous phase (not shown),
in fact, depresses the extraction of thorium.égg The effect
of forelgn anlons on the extraction of U(VI)ZZ and U(IV)ég
from aqueous perchlorate solutions by 0.5M TTA in benzene

is shown 1in flgures 574 and 57-B, respectively. Poskanzer
and Foremané91 have recently reviewed the extraction of
elements throughout the periodlc table by TTA. The pHvalues for
50 percent extraction into an equal volume of 0.2M TTA in

benzene at room temperature or 25°C. listed hy thése authors
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Figure 56. The effect of pH and salting-out agents on the extraction
of uranium (VI) and thorium by TTA-benzene solutions. After E. K.
Hyde and J. Tolmach, reference 502. Conditions: An equal volume of
0.2M TTA 1n benzene was stirred vigorously for 20 mlnutes with an
aqueous solution contalnling 0.003M thorium or trace amounts of
uranium-233 with or without the salting-out agent indlcated at the
pH glven.

are: for U(VI) from dilute nitric acid,2%2 P, = 1.97;

for U(VI) from HClOu + LLClOu,&EQ =2, pH50 = 1.79; for

1l4a

U(IV) from HC1O), + NaClO), k=2, PHgg = -0.58; for U(IV)
from HN03,égi pH50 = -0.31.

Irving and Edgingtonﬂél have observed a synerglstic en-
hancement of the uranium partition coefficlent with tributyl-
phosphate (TBP) - or tributylphoephine oxide (TBPO) - TTA
mixtures. The results, @, versus percent TBP or TBPO 1n the
extractant mixture, are given in figure 58.

The analysis. of metals with TTA has been reviewed by

Moore. 222 Sheperd and Me1rke2%® have published, with references,

the extraction curves of a large number of elements with TTA.
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Pilgure 57-A, The effect of forelgn anlons on the extraction of
uranium (VI) from aqueous perchlorate solution by TTA-benzene. After
R. A. Day, Jr. and R. M. Powers, reference 77. Condltions: Organic
phase - 0.50M TTA 1n benzene pre-treated by shaking with dilute per-
chloric acid overnight. Aqueous phase - ~10-5M U233, anion at con-
centration indicated, 0.05M HC104, plus sufficlent NaClOy to maintaln
an lonic strength of 2.0. “Equal phase volumes shaken together for 2
hours at 259C,

) IlIJII

Flgure 57-B. The effect of foreign anions

- on the extractlion of uranium (IV) from

aqueous perchlorate solution by TTA-benzene.
After R, A, Day, Jr., R. N. Wilhite, F. D.
Hamilton, reference 58, Conditlions: Organic _
phase - 0,05M TTA in benzene pre-treated with
dilute acid. Aqueous phase - 0,0016M - 0.0037M
U(IV), anlon at concentration indicafed, 1.000W
‘H+ (HC10y4 used for all experiments except chlo-
ride in which HCl was used), plus sufficient
NaClOy to maintain an ionic strength of 2.0.
Equal phase volumes shaken together for 30 min-
utes.
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Figure 58. The synerglstic enhancement of the uranium (VI) parti-

tion coefflclent between aqueous nitrate solutlions and mixtures of

TTA and TBP or TBPO 1n cyclohexane. After H. Irving, D. N. Edging-
ton, reference 451. Conditions: Organic phase - 0.02M mixture of

TTA and TBP or TBPO 1n cyclohexane. Aqueous phase - 1.025 x 10-%M

U233, 0.01N HNO3. ual phase volumes shaken together for 24 hours
at room tempera%ureE%21° - 230C,)
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Substituted l-phenyl-3-methyl-4-acyl-pyrazolones-5,
R

|
- - - =O
3 S CH C

N\N/C

b

CH

=0

Skytte Jenseni®® has studied the possibllity of using

substlituted l-phenyl-3-methyl-4-acyl-pyrazolones-5 g8 extrac-
tants for a number of elements including uranium (VI), thorium,
and lanthanum. The pH for 50% extractlon of trace amounts of
these elements by a 1M solutlon of chelating agent 1n chlorof

form 1s given 1n Table XXXII. The pH50 for TTA 1s glven for

comparison.
5 4
8-Quinolinol (8-hydroxyquinoline, oxine)>(” I\ L
ENS -
Lol

A

tok,29L and Dyrssen and Dahlbergit3 hiiz studied the ex-
traction of uranium (VI) from aqueous perchlorate solutions
by oxine dlssolved 1n chloroform or hexone. Results of the
latter group,li; percent extracted versus final aqueous pH,
are shown 1n figure 59. These results are ln agreement with
those of How2oL (0.1M oxine - CHCl3, 10'3& U, aqueous per-
chlorate solution, p = 0.1M, 25°C.). No apprecilable differ-
4am110-3ﬂ

(open and solid circles, respectively, in figure 59). Chloro-

ence was observed wlth uranium concentrations of 10~

form 1s shown to be a slightly better solvent for the uranyl-
oxlne complex than hexone. The extraction curves for Th,égg
La and Smégg are also shown 1In the flgure. A tabulation of
pH . for 50% extraction of various metal oxlnates by chloro-
form has been made by Dyrssen and Dahlberglii and 1s repro-
duced 1n Table XXXITI.

The extraction of uranium (VI) by solutions of 1% oxine
in chloroform from buffered aqueous solutionp is shown in

figure 60 as a function of aqueous pH.—5-lg
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Tahle XXXII. pH for 50% Extractlion of Tracer Amounts of Uranium (VI),
Thorium, and Lanthanum by 1M Solutlons of Substituted (R) 1-Phenyl-3-

methyl-4-acyl-pyrazolones-5 1n Chloroform.2

R pﬁso.of Metal Ion

vogt 't La*
acetyl -0.15 0.10 2.60
propionyl 0.05 0.05 2.65
butyryl 0.52 0.42 2.47
valleryl 0.24 0.24 2.84
capronyl 0.7 -0.25 3.15
ethoxycarbonyl 1.00 not meas. 2.50
chloroacetyl 0.65 0.05 2.28
trifluoracetyl 0.8 not meas. not meas.
benzoyl _ 1.0 0.4 2.45
p-bromobenzoyl 0.9 0.30 2.3

p-nitrobenzoyl - - -

TTA - 0.70 -0.30 3.75

2 values for pH50 were calculated from data presented by B. Skytte
Jensen, reference 160. '

Aqueous perchlorate media.
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Figure 59. The extraction of tracer amounts of uranium (VI), thorium,
samarilum, and lanthanum from perchlorate solution by solutions of
oxine~-chloroform or oxine-hexone. After D. Dyrssen and V. Dahlberg,
referenoe 143; D, Dyrssen, references 508 and 509. Conditlons: Aque-
ous phase -~ lonic strength = 0.1M wlth NaOH, HC104, and NaClOy; for
uranium, open clrcles represent U.OOOlﬂ U concentratlions, solid
clrcles and triangles, 0.001M U. Organlic phase - oxlne concentrations:
for U, 0.100M; for Th, 0.050M; for La and Sm, 0.5M; solvent: indicated.
Equal phase Volumes equllibrated at 25°C.

Substlituted quinolinols.

Rulfs, 23;5;?19 and Dyrssen, gﬁ_gl.éli have studled the
extractlon of uranium by dilhalogen derivatives of 38-quinol-
inol. The uranlum extraction curves with 1% solutions of
5,7~-dilchloro- and 5,7-dibromo-8-quinolinol in chloroform
are shown as functlons of flngl aqueous pH 1n figure 60.-5-!'-g
Use of the halogen-substituted oxines permits extraction of
uranlum from more acldic aqueous solutions. Similar ourves
for uranium, fhorium, and lanthanum are given in figure 61 -
for extraction with 0.05M 5,7-dichloro-oxine in chlorof'or'm.-f-?:-"-E

Hwnekélé-has 8tudled the extraction of various metals
by 8-hydroxyquinaldine (2-methyl-8-quinolinol). The uranium
complex was found to be extracted, but notquantitatively,
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. Table XXXIII. pH for 50% Extraction of Metal Oxinates with Chloroform.2

Metal lon pH Procedure Reference
Ga3+ 1.0 V aq =V org, 0.1§.tota1 oxine. 511
In3+ 2.1 Anions 1n aqueoup solutlon: chloride.

I\Ey 3.4

Fe3t+ 1,6 Four successlve extractions with 512
cu?t 2.0 0.01M solution of oxine in CHCl.

In3+ 2.2 Anions 1n aqueous solutlon: sulfate,

B13+ 3.0 acetate, nitrate, chloride.

a3t 4.2

N2t 6.1

co?t 6.5

Snl‘L+ 0.0 V ag = 5V org, 0.07M oxine. 513
Mo 1.0 Anions in aqueous Bolutlon:

Fe>t 2,0 acetate, chloride, tartrate.

Cu 2.1

N1 3.7

Al 3.8

Mn°+ 6.4

ne 1.3 V ag = V org, 0.1M total oxine. 143
vos* 2.6 Anions in aqueous solutlon:

Th4+ 3.1 perchlorate.

Sm3t 5.7

La3* 6.5

& pfter D. Dyrssen and V. Dahlberg, reference 143.

*

pH = -loglH'] + 0.1.

by chloroform from an aqueous phase at pH 9.5 contalning

tartrate and acetate lons. Cyanlde or H202 prevented ex-

traction.
N=0
1-Nitroso-2-naphthol, "Ny ~-0OH .
\ ~

Alimarin and Zolotovﬁlé have investigated the extractlon
of uranium (VI) by organic solutions of l-nitroso-2-naphthol.
It was found that a mole ratlo of naphthol to U308 of 125
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Figure 60.
The extraction of uranilum (VI) by oxine and its 5,7=dlchloro-
and 5,7-dlbromo-derivativea. The percent extracted, P, was
‘calculeted from the values of the distribution coefficlent
glven 1n the paper by C. L. Rulfs, A. K. De, Jr., J. Lakritz,
and P. J. Elving, reference 510.
Condltionsa:
2.1 mg of uranium in 10 ml end 25 ml of an approximately
1M buffer solution were shaken 6 to 8 minutes with 20 ml
of & 1% oxine-chloroform solution. The aqueoup phase was

rinsed twice with 5 ml of chloroform. The pH of the filnal
"aqueous phase was measured.
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Figure 61.
The extraction of tracer amounts of U (VI), Th, and La
by 0.05M 5,7-dichloro-oxine dissolved in chloroform
from 0.1M HClOu - NhClOA solutionpg at 25°C.
After D. Dyrsmsen, M. Dyrssen, and E. Johansson, reference
51k,

and a volume phase ratlo of organlc to aqueous of 0.25 1s
more than adequate to glve quantitative extractlion of uranium
into lsoamyl alcohol at & PH of 5 to 6. Two mlnute shaking
is sufficlent for quantitative uranium extraction. Ethyl
acetate, n-butanol, diethyl ether, amyl acetate, benzene, and
chloroform also extract the uranium-naphthéliate complex.
Quantitative extraction 18 obtained with ethyl acetate and n-
butanol at & pH of 3.0 to 8.5; with isoamyl alcohol at pH

4.5 to 7.5. Quantitative extraction can be achleved at tem-

peratures of 0° to 100°C. Chloride or nitrate ilons at con-
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centrations up to 0.2M do not serlously interfere with the

extraction of uranium. Iron (III) is completely extracted;

vanadium (IV) and (V) and thorium are partially extracted.

The extraction of all four metal lons 1s conalderably

suppressed by complexing with complexore ITI (sodium salt

of EDTA). The pH range for quantitative separatiom of u-

ranium with lsoamyl alcohol ié Increased in the pfesence of

complexone ITI (~25 mg complexoreper mg of metal) to 6.5 - 9.

Aluminum and zlnc are not extracted with l-nitroso-2-naphthol.
Dyrssen, 93_5;3211 have studied the extraction of uranium

and thorium from aqueous perchlorate solutions (p = 0.1&)

by 0.1M l-nitroso-2-naphthol in chloroform. Fifty percent

of the uranium was extracted at pH 3.07 and fifty percent

of .the thorium at pH 1.66. Lanthanum and samarium were not

extracted. Other metals that have been extracted as nitroso-

naphtholates include Mn(II), Fe(II), Co, Ni, Cu(II), Pd(II),

ag, Cd, Hg(1I), Pu(Iv)2LL ena np(v).228

Armonium salt N-nitrosophenylhydroxylamine (cupferron),

N =0
| -
@,N-o,mﬁ.

Cupferron 1s an 1lmportant reagent in the analytical

separation of uranium. The reagent precipltates uranium

(IV) from acldic (H2804 or HC1l) solution but not uranium
(VI). By converting uranilum to 1ts two 6xidation states, -
separation can be made alternatively from elements not pre-
clpitated by cupferron and ffom thoée precipitated by the
reagent. The uranium (IV) cupferrate complex, U(Cup)u,

was found by Auge:é-12 to be soluble 1n chloroform and neuﬁral
organic solvents. Furman, gg_gl.gég found milligram amounts
of uranium (IV) to be incompletely extracted from aqueous
acld solutlon by hydrogen cupferrate 1n chloroform but to

be almost completely extrscted by ethereal hydrogen cup-
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ferrate; i.e., cupferron extracted by ether from an acid
solution. Ethereal hydrogen cupferrate was also found to
extract quantitatively macroamounts of uranium {IV) from
(1 + 19) sulfurlc acid containing hydroxylamlne hydrochloride
and submilligram amounte from (1 + 19) sulfurlc acld in the
presence of saturated mercury-zine amalgamfgﬁg The partlitlon
coefficlent, “u(IV)’ is lncreased with lnoressed cupferrate
concentration and is decreased wlth lncreased acid concen-
tration.gég

A urantium (VI) cupferrate complex is precipltated by
the reagent from neutral solutibnsn There appear to be two
forms, one of which 18 moluble in ethyl etheragég From
(1 + 9) sulfuric aeld, milligram.amounts of uranium (VI)
are extracted by an equal volume of chloroform with an ex-
cess of cupferrép present.gég

The extraction of uranium (VI) cupferrate from aquedus
perchlorate solution by hexone and chloroform 18 given in
figure 62 ap a functlon of the pH of the final aqueous
solution.lii Chloroform 18 a poor solvent for the complex.
Hexone 1p better, but quantitatlve extraction 1s not achieved
by a slngle contact of the solvent with an equal volume of
the aqueous solution. The extraction curves for Th,égg Sm,
and Laég2 are also given 1n the filgure.

The propertles of other metal cupferrates have been
reviewed by Furman, Mason, and Pekola.gég

N-Benzoylphenylhydroxylamine, @-

@— - OH.

Dsrrssenégg has studled the extraction of uranium (VI)

_with N-benzoylphenylhydroxylamine in chlofoform from aqueous
perchlorete solutions. The results, P Qersus pH, are shown

in figure 63 together with those for thorium and lanthanum.

198



! i I L U

80
60

40

20

ol 1 1 1 Fhd

XA

U(V1) - GHGI3

i 1 | ; | 1

-1 0|l 2 3 4 5 6 7 8 9 10 |
EQUILIBRIUM pH

Figure 62,

The extraction of tracer amounts of uranium (VI}, thorium,

samarium, and lanthanum cupferrates from perchlorate solu=

tlons by hexone or chloroform.

12 13

After D. Dyrssen and V. Dahlberg, reference 143; D. Dyrssen,

references 508 and 509.
Condltlions:

Aqueous phase - ionlc strength = 0.1M with NaOH, HC10
and NaClOy. Na cupferrate added to aqueous phase: for

0.01M, for Th, Sm, and La, 0.005M.
Equal volumes of agqueous and organlc solvent indicated

equllibrated at 25°C.

N 2 N\
1-(2-Pyridylazo)-2-naphthol (PAN), LL;‘ NN O

HO

1-(2-Pyridylazo)~2-naphthol forms colored complexes

(generally red) with a large number of polyvalent metal

1ons.égl The uranyl-PAN complex 13 insoluble 1n alcohols,

.carbon tetrachloride, chloroform, and ethers.égg Ortho-
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Figure 63.

The extractlon of tracer amounts of uranium (VI), thorium,
and lanthanum from perchlorate solutions by N-benzoyl-
phenylhydroxylamline dlssolved in chloroform.

After D. Dyrassen, reference 520.

Conditions:

Aqueous phase - lonlec Btrength = 0.1M with HC10y, NaOH,
and NaCl0y. The aqueous phase was sometlmes buffered with
1 ml of 0.1M anillinlum perchlorate, sodium acetate, or
hydrozinlum perchlorate per 15 ml.

Organic phase -~ 0.1M N-benzoylphenylhydroxylamine in
chloroform. ’

Temperature, 25°C.

or meta-dlichlorobenzene and bromobenzene are excellent sol-

ventp for the complex. The maximum color of the uranyl-PAN

complex 1s developed at pH 10. At pH less than 5 or greater

than 12 1ittle complex formatlon occurs.égg Uranlum may be

Belectlvely separated from a large number of elements by

PAN-dichlorobenzene extraction in the presence of masking
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agents (EDTA, trinitrilotriscetic acld, cyanide) and with
proper pH control.

29
N-C Nat.
\S‘
Bode223 reports that the U(VI) - DDTC complex, unlike

Sodium diethyldithlocarbomate (DDIC), (02H5)2

other heavy metals, 18 soluble in water. A preclpltate 18
formed only wlth hlgh concentratlons of uranlum and reagent.
The uranyl-DDTIC complex 1s practlically inextractable by
carbon tetrachloride but 1s readlly extracted by 1socamyl
alcohol, dlethyl ether, and amyl acet:at:t=.~.—5-gi Others have

2 526

~used hexone,é-g-lt ethyl acz=:1:a.te,2~i chloroform, and ben-

zene—5-gl to extract the complex. Employing the above so0l-
vents, the U(VI)-DDTC complex has been extracted from
aqueous solutlons having a wlde range of pH, e.g., pH 1-5521
and pH 6.5-8.3.2gi Sodium tartrate has been uped to prevent
hydrolysis at higher pH values.222 The U(VI)-DDTC complex

18 extracted in the presence of EDTA. Uranlum may then be
separated from elements such as thorium,that form strong EDTA
complexes.ég&$§gl&§g§ Uranlum may be further separated from
those elements extracted as DDTC complexes by stripping the
former into an ammonium carbonate solution.igélégﬁ_

CH=N—CHéCH2-N=CH-
Disallcylethylenediimlne,

N/ ~-0H HO
Dyrssenégg reports that uranium (VI) 1s somewhat

extractable (60-90%) with solutlons of disalicylethylene-
diimine 1n chloroform. Hafnlum and thorium are extracted
(90-99%) from weakly acldlc solutions (pH 1.5) with a 0.1~
0.5M chloroform solution of the reagent. Lanthanum and

samarium are not extracted.

Antipyrine, CH=—=C - CH
rop 3
= N - CH
N 3
|
C6H5
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Roddenlgl has mentloned that chloroform extracts uranyl .
complexes with antipyrine. Rea.s§§g has reported that both
uranium (VI) and uranium (IV) are almost completely extracted
wlith antipyrine-chloroform solutions from perchlorate medla.
Uranium may be separated from thorium uslng the antipyrine-
chloroform system. From an aqueous solution of 20.6 ml
contalning 5 mmoles of Th(N03) y» 1 mmole of er(uo3)2 and
48.6 mmoles of HCl, 93-94% of the uranium and only 5% of
the thorlium was found to extract with 36 mmoles of antipy-
rine in chloroform. The uranyl-antipyrine complex 1ip

soluble in nitrobenzene, but not very soluble in hexone.

AT~
7\
Tropolone, .L§
Yol 0
OH

The extraction of U(VI) and Th from 0.1M perchlorate
solutions by 0.05M tropolone in chloroform is gilven as a
function of pH in figure 64,230 The pH of 50% extraction
for U(VI), Th, and Y under the above condltlons 1s approxi-
mately 0.9, 1.1, and 4.0, respectively. Less than 50%
lanthanum 1s extracted et pH 6.5,239

Dvrssenéil reports the extraction of a uranium (VI)-
beta=-1sopropyl tropolone complex with chloroform and hexone.

Ion Exchange.. A number of articles are avallable 1n
which the behavior of uranium toward ilon exchange resins
18 reviewed and in which reference to much of the lltera-
ture 18 glven. Hyde,§§2 Katz and Seaborg,g Choppin,éEg
Palei,lgz and Kuznetsov, gﬁ_gl.ggg have reviewed the lon
exchange of a number of the actlinlide elements including
uranlum. Stesle and Tavernerlgg have outlined several
anlon exchange separations of uranium. Clegg and Foleyéii
have descrlbed the use of lon exchange reslns ln the pro=-

cessing of uranlum ores.
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Figure 64.
The extractlon of trace amounts of uranium (VI) and thorium
from 0.1M perchlorate solution by 0.05M tropolone in chloro-
form at 25°C.

After D. Dyrssen, reference 530.

In the following paragraphs, the distribution of
uranium (end of other elements) between an ion exchange
resln and a particular solutlon 1s described 1n terms of
the distribution coefficlents, D and Dv' These are deflned

as
D= amount Nﬁf[gram dry resin
amount M+x/m1 solution

and
amount M**/ml resin bed
amount M**/ml solution

The two coefficlents are related by the denslity of the
resln bed, Dv = pD. The coefflclent D 18 referred to as

KD_by many authors.
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QEEQE-EEEE§E§E° Anlon exchange resins commonly uBed
in the radiochemlcal laboratory are the strong base reslns
such as Dowex-) and-2 and Amberllite IRA-410 and IRA-400.
The capaclty of these resins 1is approximately 2.5 milli-
equlvalents per gram of resin. Weak base regins are also

avallable. However, thelr use 18 more limited. These
resins have capacltliep ranging from about 6 to 10 milli-

equlvalents per gram of resin.

Splvey, gg_g;,éﬁi have investligated varlous factors
such as resin capaclty, resin phase volume anion adsorption,
etec, That affect the sorption of uranium. Triviaonno232
has made a llterature survey of factors that 1nfluence the
adsorption and elutlon of uranium by and from strong base
anlon exchange resins. These are slmilar to the factors
influencing solvent extractlion and include, other than
those already mentloned, uranium concentration, anien con-
centration, pH, the presence of other metalllc ions and
forelgn anions, temperature, resin size, poroelty, cross-
linkage, etec.

The various systems from which uranium may be adsorbed
by anion exchange resins are described below. The resin
may be converted to a particular anionic form by washing
with an appropriate solution.

Chlorlde systems.

Kraus and Nelsonégé have measured the dilstribution
coefficlents for a number of elements between a strong base
anion exchange resin (Dowex-1, 10% DVB, =200 mesh) and
hydrochloric ac¢id solutions of varying molarity. Thelr
results are shown in filgure 65. The results of Marcus,iéz
obtalned under conditions similar to those used by Kraus
and Nelson,§§§ are glven in figure 66. The concentrations
of the varlous elements used in the study by Marcus were

such that the oxldatlon gtates could be determlned spectro-
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Figure 65. Adsorptlion of elements from hydrochloric acid solution with anion exchange

resin (quaternary amlne polystyrene divinyl benzene resin,-200 mesh, 10% DVB).
K. A. Kraus and F. Nelson, reference 536.
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Figure 66.
Adsorp_tion of elements from hydrochlorlc acld solution with
Dowex=1 anion exchange resin (10% DVB).
After Y. Marcus, reference 537.
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photometrically. No adsorption of Np(V), Pu(III), or Am(IIT)
was found. The data presented by w1sh2§§ for the adsorption
of various elements by Dowex-2 ( x8,200-400 mesh) 1g repre-
sented in figure 67. Ward and Welch232 have studled the
distribution of neptunium 1in varlous oxidation states be=-
tween Amberlite IRA-400 and hydrochloric acid solutions of
varying concentration. Their results show that Np(VI) 1s
strongly adsorbed at >6M HCl, Np(V) 1is exponentially
adsorbed from 3M to 6M HC1 (D increases from 1 to 10), and
Np(IV) 1is simllarly adsorbed from about 6M to 10M HC1l (D
increases from about 2 to 400). Prevot, 93_53.259 have
investlgated the adsorption of U, Pu, Th, Fe, Ce,and Zr
" by anion exchange resin A300D from hydrochlorlic acld solu-
tlons ranging in molarity from 4 to 7. Quantitles of 7 mg
Pu, 6.9 mg U and 5.9 mg Fe per ml of solution and 2 grams
of resin were used in the determinatlion of D. Thelr results
are conelderably different than those Bhown in figures 65-67.
The distribution coefficients of U(VI), and Fe{III) are lower
roughly by an order of magnitude. The distribution coefficient
of Pu(IV) is almost an order of magnitude higher. For Pu(III),
D ip about 0.1 at 4M HC1l and about 1 at TM HCl. Zirconium
adsorption is slmilar to that shown 1ln the figures. Thoplum
and cerium are poorly or not at all adsorbed.

