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FOREWORD 

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

The Subcommittee has concerned itself with those areas of 
nuclear science which involve the chemist, such as the collec­
tion and distribution of radiochemical procedures, the estab­
lishment of specifications for radiochemically pure reagents, 
availability of cyclotron time for service irradiations, the 
place of radiochemistry in the undergraduate college program> 
etc. 

This series of monographs has grown out of the need for 
up-to-date compilations of radiochemical infonnation and pro-
cedvires. The Subcommittee has endeavored to present a series 
which will be of maximvmi use to the working scientist and 
which contains the latest available information. Each mono­
graph collects in one volume the pertinent information required 
for radiochemical work with an individual element or a group of 
closely related elements. 

An expert in the radiochemistry of the particular element 
has written the monograph, following a standard format developed 
by the Subcommittee. The Atomic Energy Commission has sponsored 
the printing of the series. 

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

W. Wayne Meinke, Chairman 
Subcommittee on Radiochemistry 
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INTRODUaiON 

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

The series of monographs will cover all elements for 
which radiochemical procedures are pertinent. Plans Include 
revision of the monograph periodically as new techniques and 
procedures warrant. The reader is therefore encouraged to 
call to the attention of the author any published or unpub­
lished material on the radiochemistry of uranium which might 
be Included in a revised version of the monograph. 
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The Radiochemistry of Uranium 

JAMES E. GINDLER 
Argonne National Laboratory 

Argonne, Illinois 

General Reviews of the Inorganic and Analytical Chemistry of 

Uranium. 

1. J. W. Mellor, "Uranium" in "A Comprehensive Treatise on 

Inorganic and Theoretical Chemistry," Volume XII, Chapter 

LXIII, pp. 1-138, Longmans Green and Company, London, 1932. 

2. R. J. Meyer and E. Pietsoh, "Gmellns Handbuch der Anorgan-

ischen Chemle," 8th Edition, System No. 55, Verlag Chemie, 

G.m.b.H., Berlin, 1936. 

3. N. V. Sidgwick, "Uranium" in "The Chemical Elements and 

Their Compounds," pp. 1069-1086, Clarendon Press, Oxford, 

1950. 

4. C. J. Rodden and J. C. Warf, "Uranium" in "Analytical 

Chemistry of the Manhattan Project," National Nuclear 

Energy Series, Division VIII, Volume 1, Chapter 1, pp. 3-

159, C. J, Rodden, Ed., McGraw-Hill Book Co., Inc., New 

York, 1950. 

5. J. J. Katz and E. Rablnowltz, "The Chemistry of Uranium," 

National Nuclear Energy Series, Division VIII, Volume 5, 

McGraw-Hill Book'Co., Inc., New York, 1951. 

6. G. T. Seaborg, "The Actlnide Series" in "Comprehensive 

Inorganic Chemistry," Volume I, Chapter 3, pp. 161-223, 
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M. C. Sneed, J. L. Maynard, and R. C. Brasted, Ed., D. 

van Nostrand Company, Inc., New York, 1953-

7. H. R. Hoekstra and J. J. Katz, "The Chemistry of Uranium" 

in "The Actlnide Elements," National Nuclear Energy Series, 

Division IV, Volume l4A, Chapter 6, pp. 13O-I88, G. T. 

Seaborg amd J. J. Katz, Ed.j McGraw-Hill Book Co., Inc., 

New York, 1954. 

8. J. J. Katz and G. T. Seaborg, "The Chemistry of the Actlnide 

Elements," Chapter V, pp. 94-203, John Wiley and Sons, 

Inc., New York, 1957. 

9. "Uranium," R. Calllat and J. Elston, Directors, in "Nouveau 

Tralte de Chemie Minerale, " Part I, Volume XV, P. Pascal, 

Director, Masson et Cie, Paris, i960. Part II, 1961. 

10. G. Melster, "Uranium" in "Rare Metals Handbook," Chapter 

26, pp. 501-571, C. A. Hampel, Ed., Relnhold Publishing 

Corp., New York, 1954. 

11. L. Grainger, "Uranium and Thorivun," George Newnes Limited, 

London, 1958. 

12. A. N. Holden, "Physical Metallurgy of Uranium, " Addison-

Wesley Publishing Company, Inc., Reading, Mass., 1958. 

13. "Uranium Ore Processing," J. W. Clegg and D. D. Foley, Ed., 

Addison-Wesley Publishing Company, Inc., Reading, Mass., 

1958. 

14. "Uranium" in "Scott's Standard Methods of Chemical Analy­

sis," Voliime I, pp. 1017-1027, N. H. Purman, Ed., D. van 

Nostrand Co., Inc., New York, 1939. 

15. TID-5223, Production a»d Separation of Û -̂ -̂ , Collected 

Papers, Part 1 and Part 2, L. I. Katzln, Ed., 1952. 

16. TID-5290, Chemistry of Uranium, Collected Papers, Book 1 

and Book 2, J. J. Katz and E. Rablnowltz, Ed., 1958. 

17. G. H. Morrison and H. Preiser, "Solvent Extraction in 

Analytical Chemistry," John Wiley and Sons, Inc., New 

York, 1957. 
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II. General Reviews of the Radiochemistry of Uranium. 

1. E. K. Hyde, "Radiochemical Separation of the Actlnide 

Elements" in "The Actlnide Elements," National Nuclear 

Energy Series, Division IV, Volume 14A, Chapter 15, pp. 

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

Co., Inc., New York, 1954. 

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

for the Actlnide Elements," Volume 7, pp. 281-30?, Pro­

ceedings of the International Conference in Geneva, 

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

United Nations, New York, 1956. 

III. Table of Isotopes of Uranium-

Isotope Half-Life 

U' 227 

,228 

T229' 

T230 

1.3 min 

9-3 rain 

58 min 

2 0 . 8 day 

T 2 3 1 4 . 3 day 

,2?2 74 year 

Type and Energy 
of Radiation (Mev) 

a 6.8 

a (-80^) 6,67 

EC (-205̂ ) 

EC(~805g) 

a (~205g) 6.42 

a 5.884 {Si.2%) 

5.813 (32.15?) 

5.658 ( 0.7^) 

EC (99+^) 

a(5.5xlO"^^) 5.45 

a 5.318 {S&%) 

5.261 (32^) 

5.134 (0.32^) 

232 

Method of 
Preparation 

Th^5^(a,8n); -2% 

daughter 36 min Pu 

Tĥ 32(jĵ Ŷj.j). .-0.15? 

daughter 20 min Pu^^'^ 

Th^32(„^^6n); -155? 

daughter 17.7 day 

Pa230; 

~6% daughter 9.0 

hour Pu^^^ 

Th232(^^5^). 

Pa231(d,2n); 

3 X 10"'^ daughter 

26 min Pu^35 

Th^32((^^4j^). 

daughter I.31 day 

ter 

236. 

Pa^^^j daughter 

2.85 year Pu 

u233(n,2n) 
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Table of I so topes of Uranium (Continued) 

Isotope 

u233 

u23^U,,) 

Half-Life 

1.626 x 10^ 
year£ 

2.48 X 10^ year 

Type and Energy 
of Radiation (Mev) 

a 4.816 (83-55?) 

4.773 (14.95?) 

4.717 ( 1.65?) 

4.655 (0.07^) 

4.582 (0.045?) 

a 4.768 (72^) 

4.717 (28^) 

Method of 
Preparation 

daughter 27-0 day 

Pa233 

natural radioactivity 

0.00565?; 

daughter 1.175 min 

Pa23^'"(UX2h 

T235m 26.5 min 

T235 (AcU) 7 .1 X 10^ year 

T236 2.39 X 10''' year 

T237 6.75 day 

IT 

a 4.559 (6.75?) 

4.520 (2.75?) 

4.370 (25^) 

4.354 (35^) 

4.333 (14^) 

4.318 ( Q%) 

4.117 (5.8^) 

a 4.499 

P' 0.248 

daughter 6.66 hour 

Pa23\uz); 

daughter 86.4 year 

Pu238^ ^233 ( , , , ) 

daughter 24,360 

year Pu 35 

natural radioactivity 

0.720^; 

daughter 26.5 min 

U^35m. slaughter 

410 day Np^35. 

daughter 23.7 min 

Pa235 

515? daughter 

Np236 c. 

daughter 6,580 year 

Pu2^°; U235(n,,)' 

daughter 11 min 

Pa237 1; 

4xip"35g daughter 
Eu241; 

u238(n,2n) ; 

U236(n,y) 



Table of Isotopes of Uranium (Continued) 

Isotope Half-Life 

4.51 X 10^ year 

Type and Energy 
of Radiation (Mev) 

u238(u 

T239 

T 2 4 0 

23.54 min 

14.1 hour 

a 4.195 

P" 1,21 

e" 0.36 

Method of 
Preparation 

natural radio­
activity 

99.2765? 