Korkisch, et a1.2%123%2 naye found the distribution
coefficlent of uranium between Dowex-1 and hydrochloric acid
solutions to increase with lnereased alcohol concentration

. *
of the solution. With 80% ethanol, D 1s increased from about

40 to 6000 as the HCl concentration is increased from 0.2M
to 2.4M.2%L The distribution coefficlent at 2.4M HC1 without
alcohol 1s about 40. Alcohol also increases the adsorption

of thorium, titanium, and zirconium. The distributlion co-
* 95% alcohol denatured with benzene 1s considered 100% alcohol.
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Filgure 67.
Adsorption of elements from hydrochloric aclid solutlon with

107! Lok

Dowex-2 anion exchange resin (x8, 200-400 mesh).
After L. Wish, reference 538.
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efficlents of these elements vary roughly between 1 and 10
from 80% alcohol solutions contalning HC1l in the range of
0.2M to 2.45.—5-4—2-

Numerous geparatlions of uranium from other elements
are posslble using hydrochleric acld systems. The more ob-
vious ones are those 1n which uranium 1s adsorbed and the
other element is not. Consideration of figure 65, indlcates
that uranlum can be separated from alkali metals, alkaline
earths, aluminum, yttrium, rare earths, actinium, and thorium
by adsorption as uranium (VI) on g strong base anion ex=-
change resin from a concentrated hydrochloric acid solution.
Trivalent actlinlde elements are not adsorbed from hydro-
chloric acid solutions. Plutonlum 18 eluted as Pu (IIT) with
12M HC1l contalning hydroxylamline hydrochloride and NHuI,
NHuI alone, or HI. Separations may be made by adsorption of
the contaminating element and elution of uranium with dilute
hydrochloric acid. For exsmple, molybdenum 18 adsorbed ffom
0.1M Hc1.2%3 Bismuth is also adsorbed from dilute (<1M)
HCl.éE&ié&é Other elements that show strong adsorption from
dilute HC1 include many of the transition metals, tin,
tellurium, and polonium.ééé Kraus and MooreéEé have effected
the separation of protactinium and uranium by adsorbing them
from 8M HC1 on a column of Dowex A-1 resin and developing
.the column with 3.8M HC1l. Protactinium appeared first in
the eluent, separated from uranium. The uranium fraction
contained; however, a falr amount of protactinium 'tailing'}

Advantage may be taken of the different distribution
coefficients exhibited by ilons in varlous oxidatlion states
to effect thelr peparation from uranium. Iron reduced to
ferrous lon by hydrogen 1odide§&1 or ascorblec a.c:!.df:i&g is
separated by elution with 4M HCl. U(IV) may be separated
from Pa(IV) and Th(IV). U(IV) 1s adsorbed by Amberlite
IRA-401 (100 mesh) and Dowex-1 (100-200 mesh) from >8M HC1.
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Neither Pa(IV) mor Th(IV) is adsorbed from 6M - 12.6M HC1.2%9
The elutlon of Pu(III) by 12M HC1l from strong base anion
exchange resln has already been mentloned. Wish and ROWelléég
have effected the peparation of Th, Pu, Zr, and Np from U
by elutlon wlith hydrochloric acld 1n a sequence of concen-
trations. The elements are adsorbed on the resin (Dowex-2)
from 12M HCl. . Thorium does not adsorb. Plutonium 1s eluted
in the trivalent state with 12M HCl saturated with hydroxyl-
amine hydrochlorlde and ammonium lodlde. Zirconium is eluted
with 7.5M HC1l; neptunium (IV) with a 6M HC1l - 5% NH,OH - HC1
solutlion. Uranlum 1s flnally eluted with O.1N HC1.

Korklsch, gg_gi.ﬁél have peparated uranium from tung-
stén by means of anlon exchange. The uranium 1s adsorbed
on Dowex 1 resin from a solution containing 20% 4M HC1 and
80% ethanol (volume #). Ascorbic acid 1s used to reduce
any 1lron present. The resln 18 washed with a simllar solu-
tion and uranium 1s elufed with an ether-saturated 0.1M HCl

solution. No tungsten 1ls observed in the flnal eluate.

Fluorlde systems.

Faris222 has reported the adsorption of elements from
hydrofluorlc acld solutions with Dowex-1 anion exchange
resin (x10, 200 mesh). His results are shown in figure
68. Uranlum (VI) adsorption 1 strong from dilute HF
solutions and decreases with lncreased acld concentration.
Separation from elements exhiblting no or strong adsorption
from HF solutions may be achleved by.proper selectlon of the
acld concentration. Elements such as Be, B, Sc¢, Ti, Zr, Mo,
Sn, Te, Hf, Ta, W, Re, and Hg have adsorptibn curves simllar
in shape to that of uranium (VI). Separation from these
elements using an HF pystem should prove difficult to almost
impossible, depending upon the distribution coefflcients in-

volved.
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Flgure 68. Adsorption of elements from hydrofluoric acid solution with Dowex-l anion
exchange resin (x10, 200 mesh). After J. P. Farils, reference 552.



Bhat and Gokhale251 have found evldence for the ad-

sorption of the anlonic specles UOQFS with Amberlite IRA-300.

. HC1-HF systems.

Certaln elements are efficlently separated from uvranium
by anion exchange when a comblned HC1l-HF eluting system 1s
used. Such systems have been studied by a number of work-
erS.éﬁg&iﬁ&:ﬁiﬂ The results of Nelson, Rush, and Kraueéég-
are shown 1n flgure 69. Farils and Brody222 have examined
the distributlon coefficlient D of uranium as a function of
HC1 concentration in the presence of 0, 1, and 8M HF and as.
8 functlon of HF concentration in the presence of O and 0.2M
HCl. The former three curves are similar in shape but decrease
1n magnitude as the HF concentration 1s increased. The pre-
gence of 0.2M HC1l also causeB a decrease 1n magnitude of

the D vs.[HF] curve. However, the shapes of the O and 0.2M
HC1 curves for varying HF concentration are dipsimilar for
HF concentrations less than 4M. =~

Table XXXIV llsts a number of peparations of U from
other elements using HCl-HF elutiné polutions.

Nitrate systems.

The distributlion of uranium between anion exchange resins
and nltric acld solutions has been reported by a number of
workers.é3§A§&9&5&3&5§9&5§1&2§935§g The results of Buchanan

562 . :
and Fari are given in figure 7TO. From the non- or only
slight adsorption of most of the elements from nitric acid
medla, 1t appears that anlon exchange affords an excellent
means for purlfying uranium. Uranlum is adsorbed more ptrongly
from nitrate salt solutions than from nitrle acild solutions
alone.23% 62,563 yith DeAcldite FF resin, the adsorption
of uranium (VI) 1s greatest from A1(N03)3 solutions and de-
creases in the order Ca(NQ), > LiNO, > NH,N0..283 Ethanol

2 3 V3 a

increases the dilstribution of uranium to the resin phase.éﬁl
With an 80% alcoholie solution, the distribution coefficient
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Table XXXIV.

Separation of Uranlum from Various

Exchange Using HCl-HF Eluting Solutions.2

Elements by Anion

a Dowex-1 or =2 anion exchange resin used.
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Elemental mixture Element eluted Eluting solution Reference
W, U W TM HC1-1M HF 555
U 0.1M HC1
U, W, Mo U 0.5M HC1 555
W TM HC1-1M HF
Mo 1M HC1
W, Nb, T1, V, Zr, U, Ta W, Ti, V, 2r TM HC1-4M HF 559
Nb TM HC1-0.2M HF
U 1M HC1-4M HF
Ta 24M HF or iM NH,,C1-~
1M NH,F
Fe(III), U Fe(III) 1M HF-0.01M HC1 555
U 1M HC1
R.E. as Eu(III),U(TV), R.E. 8M HC1 556
U(vI), 2zn(II) u(Tv) 8M HC1-0.1M HF
u(vI) 0.5M HC1
Zn(II) 0.01M HC1
Te(IV), U(VI) u(vr) 3M HC1-1M(to 8M)HF 559
Te(IV) 1M HC1
Th(IV), Pa(V), U(VI) Th(IV) 10M HCl 556
Pa(V) 9M HC1-1M HF
(V1) 0.1M HC1
Pa, U 9M HC1 554
Pa TM HC1-0.11M HF
U 0.5M HC1
-Zr, Np, Nb, U, Mo, Tc Zr 12M HC1-0.06M HF 538
' Np 6.5M HC1-0.004M HF
" Nb 6.0M HC1-0.06M HF
alr dry column and alcohol wash
U 0.1M HC1-0.06M HF
Mo, Te 12M HNOg
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tions with Dowex-1l anlon exchange resin

reference 562.

After R. F, Buchanan and J. P. Farils,

The adsorption of elements from nitric acid solu
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Table XXXV. Separation of Uranium from Various Elements by
Anion Exchange Uslng Nitric Acid Solutlons.

Elemental Resln Element Eluting Solution  Reference
Mixture Eluted
Eu(III), U(VI) Dowex-l Eu(III) 8M HNO3 557
: : U{vI1) 0.2M HNO4
U, Ru Dowex-2 U 1M HNOg 543
Zr, U, Th Dowex~2 Zr Column developed 543
) with 8M HN03. Zr
Th elutes flrst, followed
by U and then Th.
U, Th DeAcldlite FF 6! HNO3 560
(free) U 4M HNOZ
Th H20
U, Th Dowex-1 U 90% methanol-1M HNO3 564
Th 1M HNO4
U, Np Dowex=~1 or U 6M HNOé-ferrous sulfamate - 565
Dowex~-21K hyduezine or semlcarbazlde
Np 0.35M HNO4
Th, R.E., Dowex-2 Th, R.E., conc.HCl-trace HNO3 550
trans=Pu, trans-Pu
.Pu, U, Zr, Np Pu conc.HC1 sat'd with

NHZOH-HCI and NHuI
- conc.HCl(BO%)-conc,HNO3(QO%)

U, Zr 12M HNO3
- conc. HC1l
Np 45 HC1 with 5% NHQOH-HCI

for uranium 18 about 12 between Dowex-1 resin and 1.2M HNO3
solution; for a 40% alcoholic solution, D 18 about 7.

Table XXXV 1ists a number of geparations of U from other
elements using nitrate medla. The last procedure listed in
the table may be revised to include Pa separation. Following
the elution of U with 12!|HN03, in which a small amount of

Ps 18 eluted, the remalning Pa 1is eluted«q&fﬁ 125_HN03-0.1§
HF.220

216



Sulfate systems.

The recovery of uranium from sulfate llquors by anion
exchange methods 1s lmportant lndustrially. Laboratory-wise,
a number of procedures have been:-developed for the determination
of uranium that make use of the adsorbablllty of the anionic
uranyl sulfate complexes. The nature of these complexes has also
recelved considerable studygglzéélééz (see sectlon on complex ions -
The distribution of uranium between anlon exchange resins and
sulfate medla has been reported by a number of 1nvestigators.é§§L
EEQLEEQLEEZLEQELEQQ-The results of Bunney, gE_g;.éii are glven
in figure 71. Strontium, yttrium, cerium, and americium do not
show any significant adsorption by the resin (Dowex-2) at any
acld concentration.éii The distribution coefficilent of Pu(IV)
18 approximately twlce that of U(VI) in the acid range of 0O
to 10N }12804.5-2g The adsorption of uranium (and thorium) from
solutions of (NH4)2804 18 simllar to that from H,80,. The
decrease in adsorption 1s less rapld, however, with 1ncreased
ammonium sulfate concentration than with sulfuric acid.éééléél’
§§§ The adsorption of uranium from sulfate solutlon exhibits
a pH dependence (D ilncreases as the pH 1s increased from 1 to
4) which decreases as the sulfate concentration 1s decr’eased.—5--3i
The distribution coeffilclent of uranlum between Dowex-1 resin
and O to 1.2N sulfuric acld solutlons 1s one to three orders of
magnltude greater from 80% ethanol solutions than from aqueous
aolutions.éEl

A number of procedures have been developed for the separa-
tion of uranium from varlous elements by anlon exchange 1n
sulfate solutlion. These generally lnvolve the adsorption of
the uranyl complex from a sulfate solution at pH 1 to 2 from
which the foreign element is not adsorbed. After thoroughly
washing the resln bed to remove lmpurities, uranium 1s eluted
with a dllute solution of hydrochloric, nitric, or perchloric

acid. Mixtures of elements that have been or may be separated
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The adsorption of elements from sulfuric acld solutions with
Dowex-2 anlon exchange resin (xz8, 200-300 mesh).

After L. R. Bunney, N. E. Ballou, J. Pascual, S. Foti, feference
543. '
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from ﬁranium by procedures similar to the one described include

am, Th;223 pe, 1, Mg;2%2 pe, v;312 zn, N1, Co, C4, Mn, Cu, Fe,
alkall metels;3IL zr, Ce, Cs, Ag, Ca, v;2I2 B1;513 R.g, ;543,571,574
and metals contalned In ores.éIEEéIQ-The literature references

should be consulted for exact experlmental condltions.

Carbonate systems.

Uranium 18 recovered from carbonate leach liquors by anilon
exchange 1n 1industrial operations. Its anlon exchange bshavior
1s similar in carbonate solutlon to that in sulfate solution.
That 1s, the distribution coefficlent 1s decreased with increased
carbonate concentration. This is 1llustrated in flgure 72 for
ammonium carbonate |solu1:‘.l.ons.éz2 A gimllar decrease in D 1s
observed for increased sodlum carbonate concentration.éég The
distribution coefflcient 1B also decreased by a decrease in pH
of the solution. The ilncrease in bicarbonate concentration at
the lower pH interferes wilth uranium adsorption. Other anlons
such as sulfate; nitrate, and chloride may also lnterfere with
uranium adsorption from carbonate solutlon. To prevent gaessing
with carbon dioxide, uranlum 18 eluted with salt solutiomsrather
than aclds. -

Vanadiumézé and phosphate and molybda.t:e—5--'-zg have been separated
from uranium in carbonate solutions by anlon exchange. The im-
purities are adsorbed on the resin together with uranium and
eluted with a 10% NagCOg solution. Uranium 1s eluted with a 5%
NaCl solution.

Phosphate systems.

The distribution of uranium and other elements between Dowex-
2 anlon exchange resin and phosphoric acild solutions is represented
in figure 73.-512 M:ar'cus—g-l has studled the Dowex l-uranyl phosphate
system. His distribution coefflclents are lower by factors of 2

to 50 at 0.1M HyPO, and 3M HgPO,, Tespectively,2[2 than those shown
in figure T3.

219



a 2
o
o
-
|
0 |
0O 2 04 06 08 1.0 1.2
CONCENTRATION OF AMMONIUM
CARBONATE (M)
Plgure T72.

The adsorption of elements from ammonlum carbonate solu-
tlions with Dowex-l anlon exchange resin (x8, 50-100 mesh). After

S. Misuml, T. Taketatsu, reference 575. Condltions: Amounts taken,
&18’5‘1, 11.7 mg (BeO); Cel+, 7.3 mg (Cedp); Thi+, 26.9 mg (Thop); and

y 61.0 mg (U308 . 1 gram of resin and 200 ml of solution 1n con-
taft 12-20 hours at 20°C.
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Figure T73.
The adsorptlion of elements from phosphorlc acid solutions with
Dowex=2 anlon exchange resin (x8, 200 mesh).
| After E. C. Frelling, J. Pascual, and A. A. Delucchl, reference 579.
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Separations between uranium and the rare earths (Ce3+,
Ce4+); alkaline earths (Sr2+), alkall metals (Cs¥), and tellurium
are possible usling Dowex 2'H3P04 syétems. The 1atter.separation
has been used by Wishégg who loaded a column of Dowex-2 resin
from a 0.1N H3P04 solution. Tellurlum passed through and
yranium was adsorbed. The column was then converted to the
chloride form w1fh cqnéentrated hydrochloric acld and uranium
was eluted with 0.1M HC1l - 0.06M HF. An alternative method
involved loading the column from cbncentrated HCl. Tellurium
was eluted with 1.0N H3P04 after washing the column with an
alcoholic phosphoric solution. The coluﬁn was then washed with
an alcoholic HC1 gas solutlon. Uranium was eluted with a 0.1M
HC1 - 0.06M HF solution and.molybdenum with 12M HNO,.

Miscellaneous systems.

Uranyl lon forms an anionic complex with acetate lons at
pH 4.25 to 5.25. The complex has been adsorbed on Amberlite
IRA-400 strong base resin in the determlnatlion of small amounts
of uranium in stones and natural waterspégllégg—

Uranium is also adsorbed on Amberlite IRA-400 resin as an
ascorbate complex.ég;tégi Thorium, titanlium, zirconlum, tungsten,
and molybdenum are also adsorbed.

Uranium complexed with sulfosallicylic acld has been
Beparated from Zn, Cu, N1, and Cd.22 The latter are complexed
with EDTA. The pH of the solution 18 kept between 8 and 10.
Separation has been made on Amberlite IRA-401 and Dowex-l regins.

The.uranyl cyanate complex formed by adding potassium ‘
cyanate solution to a uranyl salt ls adsorbed by Dowex=l anién
exchange resin.ééé Uranium is eluted by a dllute hydrochloric

acld solutlon.

gggion egggag§g; Although a number of separations of
uranium from various elements have been reported in the litera-
ture, the amount of quantitatlive data reported 1s rather meager.

Hardyégz has summarized much of -the data available on the dils-
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tribution of uranium between cation exchange reeins and nitric
and hydrochlorlc acid solutions. HI1B curves are reproduced in
figure T4. Distribution coefficient curves for other actinide
elements: Th, Pa, Np, Pu, are glven for comparison. Prevot,
e_til.ﬁ have published the distribution curve for uranium
between cation exchange resin C.50 and nitric acid solution.
Its shape and magnitude are simllar to that shown for the Zeokarb-
225-HN03 system in figure 74. Ishimori and Okunozé§ have found
that increasing amounts of methanol 1in nltric acid solution
(0.18M) increase the distribution coefficlent of uranium for
Dowex=50 resin.

The elutlion peak positions of a number of ions lncluding
uranium (IV) and (VI) are given in figure 75 for various hydro-

chloric acld concentrations. The condltions under which the

peak posltions were determined are described in the flgure
captlon. Ionescu, et a_'I..§§§ have studled the effect of acetone
on the distribution of several elements between catlion exchange
repins, KU-2 and R-21, and dilute hydrochloric acld solutidns.
For fixed hydrochloric acld concentrations of 1, 2, and 3%,
maximum uranyl distribution coefficlents were found between

60 and 80% acetone soluflons. For U4 and 5% acid solutions, D
was found to be conslderably lower than for the more dilute
acld solutions.

Ishimorl and Okun'oEég have investigated a number of catlon
exchange saystems other than those already noted. Some of thelr
results, D versus sodium sulfate, s¢odlum acetate, and oxalilc .
acld concentration, are 1llustrated in figure 76. The adsorp-
tion of uranium by Dowex~50 from solutions of hydroxylamine
was found to be pH dependent. Ag the pH of the solutlon was
increased, a sharp decrease In D was observed between pH 5 and
6. Uranyl ion was not adsorbed by Dowex-50 resin from carbonate
solution.

Knopkar and De§§2 have lnvestigsated the behavior of
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Figure Tk.

The adsorption of uranlum and other actinlde elements by cation

exchange resins from nitric and hydrochloric acid solutlons.

After C. J. Hardy, reference 587.
The curves present the data of the followlng investigators:

c. J. Hardyé)D. Scargill, J. M. Fletcher, J. Inorg. Nuclear Chem.

1, 257 (1958): Th(IV), Pa(V), U(VI)=-HNO.

K. F. Sculz, M. J. Herak, Croat. Chem. Acta 29, 49 (1957):
Th(IV)-HC1. _

R, M, Diamond, K. Street, Jr., G. T. Seaborg,-d. Am. Chem. Soc.

6, 1461 (1954): u(vI), Np(Tv), (v),(vI), PulrII),(IV),(VI)-HC1.
. Ward, . G. A. Welch, Unpublished data, U.K.A.E.A., Winddcale:
Np(V), (VI)-HNO3. o
I. Prevot, P. Regnaut, Progress In Nuclear Energy, Serles III, 2,
377 (1958): Pu(III),{Iv)-HN03.
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VOLUME OF ELUTRIANT

Flgure 75.

Elution peak posltions of varilous lons with 3.2, 6.2, 3.3,
and 12.2M HCl1l from Dowex-50 catlion exchange resin. Elutrilent
volume glven in drops.
After R. M. Dlamond, K. Street, Jr., and G. T. Seaborg, refefence
591.
Condltions:

Dowex~50 resin, HR form, 250-500 mesh, settllng rate

gpproximately 0.5 om/min.

Column, 10 cm long x 1 mm dlameter.

Flow rate, approximately O.l cm/min.
Room temperature.
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Figuré 76. The adsorptlon of urani um by Dowex-50 catlon exchange
resin from solutions of sodium sulfate, sodlum acetate, and oxallc
acid. After T. Ishimorl and H. Okuno, reference 568.

Conditlons:

Sulfate - 0.5 g resin, NaR forms 5.4 mg U/25 ml; NapSOy-
NaNO3 mixed solution, {Nal = 0.30N. :
Acetate - 0,5 g resin, NaR form; 5.4 mg U/25 ml; NaOAc-
NaNO mixed solution, [Nal = 0,16N.

éc acld - 0.5 g resin, HR for'm_7 10.8 mg U/25 ml.
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uranium (VI) on Amberlite IR-120 cation exchange resin with
hydrochlorlic, nltrie, sulfurie, acetic, citrie, and perchloric
aclds. Uranium (1.7 mg) adsorbed on a resin bed (1.4 x 14.5
cm) was eluted with 200 ml of various eluants. Uranium wag
quantitatively recovered with 2-4M HC1l, 2-4M HNO3, and 1-2M
H,80),. Uranium was incompletely recovered with 1M HC1l, 1M
HN03, 2M HC10y, 2M acetic acid, and 2-5% cltric acild.
 Sullivan, et 21.222 have investigated the distribution of
uranlum between Dowex-50 lon exchange resin and perchloric acid
medla as a functlon of time and bisulfate lon concentration.
Table XXXVI lists a number of separations of uranium from

various elements that have been achleved by catlon exchange.

4, Chromatography. The subJect of paper and cellulose chromatography

for the separation of uranium has been reviewed by Roddenlgg and
198

by Steele and Taverner.—=— Work of Soviet sclentists 1n the
field has been reviewed by Paleiigl and by Senya.v:l.n.élg References
to much of the literature may be found in the review article by

Kuznetsov, Savvlin, and M:I.khza.:l.lov..—e-gg Books by Polla.r-c’l—s--lg and by

B1aaius§li Include chromatographlc separations of uranium.

One of the most successful separations of uranium by fllter-
paper chromatography makes use of the solvent, 2-methyltetrahydro-
furan.812 of thirty-one metals tested, only ruthenlum and rho-

106_ g, 106

dium, measured as Ru , and tungsten (w185) were 1in-
completely separated from uranium (U233). The results for tin
(Sn113) and antimony (Sblau) were ilnconclusive and the behavior
of mercury (ngo3) was similar to that of uranium.

An example of the use of cellulose columns in combination
wlth organle solvent for the separation of uranium is that gilven
by Burstall and Wells.élé An ethereal solution cecontalning 5
per cent v/v of nitric acld 1s used to extract uranium from a
cellulose column. The nitrates of the alkall metals, alkaline

earths, rare earths, Cu, Ag, 2Zn, Cd, Al, In, T1, Ti, Hf, Ge, Sn, Y,
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Table XXXVT.

Elemental mixture

g,
U,
U,
U

2

a 4

g & &

-

i d
o

=

-

-

-

Qa d d g d

O

P

F.P.(Cs,Sr,Y,Ce)
F.P., Pu

F.P.
La

Eu

Ce, Eu, Y

R.E,

R.E,

Fe, Cu, Cd, Ni,

F} olre

Element eluted + eluting agent

U-1.70M HO1; Th-1.1M (NH,),COq

U, Th-90% acetone, 5% HC1, Hy0 (U eluted first)
U-1M HC1; Th-3M H,S0,

U=dil. HCl; Th-complexing agent (Hsoz)

U-2M HC1; 0.5M H,C,0,

dllute HNO3

U-0.1 to 0;4& H2304; Th=0.5M H26204
U-dil. HC1l: Np(IV)-complexing agent

gdsorb from 1M HNO3; eluted Np ahead of U with
2M HNO3

Sr-0.1M HC1; Ce,Y=1M HC1; U-6M HC1; Ca=5M NH,C].

adsord from uranyl nitrate sclublon at pH 1l-3;
0-0.2 to 0,3M Ho80y;: F.P.-phosphoric aeld and
1M HNOg; Pu-D.BH H3P04 and 1M HNO

F.P.-3% NeoEDTA ; U-3% NaOAc, 0.25M Na.2003

La-0.06% Na EDTA, pH 4.0; U-3% NaOAc, 0.25M NayCOq

U=0.75M H,80,; Eu-6M HC1
U-1M H,C,0;; Ce, Eu, Y-5N HC1
R.E.~Na EDTA

U-2.5M HF

U, Fe,Cu-0.5N HyCoOL; Cd,N1,Co,Mn-iN HC1;
R.E -5% ammonium cltrate

Separation of Uranlum from Various Elemente by Cation Exchange.

Resin Reference

Amberlite IR-=120 592
KU-2 588
Amberllte IR-120 589

phenol <fgrmpldehyde 593
type

Wofatit KS 594
Amberlite IR-100
alginiag scid 595
Wofatit KS

596

Amberlite IR-120 597
Amberlite IR=120 - 597

zirconium phosphate 598

sulfonated phenol 599
formaldehyde type

godium dialkyl 600
phoasphate
sodium dlalkyl 600
phosphate
Dowex=50 601,602

Amberlite IR-120 603
Amberlite IRC-50 604
Dowex-50 605
Amberlite IR-120 606



622

U, FegIII), Co(II),
Cu(II

U,Fe(III)

" U, Co, Cu, Ca

U, ¢d
U,Th,Ac,B1,Ra, Pb
U, many lons

U, many lons

U, 2Zr, CegIII),Cu,
Ni, Hg(II

U, phosphate

Fe,Co,Cu-2% Na,EDTA, pH 3.0; U-3% NaOAc, 0.25M

Na2CO
U,Fe-0.8M HC1 (U eluted first)
adsorb from 0.1M HNO3; Co, Cu,

Ca-0.2M HNOg;

U-resin removed from column and washed wilt

0.25M Na,C04
Cd-0.5N HC1
U,Th,Ac,Bi-5% H,C,0y

forelgn 1ons-EDTA (Na salt)$. PH 7. U-H,S0,

forel

U-3N H,50,

Zr as anlonic oxalate complex
anionic EDTA complexes, Hg(II

ions-EDTA (Na salt;, (a)p.. L.7-1.9
or (b} pH 5.5-7.0 following Fe(OH)3 precipitation;

Ce(IITI), Cu, Ni as
as anlonlc lodlde

complex are not adsorbed; U-UM HC1
phosphate (Na2HP04) not adsorbed; U-4M HC1

F.P. [=] flssion products.
R.E. [=] rare earth elements.
EDTA [=] ethylenediaminetetraacetic acid.

godlum dilalkyl
phosphate

Lewatit S100

dlalkyl-
phosphorlic acild

Dowex~50
KU-2
Amberlite IRC-50

(a)KU-2 or (b)
Amberlite IRC-50

Amberlite IR-120

Amberlite IR-120

600

607
600

608
609 -
610
611

589
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Pb, Nb, Ta, Cr, W, Te, Mn, Fe, Co, and N1 remaln statlonary or
move only slightly. Gold reduced with_FeSOu 1s retalned by the
column. Mercury (II), selenium, arsenic, antimony, and bismuth
move less rapidiy through the column than uranium. Cerilc nitrate
1s extracted as are thorlum, zlrconlum, and scandium nltrates.
Cerium 1n the III-state 1s not extracted. Thorlum extraction
1s sensitive to the acid concentration. Zirconlum extractlion 1s
inhibited by phosphate, sulfate, oxalate, and tartrate 1ions.
Scandium extraction 1s also inhlbited by tartrate lon. Tin 1s
precipltated as meta-stannic aclid. Large amounts of tin may be
first removed by volatllization as the lodide. Vanadium 1s re-
talned 1f peroxides are absent. Ferrous sulfate reduces vana-
dium to an immobile sglt. Phosaphorlc acld is extracted. Ferrlc
nitrate inhibits the extractlon of this acld. The behavior of
molybdenum 1s complex. Iridium and rhodium are not extracted.
Traces of ruthenium and platinum may be found in the eluent.
Palladium 18 extracted. Reduction of platinum and palladium
with FeSOu results 1n retention of bulk amounts by the column.
Small amounts of sulfate do not interfere with the extractlion of
uranium. Sulfuric acid 1ls retained by the column under normal
conditions. Halldes lncrease the extractlon of other elements,
€.g.,Au, Sn. Under normal conditions, HCl i1s retained in the
colum; HBr, HI, bromlne and lodine move slowly down the column.
Molybdenum and arsenlc may be adsorbed by the use of activated
alumina in conJunction with cellulose.éll

The use of slllca gel columns combined with organic solvents,
dibutyl carbitol and tributyl phosphate, and nitric acild have
been used for the separation of uranlum and plutonium.élg&élg

A non-lonic phosphorylated resin, dlethyl polystyrene-
methylenephosphonate, may be used to separate uranium (VI) from
iron (III), ianthanum, zlrconium, nioblum, thorilum,and mixed
flssion produc:ts.égg Uranlum 1s adsorbed by the resin from 2

per cent solutlons of dibutyl phosphorlc ecld. The other elements
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are not absorbed. Uranium 1s eluted with a dimethyl formamlide-
benzene solution.

The feasibllity of using tributyl phosphate gels for the
separation of uranium from 1lron (III) and thorlum has recently

been demonsi;:c-a.ted..—6-gl

5. Volatilizatlon. Uranium may be separated from many elements by

iractional distillatlon of the volatlile compound, uranium hexa-
fluoride. This method of separatlion has been applled to the
recovery of uranium from lrradiated fuel elements. Katz and
Rabinowitzl have reviewed many of the early methods for the pre-
paration of UF6: fluorination of various uranium compounds with
elemental fluorine or cobalt trifluoride, disproportionation of
UF5 which results 1in both UF4 and UF6, and the reactlon between
UF4 and dry oxygen which results in U02F2 and UF6. The latter
two methods are not very practical from an analytical standpoint.
Other fluorinating agents that form UF6 Include cerlc fluoride,
manganic fluorilde, sllver difluorlde, halogen fluorides (e.g.,

BrF. and ClF3) and fused metallic fluorides. Most elements

3
form fluorides under the conditlons that UF6 1s obtalned. How-
ever, only a small number of these fluorides are volatile. Hyman,
EE_él:; have published a table of some 26 elements having fluorides
with boiling or sublimation polnts of 550°C or less. Included in
thls group are the fluorides of boron, silicon, phosphorus,
vanadlum, sulfur, tungsten, bilsmuth, plutonium, and the fisslon
products, germanium, arsenlc, selenium, nioblum, molybdenum,
ruthenium, antimony, tellurium, and lodine. The boiling point
of.UFs 18 54.6°C. Non-volatile fluorides from which uranium 1s
readlly separated include those of the alkali metals, alkaline
earths, rare earths, Fe, Co, N1, Ag, Al, B¢, Mn, T1, Pb, Zn, Cu,
Hg, Cd, and Zr.éi&égg

Uranium does not form a volatlle compound by 1nteraction

wlth anhydrous hydrogen fluoride. Materials such as Nb, Ta, As,
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Sb, S1, Te, Se, etc. do.éi The oxlides of tltanium; tungsten,
and molybdenum react slowly with HF. V'205 and VN also react
slowly. VO, v§04 and V20 are not volatil;!.zed.ii Rodden and
Uarf-ii descrlbe a procedure that makes use of both anhydrous
hydrogen fluoride and fluorine in the separation of uranium.
Possible contaminants of the separated UFg include Cr, Ta, W, Mo,
or V.

Uranium hexachloride and uranium (IV) borohydfide_are
volatlle compounds for which procedures might be developed for
the separation of uranium.

Uranilum may be separated from arsenic, antimony, bismuth,

selenium, and tin by volatilization of the latter elements with
a mixture of hydrobromic acld and bromine.lgg

6. Electrochemical methods. The electrolysis of dilute sulfuric acid

solutioné with a mercury cathode results 1n the quantitative
deposition of Cr, Fg, Co, N1, Cu, Z2n, Ga, Ge, Mo, Rh, Pd, Ag, Cd,
In, Sn, Re, Ir, P{, Au, Hg, and T1l 1n the cathode.gli Arsenloc,
selenium, tellurium, osmium, and lead are quantitatively separated
from the electrolyte, but are not quantitatively reposlted in

the cathode.gli Manganese, ruthenlum, and antimony are incom-
pletely separated.gl; Uranlum and the remalning actinide elements,
rare earth elements, the alkall and alkaline earth metals,
aluminum, vanadium, zireonlum, nloblum, etc. remaln in solu-
tion.glé- Ca.ato§gi and Rodden and 1'\Ya.rf-3-i have revliewed the effects
of many varilables in the electrolytic separation of the above-
named elements from uranium. According to Rodden and Warf,gi
optimum conditlons for the purificatilon of uranium 1in sulfﬁric
acld solutlons with a mercury cathode are: electrolyte volume,

50 ml; free sulfuric acld concentratlon, 1N; current denslty,

as high as practicable with the glven acld concentration (about

10 amp maximum); anode, flat platinum spiral or grid Just

making contact with the surface of the electrolyte; cathode area,
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ag large as practicable; stirring, surface of the mercury cathode
18 stirred rather rapldly; temperature of electrolyte, between
25° and 40°C; mercury for the cathode, pure; anions, chloride,
nitrate, and phosphate lons should be absent, or present 1n
only small amounts.

Uranium may be deposited electrolytlcally at the cathode
of a cell from a.cet:a.te,égi*:éél ca.rbona.t:e,égg oxalate,§§§:§3§
for'ma.t:e,é-32 phosphate,éig fluoride,éggléil and chlorideéig
solutions. ' Many of the uranlum electrodeposition procedures
have been developed 1m an effort to prepare thin, uniform films
for alpha and fissilon counting rather than to separate the ele-
ment from any particular impurity. However, in the work of
Smith and co-workerségi&égé and Coomanségz uranium was separated
from alkall and alkaline earth metals and zlnc. Cast:c:é-e--1 and
Rodden and Wa.r-f:}-i review much of the material pertinent to the

electrodeposition of uranium.
Electrodlialysls has achleved a certain amount of lmportance
in the recovery of uranium from leach liquors. In a review ar-

ticle by Kunin,éig the followlng cells are presented for con-

slderation:

(-) cathode anion permeable membrane anode (+) (1)
U02(N03)2 NH4N03
H2804
NH4N03

(-) cathode anion permeable membrane anode (+) (2)
U0280 3 H280 5
H2804
H3P04

(-) cathode anion permeable membrane anode (+) (3)
U0,C1, NaCl
NaCl
H2804
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(=) cathode | anlon membrane| NaCl [cation membrane| anode (+) (4)
U0,C1

NaCl e

H,S0,

(=) cathode cation permeable membrane ahode (+) (5)
2+
yo5™, Na, CO NayCOg
'NaHCO_3

In acid systems (cells 1, 2, 3, and &), the transport of sulfate,
nitrate, and chloride ions to the anode results 1n a removal of
acld and a subsequent lncrease in pH in the cathode compartment.
The uranium, reduced durlng electrolysis, 1is precipltated as

U0, or U(HP04)2. In the alkaline system, the transport of so-

2
dium loneg 1s also accompanied by a rise in pH in the cathode
compartment and uranlium ip agaln preclpltated as the dioxlde or
as a mixture of dloxlide and sodium polyuranate.

The electrodialytic separation of uranium from metals 1n
a complex mixture has been demonstrated by Willard and Finley.éii
An ammonlum bicarbonate solution contalning U, Fe, N1, Cu, Cr,
Zn, Al, Mo, Mg, and Na salts, and traces of other elements was
electrolyzed in a two-compartment cell having & catlon permeable
membrane and a mercury cathode. The solutlon was first made
the catholyte (electrolyte in the cathode compartment) and elec-
trolyzed. Iron (80%), nilckel and copper (95%), tin, and zinc
were removed from golution by deposition. The blcarbonate solu-
tlon was then made the anolyte and electrolyzed at a platinum
anode. All aluminum, molybdenum, ammonium, and slllcon, and some
sodium and megnesium were separated from the uranium by migra-
tion. Uwranium was retalned as the carbonate complex and was
recovered as the oxlde by evaporation of the anolyte.

Other features of the electrodialytlc behavior of uranium
that may be useful 1n 1ts separation and purification are (1)

the retentlon of uranium during electrodialysis from a perchloric
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catholyte using an anlon selective membrane, (2) the dissolution
and separation of 1lmpure UFu, and (3) the feasibillity of .electro-

dlalysis in organic solutions.2**

7. Pyrometallurgical processes. Although pyrometallurglcal or high

temperature processes have been designed primarily for large
scale recovery of fertlle material from irradlated fuel elements,
some of the methods may find ﬁpplication in the radiochemlistry
laboratory. Types of pyrometaliurglcal opersations that have
recelved conslderable attention are(l) distillation, (Z.) salt
extraction, (3-) molten metal extraction, (4 ) oxidative slagging,

(5 ) electro-refining, and(6 ) decomposition of uranium iodide.

These methods have been reviewed by Lawroski.gll

1. Plutonium 1s concentrated by vacuum distillation
from molten uranium at 1500-1800°C.

2. Plutonium is extracted from molten uranium by salts
such as UF, or MgCl,. Uranium remalns in the metallilc
state. Plitonium 18 recovered as & hallde salt.

3. Plutonium 1s extracted by molten metals, puch as
sllver or magnealum, that are immiscible with molten
uranium. Fisslon products are also extracted.

4, Oxidative slagging involves the preferentlal formation
of the most stable oxides by a molten irradlated fuel
element 1n a limited oxygen environment. These oxldes
(rare earths) float to the surface of the molten ma-
terlal and are skimmed off. Other oxldes diffuse into
the ¢rucible and through the slag layer.

5. In electro-refining, uranlum is dlssolved anodically
in a fused salt bath of alkall or alkaline earth halides
that contaln a uranium compound. Noble metals do not
dissolve and are deposlted as anode sludge. Uranium
and chemically simllar materlals are deposited at the
cathode. Alkali, alkallne earth, and rare earth filssion
products concentrate in the salt bath..

6. Uranium 18 recovered as the metal from the thermal de-
composltion of UIu. Zirconlum and nlobium are the principal
contamlnants.

" It is not the purpose of this gection to describe the
techniques involved 1in pyrometallurgical processes. The lnterested
reader may consult the many papers presented in "Progress in
Nuclear Energy, Series III, Process Chemistry,” volumes 1(1956)

and 2(1958), and in the "Proceedings of the International Con-
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ference on Peaceful Uses of Atomic Energy,” volumes 9(1956) and
17(1958).
IV-E Determination of Urarilum

The amount of uranlum in a sample may be determlned by

standard methods of analysis: gravimetric, volumetrie, colori-

34, 191-195,197,198,200,645

metric, spectrophotometric, etec.

.Because of 1ts natural radieactivity, uranium may also be deter=-

mined by counting techniques. The applicabllity, in terms of

masg range, of varilous methods for the determinestion of uranium

1s given in Table XuovII.i32

1. Counting technlques. Principles of alpha, beta, and gamma
646

counting are consldered 1n review articles by Stelnberg,——

Hanna,éiz Deutsch and Kofold-Hansen,éig C:c-outha.mel,-é-&2 and

Jtst.t‘fey.én’s-g All three methods of counting are applicable to

the radlometric determination of uranlum since both alpha- and
beta-emitting lsotopes exist (Section III). Spontaneous fissilon
half=lives have been determined for several uranium lsotopes:
U232, U234, U235, U236, U238. These 1sotopes are too long-lived,
however, to make fisslon counting a practical method for thelr
determination. -

Tonization chambers are most commonly used for the detectlon
of alpha particles. In flgures 77 and 78 are shown the alpha
spectra of U235 and U233, regpectively. The spectra were obtalned
with a parallel plate, Frisch grid lonization chamber using P=10
(90% argon, 10% methane) gas. A multli-channel analyzer was used
in conjunction with the lonlzatlon chamber. Both U235 and U233
samples were prepared by volatilization. Filgure 79 represents
the U233 alpha spectrum obtalned with a surface barfier silicon
solld state detector. Data for thip flgure was taken from the
same sample as that for figure 78. It 1s readlly apparent from
the.two figures that the solld state detector glves much better
resolution of the alpha groups than does the lonlzation chamber.
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Table XXXVII. Range of Application of Varlous Methods for the

Determlnation of U.'ru\iu'l:!.um.é—1

Method Range of application Range of error
micrograms) %per cent)
Neutron actilvation 10"4 - 104 2 to 5
Fluoroscopy 1077 -1 ' 15 to 50
Emission spectroscopy 5 x 1072 - 50 +]1 to 10
Visual chromatography -1 >
on paper 10 - 10

Volumetric (including 5

microvolumetric) methods 1 -5zx10 0.5 to 5
Autoradiography (a emission) M

counting of tracks l-10 1 to 10
Colorimetry M

dlbenzoylmethane 10 - 10 +t]1 to 3

thilocyanate 50 - 5 x 104 1 to 3

H,O0, - HC10, 103 - 107 £1 to 5
Alpha counting.g- 50 - 5 x 103 1 to 10
Polarography 102 - 104 2 to 5
Potentiometry 2 x 102 - 104 +1 to 5
Gravimetric methods 5x 104 - 0.1 to 2

o

|o

Adapted from & table glven by A. Simenguer, reference 199,

50 ug of U238 glves about 20 cpm at 52% geometry. Uranium-

238 may be detected 1n samples having much lower counting

rates than this, depending upon the physical condition of

the sample and the presence of extraneous alpha activity. For
a thin source with low alpha backggggnd, 1l alpha cpm of uranium
should be readily detected. For U thilg 1s the equlvalent

of about 2 ug; for other uranlum lsotopes, the mass 18 even
less.

The data for flgure 79, however, was taken 1n 1000 minutes. The.
data for figure 78 was taken in 10 minutes.

Alpha particles may be counted also by gaseous, liquid,
Plastic, and crystalline scintlllation detectors. The resolu-
tion of these detectors ims, 1n general, less. than lonlzation
chambers and theilr applicatlon more limited. Nuclear emulsions
are used to record alpha activity. Such devices as c¢loud chambers
are generally not used 1n the radlochemistry laboratory.

Geiger-Mﬁller counters, proportional counters, and 1liquid,

. plastic, and crystalline scintillatlon detectors are sultable

" .. for the counting of p -emitting 1sotopes, U237, U23% and U240.
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Figure 77.

Alpha spectrum of a volatilized source of U235 obtalned with
a parallel plate, Frisch grid lonlzation chamber using 90%
argon - 10% methane gas.

D. J. Henderson, Argonne National Laboratory, Unpublished data.
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Figure T78.

Alpha spectrum of a volatllized source of U233 obtalned wlth

a parallel plate, Frisch grid lonization chamber using 90%
argon - 10% methane gas'.

D. J. Henderson, Argonne Natlonal Laborstory, Unpublighed data.
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Flgure 79.

Alpha ppectrum of a volatilized source of U233 obtalned with

a surfece barrier silicon detector.

P. W. Engelkemelr, Argonne National Laboratory, Unpublished data.
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Sodium lodide-thallium activated crystals have gained wide~
spread acceptance as detectors of gamma radiation. The gamma=-
ray spectra of U239, U237, U235, U233, and a uranium ore from
the Belglan Congo are lllustrated in figures 80-84.. The spectra
were measured by Crouthamel, Gatrousils, and Goslovichéig with a
4-inch dlameter x U4-inch thick cylindrical NaI(Tl) crystal.

Not only can the amount of uranium in e sample be determined
directly by measuring the dilsintegratlion rates of the various
1sotopes, 1t can also be measured 1lndirectly by determining the
activity of daughter products. For such a megsurement to be
meaningful, however, the equililbrium condition between the
uranium lsotope and lts daughter must be known.

Information on the radioactlve decay of the uranium isotopes
1s given in Sectlion ITI. Further information on these isotopes
and their daughter products may be obtalned by consulting the
Table ofIIsotopes" complled by Stromminger, Hollander, and
Seaborgéél and the references glven therein. Volumes 8 (1956),
3 (1958), and 28 (1958) of the "Proceedings of the International
Conference on the Peaceful Uses of Atomlc Energy" contaln a
number of articles on the radlometric determination of uranium.
Reference to many more artlcles 1s made 1n the review papers
by 1"iezi.nke..§2-g
2. Sample preparation. One of the most lmportant problems +to

overcome 1ln the detection of alpha particles and in direct
fispion counting 1s the preparation of thin folls or sample
depoelts. Thils subject has recelved conslderable attention

632,647,650,653,654

and has been reviewed by several authors.

Several technlques are available. The simplest and most quanti-
tative is the direct evaporation of an aliquot of a sample. The
dietrlibution of such deposits are generally not very uniform.
This may be improved upon by the addltion of a spreadlng agent
puch as tetraethyleneglycol, TEG. Palnting techniques may be
used to bulld up falrly uniform depcsits of several milligrams
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RELATIVE GCOUNTING RATE

per square centimeter.éééié§§ Uranyl nltrate 1s dlssolved 1in
alcohol and added to a dilute solution of Zapon 1n Zapon thinner
or cellulose 1n amyl scetate. This solution 1s painted over a
metal backing, allowed to dry, and then baked or.ignited at a
sultable témperature. For aluminum backing, temperétures of
550° to 600°C are satlsfactory. For platinum, higher tempera-
tures (800°C) are preferred. The.thickness of the uranium

deposit 18 1ncreased by repeatedly palnting and baking the
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Figure 80.

Gamma-ray spectrum of U239 obtained with a 4-inch diameter x
4-inch thick ocylindrical NaI(Tl) crystal.

After C. E. Crouthamel, C. Gauvrousis, S. J. Goslovich, reference
649.
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Figure 81. Gamma-ray spectrum of U237 obtailned with a 4~inch diameter x Y4-inch thiock

eylindrical NaI(Tl) crystal.

reference

649.

After C. E. Crouthamel, C. Gatrousis, S. J. Goslovich,
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Flgure 82. Gemma-ray spectrum of U235 obtained with a 4-inch diameter x 4-inch thick
eylindrical NaI(Tl) crystal., After C. E. Crouthamel, C. Gatrousis, S. J. Goslovich,
reference 649.
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Figure 83. Gamma-ray spectrum of U233 obtalned wlth a 4-inch dlameter x 4-1inch thick

cylindrical NaI(Tl) crystal.
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Figure 84,

Gamma-ray spectrum of uranium ore from the Belglan Congo obtained
with a 4=inch dtameter x l=inch thick cylindrical NaI(Tl) crystal.
After C. E. Crouthamel, C. Gatrousis, 8. J., Goslovich, reference
649,

Samples of the metastable U235 isomer have been prepared
by electrostatically collecting the recoll atoms of Pu239 1in
air‘éﬁl;éﬁg A negative potentlal of several hundred volts was
applled to the metallic collection plate.

Carswell and Milstedé22 have succeeded in preparing thin
sources by a spraylng technique. The materlal to be deposited
1s dlssolved as the nitrate in an organic solvent (alcohol or

acetone). The Bolution 18 drawn into & fine glase caplllary
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tube and sprayed onto the backing materiel by applying an
electric fleld.

Electrodeposition 18 a generally satisfactory method for
preparing uniform sampleg with quantitative or nearly quantits-

tive ylelds. Uranium has been plated from a variety of solu-
tions: acetate,34i—623’628'631 formate’639 oxalate,62§l6§§'638

carbonate,34 632 fluoride,62 632,64 and chloride.éig A satis~

factory electrolyte for the deposition of uranium is 0.4M

ammonium oxala.t:e.ééi A rotating platinum anode 1s used to stir

the solutilon placed 1n a vertical cylindrical cell. The cell
1s made of glass, luclte, or some other chemically inert material.
The cathode on which the uranium 1s to be depasited is thoroughly
cleansed and made the bottom of the cell. The assembled cell
1s placed in a hot water bath and the temperature kept at about
80°C. A current density of approximately 0.1 amp/cm2 18 used.
The deposltlion 1s influenced strongly by the rate of stirring,
current density, and presence of foreign 1ons.§éi

Vacuum sublimation provides an excellent means for the
preparation of thin deposits of uranlum. The sublimation of
uranium acetylacetonate, U(C5H702)4, has been used. A more
convenlent method is the sublimatlion of uranium oxides. A
uranium salt solution is placed on a tungsten or tantalum ribbon
supported between two electrodes. The solutlon 1ls driled by a
heat lamp or by passing a low -current through the metal ribbon.
The sample backing materlal 1s suspended at a sultable height
above the metal rilbbon. A bell jar is placed over the assembled
unit and evacuated. The uranium 1s volatilized by 1increasing
the current through the metal ribbon. The uniformity of the
deposlt depends upon the distance between the ribbon and the
backing plate. The collectlon efficlency also depends upon
thls dlstance but 1n an inverse manner to that of deposit uni=
formity. Usually a compromlse is made betwsen collection

4

efficlency and sample uniformity. Much of the uranium that 1s
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not collected on the sample plate can be fecovered.from masking
plates and glass chlmneys placed between the fllament and backing
ﬁaterial. The collection efflclency may also be improved by
subliming from furnaces so that the beam of uranium molecules

18 directed toward the backing plate. . The furnasce 1is heated
.by'electron 5ombardment or induction heating.

3. Actlvation Analysis. In activatiop-analysis, a nuclide

irradlated by neutrons, gamma rays, or charged partlcles 1s
transformed into a radloactlve nucllde more easlly detected than
the original one. The amount of origlnal materlal may be deter-
mined elther absolutely or comparatlvely. For an absolute deter-
minatlion,the cross sectlon of the reactlon, the irradlation flux,
and the diBintegration rate of the reaction product must be known
or determined. For comparative analyeis, a substance of unknown
‘mass is lrradiated slmultaneously wlth a similar substance of
known mass. The positions of these two substaﬁces are either
glde by Blde or, if separated, in positlong of like flux. The
reaction product actlvities of the two samples are compared to
glve the relative masses of the starting materials. The com-
pgrative technlque 18, 1in general, much easler to apply. The
uncertalntlies of many varlables are ellminated by relatlive
measurements. _

Aotlvation with thermal -neutrons may be successfully
employed a8 a method'of analysls for--natural uranium, uranium-
236, and the fipslonable lsotopes of uranium. Natural uranium
consists of U238(99.32), 1235(0.72%), ana 123*(0.0057%).%5L The

principal reactiomsof these nuclides with thermal neutrons are:*

38 1 39 E-7 ) 239 g- i 239 _a 35
02+n—»U2 - Np' - Pu Wue"

* .
Half-lives glven below the arrow are taken from the "Table of
Iasotopes,™ reference 651. The value of V for the fission of
1235 1s taken from "Neutron Cross Sections," reference 660.
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u?35 4 nl - Pission Products + 2.47 neutrons,
@34, ol 235,

The amount of natural uranium present 1n a sample may then be
determined from the amount of U239, Np232 or Pu®39 activity -
formed after irradiation. Measurement of the Pu23° gctivity,
however, requlreg elther a falrly large amount of U238, a long
irradiation perlod, or a combination of the two. The amount of
natural uranium may also be determined from the flgsion of
uranium=-235 elther by (1) fisslon counting the sample, (2) iso-

1340 or Tel32*,

lating and counting a fission product such as Ba
or (3) measuring the total gamma activity induced in the sample
by a short neutron 1rrad1ation.§&é Thermal neutron irradiation
of U23% resuits in U235 and 1s of 1little value in the determina-

tlon of natural uranium.