U238(n,^); 

u22^(d,p) 

daughter - 7 . 6 x 
7 

10' year 
244 Pu ; 2nd order 

neutron capture 
on u238 

— Data concerning half-lives, radiations and branching ratios, unless 

otherwise noted has been obtained from the "Table of Isotopes" by 

D. Strominger, J. M. Hollander and G. T. Seaborg, Reviews of 

Modern Physics, ̂ , No. 2, Part II, April, 1958. This compila­

tion may be consulted for more complete information on the 

isotopes and for references to the original literature. 

— Ya. P. Dokuchayev and I. S. Osipov, Atomnaya Energiya, 6, 73 (1959). 

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

(1959). 

— The half-life of Pa 3' has been reported recently to be 39 i 3 

min, K. Takahashi and H. Morlnaga, Nuclear Physics, 1^, 664 

(I960). 

IV. Review of Those Features of Uranium Chemistry of Chief 

Interest to the Radiochemist. 

A. Metallic Uranium 

1. Preparation. Uranium metal may be prepared by several methods:-

the reduction of uranium oxides with carbon in an arc-melting 

furnace; reduction of uranium oxides with magnesium, aluminum, 

calcium or calcivun hydride; the induction of uranium halldes 

with alkali or alkaline-earth metals; electrolytic reduction 

of uranium halldes; and the thermal decomposition of uranium 

iodide. 

5 



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

2 •̂  
tropic forms :—'-̂  the orthorhomblc alpha form, stable below 

663°C; the tetragonal beta form which exists between 663°C and 

770°C; and the body-centered cubic form which exists at higher 

temperatures (> 770°C). The physical properties of the metal 

as compiled by Grainger— are given in Table I. Because of the 

method of preparation, impurities may be contained in the 

metal which alter its properties. Also, a number of the physi­

cal characteristics depend upon anisotropic and structural 

effects, eg. thermal expansion. Therefore, if physical proper­

ties are pertinent to an experiment or design, it is best to 

determine them individually for the metal used. 

The changes wrought in metallic uranium by radiation and 

thermal cycling may be considerable. The results of reactor radla 

tion on the metal are: dimensional instability, surface roughening 

and plmpling, warping, high hardness, extreme brittleness, cracks 

and porosity, broadened x-ray diffraction lines, and decreased 

thermal and electTlcal conductivity..^ Thermal cycling growth is 

similar in many respects to that caused by radiation damage. 

However, differences exist, the fundamental difference being 

in the mechanism of growth. (The reader is directed to reference 

3 for more detailed discussion of this subject.) 

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

potential of -1-1.80 volts for the half-cell reaction, U-* U'''3 -1- 3e, 

places it below beryllium and above hafnium and aluminum in the 

electromotive force series.^ The metal forms Intermetalllc 

compounds with Al, Be, Bl, Co, Cu, Ga, Au, Pe, Pb, Mn, Hg, Nl, 

Sn, Ge, In, Ir, Pd, Pt, Tl, and Zn;- solid solutions with Mo, Tl, 
2 

Zr, and Nb.— It reacts at varying temperatures with H„, B, C, Si, 

Ng, P, As, Og, S, Se, Pg, Clg, Brg, I^, H^O, HF^^^, H^S, NH^, NO, 

1 2 N^Oj^, CHj^, CO, COp. —'— In air, at room temperature, massive 

uranium tarnishes to form a yellow and eventually a black oxide 

6 



coating. Finely divided powder may burn spontaneously. In boiling 

water, massive uranium corrodes slowly with the formation of uran­

ium dioxide and hydrogen. The reaction products with steam are 

uranium oxide and hydride. The dissolution of uranium metal is 

discussed in section IV-F, 

Table I, Physical Properties of Uranium Metalp 

Density (high purity) 19.05 ± 0.02 gm/cm3 

Density (industrial uranium) 18,85 ± 0.20 gm/om3 

Melting point 1.132 ± 1°C, 

Boiling point 3,818°C, 

Heat of fusion 4,7 kcal/mole 

Vapor pressure 'l,600''C.) lO" mm 

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

Electrical resistivity (25°C.) 35 x 10^ ohm/cm3 

Mean coefficient of linear l6 x 10"V°C. 

thermal expansion (random 

orientation 25-100°C.) 

Specific heat (25°C.) 6.65 

Enthalpy (25°C,) 1,520 oal/mole 

Entropy (25°C,) 12.0 cal/mole/°C, 

— L, Grainger, reference 4, 

IV-B, Compounds of Uranium 

Uranium combines with most elements to form a large number 

and variety of compounds. "Gmellns Handbuch der Anorganischen 

Chemie,"— which surveys the literature through the year 1935, 
2 

describes several hundred compounds, Katz and Seaborg— describe 

some of the more recently prepared compounds, principally of 

organic character, such as chelates, alkoxldes, amides, mercap-

tides, and Tr-cyclopentadienyl compounds. 

7 



The oxidation states of uranium in the combined form vary 

from II to VI, Divalent uranium compounds reported are UO and 

US. Trivalent uranium compounds are more numerous and include 

the hydride, nitride, sesquisulfide, halldes and borohydride. 

Uranium (ill) sulfate UH(S0ĵ )2 has also been reported.— A 

large number of tetravalent compounds are known varying in 

complexity from the oxide and simple binary salts to more com­

plicated organic structures. Complex salts such as 3(CN^Hg)pC0, • 

U(C0,)2 • 4H2O and 2(NHî )2C20î  • U{C^O^)^ • 6HgO form an impor­

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

also with hallde, sulfite, sulfate, and phosphate ions. Inorganic 
Q 

compounds of pentavalent uranium are UF_, UClj., UC1_ • SOCl^, — 

UClr • PClc- and UF^ ' xHF,- UOCl, has been reported as an inter-

mediate compound in the chlorlnation of uranium oxides with 

carbon tetrachloride,— Uranium (V) alkoxldes have been pre­

pared,- Also, the compounds (C^HgN)2 UOCl^ and UOCl- • EtOH 
Q 

have been reported,— Hexavalent uranium is represented by 

UFg, UClg, U0_, uranates, and uranyl (U0„ ) compounds. Uranyl 

compounds are the most numerous uranium compounds and vary in 

type from simple salts to complex organic arrangements. Complex 

salts are formed with hallde, iodate, nitrate, carbonate, cyanide, 

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

vanadate ions. Triple acetate salts of the form 
MV^(U02)3(CH2C02)g • 6H2O, 

where M is an alkali metal (Li, Na, or K) and M is a divalent 

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

uranium. Addition compounds, such as UOp(NO-)p " 2CH COCJ^HQ, 

represent a large number of uranyl compounds. 

Uranates and peruranates are important in the analytical 

chemistry of uranium. Uranates have the general formula xMpO • 
TT fi 

yUO- or xM 0 • yUO-, They may be prepared by different methods,—' 
i i 

However, in usual analytical procedures, they are precipitated 
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from a uranyl solution by the addition of a soluable metal hydrox-

'ide, NHLOH, NaOH, Ca(OH)p, etc. The uranates are Insoluble in 

water but dissolve in acids, 

Peruranates— are formed when uranyl solutions containing 

hydrogen peroxide are made alkaline. The composition of the 

peruranates depends upon the concentration of the alkali and 

peroxide. The following groups have been identified: 

MgUgO^Q • xHgO, MgUOg • xH^O, MgU^O^^ " ̂ ^^2°' .̂nd M̂ ÛOg • xH^O. 

The peruranates are generally soluble in water. The least soluble 

are those of the MgU_0,Q • xH„0 group. The peruranates are 

soluble in dilute mineral acids. 

Table II lists a number of uranium compounds together with 

their behavior in different solvents. The compounds listed are 

primarily binary compounds or simple salts. The order in which 

they appear is the order in which they may be found in "Gmellns 

Handbuch der Anorganischen Chemie," — 

Table II, Uranium Compounds and Their Solvents. 

Compound Solvent 

UH_ B, HNO_(vigorous), cone, HCIO^^, hot 

cone, HgSOi^, a. +'i^2'^2 ^' ^'^^•' 1^^- ^H, 

UOp s. HNO_, aq, reg., cone, H^SO^^, slowly 

converted to U(TV)-salts in hot fum, HCl 

U_0„ s, HNO_; heated to redness U_0o is only 
0 o i 3 o 

v, si. s. dll. HCl and H^SO^,, more s. cone. 

a., s. hot cone. H^SO^; HF forms s. UO^F^ 

and 1. UFĵ  

UO^ s. mineral a. 