Neutron irradiation of U236 glves U237, a beta-emmiter
having a half-life of 6.75 da.ys.éél It 1s readlly identifiled
through 1ts beta decay, assoclated gamma rays, and half-life.
Uranium-238 irradiated wilth fast neutrons also produces U237,
U238(n,2n)U237. The cross sectlon for this reaction has been
determined with incldent neutron energles from 6 to 10 Mev
and at 16 Mev.§§l

Activation analysis by fisslon counting 1s of value only
1f one ffssioning nuclide 1s present or if the amounts of other
fissionlng nucllides present are known and correctlons .can be
made for them. The game 18 true for the lsolation and deter-
mination of fission products. Uranium isotopes that are
fisslonable with thermal neutrons ﬁogether wilth thelr thermal

neutron fisslon cross sectlons a.1:'e:§§g

y230 25 + 10 barns
ye3l 400 + 300 barns
*The fisslon product nuclides Baluo and Te132 are chosen slnce

they are free from interfering reactions and are produced in
good ylelds.
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y232 80 + 20 barns

U233 527 + 4 barns
=35 582 + 6 barns
U239 14 + 3 barns*

Other than U235, U233 1s the best uranium isotope to determine
by flsslon counting or fission product analysis. Uranium-232
may posslbly be determined in thie manner. The other 1lsotopes
are of such short half-llfe that analysls of thelr own radla-
tions 1s a much better means for thelr 1ldentiflcation.

Excitatlon functions have been determined for a number of
reactions with charged particles or gamma rays incident on
uranlum isotopes. These reactions may be used for activation
analysis. For absolute analysis, it should be pointed out that
(1) the cross sectlons reported are sometimes subJect to con-
slderable error; (2) energy determinations of the incomling
particle or ray are also subject to error; and (3) the reaction
product can often be produced by a number of reactions. Com-
paratlive analysls appears to be a much better method for the
determination of uranium. For gamma-ray (bremsstrahlung) activation,
slmultaneous irradlations in a like flux are falrly easy to
accomplish. The two samples, unknown and standard, are mechani-
cally rotated in the gamma-ray beam. For charged particle
activation, the simultaneous irradiation of twd samples in a
like flux may require some ingenulty on the part of the ex-
perimenter.**

A partial 1list of reactlons between uranium i1sotopes and

charged particles or gamma rays for which excltation functlons

*
Plle neutrons.

*'Because of the short range of charged particles, 1irradiations
are generally made wlth targets attached to or within the
vacuum system of the accelerator. To maintaln the system's
vacuum requirements, to coql the samples properly, and to
irradlate the mamples slmultaneously in a like flux may pre-
sent some difficulty in equipment design.
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or individual cross sections have been determined 1s given
below:

Protons

(P38 (p,)0236 862

Deuterons

U238(d,2n)Np238 663,664
U238(d,4n)Np236 663,664
U238(d,p)U239 664,665
1238(4,;a,pon)yR37 64
et g

U235(d,n)Np236 664,666

1235 (a,2n)NpR35 664,666

U235(d’3n)Np234 664,666
u235(q, 4n)np?33 568

Alpha particles

U238(c:t,n)Pu241

234 (g, n)Np?35 666
v23%(a,2n)Np23% 866
(a,3n)Np?33 86

U233(d,n)Np234 661
1233(a, 2n)Np2B 66T
233(q. 3y 661
U233(d,a.n)Pa230 (174
1233, myh 5L

1235 (a, 5n) pu?3* £69

+ 1238 (a,p)Np2HL B, p2H1 8 235y p)np238 669

1238 (a, 2n) puBH0 E6%
23 3n)pu239 661
U238(a, 4n)Pu238 664,668
123%(a, pn)np? 40 892
v23%(a, pon)Np239 562
1238 (a, p3n)Np238 669
U238(cz,an)U237 569
U238(cz,t)Np239 662
1238 (g py O6;669

U236(a,4n)Pu236 668

U235(a,n)Pu238 664,669
1235(a, 2n) Pu?37 669
U235(a,3n)Pu236 664,669
235 (o0 ) 235 669

Carbon 1lons

238612 40,246 671
123812 gpn)cp2th OI1
U238(012,a4n)0m242 671

Gamma rays, bremsstrahlun

0235 (y,ny0237 S12,673
u238(y,n) SL&
u238(y 5y 612,673,675

(5, g5 853
U235(a,F) ©69

1234 (q, 4 ) pu234 668,670

U233(a,n)Pu236 669
U233(a,2n)Pu235 669
1233(q, 3n) pu23* 889
U233(a,4n)Pu233 669
U233(a;5n)Pu233 669
1233(q,p)Np?30 869
v233(a, pn)Np?35 562
33(a, pan)Np23* 852
1233(q, p3n)Np?33 809
U233(a,F) 669

u233(y,n) ST



The analysls of uranium by activation methods 1s reviewed

by Koch,§1§ who also glves references to much of the literature.

IV-F. Dissolution of Uranlum Samples

l. Metalllc uranium.
HN03. Uranium metal dissolves 1n nitrlc acld to form uranyl

nitrate. With massive amounts of uranlium the rate of dlssolu-
tion 1s moderately rapid.éll The reaction between uranium
turnings, powder, or sintered metal and nitric acld vapors or
nitrogen dloxide may occur wlth explosive violence.ézz Oxldes

of nltrogen are the principal gaseous products in the dissolution

of the metal by HNO The presence of oxygen 1ln the dlssolver

30
system tends to reduce the emlsslon of these oxides.ézg The
rate of dilssolutlon of large amounts of metalllc uranium may
be Increased by the additlon of small amounts of su1fur1c,§12

88l .14 to the nitric acid.

phosphoric, _12;§§_ or perchloric——
Hesou. Hot concentrated sulfuric acld attacks uranium metal
slowly forming uranium (IV) sulfate.ézz Sulfuric acid-hydrogen
peroxide mixtures react slowly with the metal at 75°C forming

682

uranyl sulfate.—— The addltion of small amounts of chloride

or fluorilde to Haso4 - H202 mixtures increases the dissolution
rate.682
H,PO,. Cold 8 1 44
3 y+ Cold 5% phosphoric acld attacks uranium metal slowly.
Concentration of the acld by heating produces a falrly rapid
reaction in which uranium (IV) phosphate is formed. If heated
too long, a chemically lnert, glassy substance 1s formed.

HClOu. Uranium metal is lnert toward cold, dilute perchloric acid.

As the concentratlion 1s increased by heating a polnt 1s reached
at whlch the reactlon proceeds with violence.ézz&égg Oxldizing
agents added to dllute perchloric acld dissolve the metal.ézz
HCl. cConcentrated hydrochloric acld vigorously attacks uranium
metal. Dilutlon of the acld diminishes the attack. But even
with 4M HC1 there is a rapld evolution of hydrogen.282 4
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finely divided, black preclpitate soon forms after dilssolution
begins. This precipitate 1s not dissolved by heating. Only by
the addition of oxidizing agents (hydrogen peroxide, bromine,
chlorate, nitrate, persulfate, dichromate, or ferrig lons) does
the precipltate dlssolve. Gaseous chlorlne, aidéd by small
amounts of irop or iodlne, also oxldizes and solubllizes the
uranium precilpltate. The addition of small amounts of fluosilicilc
acidééglégg-or large amounts of phosphoric a.c:!.d—s-gg to the hydro-
chloric acid prevents formation of the black precipltate during
the dissolution of uranium metal.

HF. The reactlon of hydrofluoric acld with uranium metal 1s slow
even at temperatures of 80°-90°C.ézl The reaction 1s inhibited
by the formatlon of insoluble UF4 on the surface of the metal.
HBr. Hydrobromic acld attacks metalllc uranium in manner

simllar to, but slower than, hydrochloric acid.ézl The black
preclpltate 1s formed.

HI. The reaction between uranlum metal and hydriodlc acld 1s
alow.,éz-1 _

Organic acids. Acetlc, formlec, proplonlc, and butyric aclds
react rapldly with uranium in the presence of hydrogen chlo::-ide.§ZZ
Benzoic acld in ether reacts wilth the metal, formlng the ben-
zoate.ézz Acetyl chloride and acetic anhydride react to form.
uranous acetate.ézz

Miscellaneous solvents. Uranlium 1s dissolved in a number of

media other than acids:34 6 682 solutions of heavy metal salts

(silver perchlorate,égi cupric ammonium chlorideégé or ace--

tatese—s), alkaline peroxide solutions (NaOH-H202 or Na,0,-H,0

solutionségz), solutions of bromine and ethyl acetate,éggdﬁggi

hydrogen chloride and ethyl acetate,égg hydrogen chloride and

682 and nitrogen dloxlde 'and hydroger fluoride.ggg

acetone,

Table XXXVIII denotes qualiltatively some solutions that

satisfactdrily dissolve uranium.égg

Anodic dissolutlon. Metallic uranium may be dissolved elec-~
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trolytically by anode oxidatlon. A varlety of electrolytes
have been_used.égg:égg Satisfactory dlssolutlons have been
682 nitric acid;égl tartaric a.c:l.d,§2l

made with sulfurlic acid,

phosphoric acld contalning nitrate,692 and sodium b:l.carbonate.égl

2. Alloys of uranlum. The ease with whlch uranium slloys are

dlssolved depends largely upon the chemlcal behavior of the
alloylng metal. Larsenégg has reviewed the dissolution of

some of the more common uranium alloys. Table XXXVIII summarlzes
the effect of varlous reagents on these alloys.

3. Compounds of uranium. Table II llsts solvents for a number

of uranium compounds.  General Review references 2, 4, 5, and
7 (Section I) cover the chemilcal properties of these and other

compounds more fully.

Table XXXVIIT. Reagents for the Dissolution of Uranlum and Its Alloys.E

S = satlsfactory N = unsatisfactory

Descriptilion HNO3 ﬁgu?a Nigﬁic- Hgi + ggég Bre- NaOH=~
g ¢ EtoaAc H,0,

U s S S S S S s
U-Zr N N S N N s N
U-Nb N N 38 N N S s
U-Fe S s S s S S N
U-Cr N N N S S S N
U-Ru N S N N N N N
U-Mo N s N S N S S
U-Fissium® N sS N N N N N
u-s14 s s
U-Pu s s N s s s N
2 R. P. Larsen, reference 682.

b Alloys containing from 1 to 3% Zr, Mo, Ru, Rh, Pd, and Ce.

lo

Fluorlde must be added to dissolve Zr.

[o3

Nitric acld dissolutlons leave S1 residue, but nitric-hydro-
fluoric acid dissolutions can easlly lead to volatilization of
fluosillicilc acid.

£ Pu itself 1s not readily dissolved in nitric acid, hydrochloric
acld belng preferable.
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The dissolutlion of uranium oxldes 1s of considerable
interest since uranlum samples prepared as accelerator targets,
for neutron irradiatlons; or samples found in the natufal state
are frequently in the form of oxides. Also, many compoﬁnds of
uranium may be transformed to the oxlde by heating, hydrolysis,

or fusion. All of the oxldes, UO 08’ and UO,, are soluble

U
3’ 3
in_nitric acld, forming uranyl nitrate. UO3 is soluble in other
minersl aclds. U 08 and UO

2
perchloric acidaé— They are slowly dlssolved 1n hot concentrated

are dissolved by fuming with

sulfuric acid.gi The presence of fluoride accelerates this
dissolution.égg- Alkalline peroxlides react with uranium oxides
to form soluble peruranates.34 68

4., Meteorites, minerals, and ores. The extraction of uranium

from natural deposits may be accomplished by decompositlon and
dissolution of the entire sample 1lncludlng uranium or by leach-
ing the uranium from the sample. Grinding and roasting facili-
tate the recovery. Roastling removes organic material. It also
helps form soluble uranlum compounds.

Decomposition of the sample may be accomplished by acid
attack, by fusion,or by & comblnation of the two. Mineral aclds,
individually or 1n comblnatlon, may be used. The presence of
hydrofluoric acld generally alds 1n dlssolution. Ores, sand,
etec. may be fused with sodlum carbonate, so@ium hydroxide,
so&ium peroxide, sodium bisulfate, sodium chloride and sodium
hydroxide, ammonium sulfate, potassium bifluoride, and mag=-
nestum oxide.2+3%209% The melt 1s solubllized in water or acid
and the separatlion of uranlum made by procedufes outlined 1in

Sectlon IV-D. Rodden and Warf;}-i have descrlibed a number of

procedures in which uranium was made soluble by acld attack or
by fusion methods. The recovery of uranium from monazlite sands
has been reported by Calkins, EE_El-égi

Acid and alkallne leaching &'e¢ used on an industrial scale

" for the recovery of uranium from its ores. In acid leaching,
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hydrochlorlc, nltrlc, or sulfurlc acld may be used.l Indus-
trially, sulfurlc acld 1s used because of 1tq economy. Oxidizing
agents (Fe(III),_MhOe, eto.) are used to convert uranium (IV) %o
uranium (VI). A separation of uranium and thorium with an oxalic
aold=-nitric aocld leach solutlon has been reported.égi

In alkaline leaching, various combinations of alkaline
carbonates, hydroxides, and peroxides have been used.: Indus-
trially, uranium is dissolved by alkaline carbonatee as the
U02(003)g' ecomplex. - Oxygen or other sultable oxldants are used-
to convert uranium (IV) to wranium (VI). Hydroxyl ilons are
formed by the dissolution of uranium in carbonate solutions. The
presence of blcarbonate len in the disﬂolving.solution prevents
the precipitation of uranium. The recovery of uranium by acld
and alkaline leaching 1s reviewed in General Review reference
13 (Section I).
5. Blologlcal samples. The determinatlion of uranium in biolo-
g;cﬁl Eamples 18 reviewed by St:eat:m.a.n.é2§ Uranium mey be ex=-
traoted and determined directly from 1liquld samples. The Bample
may also be ashed, as are solld samples, prior to uranium ex-
tractlion. Ashlng ﬁay be carrled out as a wet or dry process.
Wet-ashing ls commonly done wlth a nltric acld solution. Ashiling
may be completed with perchloric acld. However, extreme cautilon
mst be exerclsed when heatlng organlc materilals wlth perchloric
acld. The ashed residue 1ls dissolved in scld and the uranium
determination contlnued from there. Wet-ashing need not be
‘carrled to completion. Analysls may be made upon the sample
after 1t has been thoroughly digested 1n acld.
6. Alr dust samples, Samples of air dust are commonly collected

on filter papers. The uranlum may be dlssolved by digesting
the sample in nitrlc acld solution or the sample may be ashed

and the residue dissolved 1n acld.

256



V. Collection of Detalled
Procedures

A procedure for the determinatlion of uranium may entail
one or more purlfication stepa as outlined 1n the preceding
sections. For ex#mple, uranlium may be separated from lmpurities
by a series of solvent extractions with one or more different
golvents. These may be interspersed with precipitation and/or
ion exchange methods. The procedures described herein have
been gathered from proJeet reports, the.open llterature, and
by private communication. Only a limited number are presented.
They have been selected.because they represent many of the
separation methods already described or because they represent
different problems 1in handling samples: problems of dissolution,
extrﬁction in the presence of high beta-gamma activity, etec.
A number of the procedures described do not make use of the ra-
diometric determlnatlon of uranium. The method of separation
in these procedures, however, 1ls appllicable to radiochemical
~analysls and i1s, therefore, included. A number of papers and
reports describe, in detall, procedures for the determination
of uraniym. Thése should be noted. The work of Rodden and
1;\'a.z'f3-i has frequently been mentioned 1n thils paper. In addi-
tlion %o procedures for the precipitation, solvent extraction,
volatilization, and electrodeposltion of uranium, these authors
have presented a number of selected procedures for the solution
of ores and minerals and the separation and determination of
uranium. Procedures for the analytical,determination in naturally

occurring materlals have also been deperlbed by Rodden and

Tregonning,366 Grimaldl, May, Fletcher, and Titcomb,égz Schoeller
and"Powell,ggg and 1n the "Handbook of Chemical Determination

of Uranium in Minerals and Or-e|=.’..."§2g

The recent publication by
Mooreizl on extractlon with amines contains a collectlon of pro-

cedures, many of which have to do with the separatlon of uranium.
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ROCEDURE 1: Uranlum-237.
Source: B. Warren, LA-1567 (1953) p. 18.

Editor's note: Uranium-237 may be separated from fisslon pro-
ducts, neptunium,and plutonium more easily by lon exchange and/or
solvent extractlion techniques (see, for example, Procedure 7).
The followlng procedure is, however, an excellent example of
uranlium purification by preclipltation methods.

l. Introduction

The significant steps 1n the determlnation of 337 4n ma-
terials contalning fisslon products, neptunium and plutonium are
the followlng. Rare-earth, neptunium, and plutonilum activitles
are removed by appropriate lanthanum fluorlde scavenglng steps
in the presence of hydroxylamine hydrochloride. The latter
reagent serves to reduce both neptunium and plutonium so that
they may be carried down, and also to complex uranium and pre-
vent 1ts later removal 1n 1iron scavenglng steps. Barlum and
zlrconium are preclpltated by barium fluozirconate scavenging.
followlng a cycle of ferric hydroxide scavengling and ammonium
dluranate precipltation steps, uranium is reduced by zinc metal
in hydrochlorlc acld medlum and precipltated, presumably as
U(OH)4,_w1th ammonium hydroxide. The uranium i1s further purified
by alternate conversions to tetrafluoride and hydroxide. 24.1d
Th234(Ux1) which has grown in from U238 1s removed by a zirconium
lodate scavenge and the uranlium 1s converted to ammonlum dluranate.
Uranlum 1s finally plated from nitric acild medium onto a platinum
foll. \After flaming of the foll and welghlng, uranium is beta;
counted as U3°8' Chemical ylelds average 50 to 65%. Quadrupli-

cate determinations require approximately 8 hours.

2. Reagents
U238 carrier: 1 ml contalning 10 mg of (5000/1) uranium. Pre-
paration: Welgh out 1 gm of U metal, dissolve in
conc. HN03, transfer to a 100-ml volumetric flask.
Make up to volume, adjusting the final solution
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PROCEDURE 1 (Continued)

to 3M 1n HN03. The carrier 1s standardlzed by
pipeting 1 ml aliquots into a 000-Coors procelaln
crucible, evaporating to dryness, igniting at 800°

for 45 min, and welghling as U308.

La carrler: 10 mg Le/ml (added aB La(N03)3 . 6H20 in H,0)

Ba carrler: 10 mg Ba/ml (added as Ba(N03)2 in H20)

Zr carrier: 10 mg Zr/ml (added as ZrO(NO3)2 * 2H,0 in 1M HNO

Fe carrier: 10 mg Fe/ml (added as Fe(NO
HNO

303
3)

HCl: conc.

HN03: 1M
HN03: 8M
HN03: conec.

HF: conc.

Hé804: gonc.

HIOg: 0.35M

NH40H: conec.

NH,OH + HCl: 5M

4% aqueous (NHy),Cx0)

Bry: liquid

Zn metal: 20 mesh, granular

Methanol: anhydrous

Methyl red indicator solution: 0.1% in 90% ethanol.

3. Equipment
Fisher burner

Centrifuge

Block for holding centrifuge tubes

40~-ml centrifuge tubes: Pyrex 8140 (10 per sample)
000-Coors porcelain cruclbles (one per standardilzation)
Pt-tipped tweezers

Plpets: assorted slzes
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PROCEDURE 1 (Contilnued)

Stirring rods
Plating assembly: 1 cell per allquot of sample

Source of current - Fisher Powerheuse (D.C.)
wlth varlable resistance 1n serles with cells.

Cell - Brass base (3" x 3") for holding
Pt cathode; 5-mil Pt circular 2" diameter disk (cathode);
gasket (Koroseal-Upholstery 36681) to seal cathode and chimney;
glass chimney, 2" diameter, 4" high, with 4 ears at height of
3"; 1 1/4" steel springs for holding chimney to base; rotating
Pt anode. The cell 1s heated for 1 3/4 hours at 105° after

assembly to lnsure formation of 8eal between glass and Pt.

Water bath for cell - Autemp heater; 6"
crystallizihg dish (for water bath); rubber bad for holding
cell.

4. Procedure

Step 1. Add 1 ml of standard U carrler to an allquot of
sample in a 40-ml long taper centrifuge tube. Dilute to about

10 ml, heat to boiling, and precipitate (NH4)2U2 by .the drop-

%7
wlse addltion of conec. NH, OH.

Step 2. Centrifuge and discard the supernate.

Step 3. Dissolve the precipltate in 1 to 2 ml of 1M HN03,
add 5.4 ml of H,0, 3 drops of La carrier, and 10 drops of 5M
NHEOH « HCl. Allow to stand for 5 min.

Step 4. Add 3 drops of conc. HF and allow to stand for 5
' min. Centrifuge for 5 min, transfer supernate to a 40-ml
centrifuge tube, and discard the preclpltate.

Step 5.. Add 3 dpops of Ia carrler and let stand for 5 min.
Centrifuge for 5 min, transfer supernate to a 40-ml centrlfuge

tube, and discard the preclpitate.

Step 6. Add 3 drops of Zr carrier and 15 drops of Ba
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PROCEDURE 1 (Continued)

carrier. Centrifuge for 5 mlin and transfer the supernate to a
40-ml centrlfuge tube, dlscarding the precipltate.

Step 7. Add 4 drops of conc. H,80, and centrifuge for 5 min.
Transfer the supernate to a 40-ml centrifuge tube and dlscard
the preclpiltate.

Step 8. Add 2 drops of Fe carrier, heat the solution to
bolling, and precipltate Fe(OH)3 by the addition of cone. NH,OH.
Cool the tube under cold H20, centrifuge for 2;1/2 min, and
transfer the supernate to a 40-ml centrifuge tube, discarding
the precipltate.

Step 9. Add 0.4 to 0.5 ml of 1liquid Br, (Note 1) slowly to
slighf excess and boll the golutlon to a light yellow color.
Add conc. NH)OH until (NH4)2U207 preciplitate forms. Cool un-
der cold water, centrifuge, and save the precipltate.

Step 10. Add 1 to 2 ml of 1M HNO, and 10 ml of H,0, heat

3 2
the solution to bolling, and add conc. NH40H to reprecipitate
(NH4)2U207. Centrifuge and save the precipltate.

Step 11. Add 1 to 2 ml of 1M HNO 10 m1 of H,O, 10 drops

3’ 2
of 5M NHQOH * HC1l, and 2 drops of Fe carrler., Let stand for
5 min. Heat the solutlon to bollling and preclpltate Fe(OH)3
by addition of conc. NHuoH. Cool the tube under cold H20,

centrifuge for 2-1/2 min, and transfer the supernate to a 40-

ml centrifuge tube, discarding the precipltate.

Step 12. Repeat Step 9.

Step 13. Add 1 ml of conec. HCl, 10 ml of H20, heat the
solution to boiling and precibitate (NH4)2U207 with conc. NH,OH.
Cool the tube, centrifuge, and save the precipltate.

Step 14. Dissolve the precipltate In 1 ml of conc. HC1l and
10 ml of H,0. Add 2 gm of 2n metal (20 mesh, granular), and
heat the mixture until the solutlion turns brown. Heat 1 addil-

tional minute.
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PROCEDURE 1 (Continued)

Step 15. Let stand untll the vigorous gas evolutlon subsldes
and decant into a 40-ml centrifuge tube. Discard the Zn.

Step 16. Heat the solution to bolling and precipiltate
U(OH)4 (?) with conc. NH,, OH. (The precipitate will be greenish-
black.) Centrifuge and save the precilpltate.

Step 17. Dissolve the preclpltate 1n 10 drops of conc. HC1.
Add 5 ml of H20 and 4 drops of conc. HF; Stir vigorously until
UFu precipltates, add 7 drops of conc. NH40H and stir. Cen-
trifuge 5 min and save the preclpitate.

Step 18. Add 1 ml of cone. HCl, heat slightly, add 10 ml of
H20, and heat the solution.to boiling (the precipiltate should
dissolve). Add conec. NH,OH and precipltate U(OH)4 (?) (greenish-
black precipltate).

Step 19. Repeat Step 17, except that 4 m of H20 are added
instead of 5.

Step 20. Add 1 ml of conc. HNO3 and heat until N02 ceases
to be evolved. Add 10 ml of H,0 and precipitate (NH4)2U207
wlth conc. NH40H. Centrifuge, discard the supernate, and
dissolve the preclpitate in 1 ml of conc. HN03.

Step 21. Add 10 ml of H20, 4 drops of Zr carrier, and 1 ml
of 0.35M HIO3. Centrifuge, transfer the supernate to a 40-ml
centrifuge tube, and discard the precipitate.

Step 22. Heat the solution to bolling and preclpltate
(NH4)2U207 with conc. NH)OH. Centrifuge and discard the supernate.

Step 23. Dissolve the preclpitate in 1 to 2 ml of 1M HN03,

dilute with 10 ml of H20, and centrifuge. Transfer the super=-
nate to a 40-ml centrifuge tube and discard the precipitate.
Step 24%. Reprecipitate (NH4)2U207 by bolling the solution
and adding conc. NH40H. Centrifuge and save the precipltate.
Step 25. Add 5 drops of Bﬂ HNO3 and trangfer to the plating
+ cell which contalns 10 ml of H,0 and 3 drops of 8M HNO3. Rinse

the centrifuge tube with three washes each consisting of 5
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. PROCEDURE 1 (Continued)

drops of 8M HNO3 and 0.5 ml of Hy0, transferring the washingﬁ
to the plating cell.