U02-xH20,[U(OH)^-(x-2)H20] s. dll. a. 

U-Og • xHgO s. a. 

UO, • 2HpO s. a., converted to UO_-HgO in boiling 

HgO 
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Table II. - Continued 

Compound Solvent 

UO.-HgO,[H2U02^,U02(0H)2] s. a., warm cone. U02(N0,)2 soln. 

UOj^ • 2H2O solubility in H O : 20° C-.OOO6 g/100 ml, 

90°C-.008 g/100 ml; d. HCl; alk. 

U.,N 

hydroxides form UO, and s. peruranates 

Nj^ s. HN0-; i. cone. HCl, HgSO^ 

U02(N0_)2 • 6H2O - solubility in HgO: 0°C-170.3 g/100 ml, 

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

ether, acetone, dll. a. 

UF s. h. HClOi^, h. HNO,, h. HgSO^^, H-BO, -I-

mineral a. 

UF̂ ^ i. H2O; s, fum. HClOj^, HNO + H-BO ; 

metathesized to U(IV)-hydroxide by 

heating with NaOH 

UF^, UgFg, U^F^.j, d. HgO forms s. UO2F2 and i. UF̂ ^ 

UFg s. HgO-vigorous reaction, CCl^^, CHC1_; 

V. s, C2H Clj,; d, alcohol, ether 

UO2F2 s. H2O, alcohol; i, ether, amyl alcohol 

UCl- s, HgO, HCl, glac, acetic a,; 1, CCl̂ ĵ , 

CHCl^, acetone, pyridine 

UC1|, s, HgO, C H(-OH, acetone, ethyl acetate, 

ethyl benzoate; 1, ether, CHCl , benzene 

UCl^ s, H20(d.); absolute alcohol, ethyl 

benzoate, trichloracetic acid, ethyl 

acetate, benzonltrite, CSp, SOClg 

UClg d, HgO; s. CClj^, CHCl-

UOCI2 s, H2O 

U02Clg s. HgO: 18°C-320 g/lOO ml; s, alcohol, 

ether 

UBr_ s, HgO 

— dl- and tri-hydrates are also well established. 
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Table II. - Continued 

Compound 

UBr„ 

Solvent 

s. HpO, acetone, methyl- and ethyl-acetate, 

pyridine; 1. ether 

UOBrg 

UOgBrg 

^̂ 3 
UI4 

U02(I03)2 • • H^O 

s. 

s. 

s. 

s. 

V, 

H20 

«2° 
HgO 

H2O 

Bl, 

US 

U2S3 

US^ 

UOgS 

U02S03 • 4H20 

U(S04)2 • 9H2O 

U(S0i^)2 • SHgO 

U(S0ij)2 • 4H2O 

UOSOjj • 2H2O 

UOgSOi^ . 3H2O 

UOgSO^̂  • HgO 

USe^ 

V, B l , B, HgO: 1 8 ° C - a form, 0 , 1 0 4 9 

g/lOO ml , P form, 0 .1214 g / 1 0 0 ml ; 

c o l d p p t , B, HNO- and H_P0|j, 1 , a , 

after previously heating to boiling 

temp,; s, alk, carbonates 

V, difficultly B, cone. HCl, dll. HNO, 

-to aq. reg,, cone, KNO_ 

d, steam, HNO_; s, hot cone, HCl 

si, s, HgO; B, dll, a,, alcohol, (NHj^)2C0,; 

1, absolute alcohol 

1. HgO; B, aq, or alcoholic SO- solution 

s, dll, HgSOi^ 

hydrolyzes in H^O with separation of 

basic sulfate, UOSOj^ • 2H2O; s, dll, 

mineral a,, acetic a, 

hydrolyzes in H20(d,); s. dil, HgSO^, 

HCl 

s, a, 

s. HgO: 15.5°C-20.5 g/lOO ml, 100°C-

22.2 g/100 ml; s, mineral a. 

B. ".gO 

Ignites with HNO_; chemical properties 

similar to US^ 

U02Se d, HgO; s. cold HCl - forms UO2CI2 

U 



Table II, - Continued 

Compound 

UOgSeO, • 2H2O 

UB„ 

UB,2 

U(BHi^)^ 

uc„ 

U02C03 

U02(HC02)2 • HgO 

U02(HC02)2 • UO3 • 3H2O 

U02(CH3C02)2 • 2H2O 

U(C20j^)2 • 6H2O 

U02C20^ • 3H2O 

U(C^H^0g)2 • 2H2O 

U02(Cj^Hi^0g) • 4H2O 

U02(CNS)2 • 8H2O 

Solvent 

and HpSe; reacts violently with HNO, -

Se is first formed and is then oxidized 

1. HgO; 3, HCl 

s. aq, reg., HNO,, HF 

s, cold HF, cold HCl, HNO,, cone, H^Og, 

reduces cone, H^SOi, ^ 

i, hot cone, HCl, HF; slowly s, hot cone, 

HgSO^ 

d, H2O, alcohol 

d, HgO, dil, HCl, dll, HNO,, dil, HgSOi^; 

reacts vigorously with heated cone, a, 

s, a, 

s, HgO: 15°C-420 g/100 ml; s, methyl 

alcohol; si, s, formic a,; 1. ethyl 

alcohol, ether, acetone, CSg, CCl^^, 

CHCl,, benzene, petroleum ether 

less s, HgO than neutral salt; more 

s, formic a, than neutral salt 

s HgO: 15°C-7.694 g/100 ml; v, s, 

alcohol; 1, ether 

1, HgO, dil, a,; s. warm cone, HCl, 

cone, HNO, 

si, s. HgO: l4°C-0.8 g/lOO ml, 100°C-

3,3 g/100 ml: 3, mineral a,, HgCgO^^ and 

alk, oxalate solutions 

1, HgO, organic solvents; s. tartaric a,, 

tartrates, cone, a, 

si. 3, HgO: 17°C-3,28 g/lOO cc solution 

s, HgO, ethyl and amyl alcohol, acetone, 

ether 

12 



Table II. - Continued 

Compound 

USi„ 

Solvent 

1. cold or hot cone, : HCl, HNO,, HgSOj^, 

aq, reg,; s, cone, HF; converted to 

silicate and uranate by molten alk. and 

alk, carbonates at red heat 

U3P4 

U(HgPOg)ij • xHgO 

U02(HgP0g)2 

U(HP03)2 • 4H2O 

UO2HPO, 

UH2(P0j^)2 • 2HgO 

(U0g)3(P0i^)g • xHgO 

UOgHPO^ • xHgO 

UPgO.^ 

(U0g)P20^ • 5H2O 

U(POjj^ 

(UOg)g ASgO,̂  

d, boiling cone. HNO_, aq, reg,, alk. 

hydroxide 

1, HgO, d i l , a , ; s , cone , a . , 505? H,POg 

1, HgO, d i l , HgSO^; s , HNO 

1 , HgO, d l l , a . ; s . c o n e , a . , 505? H,PO, 

1 . HgO, d i l . a . ; s . cone , a , 

1 , HgO; a t t a c k e d by a , , e s p , HNO, 

s , cone , HCl 

1 . H„0, a c e t i c a , ; e . m i n e r a l a . 

1 , H O ; s , m i n e r a l a . , xB,(NH^)gCO, 

1. HgO, co ld a . 

i . HgO, a l c o h o l , e t h e r ; s . x s . Na^PgO™, 

HNO 

1 . HgO, HCl, HNO,, HgSO^ 

U02(P03)g 

U.As^ 

U3(As0^)j, 

UHg(AsO^)g 

UHg(AsOj^)g 

UOgHAsO^ • 

• 3H2O 

• 2H2O 

4H2O 

s. 

s. 

3. 

1. 

1. 

HNO, 

HNO-

HCl 

H2O; 3. dil. a 

HgO, acetic a. 

5UO2 • 3Sb20c • 15HgO s. aq. reg., hot cone. HCl, d. HNO3 

UO3 

UO3 

2U0. 

V5 • 
V2O3 • 

• ^2°5 

xHgO 

HgO 

UOgCrOi^ xHgO s. HgO 

13 



Table II. 

Compound 

U(MoOi^)g 

UOgMoOj^ 

- Continued 

Solvent 

3. HCl 

1. HgO, HgO, CHCl,, benzene, toluene, ether, 

alcohol, acetle a.; s. HCl, HgSO^^, 

3U03 

U03 • 

UOg • 

U03 • 

U03 • 

• 7M003 

8M0O3 • 13HgO 

3WO3 • 6HgO 

3WO3 • SHgO 

WO3 • 2H2O 

HNO3, HgS20.7 

1. HgO; s. mineral a. 

3. HNO3 

s. HCl; d. HNO3; 1. HgSOi^ 

3. HgO 

si. s. HgO 

Abbreviations used: 

a. 

alk. 

aq. 

aq. reg. 

cone. 

d. 

dil. 

esp. 

-

-

-

-

-

-

-

-

acid 

alkali 

aqueous 

aqua regia 

concentrated 

decomposes 

dilute 

especially 

fum. 

h. 

1. 

1. 

s. 

si. 

v. 

xs. 

-

-

-

-

-

-

-

-

fuming 

hot 

insoluble 

liquid 

soluble 

slightly 

very 

excess 

IV-C. The Chemistry of Uranium in Solution 

Oxidation states. Four oxidation states are known for uranium 

ions in aqueous solution: the tri-, tetra-, penta-, and 

hexapositive states. Ions in these states are usually repre­

sented as U'̂ 3̂  u"*"̂ ^ uOg"̂  and UOg^ , respectively. The 

potentials between the various oxidation states are given 

below for acidic and basic solutions.'^ 

Acidic solution: 1 M HClOj^ at 25°C 

,T1.80 y-i-3 0.61 y-i4 -0.62 TJQ+ -0.05 uQ+2 

-0.334 

14 



Basic solution: 

ui^T. u(0H)32ili u(OH)^M^ UOg(OH)g 

+•3 

Trlposltive uranium, U -̂. Evidence for the existence of 

U'''3 comes from the reversibility of the U(III)/U(IV) couple. 

Solutions may be prepared by the dissolution of a uranium 

trihalide or by the electrolytic reduction of a uranivmi (IV) 

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

and sulfate solutions of uranium(III) have been reported.— 
+•3 

They are deep red in color and unstable, with oxidation of U -̂  
+4 

to U occurring and hydrogen being evolved. Strongly acidi­
fied solutions—^ or those kept at low temperatures— appear 
to be more stable. 

-f4 -f-4 

Tetrapositive uranium, U The existence of the U 

ion in solution has been confirmed by measurement of the 

acid liberated on dissolving UCl^, —^ and by solvent extraction 
14a 

studies of U(IV) with thenoyltrifluoroacetone and 

l4b 

aeetylacetone. Uranous solutions may be prepared by dis­

solution of a water-soluble salt: the chloride, bromide, 

iodide, or sulfate; by dissolution of uranium or ^ uranium 

compound in an appropriate solvent, e.g., uranium metal in 

sulfuric or phosphoric acid; or by reduction of a uranyl 

solution by chemical, electrochemical or photochemical means. 

The solutions are green in color. They are stable in the 

absence of air but are oxidized by oxygen. Uranium(IV) under­

goes hydrolysis with evidence in the first stages for the 

formation of the mononuclear species, UOH -'. ^f '''— Poly­

meric species also are formed which apparently are not In 
T3 Tc iq \n 

equilibrium with the monomer. '̂  -̂ —̂̂  Hietanen—i- found that 

in addition to the monomeric species, a polymer of the type 

U [ (OH) ,U ] l̂"*""̂  could account for the hydrolysis of uranium(IV) 

to good approximation. Table III, based primarily upon the 
• 20 

data compiled by BJerrum, Schwarzenbach, and Slllen,— 
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°r 

Method 

magnet 

sp 

sp 

sp 

sp 

gl, red 

sol 

sp 

T 

20 

25 

10-*3 

10-43 

15-25 

25 

25 

25 

25 

Table III 

Medium 

var 

C(NaC10|,) 

0.5(NaC10,) 

-. 0 

0.19(HC10,) 

0 corr 

3(Na)C10^ 

0 corr 

2{C104") 

qh 

gl 

col 

1h. 

gl 

qh, gl 

gl, fp. sp 

sp 

dlst 

gl 

gl 

gl 

qh, gl 

qh, gl 

25 

25 

25 

25-40 

25 

25 

25 

Hydrolysis of U** and uol* lonsA 

Log of equilibrium constant, remarks 

25-26 

20-25 

' 

25 

15 

20 

20 

20 

25' 

0 corr 

var 

var 

0 corr 

CtBa(NOj)jJ 

l{Na)C10j 

l(Na)C10^ 

l(Na)C10^ 

0.15(NaC10^) 

gl, fp. 

p(H20) 

sol 

sp 25' 

25 

25 

0.1 CIO,, 

auOjlciOj) 

+U0, 

0 corr 

var 

0.l(Na)C10|, 

0 corr 

O.34r[Ba(010,,)jl 

0.0347[Ba(C10„)j) 

0.0347 tBa( CIO,, jj] 

l(Na)010|,, 

o.4ao|* 

3(Na)clo^, 

1.4B0|* 

*K, 

•K. 

-2.30 

-1.63(0-2), -1.56(0-1), -1.50(0-0.5) 

-1.90(10°), -1-47(25"), -1.00(43') 

-1.12(10°), -0.68(25'), -0.18(43°) 

Hj - 11.7, i*Sj . ^6(25°) 

J -1.38(15-2°), -1-12(24-7°) 

Hj - 10.7, i'Sj . 33, ̂ Sj - 52 

h 
s 
\ 
'h 
Ih 
•62 

-3-77t"U(0H)4(S)"3 

-1.68, jKj -1.74 

U** + HjO ^ U0H3* + H* 

0** + DjO jri UOE'* + D* 

U** + 2H20 ̂  U(OH)|* •̂  

(n-HjU** + 3nHjO ̂  U[ (OH),Ulj;+̂  3nH 

Kj -4.3 

"B„ -5.87 

-4.50, '9, -4.95 

ev UOjNO,OH, UOj(NO,),OH'^' 

'Kj -4.09 

*Bj2 -5-97(0-0.6), -5.72(0-0-06) 

\ -4.70(', see ref. 43), 

%n,n*l °-30—6.35n 

0.30 6.40n 

ev polyn cpx 

2n,n+l 

'822 -s-'* B 43 -14.29 

-3-55(n-0), -6.5(n-l), 

-7-4(n.2), -11.0(n-3), -11.4(n.4) 

'^a'"3°8'°"'n'"l 

S, 22 -5.94, 4^ -12-90 

-5-60, K, -3.77 

ev (U0j0H)|*, not UOgOH* 

*K. 6.04, 'K, 1.90, 
'0 ''1 -3 -4 

*K- -4,14, ev polyn cpx 

\ -4.19 

*Kj -4.2, 'KJ -5.20 

'Bjg -5.06, "Bg^ -l.Z6 

\ -5.40, 'Bg^ -5.82 

\ -5.82(25°), -5.10(40°), 4'HJ-20.8 

"B,. -6.15(25°), -5-92(40°), a X "^-^ 

Bgj 

•B^2 -3.66, '822 -6.02 

3.68, 'Pgj - 6.3, '»!,- x-12.6(qh). 

'e^j - 12.9(gl) 

: (n+l)nof* -f 2nH,0 , 

21 

13 

22 

13,21 

16 

16 

17 

23 

18 

37 

38 

25c 

39, 

42 

42, 

42, 

40 

52,53 

Cf43 

cf54 

40 

44 

48 

50 

51 

45 

46 

46 

46 

47 

47 

n02[(0H)2U02]^+ * 2nH etc. 

After J. BJeTum, 0. Schwarzenbach, and L. 0. Slllen, reference 20. 
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Table III (Continued) 