Step 26. Add 10 ml of 4% (NH4)20204 and wash the cell walls
down with approximately 5 ml of H20. The total volume 1n the
cell should be about 40 ml.

Step 27. Add 5 drops of methyl red solution, and conc.
NH40H drop-wise until the solutlon turns yellow. Add 8ﬂ HNO3
until the solution turns red or orange (one drop 1s usually
required); then add 3 drops of HNO3 in excess.

Step 28. Plate for 1-1/2 hours at 1.5 amp and 8 volts at
80 to 90°. For the first 30 min, at 10-min intervals add
sufficienf 8M HNO3 to make the sqlution red to methyl red. At
40 min, add 3 drops of conc. NH40H, or enough to make the solu-
tion yellow to the indicator.

Step 29. Wash down the cell walls with H20 to replenish that
lost by evaporation, and continue electrolysls for an addiltional
50 min,

Step 30. Remove plate, wash with H20 and methanol. Flame
plate for 1 min. Cool, welgh as U308’ mount, and count. Correct

for Th234 (le) activity (see accompanying figure).

Notes

l. Liquid Br2 destroys NH OH and also the uranium-hydroxylamine

2
complex.
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PROCEDURE 1 (Continued)

(o))
L
|

N
|
]

@
IR
(o}
o
(o]
o
o]
(o}
Lol

N
|
Lo 1alal l

(V)
I
i

E-O 1 1 1 | 1 | | 1 | I | 1 :
o 2 4 6 8 10 12 i4
DAYS

CORRECTION FOR UX; ACTIVITY/mg U3Og
ON PLATE. Procedure |.

264



PROCEDURE 2: Purification of UVranium-240,
Source: E. K. Hyde and M. H. Studler, ANL-4182 (1948).

Egigor's note: The followlng procedure was used toUngify
U formed by the second order neutron capture of . The
principal decontaminatlng step 1s the ether extraetlion of
uranium from a reducling aqueous solution. Uranium 1s further
purified by a number of precipltations that are noet described
in detail. These, however, are falrly easy to perform.

Irradliation and Chemlcal Procedure

Two grams of depleted uranium (1 part ye35 per 30,000 parts
U238) a8 U3°8 in a small 28 alumlnum capsule was lrradiated 1n
the Hanford plle for 12 hours including time for startup and
shutdovm. Six hours after the end of the lrradlation the cap=-
sule and its contents were dissolved 1In nitric acid, using
mercuric lon as catalyst for dissolving the aluminum. The
uranium was extracted batchwlse, the dlssolved aluminum serving
as a salting agent. The ether contalning the uranium was then
passed through two statlc wash columns packed with 3/32 inch
stainless steel helices and filled with a solution 10M in
ammonium nitrate, 0.1 M in nitric acid, 0.01 N in ferrous ion
and 0.1 M 1n urea. Neptunlum was reduced by the alumlnum in
the dlssolver and by the ferroup lon in the wash columng to an
unextractable oxidation state (Np IV and Np V). Additlonal
ether was passed through the columns to strip out the upanium.
These operations were carrled out by remote control behind
lead shielding. The initial dissolver solution measured roughly
50 roentgens per hour at 8 inches. The ether solution emerging
from the second column and contalning the uranium measured only
about 3 mr per hour at the surface, and most of this was ether-
soluble iodine fission product activity. The uranium was ex-
tracted from the ether into an aqueous ammonium sulfate solu-
tion and washed several times wilth ether to remove iodine
actlvity. LaF3 was preclpltated from the uranyl nitrate solu-
tion after reduction with sulfur dioxide to remove any traces

of Np239 which might have come through the ether extraction.
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PROCEDURE 2 (Continged)

H
The uranium was further purified by precipitation as dluranate,

sodium uranyl acetate, and peroxide and by a final ether ex-
traction. Throughout thls final serles of purificatlions there
was no detectable decrease 1n P-activity; thls indicates that
the uranium was radioactivg}y pure.

Small aliquots of the:final uranium solution were evaporated
on platinum disces and 1gnited to U308 to study changes 1n
activity. The remaining uranium sBolution was used for extraction

of neptunium daughter fractions.

PROCEDURE 3: Purification of Irradiated U23°,

Source: S. Fried and H. Selig, Private communication.

Editort's note: The present procedure was used in an experiment
desaﬁg?d to measure the 323 mal neutron flsslon cross sectlon

of The amount of that can be tolerated 1n such an
experiment 1s very small.

Two crlteria were used 1n selecting the puriflcatlon steps
in the following procedure: l
1) To obtaln uranium free of fisslon products and other
extraneous activities without introducing contaminant
normal uranium 1n the procedure.f _
2) The initlal part should lend 1tself easlly to remote

control manipulation.

*The reagents used were carefully purlfled. Thus, the nitric
acld and perchloric acild were redistilled in a quartz still.
The NH4N03 was prepared from gaseous ammonla and distilled HN03.
The HC1 was prepared by passing HCl1l gas into triply distilled

H20, ete.
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PROCEDURE 3 (Continued)

Procedure :
A, In Cave

The irradiated uranium oxide (~0.3 mg) was dissolved in
concentrated HNOg and made up to 2 M in HNOg with distilled H,O0
to give total volume of about 15 ml. Some Fe*t was added to
keep Pu and Np in +4 étate; The solution was saturated with
NH4N03 and contacted four tlmes with 10 ml portions of ether.
Each contact was scrubbed twice with 2 M HNO; saturated with
NH4N03, The comblned ether extracts were back extracted three
times wlth 5 ml portions of H20. The'H20 strip was evaporated to
dryness and treated with HCl1l to destroy NH4N03 carrled over.
B. Qutside Cave

The sample could now be handled easlly outside the cave
with a minimum’of shieldlng, most of the activity belng due to
U237. A mass spectrometric analysis showed 1t contalned 0.5
welght % of U237, A fisslon count showed that additional puri-

238 formed by (n,y) on Np237

fication was necessary to remove Np
whlch had bullt up during irradlation.

The sample was taken up in about 0.5 ml 6 N HC1 and put
on a small Dowex-l column and washed. The Np comes off in
6 N HCl. Finally the uranium was eluted with 0.5 M HCl. The
eluate wasB evaporated to dryness and taken up in 0.2 ml of 5 M
HC1l, 0.1 M KI and 0.05 M N2H40H « 2HC1. Thils was heated at 90°
for 2 minutes, diluted to 0.5 M in HC1l and TTA extracted twice
for 15 minutes. The origlnal fraction was washed fwice wlth
benzene and evaporated to dryness. .

In order to clean up the uranium for a mass ppectrometric
analysis, 1t was subJected to another ether extraction as in
the first étep. After the NH4N03 was destroyed the sample was
fumed with HC104 to destfoy any organic reslildue from the ether
extraction.

~
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PROCEDURE 4: Uranium and Plutonium Analysis
Source: B. F. Rider, J. L. Russell, Jr., D. W. Harris, J. P.
Peterson, Jr., GEAP-3373 (1960).

Samples of dissolved 1rradlated fuel contaln highly
radloactlve fissilon products. For this reason, uranium and
plutonium are separated prior to analysis. The followlng pro-
cedure glves a good yleld together wlth a good deéontamination
factor.

Reagents:

1. Distilled conc. HN03.

2. 2 M HNO3 -~ distllled conc. HN03, double distilled H20.
3. U-233 solution, standardlzed.

4, Pu-236 solution, standardized.

5. KBr03 - Crystals, Reagent Grade. Low natural U blank.
6

. 8 M NHyNO; in 2 M HNO; - Place 200 ml distilled 16 M HNO

3
+ 100 ml double distllled H20 in a large beaker. Bubble

3

NH3 gas through solution until baslic to pH paper. Boil
off excess NH3 (solution neutral). Transfer to mixing

cylinder, add 50 ml of distilled 16 M HNO,, dilute to 400

3
ml. Check denslty of solution (1.31 + 0.0l at 20°C.).

7. Hexone - distilled.

8. HC1l - C.P. reagent. Low natural U blank.

9. 1 M HNO, - distilled conec. HN03, double distilled H,0.

10. 30% Heoz - meets A.C.S. speciflication, low matural U blank.

11. 0.2 M T.T.A. in xylene - 4.44 gm T.T.A. dissolved in 100 ml
distilled xylene.

12. Xylene - distilled.

13. Ether - distilled;

14. 0.05 M HNO3 - distilled conc. HN03, double distilled H20.

15. H20 -~ double distillled.

Glassware:

A1l glassware used 1s Pyrex which has been soaked overnight 1in
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PROCEDURE 4 (Continued)

50% HNO3 and rinsed with double dlptilled water. Pilpets are

rinsed with 50% HNO._ and double distilled water before using.

3

Separation and Decontamination Procedure:

1. Place the aliquot for analysis in a 15 ml cone and evaporate
to about 1 ml. Add a sultable U-233 and Pu-236 splke, one
drop conc. nltric acld, and several KBrO3 crystals. Allow
to stand for 1 hour to- allow oxidation of Pu to Pu02++.

2. Add 1.5 ml 8 M NH4N03 in2 M HN03, and evaporate to about
2 ml.

3. Prepare 2 scrub solutlions 1in separate 15 ml cones, containing

1lmlof8M NH"_NO3 in2M HNO3 and about 10 mgs KBr03.
Preoxidize about 10 ml hexone with 2 ml of 2 M HNO3 and
KBr03. Keep covered untll ready for use.

4, Extract the U and Pu four times for five minutes with 2 ml
portions of hexone (methyl 1sobutyl ketone), adding 1 drop
of 16 M HNO; to the origlnal solution after each extraction.
Scrub each extract 1n turn with the two solutlons prepared
in step 3.'

5. Strip the combined hexone extracts with flve 2 ml portions

.of H20. Evaporate the comblned aqueous portions to dryness,

add a few drops of HNO_ and HCl, take to dryness. Evaporate

to dryness with HNO3 u:der a gentle stream of pure nitrogen
on a bolling water bath.

6. Prepare 3 ml of 1 M HNO3 and 1 drop of 30% Hy0p, add 1 ml to
the Pu and U resldue from step 5 and two 1 ml portlons to
separate 15 ml cones.

7. Extract ilmmediately the Pu 2 times for 20 min. with 2 ml
portions of 0.2 M T.T.A. (thenoyltrifluoroacetone) in xylene.
Scrub each in turn with solutlons prepared in step 6. Save

the aqueous phase for uranium. Comblne the T.T.A. extracts

and add a few crystals of trichloroacetic acid.
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PROCEDURE 4 (Continued)

Mount the combined T.T.A. extracts on a platinum plate
for alpha pulse analyslis.

After pulse analysls, remove the Pu for masa analysls as
follows: Cover disc with HF. Evaporate to dryness under
a heat lamp. Agaln cover dlsc with HF and evaporate to
dryness. Cover dlsc wilith conc. HNO3 and evaporate to dryness.
Repeat 3 or 4 times. Cover disc with conc. nitric, re=-
flux a few seconds, and transfer with a plpet to a 15 ml
cone. Repeat 3 or 4 times.

Evaporate the comblned conc. HNO3 refluxes to dryness.
Treat resldue wlth aqua regla and evaporate to dryness.
Evaporate to dryness wilth conc. HNO3 on a bolling water

bath several times. Add 50 A of 0.01 M HNO, to the evapor-

3
ated sample and submit sample for mass epectrographic
analysils.

Wash the original 1 M HNO_ uranium fraction (Step 7) with

3

xylene. Add 1 drop of HNO, and 3 drops of HCl to the

washed 1 M HNO3 and reflux3for about one-half hour to de-
stroy the organic present. Evaporate to dryness, flame
gently to destroy organic-matter and dlssolve the residue
with 2 drops HNO3 and evaporate to dryness on a water bath.
Pipette three 1 ml portions of 8 M NH4N03 1n'é-ﬂ HN03,
dissolve the gvaporated U fraction 1n one 1 ml portion.
Place the other 2 portlions 1n two 15 ml cones for scrub
solutlions.

Extract the U with four 2 ml portlons of diethyl ether, add~
ing 100 X\ of conc. HNO3 before each extraetion. Scrub each
extract in turn with 2 scrub solutlons prepared in Step 12.
Evaporate the comblned ether extracts over 1 ml of H20 in

a 15 ml cone. Evaporate.to dryness.

Add 3 drops of HC1l and 1 drop of HNO3, and evaporate to dry-
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PROCEDURE 4 (Continued)

ness repeatedly untll the organic 1s destroyed. Flame gently
to expell ammonium salts. Then dlssolve 1n HNO3 and evap-
orgte to dryness on a water bath. Add 50 A of 0.05 M HNO3
to the dry cone and submit sample for mass spectrographic

analysis.

Plutonium Calculation:

To determlne the amount of Pu 1n the origilnal sample, 1t
1s necessary to measure 1n a Frisch chamber the alpha spectrum
of the plate prepared in Step 8. The ratio of Pu-239 and Pu-240
activity to Pu-236 activity is calculated. If the ratio 1s mul-
tiplied by the original activity of Pu-236 ﬁdded, the original
activity of Pu-239 plus Pu-240 can be obtained. From the mass
analysls a Pu-239 to Pu~240 atom ratio is obtalned. The specl-
fic activity of the mixture 1s calculated from that of the 1indi-
vidual isotopes. The Pu-239 plus Pu-240 activity can be con-
verted to Pu-239 plus Pu-240 weight by dividing this activity

by the speciflc activity of the mixture.

Uranlum Calculation:

The ratlo of the varlous U lsotopes to U=233 from the mass
spectrometer data is multiplied by the amount of U-233 splke
orliginally added to the sample to obtaln the amount of each

uranlum isotope present 1n the original sample.

PROCEDURE 5: Spectrophotometrilc Extraction Methods Specific
for Uranlum.
Source: W. J. Maeck, G. L. Booman, M. C. Elllott, and J. E.
Rein, Anal Chem. 31, 1130 (1959).

Abstract

Uranlum as tetrapropylammonium uranyl trinitrate 1s quan-
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PROCEDURE 5 (Continued)

titatively separated from large'quantities of diverse lons by
extraction into methyl isobutyl ketone (4-methyl-2-pentanone)
from an acld-deficlent alumlnum nitrate salting solution. Milli-
gram levels are determined by a direct absofbance measurement
of the trinitrate complex in the separated organic phase at
452 mp. Mierogram amounts are determined by adding dibenzoyl-
methane (1,3-diphenyl-l,3-propanedione) in an ethyl alcohol-
pyrlidine mixture to the separated organlic phase and measuring
the absorbance of the chelate at 415 mp. The coefficlent of
variation is less than 1% at the 10-mg. and 25-y levels. The
limit of sensitivity 1s 0.8 ¥ for the dibenzoylmethane method.

Apparatus _and Reagents

Absorbance measurements of the tetrapropylammonium uranyl
trinitrate complex were made with a Cary Model 14 recording
spectrophotometer and l-cm. Corex cells. A Teflon 9 x 9 x 6 mm.
spacer placed 1n the bottom of the cells permlts absorbance
measurements with 2 ml. of sample. Absorbance measurements of
‘the dilbenzoylmethane complex were made with a Beckman DU spec=-
trophotometer and 5-cm. Corex cells.

Extractlions were made in 125 x 15 mm. test tubes with
polyethylene stoppers. A mechanical extraction devicef.was
used for agltatlon.

Reagent grade inorganic and Eastman Kodak Co. White Label
organic chemicals were used without purification. Distilled
water was used throughout. The uranium solutions were pfepared
by dissolving purifled black oxide, U308’ in a slight excess of
nitric acld, and making to volume with water.

The dibenzoylmethaﬁe reagent 1s prepared by dlssolving
0.1140 gram of dibenzoylmethane in 500 ml. of a 5% solution
(v./v.) of ethyl alcohol in pyridine.

Salting and Scrub Solutions. A. 0.005M Tetrapropylammonium

272



PROCEDURE 5 (Continued)

Nitrate, 1N Acld-Deficient Salting Solutlion. Place 1050 grams
of gluminum nltrate nonahydfate in a 2~liter beaker and add
water to a volume of 850 ml. Heat, and after dissolution add
67.5 ml. of concentrated ammonium hydroxide. Stir for several
minutes until bthe hydroxide precipitate dissolves. Cool to less
then 50°C.,add 10 ml. of 10% tetrapropylammonium hydroxide,
and stir untll dissolved. - Transfer to a l-llter volumetric
flask and make to volume with water. A prellmlnary extraction
with methyl isobutyl ketone 1s suggested to remove uranium
contamination 1n which case tetrapropylammonium hydroxide will
have to be re-added.

B. 0.025M Tetrapropylammonium Nitrate, 1N Acld-Deficlent
Salting Solutlon. Same as A except that 50 ml. of 10% tetra-
propylammonium hydroxide 1s used.

C. 0.25M Tetrapropylammonium Nitrate, 1N Acld-Deficlent
Salting Solution. Neutralize 100 ml. of 10% tetrapropylammonium
hydroxide to pH 7 wilth 5N nitric acld. Transfer to a large
evaporating dish and let stand untll a thick crystal slurry
forms (which may take as long as 4 days). Place 210 grams of
aluminum nitrate nonahydrate in a 400-ml. beaker and transfer
the tetrapropylammonium nitrate crystals into the beaker wlth
20 ml. of water. Stir and add water to a volume of approximately
180 ml. Add 13.5 ml. of concentrated ammonium hydroxide and
’stir untll dissolution 1s complete (which may require several
hours). Transfer to a 200-ml. volumetric flask and make to
volume with water.

D. Scrub Solution for Dibenzoylmethane Method. Add 940
grams of aluminum nitrate nonahydrate, 33 grams of tartarilc acld,
31 grams of oxalic acld, and 64 grams of (ethylenedinitrilo)-
< tetraacetic acid to 100 ml. of water and 150 ml. of concentrated
ammoniuh'hydroxide. Heat with stlrring until dissolved. Cool,
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PROCEDURE 5 (Continued)

fllter, transfer to a 1l-liter volumetric flask, and make to
volume with water. Remove uranlum contamination by a methyl
isobutyl ketone extraction.

E. Speclal Solutlons. The following salting and scrub
solutlions are used in the dlbenzoylmethane method for samples
contalning cerium(IV) or thorium.

l. Prepare an aluminum nitrate salting solutlon as A, but
omit the tetrapropylemmonium hydroxide.

2. Prepare a scrub solution by dissolving 154 grams of
ammonium acetate and 20 grams of the sodium salt of diethyldi-
thiocarbamate 1n water to a volume of approximately 900 ml.
Adjust to pH 7, fllter, and make to a l-liter volume with water.

3. Prepare a mercuric nitrate solution by dissblving 0.063
gram of mercurlc nitrate in 90 ml. of 1N nitric acld and making
to a 100-ml. volume with 1N nitric acld.

Procedures

Millligram Amounts of Uranium. With aqueous samples of 0.5

ml. or less and containing up to 2 meq. of acid, 0.5 to 12 mg.
of uranium can be extracted from a saltling solution which is
0.025M in tetrapropylammonium nitrate and 1N acld-deficient.
Samples of high aclidity should be neutrallzed to less than 2 meq.
of free acld, or a salting solution which 1s 2N acid-deficieﬁt
can be used for samples contalning up to 6 meq. of acid. If
cerium(IV) and thorium are present, the absorbance from uranium
will be maximum if the combined uranium(VI), thorium, and cer=
1um(IV) do not exceed 0.05 mmole in the sample aliquot. Samples
that contaln more than 0.05 mmole of combined uranium, cerium-
(1v), and/or thorlum can be analyzed after dilutlon, provided
the resulting sample allquot contains more than 0.5 mg. of
uranium. If this conditlon cannot be met, the 0.25M tetrapro-

pylammonlium nitrate salting solution 1s used, which can accommo-
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PROCEDURE 5 (Continued)

date up to 0.5 mmole of combined uranium, cerium(IV), and
thorium.

Pipet a sample of 0.500 ml. or less, contalning from 0.5
to 12 mg. of uranium, into a test tube containing 4.0 ml. of
salting solution B or C. Add 2.0 ml. of methyl lsobutyl ketone,
stopper, and extract for 3 minutes. Centrifuge to facllitate
phase separation. Transfer as much as possible of the organic
phase with a micropipet to a l-om. cell containing the Teflon
spacer. Measure the absorbance at 452 mu against a blank pre-
pared by substituting 1N nitric acld for the sample.

Microgram Amounts of Uranium. Aqueous sample allquots

containing up to 2 mg. of uranlum and as much as 8§ in acld can
be quantitatively extracted from a salting solutlon 0.005M in
tetrapropylammonium nitrateé- . Neutrallize samples of higher
acldity to less than 8N before extraction.

SAMPLES WITHOUT CERTUM(IV) AND THORFUM. Pipet a sample
of 0.500 ml. or less, contalning from 0.8 to 75 y of uranium,
into a test tube containing 5.0 ml. of salting solution A.
Add 2.0 ml. of methyl isobutyl ketone, stopper, and extract for
3 minutes. Centrifuge to facllitate phase separation. Transfer
as much as possible of the organlc phase to a test tube con-
taining 5.0 ml. of scrub solution D, stopper, and mix for 3
minutes. Centrifuge to facilitate phase separation. Remove
a 1,00-ml. aliquot of the organic phase and transfer to a 25-
ml. flask. Add 15 ml. of the dilbenzoylmethane-pyridine reagent
and théroughly mix., Allow to stand 15 minutes, transfer to a
5-cm. Corex cell, and measure the absorbance at 415 mp oompared
to a blank prepared by substituting 1N nitric acid for the sam-
ple allquot.

SAMPLES CONTAINING CERIUM(IV) OR THORIUM. Pipet a sample

of 0.500 ml. or less, contalning from 0.8 to 75 v of uranium,
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PROCEDURE 5 (Continued)

into a test tube contalning 5.0 ml. of the salting solution E-1.
Add 4.0 ml. of methyl isobutyl ketone, stopper, and extract for
3 minutes. Centrifuge to facllltate phase separation. Transfer
aB much as pogsible of the organic phase to another tube con-
talning 5.0 ml. of scrub solutlon E-2, stopper, and mix for 20
minutes. Centrifuge as before. Transfer at least 3 ml. of the
organlc phase to a test tube contalning 5.0 ml. of salting solu-
tion E-1. Add 0.5 ml. of scrub solutlion E-3, stopper, mix for
10 minutes, and centrifuge. Remove a 2.00-ml. aliquot of the
organic phase and transfer to a 25-ml. flask. Add 15 ml. of the
dibenzoylmethane-pyridine reagent and thoroughly mix. Let stand
15 minutep, transfer to a 5.0=cm. Corex ceil, and measure the
abgorbance at 415 mp compéred to a blank prepared by substitut-

ing 1N nitrlc acid for the sample allquot.
Calibration. Two different standards contalning levels of

uranlium equivalent to approximately 0.1 and 0.7 absorbance are
processed. The concentration of samples ls established by the
average absorptivity of these standards provided agreement

within statlstical 1imits (95% confidence level) ip obtalned.

2 y. J. Maeck, G. L. Booman, M. C. Elllott, J. E. Rein, Anal.
Chem. 30, 1902 (1958).

PROCEDURE 6: Determination of Uranium in Uranium Concentrates.
Source: R. J. Guest and J. B. Zimmerman, Anal. Chem. 27, 931 (1955).

Abstract
A method 18 described for the determination of uranium in high grade
uranium materlal. Uranium 1s geparated from contaminants by means
of an ethyl acetate extraction using aluminum nitrate as a salting

agent. After the uranium has been stripped from the ethyl acetate
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PROCEDURE 6 (Continued)

layer by means of water, colorimetric determination of the uranium
18 carried out by the sodlum hydroxlide-hydrogen peroxlde method.
The procedure 1p accurate, rapld, and easlly adaptable to routine

work.

Reagents and Apparatus

Reagents. Ethyl acetate (Merck, reagent grade).

ALUMINUM NITRATE SALTING SOLUTION. Place approximately 450
grams of reagent grade (Mallinckrodt) aluminum-nitrate [Al(NO3)3-
9H20] in a 600-ml. beaker and add 25 to 50 ml. of distilled water.
Cover the beaker and heat the mixture on a hot plate. If a clear
solution does not result after 5 to 10 minutes of boiling, add 20
ml. of water, and contlinue the bolling for 5 more minutes. Repeat
this step untll a clear solutlon 18 obtalned after bolling. Remove
the cover glass and concentrate the solution by bollling until a
boiling point of 130°C. 1s reached. Cover the beaker with a watch
glass and elther tranafer the solution to a constant temperature
apparatus or keep the solution warm, finally heatlng to Just under
boiling before use. If the solution 1s allowed to cool to approxi-
mately 60°C., recrystallization of aluminum nitrate will take place.
It is necessary, therefore, to dllute the salting agent solution by
about one third in order to prevent recrystallization if the solu;
tion cools to room temperature. Accordingly, 1f the solution 18 %o
stand overnight, add 35 ml. of dilstilled water per 100 ml. of salt-
ing agent solution, mix well, and cover.