TABLE NOTATIO^ 

The notation uied In this and In the tables on complex lor 

formation is patterned after that u»ed by Sjerrum, Schwarsenbach, 

and Slllen, reference 20 The explanation of the table which 

folloMS is taken primarily from part II of reference 20 and this 

should be conauJted for further details concerning notation 

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

various methods by which equilibrium constants are determined 

Column one, "Ion, ' refers to the central ion V about whic)-

the complex Is formed 

Columr two, "Method 

conatants were measured 

ani ex anion exchange 

cfug centrifuge or ultraocntrlfuge 

col colorlmeCry 

cond conductivity 

dlst distribution between two phases 

emf cmf, not specified 

fp freeslng point 

gl glass electrode 

1 ey ion exchange 

magnet naenetic susceptibility 

p(h.C) partial preasurc of aubatance 

indicated 

refers to Che Method by which the 

The abbivvlations used are 

pel 

prep 

Qh 

red 

sol 

• F 

>-ray 

pK methoo, not specified 

polarography 

preparative work 

Qulnhydrone electrode 

emf wlfi redox electrode 

solubility 

spectrophotonetry 

X-ray dlffractior 

combination of thersKxlynaiiilc data 

enf iwasurtment wit^ Pt eiectrode 

emf mcsBurement with Ag„C.Oĵ  electrode 

method not known to compilers 

Column three, "T,' gives the temperature in *C, "RT' indi­

cates room temperature, and '"'' is used If the temperature is un­

known to the oonpilers 

Column four, "Medium, ' denotes the nature of the medluir to 

irtilci- the •qulllbrlujn constants refer Wie concentrations giver 

in terms of moles per l i t er or moles per kilograir are not dis-

tinffulshad Water ic the aolvent unleas otherwise stated 

Symbols used are 

-• 0 constants extrapolated tc sero ionic strength 

0 corr constants corrected to sero ionic strengt)* b\ 

appllcatior of some theoretlca.. or empirical 

formula 

0 1 ar ionic strength of 0 1 mole pe- liter 

1 NaClOj, constant concentration of the substance 

atatcd (1 moie per liter NaClÔ ^ 

l(NaClC^) ionic strength held constant at value statec 

(J mole per liter) by additlor of the Inert 

salt indicated 

KNaClOjj] measurements made at « series of Ionic 

strengths (Ij with NaC10j_ as the inert salt 

l(Na)C10jj concentratlor of the anion (ClOĵ ") held 

constart at the value stated (1 mole per lite 

with the ion showr in parentheses ac tne 

Inert cation 

measurements made at a series of perchlorate 

concentrations 

dilute solution, concentration usually not 

more tnar O.OJ mole per liter 

ionic medium varied, and Ir sane cases nc 

special attempt was made to control the Ionic 

strengt-

tnr medluir was mainly aqueous KCl at various 

concentrations 

ethanol as solvent 

various organic solvents 

50* metnar-Oa-wate" as solvert 

Columr five, 'log of equilibrium- constart, remarks ' The 

following eonvertlons are used "K, €' means '1O6,~KT - € , 

"Kj > ̂ ' means 'lo6,^K_ > V , i.e , the 'log' and '•' svmbols are 

omlttea Concentrations I 1 are usually expressed as moles per 

liter, but Is not dlstinyulshod from moles per kliograa Pressures p 

are ir atmospheres 

Tht equilltriuff constants refer to various types of reactions 

indicated or the next page 



Table III (Continued) 

Conaeeutlve or step-wise constants 

a Addition of llgand (L) 

[HL„ ,J[L] 

b Addition of protonated llgand (HXO with elimination 

01 proton 

ML 'n-1 + HL =* ML_ * H 
[ML KH*j 

[ML 

e Addition of protonated llgand (H L) 

d Addition of central atom (K) 

tM 
" n - 1 ^ •^In" [M^ .LltM] 

n-1 

2 Cumulative or gross constants S> 

^^ S — *nd & the subscripts n and m denote the 
nm ron 

eooipoiition of the complex K L formed When m • i th^ 

second subscript la omitted 

a Addition of central atoms (M) and llgands (L) 

nM *• nL I 1 nm f„ m[j_,n 

b Addition of central atoms (H) and protonated Uganda 

(KL) with elimlnacion of protons 

niM * nHL -e M.L„ + nH* &„„ - — 2 _ £ _». 

T- m n nm tMJ^tiiL]" 

3 Solubility constants K 

a Solid M L . in equilibrlim with free Ions In solution 
M,L.(a) ,— aM + bL K, - (M]''L1^ a c SQ 

b Solid M^L^ in equilibrium with complex M L and llgand 

L tn solution 

f»aV'-«m^*fx n)L 

[Mj^L^JfLl^T - "' 

In K the subscripts n and m denote the composition of 
nm 

the complex M^L formed in solution When m - 1 the second 

subscript 15 omitted 

c Protonated llgand reacts with the elimination of proton 

l".h,(') - ( f - " )«* , 

a " TmB ; 

1 Acidic and basic constants 

a When L Is hydroxide (OH") HL la water and *K is 

the nth acid dissociation constant for the hydrolysis of 

a metallic Ion 

b The use of H es the central atom to represent pro-

tolytlc constants la illustrated by 1 d above 

c Other acidic constants are denoted by K^ followed 

by parertheses enclosing the fornula of the species donating 

the proton 

d Baaic constants are denoted by tĈ  follow if neceaaary, 

by parenthaaes enclosing the fomula of the species accepting 

the proton 

5 Special constants 

a K (equation) 

The equation defines the reaction to which K refers 

Tfie corresponding reaction is given in parentheeas 

after the constant when the latter is f m t used for a 

particular llgand or central atom or the reaction is 

given inaediately below the equilibrium conatanta for a 

particular llgand or central atom 

c (formula) 

The formula gives the eompositlon of the complex In 

cerma of the species fron which it la formed Species with 

negative subscripts are eliminated in the formation of the com­

plex 

d K^ (formula) 

The fomula gives the composition of Che solid phase 

in terns of the species with which it is in equilibrium in 

solution Species with negative subscripts are eliminated 

in the forvacton of the solid 

Heat content and entropy changes are Included In column 

five an is usually written in kilocalorles and aS in calories 

per degree They are related to the corresponding cumulative 

equillbrlvun constants as follows B , iHg 8^^ iHg &^^, 

A e> Where the symbol K Is used for the equilibrium constant 

H or S is given the sane superscript or subscript as the corre-

•ponaing K . B K„ 6H„ K.̂ , 1H,„ ' K ^ i'n^ .tt 

Other abbreviations used in column five are 

*" M_i-_ evidence for the exlatenoe of the complex M_L_ m n "̂  m n 

cpx complex 

cat catlonic 

anl anionic 

unch uncharged 

polyn polynuelear 

'' authors doubt expressed in reference given 

(**) compilers doubt 

Column six. References H a t the references as they ere 

found at the end of this work A reference such as 6 cf 25 

indicates that calculations have been made in reference 25 baaed 

upon data in reference 6 



summarizes the results of several studies on the hydrolysis 

of the uranium(IV) ion. 

Pentapositive uranium, UO^ . The existence of uranium(v) 

ion in solution has been confirmed by polarographic measure­

ments.•=-^^^ Support for the UOp'*' ion comes from the reversi­

bility of the U(V)/U(VI) couple^ and from infrared— and 

crystallographic^^^j-ii: studies of uranium and transuranic ele­

ments. Solutions of UOg"*" may be prepared by dissolution of 

UClj..Si or by reduction of a uranyl solution, electrolytically 

or with U(IV) ions, hydrogen, or zinc amalgam.—^ The formation 

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

of U(VI) in a sucrose solution.-^ The solutions are unstable 

and disproportionate to U(VI) and U(IV). The rate of dis-

proportionation is second order in uranium(V) concentration 

and first order in acid concentration.•2^^—2- The UÔ "'' ion is 

most stable in the pH range of 2 to h.=^ It is oxidized to 

the uranyl ion by molecular oxygen, Fe(lII) and Ce(IV)..i^ 

+2 
Hexapositive uranium, UO^ . A number of physical-chemi­

cal measurements as well as crystallographlc, infrared and 

Raman spectra studies support the existence of U(VI) ion as 

+2 2 10 

UOg .—i— Uranyl solutions are easily prepared by dis­

solution of water-soluble salts: the nitrate, fluoride, 

chloride, bromide, iodide, sulfate, and acetate. Other water-

soluble uranyl salts include those of other organic acids: 

the formate, propionate, butyrate, and valerate; and certain 

double salts such as potassivim uranyl sulfate, sodium uranyl 

carbonate, sodium uranyl chromate, etc. Uranyl solutions 

may be prepared also by dissolution of a uranium(Vl) compound 

in an appropriate solvent, by dissolution of a lower valence 

uranium compound in an oxidizing medium, or by oxidation 

of lower valence uranium ions already in solution. Uranyl 

solutions are yellow in color. They are the most stable of 

uranium solutions. As indicated in preceding paragraphs, the 
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uranyl ion may be reduced by reducing agents^ or by electro­

chemical or photochemical means. The degree of dissociation 

of uranyl salts in aqueous solution varies. Uranyl perchlorate 

is apparently completely dissociated;— whereas, uranyl 

fluoride is undlssoclated and tends to form dlmers (see section 

on complex ion formation - IV-C2) .^'''^ Hydrolysis of the 

uranyl ion has been the subject of extensive investigation. 

Considerable evidence has been adduced for the formation of 

polymeric species of the type UOg(UO,)̂ "'". ?'~̂ ' According 

4o 2+ 

to Sutton,— formation of polymers beyond the trimer U-Oo 

is negligible. However, the trimer Itself may undergo 

further hydrolysis with the formation of U-Og(OH)'*", U-OgCOH)^, 
40 4l 42 and eventually anionic species.^— Ahrland,— In his 

original paper, proposed the formation of the monomer UO^fOH) 

as wall as polynuelear species. In a reappraisal of the 

work, Arhland, Hletanen, and Slllen—*• stated that there was 

no certain Indication of mononuclear complexes being formed. 

Rather, the experimental data was explained on the basis 

that complex ions of the type UO^T(0H)pU02]^ were formed. 

Prom the data it was not possible to distinguish between a 

limited mechanism in which n varied from 1 to 3 or 4 or an 

unlimited mechanism in which n assumed all integral values. 
TO 

The authors were Inclined to prefer the latter. Kraus—^ 

suggested that reactions leading to the formation of polymers 

may have a less positive value of AH than the reaction 

leading to the fonnatlon of the monomer. Consequently, the 

latter process might be Identified more readily at high 

temperatures than at room temperature. This is apparently 
46 the case as was shown by Hearne and White— who determined 

the enthalpy change to be 20.8 kcal/mole for the monomeric 

reaction (UOpOH formed) and 6.7 kcal/mole for the dlmerlc 

reaction (UpO, formed). Table III summarizes much of the 
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data available on the hydrolysis of the uranyl ion. Included 

in the table are values of the equilibrium constant K,, the 

constant for the formation of the monomeric species. This 

constant has been evaluated by at least seven groups of 

investigators^^'^^^^^^^^^^"^-^ exclusive of Hearne and White^. 

The values obtained agree very well (log K = -4.09 to -4.70). 

However, the experimental conditions-^^-'-—'-^ and assump­

tions—^^-'-— used in some of the evaluations have been 

46 42 

questioned.— Also, the re-evaluation of Ahrland' s — work 

already has been mentioned, and Rydberg'^ has proposed an 

explanation for not detecting polynuelear species in his 

experiments. None-the-less, one must concur with Rydberg^ 

who wrote, " it seems remarkable that the same constants 

should be obtained for a fictlve mononuclear hydrolysis 

product with different U(VI) concentrations and so different 

methods of investigation ." 

Complex ion formation. The ability of uraniiim to form complex 

ions in solutions is of considerable importance in its analytical 

separation and determination. Hydrolysis, mentioned in the 

previous section, is but a special case of complex ion formation. 

Numerous complexes have been reported.-^ However, the amount 

of quantitative data for the various llgands is rather limited 

and often contradictory. 

Tripositive uranium. Evidence has been reported for 

uranium(III) cupferrate^ and uranium(ill) chloro^- complexes. 

Tetrapositive uranium. Inorganic complexes of uranium(IV) 

which have been recognized through the formation of complex salts 
^4 

include the fluoride, chloride, sulfate, sulfite, and phosphate.••^ 

Table IV lists the equilibrium constants and thermodynamic 

data available for some of the uranlum(lV) complexes in aqueous 

solution. In addition, a carbonate complex, possibly U(C0,)c" . 

has been found to be stable in solutions of excess carbonate 

or bicarbonate ions.—^ 
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Table IV. 

Conplexlng agent Method 

Thlocyanate, red 

SCN" 

Phosphate, 

P03-

Su l f a t e , s o j " 

d l s t 

" 

" 
sol 

d l s t 

10 

25 

to 

35 

25 

Complex Formation with U Ions - Inorganic Llgand^ 

T Medium Log of equilibrium constant, remarks 

20 l(NaC10j,), O.eH* K^ l.tg. Kg 0.46, K., 0.23 

2(Na)Ciq,, IH* Kj 1.78, Kg 0.52 

Kĵ  1.49, Kg 0.62 

AH. -5.7, aH„ -1.8, AS, -10, 43-

Kj 1.30, Kg 0.68 

2(HC104) 

ev UAlg(HL)|*or UAlg(HL)g^* 

Kĵ  2.53, Kg -0.1? 

Reference 

57 

58 

58 

9.7 

58 

59 

Fluor ide , P" 

Chlor ide , CI" 

Bromide, Br" 

" 

•' 

d l s t 

sp 

" 
red 

d l s t 

.. 

anl ex 

red 

" 

10 

25 

40 

25 

25 

25 

20 

10 

25 

40 

25 

20 

" 

2(Na)C10^, 

2(NaClO^), 

0.5(NaC10i, 

0 oorr 

l(Na)C10,,, 

2(NaC10^), 

.. 

HCl var 

l(Na)ClO^, 

IH* 

IH-' 

) 

0.6H+ 

IH^ 

0.6H"" 

K^ 2 . 4 1 , Kg l . ? 2 

Kj 3.24, Kg 2.18tK^(H*)1.1251(?) 

*K^ 2 . 6 3 , *Kg 1.34 

\ 2 .52 , *Kg 1.35 

bA^' - 3 . 2 , iHg- 0 . 9 , i S j . 0 .7 , ASg. 

\ 2 .38 , *Kg 1.38 

\ >, 6, 'Sg > 8 

K̂  -0 .20 

K̂  0.85 

K̂  0.30 

K̂  0.52 

K̂  0 .26 ; o r K̂  0 .08 , Kg -0 .02 

K̂  018; or K̂  -0 .04 , Kg -0 .06 

ev anl cpx In >5.5« HCl 

Kj 0.18 

14a, 

60 

I4a 

60, 

58 

58 

9.3 

58 

58 

13 

13 

57 

58 

58 

58 

62 

57 

,cC 

,of. 

61 

"After J. BJerrum, 0. Schwarzenbach, and L. G. Slll'fen, reference 20. 

Column one denotes the complexlng llgand (L). The notation Is explained fallowing Table III. 

Numerous organic complexes are formed with the uranium(lV) 

ion: the acetate, oxalate, tartrate, malate, citrate, lactate, 
oil 

glycolate, etc.-^ However, the amount of quantitative data 
64 

available on their formation is very meager. Tishkoff— has 

calculated dissociation constants for acetate complexes on the 

basis of the oxygenated uranium(lV) ion UO being formed. The 

formation constants measured for acetylacetone, thenoyltrifluoro-

acetone and ethylenediamine tetraacetic acid complexes are given 

in Table V. 

Pentapositive uranium. Although it appears that uranlum(V) 

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

22 



in complexlng media,—^ little data is available. 

Hexapositive uranium. Inorganic uranlum(VI) complexes 

which have been identified through the formation of crystalline 

salts include the fluorides, chlorides, nitrates, sulfates, 

carbonates, cyanides, and phosphates.-^ Uranyl solutions with 

these anions present have been studied. The results are listed 

in Table VT, A number of discrepancies appear in the data. For 

example, evidence for some complexlng of the uranyl ion with 

nitrate^iil^ill and chloridc^" '̂ '^^> '^'^'•^^^'•^'^'^Ions has been reported 

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

reported by others.-2— Day and Powers-^ have pointed out that the 

constants calculated by them are concentration constants rather than 

activity constants. Consequently, the small complexlng effect may 

be caused by the variation of activity coefficients with a change 

in medium. Other Investigators, however, who have corrected 

their results to apply to pure aqueous solutions have found some 

complexlng to occur with the chloride ion. '̂  p-107 

The type of complex formed between uranyl and fluoride ions 

10? 104 
also is subject to some question. Ahrland and co-workero ' 

have determined equilibrium constants for the formation of 

complexes UOgF , UOgP^, UO^F, , and UO„F|j^ and found no evidence 

for the dimerizatlon of UOpFp for uranyl ion concentrations less 

77 
than O.IM. Day and Powers,-'-'- however, found no evidence for the 

formation of complexes beyond UO-F ; and Johnson, Kraus and 

Young-^ have reported the dimerizatlon of UOpFp in solutions 

104 
not very different from those investigated by Ahrland, et al. 

•34 
Numerous organic complexes have been reported.-*— Much of 

the quantitative data is summarized in Table VII. 

There is often disagreement between different investigators 

concerning the nature of the complexlng llgand. Uranyl-oxalate 
2-

complexes serve as an example. The oxalate ion, CpÔ , , has been 
•145 40 

proposed by some investigators '—^ as the complexlng llgand; 

the bioxalate ion, HCgO^", by others^^tltii^; and Heidt-^ has 

(Text continues on nage 30.) 
23 



Complexlng agent 

Table V. Complex f^ormatlon with U 

T 

Ions - Organic Ligandir 

Method 

d l s t 

acetylacetone: KL 

thenoyltrlfluoro-
acetonc'HL 

''10'"l6̂ 8"2 
ethylenediamlne-
tetracetlc acid• 

25 

25 

Medium 

O.KCIO^") 

pK of 

S.82 

S.82 

Hp^ Log of equilibrium constant, 
remartcB 

K^ 8.6, Kj 8.4, Kj 6.4 

K^ 6.1 

Kĵ  9.02, Kj 8.25, Kj 6.52 

K^ 5.98, Bj 17.27, Bj 21.79 

Sj 29-77 

Reference 

lib, 111 

I4b, ef. i: 

113 

Hĵ L 2.21 K̂  25.6 

H^L* 2.77 pRtHgL̂ "*" ̂  Hĵ L + 2H*J1.91 

HjL^' 6.16 

HL^" 10.26 

115 

After BJerrum, Schwarzenbach, and Slll^n, reference 20. 