If the salting agent solution 1s. to be stored, the following
procedure has been found convenlent. Adjust the polution to the
proper concentration (bolling point, 130°C.) and transfer to a 100-
ml. three-necked reactibn flask set on a heating mantle. AdJust the
heating so that the temperature of the solutlon 1ls kept at about
110°C. In one of the necks place a water condenser, 1in another neck

a thermometer, and in the third neck a removable ground-glass stop-
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PROCEDURE. 6 (Continued)

per. Thils third neck 1s utilized for pipetting the salting agent
solution. .

ATUMINUM NITRATE WASH SOLUTION. Add 100 ml. of aluminum nitrate
salting solution (bolling point, 130°C.) %o 73 ml. of distilled
water and 4 ml. of concentrated nitric acid.

Apparatus. Beckman DU spectrophotometer.

Heating'mantle. .

Three-necked reaction flask (1000 ml.).

Water condenser.

No. O rubber stoppers. Boll twice in ethyl acétate before use.

Sixty-milliliter separatory funnels (Squibb, pear-shaped).
Procedure

Sample Dissolution. Place an approprilate quantity (1 to

5 grams) of the sample in a tared welghing bottle, stopper the
bottle, and welgh the bottle and contents immedlately. Carry
out a molsture determination on a separate sample 1f uranium
18 to be calculated on a dry welght basls. '

Bring the sample into solution in one of three ways: (1)
nitric acid treatment, (2) multiacid treatment, or (3) sugar
carbon-godlum peroxide fuslon.

For the nitric acid tfeatment, dissolve the sample in a
sultable quantity of nitric acld and transfer the solution and
insoluble residue into an appropriate volumetric flask and make
up o volume. Regulate the dllutlon so that the aliquot chosen
for extractlion will contaln between 10 and 30 mg. of uranium
oxlide if the final dllution for the colorimetric finish is to
be 250 ml. AdJjust the acldity of the sample solution to about
5% 1in nitric acid. _

If nitric acid treatment 1s nét sufficient, treat the
sample wlth hydrochlorlc acld, nltric acid, perchloric acld,
and finally sulfuric acld. If necessary, add a few milliliters
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PROCEDURE 6 (Continued)

of hydrofluoric acld. Fume the sample to dryness and leach
the reslidue with nitric acld, flnally transferring the solution
and residue to an appropriate volumetrlc flask and adjusting
to 5% 1n nitric acld as in the single acld treatment.

If the sample 1s refrgctory, use the sugar carbon-sodium
peroxlde fusion method described by Muehlbergi. After dilssolu-
tion of the sample in thils manner, transfer the aclildiflied solu-

tlon to an approprlate volumetric flask and dllute so that the
final solution 18 5% 1in nitric acid.

Aliquot solution samples directly or dilute as required for
an gfthyl acetate extraction. If the sample 1s aliquoted di-
reclly for an extractlon, add 5 drops of concentrated nitric acild
per 5-mlL aliquot of sample and standards before extraction. Where
samples are dlluted before allquots are taken for extraction,
adjust the acldity so that the final volume 1s 5% 1n nitric acid.

Ethyl Acetate Extraction. Place an appropriate aliquot

(usually 5 ml.) in a 60-ml. separatory funnel, the stopcock of
which has been lubricated with silicone grease. Add, by means
of a graduated pipet, 6.5 ml. of aluminum nitrate solution per
5 ml. of sample solution. The aluminum nitrate salting solu-
tilon should be added while hot (above 110°C.). Cool the solu-
tion to room temperature and add 20 ml. of ethyl acetate.
Stopper the separatory funnels wlth pretreated rubber stoppers.
Shake the mixture for 45 to 60 seconds. Occasionally crystalll-
‘'zatlon wlll take place 1n the separatory funnel near the stop=-
cock. In such a case place the lower part of the separatory
funnel in a beaker of hot water until the solidified portion
dissolves.

After the layers have separated, draln off the aqueous
(lower) layer. Occasionally a cloudiness will appear at the
boundary of the aqueous and organlc layer. Thls cloudy portion
should not be dralned off. Add 10 ml. of alumlinum nitrate wash
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PROCEDURE 6 (Continued)

solution to the funnel and agaln shake the mixture for 45 to 60
seéonds. Drain off the aqueousB layer, once agaln beilng careful
to retain the cloudy portion at the boundary 1ln the funnel.
Rinse 1inside the stem of the separatory funnel with a stream of
water from a wash bottle.

Water Stripping of Uranlium from Ethyl Acetate Layer Followed

by Sodlum Hydroxlide -Hydrogen Peroxlde Colorimetric Finish. Add

15 -ml. of water to the separatory funnel containing the ethyl
agetate, stopper the flask, and shake the mixture for about

1 minute. After washing off the stopper with water, draln the
aqueous layer into a volumetrlc flask of sultable size and wash
the separatory fumnel and ethyl acetate layer 4 or 5 times with
5-ml. portlone of water by means of a wash bottle. Combine the
aqueous fractlons.

Add enough 20% sodlum hydroxide solution (w./v.) to neu=~
tralize the solution and dlssolve any preclpltated aluminum
hydroxide, then add 10 ml. 1n excess per 100 ml. of final
volume. Add 1 ml. of 30% hydrogen peroxide per 100 ml. of final
volume and meke up the volume to the mark with distilled water.
Read the absorbaﬁce after 20 minutes on the Beckman DU ppectro=-
photometer at 370 mh agalnst a reagent blank, using l-cm. Corex
cells and g s8lit width of 0.2 mm. Compare the absorbances of
the samples agalngt the absorbances of standard uranium solu-
tionp which ha&e been carried through the procedure at the same
time. Choose the standards so that they cover the range 1into
which the samples are expected to fall, using a ratio of one
standard to six samples. 1In practice 1t ls customary to work
between the limits of 10 and 30 mg. of uranium oxide. This 1B
arranged by estimating the required sample welghts and diluting
and sampling accordingly. The flnal volume for colorimetric
readlng 1s usually 250 ml.
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PROCEDURE 6 (Contlnued)

Double Extraction of Uranilum with Ethyl Acetate Followed

by Applicatlion of Differentlal Colorimetry. Uranlum determina-

tions requliring the highest accuracy may be carrled out by a
double extraction of uranium with ethyl acetate followed by the
application of differential colorimetry as described by Hiskey
and o‘t:hers.l)-:£ In such a case 1t 18 recommended that between
100 and 150 mg. of uranium oxlde be extracted, and g wave length
of 400 mp be used during the colorimetric finish. The procedure
described below has been found satisfactory.

Extract an approprlate aliquot of the sample solutlon with
20 ml. of ethyl acetate as described above. Draw off the a-
queous layer 1nto a second separatory funnel contalning 10 ml.
of ethyl acetate. Stopper the funnels and shake the mlxture for
45 to 60 seconds. Draln off and discard the aqueous layer. Add
10 ml. of aluminum nitrate wash solutlion to the first ethyl ace-
tate extract, stopper, and shake the mixture for 45 to 60 seconds.
Drain off the aqueous layer 1nto the separatory funnel contalning
the second ethyl acetate extract, stopper, and shake the mixture
" for 45 to 60 seconds. Draln off and discard the aqueous layer.
Comblne the ethyl acetate fractions. Rinse the second separa-
tory funnel with 20 ml. of water, draining the washings into the
separatory funnel contalning the comblned ethyl acetate frac-
tions. Shake the mixture for 1 minute. Continue the water
stripplng as described above, collecting the fractions in an
approprlate volumetric flask. Filnish colorimetrically as de-
scribed previously, allowlng the strongly colored solution to
stand 1 to 2 hours to ensure stablllty before reading as a fading
effect of about 0.005 absorbance (optical density) has some-
times been noted on freshly prepared samples.

Read the absorbance of the sample solution on the Beckman

DU spectrophotometer at 400 mp against a reference solution
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PROCEDURE 6 (Contlnued)

which contains a known amount of uranium and hés been carrled
through the extractlon and color development procedure 1in the
same manner as the sample. Also carry along other standards
contalning slightly higher and lower amounts of uranium than
the sample. Determine the concentration of uranium in the
sample elther by the calibration-curve method or the correction
method, as described by Neal®. If the amount of uranium in the
sample 1s not known, make a test run by taking an aliquot of the
sample solutlon and aspaylng for uranlum by the more rapid sin=-
gle extraction method. The standard solutions to be used can
then be chosen according to the result obtained.

Removel of Interfering Thorium. After an ethyl acetate ex=-

traction, strip the uranium in water from the ethyl acetate and
collect the uranium fraction in a 250-ml. beaker. Add enough

. 20% (w./v.) sodium hydroxide solution to neutralize the solution
and redissolve precipitated aluminum hydroxide. Then add 10-
ml. excess of 20% sodlum hydroxilde solution and 1 ml. of 30%
hydrogen peroxide per 100 ml. of flnal volume. Filtef the solu-
tion through an ll-cm. 41H filter paper (Whatman), collecting
the flltrate in a volumetric flask of sulitable size. Wash the
paper and preclpltate once with 5 ml. of a solution of 2% sodium
hydroxide contalning 0.1 ml. of 30% hydrogen peroxlde. Re-
dissolve the precipltate by washing the paper with 10 ml., of

10% nitric acld solution, collecting the washings in the original
beaker. Neutralize the solutlon with 20# sodlum hydroxide
solution, and add 2 ml. 1n excess. Add 0.5 ml. of 30% hydro-
gen peroxlde, and fllter off the precipitate on the original
fllter paper, washing as before and collecting the flltrates

in the original volumetric flask. If the precliplitate on the
paper 1s colored yellow, repeat thls step. Make the solution

1n the volumetrilc flask up to volume and read the absorbance
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on the spectrophotometer. Carry standards through the same

procedure as the samples.

2 W. L. Muehlberg, Ind. Eng. Chem. 17, 690 (1925).

P ¢. P. Hiskey, Anal. Chem. 21, 1440 (1949).

L ¢. F. Hiskey, J. Rabinowitz, and I. G. Young, Anal. Chem.
22, 1464 (1950).

2 G. W. C. Milner and A. A. Smales, Analyst 79, 414 (1954).

£ W, T. L. Neal, Analyst 79, 403 (1954%).

£

I. G. Young, C. F. Hiskey, Anal. Chem. 23, 506 (1951).

PROCEDURE 7: Uranium-237.
Source: B. Warren, LA-1721 (Rev) (1956).

l. Introduction

In the carrler-free method for the determinatlon of U237,
the principal decontamination step (which 18 preceded by a
La(OH)3 scavenge and partial removal of plutonium as the cup-
ferron complex) 18 the extraction of uranium into 30% TBP
(tertiary butyl phosphate) 1n benzene. Addltlional decontam-
ination is effected by adsorption of uranium, first on an anion
and then on a catlon exchange resin. The uranium 1s finally
electroplated on platinum. The chemical yleld 1s 40 to 60%
and 1s determined through the use of U>33 tracer. The USS!
1s p-counted in a proportional counter wlth g 2.61-mg/cm2 Al
absorber, and from the number of counts the number of atoms
of the lsotope 1s calculated. Four samples can be run 1n

about 6 hours.
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PROCEDURE 7 (Continued)

2. Reagents
U233 tracer: amount determined by the a-counting technique
employed
La carrier: 10 mg La/ml [added as La(N03)3 . 6H20]
Fe carrier: 10 mg Fe/ml [added as F'e(N03)3 - 9H,0 in very
dilute HN03]
HCl: 0.1M
HC1l: 5M
HC1l: 10M
HCl: conc.
3 M
HNO,: 5M
HNO3: cone.
NHuoH: conc.

NH,OH - HCl: 5M

2
(NH4)20204 in H,0: 4%

TBP (terilary butyl phosphate): 30% by volume in benzene (Note 1)
Aqueous cupferron reagent: 6%

Methyl red indicator solution: 0.1% in 90% ethanol

Methanol: anhydrous

Chloroform
NH3: gas
012: gas
3. Equipment
Centrifuge

Flsher burner

Block for holdlng centrifuge tubes
Pt-tipped tweezers

Steam bath

S5-ml syringe and tranafer pipets
Mounting plates -
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PROCEDURE 7 (Continued)

40-ml cehtrifuge tubes: Pyrex 8140 (three per aliquot of sample)
Ton exchange columns:

8 om x 3 mm tubing attached to bottom of 15-ml centrifuge

tube

Anion resin: 5 cm Dowex A2-X8, 400 mesh, (Note 2)

Cation resin: 5 cm Dowex 50-X8, 100 to 200 mesh, (Note 2)
Stirring rods
Motor-driven glass stirrers
Plating set-up: same as that used in Procedure 1 except that
the Pt cathode is a 1" digk and the glass chimney has a 7/8"
i.4.

4. Procedure

Step 1. To an allquot of sample not exceedlng 20 ml in
a 40-ml éentrifuge tube, add 1 ml of U233 tracer and 3 drops

of La carrier, and bubble in NH, gas untll the precipitate

which forms coagulates. Digest3for 15 min on a 8steam bath,
centrifuge, and discard the supernate.

Step 2. Dissolve the precipitate in 0.6 ml of cone. HC1
and dilute to 10 ml with H20. Add 5 dﬁops of 5M NH20H * HC1 )
and 2 drops of Fe carriler (1f this element 1s not already pre-
sent), and allow to stand for 10 min. Add 4 ml of chloroform,
6 ml of 6% cupferron,land extract the Pu(IV)-cupferron complex
by stirring for 2 min. Remove the chloroform layer by means
of a transfer plpet and discard. Extract the aqueous phase.
three additional times wlth chloroform. To the aqueous layer
2dd 3 drops of La carrier and bubble in NH3 gas until the pre-
clpitate formed coagulates. Digest for 15 mln on a steam bath,
centrifuge, and discard the supernate.

Step 3, Dissolve the precipitate in 1.6 ml of conec. HN03,
dilpte $0o 5 ml with H20, add 2 ml of TBP solution, and stir

for 2 min. Draw off the TBP layer and transfer to a clean 40-
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PROCEDURE 7 (Continued)

ml centrifuge tube. Extract again with 2 ml of TBP solutlon
and combine with the previous extract. Add 1 ml of TBP solu-
tlon to the original tube, draw 1t off, and comblne with the
other extracts.

Step 4. Wash the TBP extracts with two 3-ml portions of

5M HNO dlscarding the washings. Bubble 1p'012 gas for 5 min

s
at a vigorous rate.

Step 5. Transfer the solution to a Dowex A2 anlon ex-
change column. Permlt one-half of the solutlion to pass through
the resin under 8 to 10 1b pressure. Add 1 ml of come. HC1l to
the column and allow the remalnder of the soldtion to pass
through under pressure. Wash the ecolumn twice with 2-1/2 ml
of 10M HC1 and then twlce with S5M HCl1, discarding the washinga.
Elute the U with two 2-1/2-ml portions of 0.1M HC1l, catching
the eluate 1n a clean 40-ml centrifuge tube.

Step 6. Dllute the eluate to 10 ml with H20 and pass
through a Dowex 50 catlion exchange columm under 1 to 2 1b
pressure. Wash the resin three times with 2-1/2-ml portions
of 0.1M HC1l and discard the washlings. Elute the U wlth two
2-1/2-ml portions of 3M HNO; into the plating cell.

Step 7. Add 5 ml of 4% (mu)eceou’ 3 drops of methyl
red indicator golutlon, and make baslc by the dropwise addltion
of conc. NH40H. Make the solutlon just red to the indicator
by the dropwilse addition of 6M HNO3, and add 3 drops 1in ex-
cess. Plate at 1.1 amp and 8 volts for 1% hr at 80°C., At the
end of the first 10 min, add 3 drops of methyl red solutilon

and make acld with 6M HNO Check acldity at two additional

3
10-min intervals, and at the end of 40 min add 3 drops of
conc. NH40H. At 10-min 1ntervals thereafter check to see that
the plating solutlon 1s Just baslic to the indicator. Remove

the cell from the water bgath, wash three tlmes with methanol,
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and dismantle the cell, carefully keeping the Pt disk flat.
Flame the dlsk over a burner. a-count the U233, mount, and
B-count in e proportional counter with a 2.61-mg/cm2 Al ab-
sorber.

Notes

1. The TBP 1s purified before use by waphing first with
1M NaOH and then with 5M HN03.

2. Before use, both the anlon and cation resin are
washed alternately at least flve times each with H20 and HC1,
and are then stored 1n H;0.

3. See Procedure 1 for the correction for le activity

per mg U308 on plate.

PROCEDURE 8: Radloassay of Uranlum and Plutonium in Vegeta-
tion, Soll and Water.

Source: E. L. Gelger, Health Physics 1, 405 (1959).
Abgtract

A method 1s discupsed for the separation of uranlium
and plutonium from vegetation, soll and water. The method
18 based on the extractlon of uranium and plutonium from 4
to 6 N nitric acid into 50% tri-n-butyl phosphate in n-tetra-
decane dlluent. Uranlum and plutonium are recovered together
with sufflclent reduction in total sollds to allow a-counting
and pulse helght analysis. Data from several hundred "spilked"
samples to which uranium and plutonium were added 1ndlcate a
nearly equal recovery of uranium and plutonilum. Average re-
coverles are 76 * 14 per cent for vegetation, 76 * 16 per
cent for soll, and 82 + 15 per cent for water. The procedure

1s designed for samples that may be collected and analyzed
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for radioactivity as a part of a health physics reglonal

monitoring program.

Procedures

Preparatlion of samples

Vegetatlon. Cut oven-dried vegetation into small pleces
and welgh 10.0 g into a 150 ml beaker. Heat the sample at
600°C, starting with a cold muffle furnace. When only white
ash remalns, remove the beéker from the muffle furnace and
allow to cool. Carefully add 2 ml of water, then add 10 ml

of 8 N HNO_,=0.5 liAl(N03.)3 solution. Cover the beaker with

3
a watch glass and boll the polution for 5 min. Allow to cool,

add 1 ml of 2 M ENO, solution and transfer the sample to a

2
100 ml centrifuge tube. Use 4 H_HNO3 to complete the transfer.
Centrifuge and decant the supernate 1nto a 125 ml cylindrical
separatory funnel graduated at 30 ml. Wash the residue with

4 N HN03, centrifuge, and decant the wash solution to the
separatory funnel. The acld normality of the combined solu-
tlons at this point 1s 4~6 N and the total volume should not
exceed 29 ml. Proceed to the extraction procedure.

Soll. Grind 5 g of oven-dried soll wlth a mortar and
pestle untll the entlre sample can pass through a 200-mesh
sleve. Welgh 1.0 g of the 200-mesh soll into a 50 ml platinum
crucible and heat the sample at 600°C for 4 hr. Remove the
sample from the muffle furngce and allow to cool. Add 3 ml of
T0% HNO3 and 10 ml of 48% HF then stir the sample for 2-3
min with a platinum rod. Heat the sample 1n a 200°C sand
bath until all traces of molsture are removed. Repeat thils
HN03-HF treatment belng careful that the sample 1s completely
dry before proceeding to the next step. Allow the sample to
cool and then add 15 ml of 6 N HN03-0.25 lﬂ_Al(No3)3 solution.

Cover with a watch glasp and heat 1n the sand bath for 5 min.
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Allow to cool and decant the solution through a filter, such
gs Whatman no. 40, into a 125 ml cylindrical separatory funnel
graduated at 30 ml. Leave as much of the residue as possible
in the orucible and repeat the hot 6 N HN03-0.25 g_Al(N03)3
treatment. Allow to cool and then fllter. Proceed to the ex-
traction procedure.

Water. Place 1 1. of the sample in a 1.5 1. beaker and 1f
baslc, neutralige with nitric acid. Add 15 ml of T70% HNO3 and
evaporate to 30-40 ml. Decant the solution through a filter,
such as Whatman no. 40, into a 100 ml beaker. Wash the 1.5 1.
beaker, the residue and the filter with 4 N HNO;. Evaporate the
combined solution in the 100 ml beaker to 5 ml., Add 20 ml of 4 N
HN03, cover with a watch glass, and heat for 5 min. Transfer the
sample to a 125 ml cylindrical separatory funnel graduated at 30
ml. Wash the beaker with 4 M_HNO3 and transfer to the separatory
funnel, belng careful that the total volume in the separatory

funnel does not exceed 29 ml. Proceed to the extraction procedure.

Extraction

Add 1.ml of 2 M KNO, to the sample 1n the 125 ml cylindrlcal
separatory funnel. Dillute to the 30 ml mark with 4 H_HNO3 and
stir the solution briefly. Add 30 ml of 50# TBP in n-tetradecane.
Agitate the solution vigorously for 4 min with an alr-driven
stirrer. Dipcard the acld portion (lower layer). Wash the TBP
portion with & H_HN03 and agaln discard the acld portlion. Back
extract with seven 15 ml portions of distilled water, collecting
the strip solution 1n a 150 ml beaker. Evaporate the combined
aqueous portions to 10-15 ml, then quantlitatively transfer the
solution to a flamed stainless steel planchet. Allow to dry under
a heat lamp, flame the plancﬁet to burn off organlc residue, and
count on an a=counter. Retain for pulse-helght analysilis 1f the

a-count exceeds a specifled level.
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PROCEDURE 9: Separation of Uranlium by Solvent Extraction with
Tri-n-octylphosphine Oxide.
Source: C. A. Horton and J. C. White, Anal. Chem. 30, 1779 (1958).

Abstract

A simple, rapld method for the determlnation of uranium in
impure aqueous solutions was developed. Uranium(VI) 1s extracted
by 0.1M tri-n-octylphosphline oxlde 1n cyeclohexane from a nitric
acid solution. A yellow color 1s formed in an aliquot of the or-
ganic extract by addition of dilbenzoylmethane and pyridine in ethyl
alcohol. Interference by cations 1s minimized or ellminated by
selective reduction, by fluoride complexation, or by absorbance
measurement at 416 mp rather than 405 mu, the wave length of
maximum absorbance. Interference by excess fluorlde or phosphate
1s elimlnated by addition of alumlnum nitrate before extraction.
The range of the method is 20 to 3000 ¥ of uranium in the orlginal
solution, and the standard deviation is *2%.

Apparatus and Reagents

Absorbance measurements were made with a Beckman DU spectro=-
photometer,; using 1.00-~cm. Corex or silica cells.

Phase equllibration for most extractions was carrled out 1n
the bottom portion of the apparatus (see accompanying figure).
Phase separatlion and removal of aliquots of the upper organic
phase occurred after inverting the apparatus so that the solution
was Iin the portion of this apparatus shown on top in the figure.

Some extractions were carried out in 60- or 125-m]. separatory funnels.
STANDARD URANTUM SOLUTIONS. A stock solution of 24.0 mg. of

uranium(VI) per ml. was prepared by heating 7.10 gram of uranium
(IV-VI) oxide (U308), prepared from pure uranium(VI) oxide (U03),
in 10 ml. of perchloric acld to dlssolve it, and then dilluting
the resultant solution to 250 ml. with water. Dilutlons of this
solution were made as required. Another standard solution in 5%
sulfurlc acld was also used 1n checkling the spectrophotometric

calibration curve.
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DIBENZOYIMETHANE. A solution that contained 1 gram of
dibenzoylmethane (1,3-diphenyl-1,3-propanedione), obtailned from
Eastman Kodak Co., in 100 ml. of 95% ethyl alcohol was prepared
for use as the chromogenlic agent.

PYRIDINE. For most of the work, a solutlon prepared by
mixing 1 volume of redistilled reagent grade pyridine and 1 volume
of 95% ethyl alcohol was used.

TRI-n~-OCTYLPHOSPHINE OXIDE. A 0.10M solution of this material,
prepared 1n the authors' laboratory, 1n cyclohexane, Eastman 702
or 702S, was used. This phosphlne oxide 18 now avgilable commer-
clally from Eastman (EK T7440).

Sodium bisulfite, 10 (w./v.) % in water, stored at about 10°C.

Hydroxylamine sulfate, 2M 1in water.

Potassium fluoride, 1M 1n water, stored in a polyethylene
bottle.

Procedure

Preliminary Treatment .A. Samples which do not contain inter-

fering lons. Plpet a 0.5- to 8-ml. allquot of a solution 1in nitric,
perchlorlc, or sulfurlc acid, estimated to contaln 15 to 2500 ¥y

of uranium(VI), into the bottom portion of the extraction vessel.
By the additlon of strong 10M sodlum hydroxide, nitric acild, or
sodium nitrate, adjust the solution so that a total aqueous volume
of 10 ml. will be 1 to 3N 1n hydrogen lon and 2 to 4! in nitrate
ion. For almost neutral solutions, 2 ml. of concentrated nitric
acld wlll glve the correct concentrations for a 10-ml. aqueous
volume. AdJust the total volume to 10 ml. Up to 12 ml. of aqueous
solution can be shaken with 5 or 10 ml. of extractant in the ap-
paratus without undue splashing. If the total aqueous volume 1s
greater than 12 ml. after adjusting the acldity and nitrate con-
\tent, perform the extraction 1n a separatory funnel instead of the

speclal extraction vessel.
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B. Samples contalning iron(III), chromium(VI), or vana-
dium(V). Pilpet a 0.5- to 6-ml. aliquot of a solution in dilute
perchloric or sulfuric medium, estlmated to contaln 15 to 2500 ¥
of uranium(VI), into the bottom portion of the extractlon vessel.
Reduce the iron(III) to iron(II), the chromium(VI) to chromium(III),
and the vanadium(V) to vanadium(IV or IIT) without reducing the
uranium(VI) to uranium(IV). Sodium bisulfite is a satisfactory
reductant 1f the solutlons are boiled to remove excess sulfur
dloxide. Hydroxylamine sulfate 1s also a satisfactory reductant,
but amalgamated zinc 1s unsultable. Add sufficlent nitrile acild or
sodium nitrate and water so that the final aqueous volume of 8 to
12 ml. will be 1 to 3N 1n hydrogen lon and 2 to 4M in nitrate lon.