The aata, with the exception of reference 111, has beer compiled oy J. 31ndler. 

Column one lists the empirical formula, the name of the llgand, and a formula of the type H L 

whiC" defines the entity L In terms of whlc'̂  the equilibrium constants are expressed. 

The llgands are placed Ir order of tnel'' empirical fomula according to Bellstelr's system 

Columr f 1 ;e lists the pK values (-loĝ '̂-''̂  of the acid-base equilibria involving the llgands 

ard refer to the dissociation ru"''irH i(t>+l-p)-i 
^ ,(l-l-p)- ^^* K . - - " - D ) . 

p - — p-1 

The n o t a t l o r I s exp la lped ' 'o l lowing Ta t i e I I I 

b-p)-

Complexlrg agert 

:;yanoferrate (II \ 

F . ( = . . ; * " 

Thlocyanate, 

sen' 

Carbonate, 

-n2-

Nltrate, NO, 

sol 

sp 

sp 

prep 

sol 

sol 

sp' 

sp 

25 

20 

25 

25' 

25' 

var 

l(NaClo^) 

- 0 

solid 

0 corr 

0 corr 

u'Op Ions - Inorganic ' igandsi-

Log of equilibrium constant, remarks 

-1^.15 65 

Kj 0.^6, Kj -0 02, K, 0.1 

Kj 0.91 

ev UOjL*-

K, 1 78 

K[UOj(OH)jHjO(s) + COj(g) 

+ 2Hj01« 

1 66 

6-T 

68 

69 quoted in 
ref. 70 

^UO2C0j(s) 61 

A „ K (H*) 1.1|2, K,/K„ K? (H*) 1.81 61 
'i Pn ^ PA i 

AG 

sp 

sol 

25 0 corr 

-2 

- 0 

K, /K„ K?(H'̂ ) U0,C0,(3) 
s, Po -1 -^ i 

It.6, 8, 18.1 

-3 5, ev (U02)j(0H)^I," 

Kj(NaJ(U0jL,)''"]-2.B to -2.0 

0- ^ UOj(CO,)^" + COjlg 

61 

70 

70 

sol 

sp 

Kj/K Kj(H*) U0j(C0j)|" •<- 2HC0; si UOjCCO,)*" 

25 l(NH^Cl) 

0.t(KNO, 

71 

^2 

S, 22."-7 

''K[nOj(CO-,)*" + HjOj ̂  UOjCCOjjjOOH^-

* HC0^>2.0 

- 0 "K 2.2 

var K(U0j(C0,)20o''" + H* ̂  UOj(C0,)j 00H''")10.6 

5.38(NaC10,,), 2H* Kj -0.68 74 

7(NaC10^), 2H* Kj -0.57 7« 

solid ev UOJL; In RbUOjL,(s) '5 

l(NaC10|,> Kj -0.1 ^6 

dlst 10-40 2(NaC10^) K, -0.52(10°), -0.62(25°), -0 7-'(40°) 

sp 

sp 

sp 

x-ray 

qh 

25 

25 

20 

24 



Table VI. 

Complexlng agent 

Phosphate, POjj* 

Method 

»P 

»P 

sp 

cond 

cond 

»P 

sol 

T 

' 
22-26 

25 

25 

25 

25 

Medium 

var 

org 

MCjCO 

EtOH 

MejCO 

IHCIO^ 

IHCIO,, 

IHClOĵ  

IHCIO^ 

IHCIO^ 

IHCIO, 

sol 25 

anl ex 20 

K3L 

H,L 

K,L 

K,L 

K3L 

var 

var 

dll 

dll 

an 
dll 

solid 

0 corr 

Log of equilibrium constant, remarks 

no ev cpx 150-fold excess L" 

ev UOjLj 

K, 3.6 In MtjCO 

Kj(')3.I6, Kj(')i.39 m EtOH 

Kj(')3 96, Kj(')2.1l6 in MejCO 

K[UOj* + h,L ̂  UOJHJ^JJL'* + (2-x)H*n 56 

KIU0|* + H,L ̂  UOjHj^jjL** + (2-x)H*11.57 

X • 1 or 2 

KIUC^* * 2h,L ̂  UOj(hjI,lj J- 2>'*J1.16 

K[Ucl* * •'̂ ,- ?=i 'J0j("'2l-)2̂ ,1 •* 2>'''̂ 2 "^^^ 

K^[UOJHL(E) + 2V* ^ U0|* + H,L)-2 65 

K^IUOjHL(s) + x^* ^ U0jHj^^L**l-1.29 

X = 1 or 2 

KjIUOjHKs) + ̂ ,L ̂  U0j(^jL)2)-l -

K^[UOjHL(s) + 2h,L ̂  UOj,(hjL) jH,L1-0. 55 

+ 6>* r^ 3U0|* + 2h,L)-6 15 

* ",L + 1"* ̂  lU0j'ijL*}-2 40 

KjI{U0j),Lj(s) + 4H,L ̂  lU0j(>jL)jl.2.89 

K^I(U0j),Lj(s) + 7h,L ̂  lU0j(KjL)jH,I,]0.53 

"UOJHL(E)' • U0jHP0j(!-j0li,(s) 

T 2-* Tin r u T ^ 

Reference 

50 

78 

79 

80 

80 

81 

82,83 

cf 81 

H,L 

Kj 1.00, Kj 2.41, K, 1 90 

84. 

86 

K„tU0„(K,L)''J.0.51 

< 1.6 

2+% 

e, 5.21 

, -1 46 

(H* 

sol 19-2C var 

sp 25 var 

sp 25 1 0-(NaC10j,) 

dlst 25 1 07(NRC10J) 

T' 
1.3-1 •26 36 

K J ( U 0 | V L ' ' ) - 2 3 . 1 1 

K^(tJ0^*HL^")-10.67, (H* 

Kj, 1.96 

2(Uc|*H*j H,L)1 1°^ 

flU0?*h* (>,L) 11 14. 
2 

88 

8°, 90 

8^,00 

+ (l-JjH^J 

KA, 2 4, K, 

K, 

25 1(C10^') 

25 0 Corr(') 

12 

hi 

(h+ 

10 

jj - 9, K, 

K,, 5 1 

0.9^, K. 

10 

11 

1 1, K. 

2 

< 1. 

IH,L)2+J-i 

Ej 5 5, e, "-4 

E, 1 9, 6, 5 

2 i^, 

(same as 

K„ ) 

0 7, 

"1' .10) 

3,cf 91 

same equilibrium reactlor, different notation 

same eqjllitrluir reactlor, different notatior 

same eqjllibrluir reactlor, different notatior 

25 



Table VI. - Continued 

Complexlng agent Method 

Polyphosphate, pH 

'Vln.l''""'- ' 

T 

25 

Medium 

dll 

Arsenate, AsOr sol gl 

Log of equilibrium constant, remarks 

n - 5 K 1.0, or S, 6.0, or 6- 9-5 

Kj(U0|'*" HL^")-10.50, Kj(U0|*Ll*L''-)-18.e2 

Sulfite, SO3" sp 

sol 25 (NHnJjSO^var 

K J ( U 0 | V L ^ " ) - 2 2 . 6 O , K^(iiol*mi^*L 

(H* Kj 11.53, Kĵ j 6.77, Kj, 2.25) 

ev ^OpL„ , strong cpx 

K. -8.59 

94 

Sulfate, soj" sp 25 2.65(NaC104) 

25 3-5('), 2H* 

qh 20 l(NaClOi) 

2H Kj 0.70 

Kj 1.83rK^(H*)1.125) 

Kj 1.70, 

B(U0|*L^'Ac") 3-78 

74 

74,cf. 61 

96 

Fluoride, F 

Chloride, 01 

Perchlorate, ClOĵ  sp 

Bromide, Br" 

sp 

cond 

dlst 

dlst 

dlst 

anl ex 

anl ex 

sp 

anl ex 

sp 

sp 

qh 

cond 

dlst 

dlst 

cfug 

qh 

qh 

sp 

pol sp 

dlst 

anl ex 

sp 

sp 

sp 

sp 

qh 

20 

25 

10 

25 

40 

25 

25 

25 

-0 

20 

25 

10-40 

25 

25 

0-30 

20 

20 

20 

gl 25 

10-40 

25 

25 

25 

25 

' 