C. Samples containing titanium, thorilum, hafnium, zilrconium,
or 1ron(III), but only traces of aluminum. Pipet a 0.5~ to 6-ml.
aliquot of a solution in dilute nltrie, perchloric, or sulfurilc
acld, estimated to contain 15 to 2500 v of uranlium, into the
bottom of an extraction vessel. Add sufficlent base or acid, nitrate,
and water to glve g volume of about 8 ml., such that the solution
1s 1 to 3N 1n hydrogen lon and 2 to 4! in nitrate ions. Add up to
a meximum of 2.5 ml. of 1M potassium fluoride when the concentra-
tions of interfering lons are unknown. If high concentrations of
these lons are known to be present, additlonal fluoride can be
tolerated.

D. Samples contalning excesglve fluorlde or phosphate.

Pipet an aliquot 1nto an extraction vessel, and adjust the acid
and nltrate contents as 1n Treatment C. Add sufficlent aluminum
niltrate to complex the fluoride and phosphate estimated to be
present. The total volume should be 12 ml. or less.

Extraction. For amounts of uranium estimated to be under
about 1400 vy, pipet 5 ml. of 0.1M tri-n-octylphosphine oxide in

cyclohexane 1nto the extraction vessel contalning the treated
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sample. For 1400 to 3000 ¢ of uranium, use 10 ml. of extractant.
Attach the top of the vessel and shake for 10 minutes on a re-
clprocgting shaker. Invert the extraction apparatus for separa-
tlon of the phases and removal of aliquots of the upper organic

phase.

149mm.
f—]
7\

- &

I05mm.

$ 40/50

67 mm.

27 mm I

EXTRACTION APPARATUS
USED IN Procedure 9.

~Color Development. Transfer by pipet a 1=, 2-, or 3-ml.

aliquot of the organic extract into a 10- or 25-ml. volumetric
flask such that the final solution will contaln between 0.5 and
10 v of uranlium per ml. For 10-ml. volumes, add 1.0 ml. of 50%
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PROCEDURE 9 (Continued)

pyridine in ethyl alcohol, 2 ml. of 1% (w./v.) % dibenzoylmethane
in ethyl alcohol, and 95% ethyl alcohol to volume. For 25-ml.
volumes, use 2.5 ml. of pyridine and 5 ml. of dilbenzoylmethane.
After 5 or more minutes, measure the absorbance at 405 mp 1n l-cm.
cells, using 95% ethyl alcohol as a reference solution. For sam-
ples receiving Treatment C, also measure the absorbance at 416 mu.
A blank should be carried through the entire procedure dally.
Calculate the uranium content using the factorsp obtalned by ex-
tracting standard pure uranium solutlons as directed in Treatment

A, and measured at both 405 and 416 mu.

PROCEDURE 10: Radiochemical Determlnation of Uranlum-237.
Source: F. L. Moore and S. A. Reynolds, Anal. Chem. 31, 1080 (1959).

Abstract
A radlochemical method for the determination of uranium-237
18 based on complexing the uranyl ion 1in alkaline polution with
hydroxylamine hydrochloride, followed by scavenging with zlrconlum
hydroxide and extraction of the uranium from hydrochlorie acld
solution with trilsooctylamine-xylene. The teechnique has been
applied successfully to the determination of uranium-237 in

homogeneous reactor fuel solutlons.

Preparation and Standardization of Uranium Carrier

Welgh out approximately 50 grams of uranyl nitrate hexahydrate.
Dissolve and make to 1 liter with 2 M nitric acld. Standardize
the carriler by plpetting 5-ml. aliquots into 50-ml. glass centri-
fuge cones and preclpltating ammonium diuranate by adding concen-
trated ammonium hydroxide. Fillter quantitatively through No. 42
Whatman fllter paper and ignite 1n porcelain crucibles at 800°C.
for 30 minutes. Welgh as U3°8'
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PROCEDURE 10 (Continued)

Procedure

In a 40-ml. tapered centrifuge tube add 1 ml. of uranium
carrier and 0.2 ml. of zirconlium carrier (approximately 10 mg. per
ml. of zirconium) to a sultable aliquot of the sample solution.
Dilute to approxlimately 10 ml., mix well, aﬁd precipltate ammonium
diuranate by the addltlon of concentrated ammonlum hydroxide.
Centrifuge for 2 mlinutes and discard the supernatant solution.
Wash the precipltate once with 15 ml: of ammonium hydroxide (1 to 1).

Dissolve the preclipltate 1n 1 to 2 ml. of concentrated hydro-
chloric acld solution, dilute to about 10 ml., add 1 ml. of
hydroxylamine hydrochloride (5 ﬂ), and mix well. Precipitate
zlrconium hydroxide by the addition of concentrated ammonium
hydroxide. Centrifuge for 2 minutes, add 0.2 ml. of zirconium
carrier; and stlr the supernatant solution, belng careful not to
disturb the preclpitate. Centrifuge for 2 minutes. Add 0.2 ml.
of zlrconium carrler and repsat.

Transfer the supernatant solution to another 40-ml. centri-
fuge tube, add several drops of phenolphthalelin, and adjust the
pH to approximately 8 by adding concentrated hydrochloric acid
solution dropwlse. Add an equal volume of concentrated hydro-
chlorle acid solution and extract for approximately 0.5 minute
wiltha cne-half volume portion of 5% (w./v.) trilsooctylamine-
xylene. Discard the aqueous phase. Wash the organilc phase by
mixing for 0.5 minute with an equal volume portion of 5 M hydro-
chloric acld solutlon. Repeat the wash step. Strip the uranium
from the organlc phase by mixlng thoroughly with an equal volume
portion of 0.1 M hydrochlorlec acld solution for 0.5 mlnute. Discard
the organic phase.

Add 0.2 ml. of zlirconium carrler, mix well, and repeat the
" above procedure, beginning with the precipitation of ammonium

dluranate.
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PROCEDURE 10 (Continued)

Flnally, preclpltate ammonium dluranate by the addition. of
concentrated ammonlum hydroxide. Centrifuge for 2 minutes. De-
cant and discard the supernatant solution. Filter on No. 42 What-
man fiiter paper and ignite at 800°C. for 30 minutes.

Weigh the ufanium-oxide on a tared aluminum foil (0.0009
inch), fold, and place in a 10 x 75 mm. culture tube. Insert a
sultable cork and count the uranium-237 gamma radloactivity 1in a
well-type scintlllation counter. Count the same day of the last
chemlcal separation.

Apply a blank correctlon if very low uranium-237 levels are
belng determined. Determine thils correction by taklng the same
allquot of uranlium carrier through the exact procedure described
above. The blank correction is due primarily to the gamma radio-

activity assoclated wlth the uranium-235 1n the uranium carrier.

PROCEDURE 11: Separation of Uranium and Bismuth.
Source: A. Krishen and H. Frelser, Anal. Chem. 29, 288 (1957).

Editor's note: TUranlium has been separated from a 5000=fo0ld
excess of blsmuth by the followlng method. Uranium is,; however,
not completely extracted (only 98.48% at pH values greater than
6.5). If thls correction 1s applled, uranium 1s quantitatively
detergined by polarographic means wlthin an experimental error
of z1%.

" Reagents
Acetylacetone. Commerclal acetylacetone was purifiled by

the method described by Steimbach and Freiser.2

Procedure .
Analysis. The method of Souchay and Fa.ucherre,B using 0.1M
EDTA and 2M sodium acetate 83 a supporting electrolyte, was found
to be sultable 1n the presence of dissolved acetylacetone. The
half-wave potentlal was shifted to -0.47 volt but the wave helght .

was not affected.
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PROCEDURE 11 (Continued)

Separation. Solutions of uranyl sulfate contalning 0.1 and
1.0 mg. of uranium were mixed with different amounts of bismuth
trichloride solution. A solution of the dipodlum salt of EDTA was
added to give a bilsmuth to EDTA ratio of 1 to 30. The pH of the
mixture was raised to 7.5 by careful addltion of 1§.sod1um hydroxide.
Then approximately 10 ml. of acetylacetone was added and the mix-
ture shaken for 10 minutes. The acetylacetone phase was separated,
filtered, and made up to a volume of 10 ml., of which 2 ml. was
withdrawn by a pilpet into a 10-ml. borosilicate glass volumetric
flask. The flask was very gently warmed untll the liquld was re-
duced 1in volume to about 0.5 ml. Then the supporting electrolyte
was added and the resulting solutlon deaerated for 5 mlnutes in
a 10-ml. Lingane=Laltinen H-type polarographic electrolysis cell.
The polarogram was then recorded and the concentration of uranium

found from sultable calibration curves.

2 J. F. Stelnbach, H. Frelser, Anal. Chem. 26, 375 (1954).

P p. Souchay, J. Faucherre, Anal. Chim. Acta 3, 252 (1949).

PROCEDURE 12: Isolatlion and Measurement of Uranlum at the
Microgram Level.
Source: C. L. Rulfs, A. K. De, and P. J. Elving, Anal. Chem.
28, 1139 (1956).
Abstract

A double cupferron separation of uranium using extraction
has been adapted to the milcro level. Uranium(VI).does not extract
in the first stage, which removes many potentlially interfering
elements. Uranlum(IV), obtalned in the residual aqueous solution
by reduction at a mercury cathode, 1s simultaneously extracted as

the cupferrate into ether, from which 1t can be re-extrascted into
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PROCEDURE 12 (Continued)

nitric aeld. A relatively simple one-plece glass apparatus 1s
used for all operatlons. The uranlum recover& at the milligram
level in an initial 30-ml. sample wés defermined colorimetrically
as 94%. With 0.03 to 0.13 7 of radloactive uranium-233 tracer
and 20 ¥ of natural uranium as earrier, the récovery is 86%;

the latter includes the additional step of electrodeposition of
the uranium onto a platinum planchet prior to measurement by alpha
counting, which 18 only 94% complete. The decontamination possible
wlth this procedure was checked with 0.07 vy quantitles of uranium-
233 in the presence of high mixed fisplon product activities; 85%
recovery.was obtalned, contalning only 0.9% of the fission product

glpha activity (assumed to be uranlum).

Apparatus
The reaction cell and simple electrical clrcult used 1s

shown 1n the accompanying figure.

The electrolysls vessel, G, 1ls protected from merocury lons
diffusing from the working reference calomel electrode, A, by a
medium glass frit between B and C, and a fine frit backed with
en agar plug between B and A. Between runs, cell C i1s kept fllled
wlth saturated potassium chlorlde solution.

The apparafus for the electrodeposition of uranlum onto
platinum disks or planchets and for alpha-counting measurement
of the resulting uranium plates have been deseribed.& Beta
actlivity was measured by a chlorlne-quenched argon-filled Gelger-
Muller counter (1.4 mg. per sq. ocm. of window) with a Model 165
gscaler; a selntlllatlon well counter with a thallium-dctivated
sodlum iodide crystal and a Model 162 scaler was used for gamma-
activity measurement of solutions (ca. 5 ml.) contained im a 13
x 150 mm. test.tube. The scalere and counters are made by the
Nuclear Instrument and Chemlcal Corp. For examlnatlon of the

gamma-ray spectrum, s gamma-ray scintillation spectrometer (bullt
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PROCEDURE 12 (Continued)

'1n the Department of Chemistry, University of Michlgan) was used
through the courtesy of W. Wayne Melnke.

Reagents
All chemlcals used were of C.P. or reagent grade unless

otherwise specified. The ethereal cupferron solutlon uped (200
to 300 mg. of cupferron per 50 ml.) was actuglly a hydrogen cup-
ferrate solution; the ether and cupferron were mixed 1n a mixing
cylinder with 5 to 10 ml. of 10 to 20% sulfurlic acld and shaken

until dissolution was complete.

Procedures

Reductlve Extraction. At the commencement of g run, bridge

B 1s flushed through stopcock 2 by filling B with fresh potassium
chloride solution from the funnel through 1. C 1s dralned and
rinsed; 1 1s left open for a time to flush the frit. With 3 closed,
4 to 5 ml. of triple-distilled mercury 1s placed in C. About 30 ml.
of uranyl sulfate polutlon (0.5 to 5 mg. of uranium and 0.5 to 1.5%
in sulfuric acid) is added and a potential of -0.35 volt vs.
S.C.E. 18 applied to the mercury. About 15 to 20 ml. of the
ether cupferron solution 1s added. Stirring 1s adjusted at Just
over the minimal rate for efficlent ocurrent flow (usually about
0.2 ma. flows without stirring and 1.2 to 2.6 ma. with stirring).
Stopcock 1 1s opened for about 30 seconds at approximately
5-minute intervals throughout the run to mlnimize any loss of
uranium into the bridge. At 15~ or 20-minute intervals, stirring
18 interrupted, the ether extract 1s bled through stopcock 4 into
cell D, and 15 to 20 ml., of fresh ether-cupferron solutlon 1ls added.
Runs of 40~ to 55-m1nﬁte total duration appear to be adequate.
Three increments of ether-cupferron solutlon were usually used,
' followed by a 5= to 10-ml. pure ether rlnse at the conclusion of

"the run. (See Note 1.)
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PROCEDURE 12 (Continued)

Stirrer

oT6Te e e T YN v %a %%

Potentio-
T— meter |
L\ 5

CP mo.

ELECTRICAL CIRCUIT FOR ELECTROCHEMICAL
REDUCTION OF URANIUM FOR Procedure 12,

Extraction and Measurement at Microgram Urahlum Level. A

8 gram) together with about

sd>lution of uranium-233 (10"7 to 10~
20 v of natural uranium (as sulfate) was submitted to reductive

extraction with cupferron for about 50 to 60 minutes. The
uranium (IV/III) cupferrate was then re-extracted in cell.D from

the ether solution into three successive 15-ml. portions of TM
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PROCEDURE 12 (Continued)

nitric acid. The combined nitric acld extract was evaporated to
about 5 ml., treated with 25 to 30 ml. of concentrated nitric and
2 ml. of perchloric acld, and then evaporated to dryness. The
residue was digested With 10 ml. of 0.1M nitric acld for a few
minutes; the solution obtained, after addition of about 10. y more
of natural uranium (as sulfate), was used for electrodeposition
of the uranium onto a platinum planchet from an oxalate medium.2
A windowless flow counter with Q-gas was used for counting the
alphs emigslon from the electrodeposited uranium.2

The whole operation took about 4 to 5 hours. Each méasure-
ment of alphas from the samples was callbrated by counting a

uranium oxide standard (Natlomal Bureau of Standards No. 836-5).

Note 1. In some runse the current dropped to a low level soon
after the requlsite number of eoulombs had passed for about a 3-
electron reduction of the uranium present. In other cases, the
current dld not decrease, but discontinuance of the run beyond
any pcint where twlce the theoretical current had pabsed gave
satisfactory uranium recovery. In the latter cases, a gray ether-
insoluble, but alecohol-soluble preclpitate (apparently a mercury
cupferrate), was usually evident in the agqueous phase. The cur-
rent efficlericy for the deslred process appeared to be good 1n
most runs.

The comblned ether extracts may be re-extracted in cell D by
inserting a clean stlrrer, or they may be transferred with.rinSing
into a clean separatory funnel. Three extractions with 20 to 30
ml. each of O0.5M, 4M, and 0.5M nltric acld were adequate to re-

extract uranium into aqueous solutlon.

2 ¢. L. Rulfs, A. K. De, P. J. Elving, J. Electrochem.Soc. 104,
80 (1957).
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PROCEDURE 133 The Determination of Uranlum by Solvent Extraction.
Source: R. F. Clayton, W. H. Hardwick, M. Moreton-Smith and R.
Todd, Analyst 83, 13 (1958). '

Abstract

The development of solvent-extraction methods for deter-
mining trace amounts of uranium-233 in irradiated thorium 18
described. Thorlium and 1ts alpha-emitting daughters are com-
plexed with EDTA, and, when uranium-233 18 extracted as 1ts di-
ethyldithlocarbamate complex, only bilsmuth-212 accompanies 1it.
This 1s lmmaterial for colorimetrie or fluorlmetric finishes, but,
for determination of the uranium-233 by alpha counting, the
bismuth-~212 must first be allowed to decay. If, however, the
uranium-233 18 extracted gs 1ts 8-hydroxyquinoline complex, no
alpha emitter accompanies 1t and concentrations of uranlum-233
ranging from 100 ug per ml down to 0.0l ug per ml in 0.7 M
thorlum solutlon have been determined in thils way.

METHOD FOR DETERMINING URANIUM-233 IN THORIUM NITRATE SOLUTIONS
BY EXTRACTION WITH OXINE
REAGENTS -~

Oxine solution A~—A 10 per cent w/v solution of 8-hydroﬁ-
quinoline in isobutyl methyl ketone.

Oxine solution B-~A 2.5 per cent w/v solution of 84hydroxy-
quinoline in lgobutyl methyl ketone.

EDTA solution--~Dissolve 372.9 g of the dlsodium salt of
ethylenedlaminetetra-acetic acld 1n 500 ml of water contalning
80 g of sodlum hydroxlde and make uﬁ to 1 liter.

1l ml 3232 mg of thorium.

Nitric acid, N.

Ammonia solution, sp. gr. 0.880,

Ammonla solution, 0.2 N.

Bromothymol blue indilcator solution.

Antl-creeplng solution--A 20 per cent solution of ammonium
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PROCEDURE 13 (Continued)

chloride contalning 2 per cent of a water-soluble glue (Stephen's

Stefix was found to be pultable).

PROCEDURE FOR 0.01 TO 1 ug OF URANIUM-233 PER ml-~

With a plpette place a sultable volume of sample solutilon,
containing not more than 600 mg of thorium, in a 40-ml centrifuge
tube fitted with & glass stirrer. Add EDTA solutlion to glve about
& 10 per cent excess over the thorium equlvalent and then add 3
drops of bromothymol blue indileator solution.

Add ammonia solution, sp. gr. 0.880, until the indilcator
turns blue. Return the color of the indicator to yellow by adding.
N nitric acld and then add 0.2 N ammonia solutlon untll the color
of the indilcator Just turns back to blue (pH 7). Add 2 ml of
oxine solutlon A, stir for 5 minutes, spln in a centrifuge to
separate the phases and then stopper the tube.

Evaporate duplicate 0.25-ml portlons of the solvent phase
slowly on stalnless-steel counting trays that have had 1 drop of
antl-creeping solution evaporated at thelr centers.2 Heat the
trays to redness in the flame of a Meker burner, cool and count.
PROCEDURE FOR 1 TC 100 pg OF URANIUM-233 PER ml--

With a pipette place a sultable volume of sample solution,
containing about 10 ug of uranium-233, 1n'a 40-m1 centrifuge tube
and dilute to 3 ml with water. Add EDTA solution to give a 1o
per cent exceas over the thorium _equivalent. Add 2 drops of
bromothymol blue indicator solution and adJust the pH to 7 as
previously desoribed.

Add 5 ml of oxlne solution B, stir for 5 minutes, spin in
a centrifuge to separate the phases and then stopper the tube.
Evabofate duplicate 0.1l or 0.25-ml portlons of the solvent phase
for coﬁnting, a8 before.

Note that for a fluorimetric finish to elther procedure,

pultable dupllicate portions of the solvent phase should be
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PROCEDURE 13 (Continued)

evaporated in platinum fluorlmeter dlshes before fusion with

sodlum fluoride.

METHOD FOR DETERMINING URANIUM-233 IN THORIUM NITRATE SOLUTIONS
BY EXTRACTION WIFH SODIUM DIETHYLDITHTIOCARBAMATE
REAGENTS--~

Hexone.

Sodium diethyldlithlocarbamate solution--A freshly prepared
and flltered 20 per cent W/v aqueous solution.

EDTA solution--Prepared &s descrlbed 1n reagents list, p. 377.

Ammonlum nitrate solution, 2 M .

Ammonia solution, sp. gr. 0.880.

Nltric aclid, concentrated and N.

Screened methyl orange lndlcator solution.

Antl-creeplng solutlion--A 20 per cent solutlon of ammonium
chloride containing 1 per cent of a water-soluble glue.
PROCEDURE FOR 1 TO 100 pg OF URANIUM-233 PER ml--

With a pilpette place a sultable vo;ume of sample solutilon,
contalning about 10 pg of uranium-233, in a 40-ml centrifuge tube
fitted with a glass stirrer. Dilute to 4-ml with 2 M ammonium
niltrate and add EDTA solution to gilve a 10 per cent excess over
the thorlum equivalent. Stilr and make Jjust alkaline to screened
methyl orange by addlng ammonla solution and then add 0.5 ml of
sodlum dlethyldithilocarbamate solution.

Stir and add N nitrie aeld untll the solutlion 1s mauve (not
red). Add 5 ml of hexone, stir for 5 minutes and add more acld
to maintaln the mauve color 1f necessary. Spin in a centrifuge
to separate the phases and then stopper the tube.

Evaporate sultable duplicate portions of the polvent phase
on stalnless-gsteel counting trays that have had 1 drop of anti-
creepling solutlon evaporated at thelr centers. Heat the trays

to redness in the flame of a Meker burner, allow the bismuth-212
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PROCEDURE 13 (Contilnued)

to decay, and then count. Alternatively, for a fluorimetric
finigh, evaporate dupllicate portions of the solvent phase in platin-
um fluorlmeter dishes for fusion with sodium fluoride.

Note that greater sensltivity can be obtalned by starting
with a larger volume of sample or by evaporatling larger portions

of the solvent phase.

2 y. H. Hardwick, M. Moreton-Smith, Analyst 83, 9 (1958).

PROCEDURE 14: Uranium Radiochemlical Procedure Used at the
University of California Radiation Laboratory at ILlvermore.
Source: E. K. Hulet, UCRL~4377 (195%).

Decontamlination: 3 x 1012 Atoms of y237 isolated from a 3-day-

old mixture containing 1014 filsslons showed no
evidence of contaminatlon when decay was followed
through three half lives.

Yield: 30 to 50 percent.

Separation time: About four hours.

Reagents: Dowex A-1 resin (fall rate of 5~30 cm/min).
Zinc dust, 1sopropyl ether.

2M Mg(NO with 1M HNO,.

3)2

2M HC1 with 2M HF.

1. To the solution contalning the activity in HCl in an Erlen-
meyer flask, add uranium tracer in HCl, 1 ml of conc. formic
acld and several ml of conc. HC1l.

2. DBoil gently until volume 18 ~2-3 ml, replenishing the solu-
tion with several ml of formic acid during the boiling.

3. Tranefer to 20-ml Lusterold centrifuge cone, rinsing flask
twice with 1-2 ml of water and add 2-3 mg of La*tt. add 1

ml of conc. HF, stlir, heat, and centrifuge.
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PROCEDURE 14 (Continued)

Transfer supernatant to 20-ml Lusteroid centrifuge cone, add
2-3 mg Lat*™, stir, heat, and centrifuge.

Transfer supernatant to 20-ml Lusterold, add 5-10 mg La+++,
1/2 ml of conmec. HC1l and heat in a water bath. When the solu-
tion 18 hot, add small portions of zlnc dust and stir. About
three small additions of zlnc duat should be made over a half-
hour perilod with vigorous stirring after each addition. If
the zino dust tends to ball and sink to the bottom of the

tube at any time, addition of more conc. HC1l wlll solve thils

problem. When all the zinc from the last addition has dissolved,

add 4 or 5 ml of water and 1 ml of conc. HF. Stir, cool, and
centrifuge, retalning the LaF3 precipitate. Wash.precipitate
with 2 ml of 2M HCl + 2M HF.

Dissolve the precipitate with 6M HNO, saturated with H,BOg,
stirring and heating. Transfer the solution to a 40-ml glass
centrifuge cone, washing out the ILusteroid cone with water.
Add several drops of H202 and stir and heat. Add 2 mg Fe+++
and make solutlon baslc with NH40H and pome NaOH. Heat, stir,
and céntrifuge.. Wash the preclpltate with 2 ml of water.
Dissolve the preclpltate in one to two drops of eonc. HNO3 and
heat. Cool, add 10 ml 2M Mg(N03)2 + 1M HNOg saturated with
ether. Equilibrate twlce with 10-15 ml of diilsopropyl ether.
Pipet the ether phase into a clean 40-ml cone and equllibrate
ether layer with 3 ml of com. HCl. Pipet off and discard
ether layer. Heat HC1l for ~30 seconds and agaln plpet off

the ether layer.

Pass the HC1 solution through a Dowex-l anlon resin bed (2

em x 3 mm) by pushing the solution through the column with

alr pressure. Rinse the centrifuge tube once with 1 ml of
conc. HC1l and push thle solution through the'column. Wﬁsh
resin with ~1 ml of conc. HCl. Discard effluent.
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PROCEDURE 14 (Continued)

1l. To colummn, add ~3/4 ml of 0.5M HCl. Collect the eluate and

evaporate to a small volume and plate on a platinum disec.

PROCEDURE 15: Use of Ion Exchange Resins for the Determlnatlon
of Uranium 1ln Ores and Solutilons.

Source. 8. Fisher and R. Kunin, Anal. Chem. 29, 400 (1957).

Abstract

The separatlion of uranium from the lons interfering wlth 1lts
analysis 1s accomplished by the ‘adsorption of the uranium(VI) sul-
fate complex on a quaternary ammonlum anion exchange resin. Intef-
ference of such lons as iron(III) and vanadium(V) 1s avoided by
thelr preferentlal reductlon with sulfurous acld so that they, as
well as other catlong, are not retalned by the resin, Uranlum is
eluted for analysis by dllute perchloric acid. The methoed 1s

applicable to both solutions and ores.

Ore Soelutlon

Two methods for the openlng of uranium-bearing ores were
investigated 1n conjunctlon with the lon exchange separation. The
first 1s the standard digestlon with hydrofluoric and nitrlec aclds,
with subsequent evaporation to dryness followed by a sodium car=-
bonate fusion.® The carbonate melt is dissolved in 5% sulfuric
acld to form a solution for the separation. A second method for
routine analysis, designed to eliminate the need for hood facili-
tles and platinum vessels, lnvolves an oxlidative leach with an
aclidic manganese(IV) oxlide system. This procedure 18 given 1in
detall below. Other workeraE, using the authors' separation
procedure, have recommended solution of the ore by treatment with

.12M hydrochloric acid plus 165 nitric acid followed by fuming'
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PROCEDURE 15 (Continued)

with sulfuric acld to produce a sultable uranium solution for the
column influent.

Procedure. Welgh out samples of ore estimated to contain
an amount of uranium oxlde less than 100 mg. but sufficient to be
detected by the chosen method of analysis. Add 20 ml. of 20% by
voJume sulfurlc acild and 2 grams of manganese(IV) oxlde. Heat
the mlxture to bolling. Allow to cool to room temperature. Dilute
with epproximately 50 ml. of water. Adjust to a pH between 1.0
and 1.5 by the dropwlpe addition of 20# podium hydroxide. Filter
through fine-pore filter paper uslng two lo;ml. portions of water

to wash the resldue on the paper.

Ton Exchange Separation

Aggggatug. Tubes 0.5 inch in dlameter with high-porosity
sintered glaps fllter disks fused to the lower end are used to
contaln the resin, The rate of flow of solutlons through the
tube 1p regulated by a screw clamp on rubber tubing below the
filter. B8mall separatory funnelp are attached to the top of the
column to feed the sample and reagents.

Procedure. Convert a portion of quaterhary ammonium anion
exchange resin (Amberlite XE-117, Type 2) of mesh size 40 to 60
(U.S. screens) to the sulfate form by treating a column of 1t with
16% sulfurle acld, using 3 volumes per volume of resin. Rinse the
acld-treated resin with delonized water until the effluent 1s
neutral to methyl red. Drain the resin so prepared free of excess
water and store 1n a bottle. A S5-ml. portion of thls resin 1s used
for a single analysis. The resin 18 loaded into the fllter tube and
the bed so formed 1p backwashed with enough water to free 1t of
alr. After the resin has settled the excess water is drained off
to within 1 om. of the top of the bed prior to the passage of the
sample through the bed.

Add 5 drops of 0.1% methylene blue to the partially neu-
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PROCEDURE 15 (Continued)

tralized (pH 1.0 to 1.5) solution from the dissolved sodium car-
bonate melt or from the filltered manganese(IV) oxide leach. Add
6% sulfurous acld dropwise until the methylene blue 1s decolorized
and then add a 5-ml. excess. Pass the reduced pample through the
resln bed at a rate not exceeding 2 ml. per mlnute. Wash the sam-
Ple contalner with two 1O-ml. portions of water, passing the
washing through the resih bed at the same flow rate. Elute the
uranlum with 50 ml. of 1M perchloric acld. Determine the uranium
content of the perchlorlc acid fraction colorimetrically by the
standard sodlum hydroxide-hydrogen peroxide method2 or volumetri-
oallyg. For colorimetric analysls standard uranium solutions
containing perchloric acld should be used in establlshing the

ourve.

2 p. 8. Grimaldi, I, May, M. H. Fletcher, J. Titcomb, U. S. Geol.
Survey Bull. 1006 (1954).

2y, J. Seim, R. J. Morris, D. W. Prew, U. S. Atomlc Energy Comm.

Document UN-TR-5 (1956).

£ g. J. Rodden, "Analytical Chemistry of the Manhattam Project,”
McGraw-H11l, New York, 1950.

PROCEDURE 16: The Use of a "Compound" Column of Alumins and
Cellulose for the Determination of Uranium ln Minerals and Ores
Contalnling Arsenic and Molybdenum.
Source: W. Ryan and A. F. Willlame, Analyst 77, 293 (1952).
Abstract

A technlque 1n lnorganic chromatography, wilth alumina and
cellulose adsorbents in the same extraction column, 18 described
for the separation of uranlum from minerals and ores. The pur-

pose of the alumlna 1s to retaln arsenlc and molybdenum, which
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PROCEDURE 16 (Continued)

are not readlly retalned by cellulose alone when ether contalning
5 per cent v/v of concentrated nitrlie acld, sp.gr. 1.42, 1s uped
as the extraction solvent.

METHOD FOR SAMPLES CONTAINING MOLYBDENUM OR ARSENIC OR BOTH
Solvent--Add 5 ml of concentrated nitric acid, sp.grs 1l.42, to
each 95 ml of ether.

PREPARATION OF ALUMINA-CELLULOSE COLUMN--

The adsorptilon tube for the preparation.of the column 1s a
glass tube about 25 em long and 1.8 cm in diameter. The upper
end 1s flared to a dlameter of about 8 cm to form a funnel that
permlte easy transfer of the sample. The lower end terminates
in a short length of narrow tubing and is closed by a short
length of polyvinyl chloride tublng carryling a screw clip. The
Inside surface of the glass tube 1s coated with a sllicone in
the manner described by Burstall and Wells.2

Welgh 5 or 6 g of cellulose pulp* into a stoppered flask and
cover 1t with ether-nitrlc aclid solvent. Pour the suspenslon 1in-
to the glass tube, agltate gently and then gently press'down-the
cellulose to form a homogeneous column. Wash the column with
about 100 ml of ether-nitric acld solvent and finally allow the
level of the solvent to fall to the top of the cellulose. Next
pour about 15 g of activated alumintum oxideT on top of the
cellulose, pour on 30 ml of ether-nitric acld solvent and vig-
orously agltate the alumina with a glass plunger. Allow the
packing to settle. Allow the level of the ether to fall to the

surface of the alumine and the column 1ls .ready for use.

* Whatman's Standard Grade cellulose powder 1s sultable.

* Type H, Chromatographic Alumina, 200 mesh. Suppllied by Peter

Spence Ltd.
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PROCEDURE 16 (Continued)

PREPARATTON OF SAMPLE SOLUTION FROM MINERAL OR ORB=--~

Welgh into a platinum dlsh sufficlent of the sample to glve
100 to 150 mg of U3°B' which 1s a convenlent amount for a volu-
metric determination. Decompose the sample by treatment with
nitric and hydrofluorilc ascids in the manner desoribed by Burstall
and Wells.2 Finally remove hydrofluoric acid by repeated evapora-
tions with nltrlc acld and take the sample to dryness. If the
additlion of dilute nltric acld indicates the presence of undecom-
posed materlal, filter the insoluble residue on to a filter-paper
and ignite and fupe 1t 1n a nlckel orucible with a few pellets
of potasslum hydroxide. Then add the melt to the flltrate and
take the whole to dryness.

Add 4 ml of dlluted nitric acld, 25 per cent v/v, to the
dry resldue, gently warm to dlssolve the mixture and then eool
the solutlon, whlch 1s then ready for chromatography.

EXTRACTION OF URANIUM-—-

Transfer the sample on a wad of dry cellulose pulp to the
top of the prepared alumina-cellulose colunm? and extract the
uranium with 200 to 250 ml of ether-nitric acld solvent if ar-
senlc or molybdenum and arsenlc 1s present 1n the original sampla.
If molybdenum alone 18 present, the amount of solvent can be
reduced to 150 ml. Screen the column from direct sunlight. After
removal of ether from the eluate, determine the uranium volume-

trically.2el

£ r. H. Burstall, R. A. Wells, Anelyst 76, 396 (1951).

® F. H. Burstall, A. F. Williams, "Handbook of Chemical Methods

for the Determination of Uranium in Minerals and Ores," H. M.
Stationery Offlce, London, 1950.
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PROCEDURE 17: Determination of Uranium-235 in Mixtures of
Naturally Occurring Uranium Isotopes by Radioaotivation.
Source: A. P. Seyfang and A. A. Smales, Analyst 78, 394 (1953).

Abstract
A method previously used® for determining uranium in minerals
by neutron irradiation followed by measuremént of the separated
fisslon-product barium has been extended to the determination
of uranium-235 in admixture with uranium-234 and uranium-238.
With microgram amounts of uranium-235, short irradiations
in the Harwell plle glve ample sensitivity. Precislion and
accuracy of better than 12 per cent have been achleved for a
range of uranlum-235 contents covered by a factor of more than
10°.
. Method
REAGENTS -~
Magnesium oxlde--Analytical reagent grade.
Nitric acid, sp. gr. 1l.42.
Barium chloride solution--D?saolve 18 g of 33012-2H20 in
water énd make up to 500 ml.
Lanthanum nitrate solution--A 1 per cent w/v solution of

La(NO » 6H,0.

3)3 |
Ammonium hydroxide, sp. gr. 0.880.

Strontlium carbonate solution--A 2 per cent w/v solution.
Hydrochloric acid-dlethyl ether feagent--A mixture of 5 parts
of concentrated hydrochloric aéid, 8p. gr. 1.18, and 1 part of
dlethyl ether.

Sodium tellurate solution--A O.4 per cent w/v solution.

Zinc metal powder.

Methyl orange 1lndlcator.

Potassium lodlde solutlon--A 1 per cent wW/v solution.

Sodlum hypochlorite solutlon--A commerclal soiution containing

10 per cent of avallable chlorilne.
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PROCEDURE 17 (Continued)

Hydroxylamine hydrochloride.. _
Ferric chloride solution--A 1 per cent w/v solution.

Sulfuriec acid--A 20 per cent v/v solutlon.

IRRADTATION-~

Solidg-- Samples contalning not much more uranium—é35 than
natural uranium (say, up %o three times more or 2 per cent) may
be lrradlated as polid; this 1s usually U308° For these cut a
5-cm length of 2-mm polythene tublng and geal one.end bylwarming
and pressing. Introduce freshly 1gn1ted anglytical reagent grade
magnesium oxide to form a compact layer 4 to 5 mm in helght at
the sealed end of thé tube. Welgh the tube and contents, add
308 and re-welgh. Add a further simlilar layer
of magneslum oxlde on top of the U3°8 and then seal the open end.
Leave a free space about 1 cm long between the top of the mag-
neglum oxlde layer and the seal, for ease of openlng. Treat
standard and samples simllarly. Place the tubes elther 1n.a
"specilal polythene bottle for irradiation in the pneumatic "rabbit"
of the plle or 1ln a 3~lnch alumlnum can for lrradlation in'the
Yself=perve” holes in the plle. Irradlation 1s carried out for
any required time; usually 1t is about 5 minutes. After 1lrra-
diating, place the contalners in lead shieldlng for about 15
hours. After this perlod, tap down the contents of the polythene
tube away from one end and carefully cut off the top. Empty the
contents 1nto & 50-ml centrifuge tube. (The plug of magnesium
oxide serves to "rinse" the sample tube as 1t 1s emptied.) Add
2 ml of concentrated nitrlc acid (sp.gr. 1.42), gently warm to.
"dissolve, and finally boll off the nitrous fumes. Add 5.00-m1
of & barium solution to act as carrler (s solution of 18 g of
barium chloride, BaCl,°2H,0, in 500 ml of water).

Liguids~-For more highly enrichgd samples or when the amount

.of sample avallable 1s small, solutions contalning welghed
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PROCEDURE 17 (Continued)

quantlities of solld sample must he lrradlated in small silica
ampouleB. The ampoules, whlech have a capacity of about 1 ml,
are prepared from silica tublng. After one end of each has been
sealed, the ampdulea are welghed, the sample solutlon added from
a fine-polnted glass dropplng-tube and the ampoules re-welghed.
Pack the ampoules, after seallng the open ends, 1n cotton wool in
a 3-inch aluminium can and irradiate them in the "self-serve"
posltion of the plle. The time of lrradlatlon necessary can be
calculated from the usual activatlion formulﬁ; as an example, 1
pg of uranium-235 irradiated for 24 hours in & flux of 1012 neu-
trons per sq. cm per second glves about 5000 counts per minute
of barlum-140 at 5 per cent counting efficlency, 24 hours after
the 1rradiation.

After removing them from the pile,'place the samples and
ptandards 1n lead shlelding for about 15 hours; the maln activity
1s due to sillicon-31. Transfer the ampoules to 100-ml tall-form
beakers contalning a few milliliters of water and 5.00 ml of
barium carrier solutlon, carefully break off both ends of each
ampoule and warm to ensure thorough mlxing. Decant into centri-
fuge tubes and wash out the ampoules and beakers with further
small portlons of water.

CHEMICAL, SEPARATTON-~

Evaporate the solutlion containing the irradiated uranium
and barium carrier to 5 to 6 ml and add two drops of 1 per cent
lanthanum niltrate solutlon. Warm 1f necessary to dlssolve any
barium nitrate that may have crystallized, add concentrated
ammonium hydroxlide dropwilse untll a permanent preclpltate 1s
obtalned and then two drops 1n excess. Centrifuge and decant
into another centrifuge tube. Add methyl orange indicator, and
then hydrochlorilc acid-until the solution 1s acld. Add 2 drops
of 2 per cent strontium solution, about 25 ml of hydrochloric
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PROCEDURE 17 (Continued)

acid - dlethyl ether reagent, mix thoroughly, centrifuge and
decant. Wash the precipltate with 5 ml of reagent, centrifuge

and decant. Dilssolve the barlum chloride precipitate in 3 to 4

ml of water, re-preciplitate it by adding 20 ml of reagent, centri-
fuge and decant. Wash with 5 ml of reagent, centrifuge and decant.

Dissolve the precipltate 1m about 5 ml of water, add 6 drops
of lanthanum solution and 6 drops of the 4 per cent tellurate
solution and then about 3 mg of zinc metal powder. When the
effervescence ceases, make the éolution Just ammoniacal to methyl
orange, centrifuge and decant into another tube. Add 4 drops of
1 per cent potassium lodide solution and 2 drops of sodium hypo-
chlorite solution. Warm and set aside for 2 minutes. Acldify
with about 1 ml of hydrochloric acid, and add about 0.1 g of
hydroxylamine hydrochloride. Boll under a hood until all the
lodine appears to be removed and the volume 18 reduced to 5 to
6 ml. Add 2 drops of strontium solutlion and 2 drops of lanthanum
solution and repeat thé double barium chloride preclpltation and
washlng, as above.

Dissolve the ﬁrecipitate in about 5 ml of water, add 6 drops
of lanthanum solution, and 6 drops of 1 per cent ferric chloride
solution. Make ammonlacal to methyl orange, add half a crumbled
Whatman accelerator tablet, and heat Just to bolling. 'Filter
through & 7-cm Whatman No. 30 fllter-paper into a centrifuge tube,
wash twlce wlth 2 fo 3-ml portions of water. Dllute the flltrate
to about 20 ml and make slightly acld with hydrochloric acid.
Heat nearly to bolling and add dropwlse 2 ml of 20 per cent v/v
sulfuric acid. Allow the preclpltate to settle, decant, wash
with 10 ml of water, centrifuge, decant and repeat the washlng
procedure to complete removal of the excess of acld.

Transfer as much as posslble of the preclpltate, by means

of a dropping tube and a few drops of water, to a tared aluminium
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PROCEDURE 17 (Continued)

counting tray. Dry under an infra-red lamp and finally heat in'
4 muffle furnace at 500°C for 15 minutes. Cool, weigh and re-
perve for counting.

COUNTING TECHNIQUE=-- )

The counting equipment for this work consists of (1) a
power unit (type 10824 or 200 is sultable), (11) scaling unit
(type 200 or 1009B), (1ii1) time accessory unit {type 1003B),
(1v) probe unit (type 200B or 1014A). Time pulses can be ob-
talned from a master electric clock serving several unlts. A mica
end-window Geiger-Mﬁller counter (2 mg per aq. em.), of type
EHMZ, 18 sultable; 1t is mounted in a lead castle with a Perspex
lining and shelves.

Check the counting equlpment in the normal fasghlon wlth a
sultable beta-emltter, such as natural uranium oxide in equillib-
rium with le and sz. Place the pample to be counted in a
Perspex carriler and lnsert 1t 1n a shelf at a suifable dlstance
from the Geiger-Mﬁller tube to attaln a countlng rate of 2000 to
3000 counts per minute. Count for a sufficient time to obtain
at least 10,000 counts for each barlum sulfate precipitate,
counting the precipltates one after another without undue delay.
Correction for growth of lanthanum-140 ig unnecessary 1f samples
and standards are counted within, say,.GO_minutes of each other
provided the barium sulfate preciplitations are carried out on
each nearly simultaneously.

CALCULATION OF RESULTS--

Correct all counts for background, colncldence loss and

chemical yleld and express as the results in counts per minute.

Welght of U532 4n standard _  Corrected count of atandard

Then D3R - -
Weight of U~ 1in sample Corrected count of sample
35
and Weight of Ua in sample X 100 = percentage of uranium-235

Welght of sample in sample.

2 A. A. Smales, Analyst 77, 778 (1952).
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PROCEDURE 18: Determination of Microgram and Submicrogram
Quentities of Uranium by Neutron Actlivatlon Analysis.

Source: H. A. Mahlman and G. W. Ledlicotte, Anal. Chem. 27, 823
(1955).

Abstract

Mlicrogram and submlcrogram quantitles of uranium have been
determined in synthetic samples, ores, and solls by neutron
radloactivatlion anglysis. The principles of the activation
enalysip method used in this determination and the processing of
irredlated samples are discussed. This method of analysis 18 a
sensitlive and speciflc method for determining uranlium in concen-
trations as pmall as 0.1l ¢ per gram with a probable rélative
standard error of 10#. Concentrations of uranium iln quantities
as small as 0.0001 ¥ per gram can be determined by neutron activ
atlior analysis.

Radloactivation Anslysis of Samples thgt Contaln
Uranlum

Nuclear Irradiation of Sample. Welghed portions of the

samples and the comparative standard are put into small quartz
tubes. The tubes are closed with cork stoppers that are wrapped
in aluminum. They are then irradiated in the reactor. After
irradlation, the samples are allowed to decay about 4 hours and
are then chemlcally processed as described below. The synthetlc
samples used in this laboratory had been processed by a fllter
paper partition chromatography technique. After the separation,
the paper was convenlently lrradlated in short pleces of quartz
tubing whose openings were plugged by means of cork stoppers.

Chemical Separation of Neptunlum-239. In most neutron

activation analyses, a chemlicgl separation 1s made to isolate
the radiocactlivity of the element from all other radloactive
species 1n the sample. Usually an "isotopic carrier"--a knewn

amount of the natural lnactive element--1s added to the solutlons
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PROCEDURE 18 (Continued)

of both the irradiated specimen and the comparison pamples. The
solutions are then processed chemically to 1solate the carriler
and deslired radloelement from other elements and contamlnant
radiocactivities. Small amounts of other elements are added as
holdback or scavenging carriers to assist in the decontamlnation
process.

Although neptunium-239 has a convenlent half 1ife, 1t does
-not have a stable 1sotope that can be used as an'isotoplc carrier.
However, SeaborgE has shown that trace quantitles of neptunium-
239 can be quantitatively carried on & nonisotoplec carrier, such
as cerium. The method of analyslis reported below uses lanthanum
as a nonlsotoplc carrler for the neptunium-239 radioactivity.
(See Note 1.)

Chemical Separation Procedure. PREPARATION. The irradiated

ore and soll specimens are dissolved by digestion 1n a mixture of
concentrated nitrie, hydrofluoric, perchloric, and sulfuric
aclds. (Additional hydrofluoric acld can be added if a residue
of silica remains 1n the bottom of the crucible.) After dissolu-
tion, the sample 18 concentrated to heavy sulfurlc acld fumes,
cooled, and transferred to a 15-ml. centrifuge tube. If a residue
(sulfate salts) remains after the transfer, the solution 1s cen-
trifuged for 5 mlnutes, the supernatant transferred to another
tube, and the residue washed with 1 ml. of 1M nitric acid. The
wash 1s added to the supernatant and the residue discarded.
(Centrifugation is always for the stipulated time and at full
speed.) The sample 1s then further processed by the procedure
reported herein.

The irradiated synthetlic samples (paper chromatograms) are
processed by carefully igniting the paper contalned 1n a porcelailn
crucible in a muffle furnace. The residue 1s dissolved in about

0.5 ml. of concentrated nitric acid. After dissolution, the
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PROCEDURE 18 (Continued)

sample 1p transferred to a 15-ml. centrifuge tube and the process-
ing continued wlth the procedure reported herein.,

PROCEDURE. Three (3.0) milligrams of lantharum and 0.250
ml. of 5M hydroxylamine hydrochloride solution are added to the
supernatant solution and the mixture digested for 5 mihutes wlth
occaslonal stirring. The solution 18 cautiously neutralized with
concentrated ammonium hydroxide to precipltate lanthanum hydroxide,
after which the mlxture 1s centrifuged and the supernatant 1liquid
dlscarded.

The precipitate of lanthanum hydroxide 1s dissolved in 2 ml.
of 2M hydrochloric acid, and 1.0 mg. of strontium (added as a
solution of strontium nltrate to serve as a holdback or scavengilng
carrier) and 0.250 ml. of 5M hydroxylamine hydrochloride solution
are added to the solution. The solutlion 1s agaln digested for
5 minutes with intermittent stirring, and 0.200 ml. of concentrated
hydrofluoric acld 1s added dropwlse to the solutlon to precipltate
lanthanum fluoride. After centrifugation, the supernatant 1liquid
is dilscarded and the precipltate washed with 0.5 ml. of 1M hydro-
fluoric acid-1M nitric acid solution.

After washing, the lanthanum fluoride precipitate 1s dlassolved
in 0.5 ml. of saturated boric acild solution and 1.0 ml. of 6ﬁ
nitric acid. One (1.0) milliliter each of 10% potassium perman-
ganate solutlion and water are added to thils solution, and the
resulting mixture 1is agltated well and digested for 5 minutes.
Lanthanum fluorlde is agaln precipiltated with 0.250 ml. of con-
centrated hydrofluoric acld; the solution 1s centrifuged and the
supernatant liquld transferred to another centrifuge tube. The
preclpitate 1s washed with 0.5 ml. of 1M hydrofluoric acid-1M nitriec
acld solution and the wash combined with the supernatant liquid.
The preclpltate 1s discarded.

Three milligrams of lanthanum are added to the supernatant
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PROCEDURE 18 (Continued)

liquid, and the solution 18 digested for 5 minutes and centrifuged.
An additional 3.0 mg. of lanthanum are added to the supernatant
1iquid and the solutlon agltated and digested for 5 minutes without
dlsturbing the first preclpltate on the bottom of the tube; then
the solution is centrifuged and the supernatant liquld transferred
to another centrifuge tube. The preclpltate 1s washed with 0.5
ml. of 1M hydrofluoric acld-1M nitric acid solution; centrifuged,
and the wash combined with the supernatant liquid. The precipl-
tate 18 dilscarded.

One milligram of zirconium (added as & solution of zirconium
nitrate to serve as a holdback or scavenging carrier) and 0.250 ml.
of 5M hydroxylamine hydrochlorilde are added to the solution and
the mixture agltated and digested 5 minutes. Three (3.0) milli-
grams of lanthanum and 2 ml. of 2M hydrofluoric aeld are added
to the solution, and the solution 1s dlgested for 20 mlnutes and
then centrifuged. The supernatant liquid 1s dlscarded. The pre-
clpitate 1s washed with 0.5 ml. of 1M hydrofluoric acld-1lM nltrie
acid solution, and the repulting mixture 18 centrifuged. The
wash solution 1s discarded after the centrifugation.

The preclplitate 1s slurried 1n a small amount of 1M niltrlc
acld (about 0,5 ml.) and transferred to a small borosilicate glass
culture tube by means of a transfer pipet. The centrifuge cone
18 rinsed with three 0.5-ml. portions of 1M nitric acld and the
ringes transferred to the emlture tube. The tube is sgtoppered
wlth a cork stopper and the y radloactlivlity measured by a well-
type gamma scintillatlon counter.

The standard sample of uranium oxlde (U308) 1p dissolved
in nitric acld and an aliquot of the solution processed under
the same condltions as the specimen samples. The uranium content
of the sample 1n questlon 1s quermined by equating the ratio of
the corrected neptunium-239 radioactivity count in the unknown
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. PROCEDURE 18 (Continued)

and the corrected neptunium-239 radlcactivity count in the standard
sample.
b 237 .
Note 1. Hamaguchl and co-workers— have used Np tracer

to determine the chemlcal yleld..

2 g. T. Seaborg and co-workers, Metallurgical Project Rept. CN-
2689,41 (Feb. 15, 1945) (classifiled).

® Y. Hamaguchl, G. W. Reed, A. Turkevich, Geochim. et Cosmochim.

Acte 12, 337 (1957).
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Arsanic. NAS-NS-3002 (Rev.) [1965]

Astatine, NAS-NS-3012 [1960]

Barium, Calcium. and Strontium,
NAS-NS-3010 [1960]

Beryliium. NAS-NS-3013 [1860]

Cadmium, NAS-NS-3001 [1960]

Carbon, Nitrogen, and Oxygen,
NAS-NS-3019 [1960]

Cesium, NAS-NS-3035 [1961]

Chromium, NAS-NS-3007 (Rev.) [1963]

Cobalt. NAS-NS-3041 [1961]

Copper, NAS-NS-3027 [1961]

Fl