25 

20 

l(NaClOj) 

0 com 

2(NaC10^) 

2(NaC10^) 

2(NaC10j) 

var 

var 

-. 0 

HCl var 

var 

UOjPj var 

J(NaClO^) 

0 corr 

2(NaC10|,) 

2(NaC10^) 

C(NaClO^) 

UOjFj var 

l(Na)C10^ 

l(NaClO^) 

l(NaClO^) 

0 corr 

2(NaC10|,) 

2(lJaC10^) 

HCl var 

0 corr 

- 0 

var 

MSjCO 

2-6 Cioj 

l(NaC104) 

K, 0.90 

Kj 1.80, Kj 0.96[Kj(H*)l,011 

Kj 1.88, Kj 0.97!Kj(H*)1.08] 

AHĵ  - 2.1, iHj • -0.9, 4Sj - 16, 4Sj 

Kj 1.98, Kj 0.93fK^(H*)1.171 

,4-

ev UO.L, U0,L; 

4.32 

2- UOjL," U^OJL*-

(K, 

Kj 5-5, B» -8 

XjiZUOjFj ̂  (U0jFj)j)0.18 

Kj 4.59, Kj 3.34, K3 2.56, K|, 1.16 

rKj(H*)2.9»J 

Kj -4.4, ev other cpx 

'K^ 1.74(10°), 1.42(25°), 1.12(40°) 

A'HJ- -5.14, i'Sj^. -12 

'K^ 1 . 4 2 ( 0 2 ) , 1.43(0-1), 1.18(0-0.5), 

1.57(0-0.25), 1.71(0-0.05) 

\ ^ 0.48(0°), 0.85(30°) 

Kj 4,54, Kj 3.34, Kj 2.57, K^ 1.14 

(H*)2.93l, no ev polyn cpx for < 0.1M-TO|* 

Kj -O.IO 

K^ -O.3O' 

It̂  0.36 

K^ -0.24(10°), -0.06(25°), 0.06(40°) 

AHĵ  - 3.8, ASj - 12 

ev anl cpx In > 0.5M - HCl 

K^ 0.21 

no ev cpx 

ev UOgL"̂ , 

no ev cpx 

K^ -0.30 

: 150-fold excess L" 

OOjLj, UOjLj 

96 

97 

77 

77 

77 

98 

99 

67 

100 

100,CC 101 

101 

35 

102 

103 

77 

77 

77 

16 

102, 104 

cf. 104 

76 

76 

105 

77 

77 

106 

106,cf. 107 

67 

50 

lOS 

109 

76 

26 



•e VI - Continued 

Complexlng agent 

lodate, 10," 

Method 

sp 

sol 

sol 

T 

25 

25 

60 

Medium 

- 0 

0 2(NH^C1 

0 2(NHj,Cl 

Log Of equilibrium constant remarks 

-7 01, B, 2 73, B, 1 67 

Reference 

67 

110 

110 

— After BJerrum, Schwarsenbacn and Slllen, reference 20 

Data which appeared In the literature prior to the middle of 1057 has been compiled mostly 

b> the above authors Subsequent data has been compiled by J Oindler 

The notation is explained following Table III 

Table VII Complex Formation with U0| Ions - Organic Llgandsl-

Complexlng agent 

'-2"2"4 
oxalic acid H.L 

2̂"ll"2 

acetic acld.KL 

=2«4°3 
glycollc aeld HL 

Method 

Pt 

cat ex 

cat ex 

cat ex 

AgjCjO^ 

AgjCjO, 

T 

25 

25 

25 

25 

25 

25 

Medium 

0 corr 

0 16HC10j 

IHCIO^ 

2HC10, 

0 O60 

0 022 

pK of H L 

HjL 1 27 

HL" 4 29 

"jL 1 28 

HL" 1 75 

HjL 1 26 

HpL 1 28 

Log 

h 

HL" 

HL" 

HL" 

of equilibrium constant 
remarks 

5 82 

"1 

•̂1 

•̂1 

'KKUOJ: 

'K 

(UOj 

4 60 

K, 4 

1 40 

2 81 

2 89, 

.2^?-

74 HJL 

Kj 2 56 

Kj -1 65 

Kj -1 85 

* 2L^" =^ 

)jL^"14 42 

»K[(UOJ)JL|" + 

''l 

L^" 

2 57 

f-» 

Reference 

4^ 

116 

1]6 

116 

117 

AgjCjOj 25 

20 

20 

25 

25 

25 

sol 

sol 

cat ex 

cat ex 

sol 

sp gl 

sp gl 

sp gl 

emf sp 

pol 

eat ex 25 

ion ex RT 

gl 20 

cat ex 25 

pH 25 

emf 20 

2(U0jLj)^"]l 32 

K|2(U0,L,)^" + L^" 

0 008 

var 

•K -0 48 

HjL 0 97 

HL" 4 19 

K. 6 77 Kj 5 23. Bj 12 

KH)0|* + HjL - UOjL + 2H*J1 60 

KtUO?* i .>u I - rm i2-

HCIO, 

HNO, 

>1 5H 

> 1 5H* 

2 

K.iuo: 

4H*11 68 

| V (HjO)3).8 66 

2HC104 

-. 0 

0 312 

0 05 

0 312 

INaClOj, 

NaL-HL 

buffer 

0 l6(NaCl) 

4 59 

INaClO^ 

0 l6(NaCl) 

0 16-0 19 

INaClOi 

3 56 

2 66 

KjIU0|* L^"(HjO)j)-e 52 

cally 65 10 74 

ferred value) 

K, 2 1 

KI2U0jL + FjOj ̂  (UOjL)j(OO)^" + 2H*1-

K|2U0J,L|" + HjOj ̂  (U0g)2(OO)L^" + 2H" 

Kj 2 38, Kj 1 98, Kj 1 98 

Kj 2 63, Kj 2 03, K, 1 60 

Kj 2 38, 63 6 38 

K3 1.22, 63 5 89 

Kj 2 42, Kj 1 54, K, 1.24 

Kj 2 78, Kj 1 30 

K, 2 75, K, 1 52 

117 

118 

lie 

116 

1 44, K, 0 51 

116,c£ 
118 

116,cf 118 

119 

120 

1 62 * 120 

J-1 66 120 

121 

64 

122 

123 

124 

116 

116 

125 

27 



Table VII - Continued 

Complexlng agent Method 

chloroacetlc aeld HL sp 

CjH^OjN dlst 

glycine HL 

20 

25 

glycine amide L 

=3'̂ 6°3 
lactic acid 

CjH^OjN 

serine HL 

=4"6°5 

HL 

malic acid H.L 

sp 

sp,pH 

dlst 

sp 

RT 

RT 

25 

RT 

sp,pH RT 

sp,pH RT 

S''S°2 Si 30 

acetylacetone HI gl 10 

dlst 25 

Medium pK of H L Log of equilibrium constant, 
P remarks 

INaClO^ 2.66 Kj 1 38, Kj 0 80, K, 0 17 

0.45{NaCl) H ^ * 2 32 t 1 4l 

pH 1 90 

0 15-0 25 HL* 8 06 Kj 5 15 

ev Uo|*/L cpx m r a t i o 1/1 pH i 5 

ev Uo|*/L cpx m r a t i o 1/1 pH 6, 

presupposes dimerizat lon 

0 45(NaCl) HjL* 2 21 

p-i 2 05 

125 

122 

126 

127 

128 

116 

ev UO2 /malate cpx in r a t i o 1/1 

and 2/1 pH 1 5 

ev UOjVmalate cpx in r a t i o 1/1 as 

dlmer ac id s o l u t i o n , 1/1 and 

1/2 pH -8 

ev UOjVtartrate cpx In r a t i o l A . 

2 / 1 ' , and 1/1 pH 1 5, 4 6 

ev UolVtsrtrate cpx in ratio 1/1 as 

dlmer acid solution, 1/1 and 1/2 

pH -8 

-. 0 

-. 0 

0 Kcio;) 

8 95 

9 10 

8 82 

Kj '74 Kj 6 41 

Kj 7 94, Kj 6 51 

Kj 6 8, Kj D 1 

Kruo|*+ L" + HL . 

vr jn^'^j. ^T " J. trr 

51. 

129 

129 

m 
U02L(HL)*J8 7 

K[J0^ + 2L" + HL ̂  00jLj(HL)tl4 3 

25 

^6"8"6 

ascorbic acid (HjL) 

'=6»8°7 •"= 

citric acid H^L 

pol 

sp,pH 

sp,pH 

cond 

RT 

30 

,„ 

' 

ph 2-1 

(MaCl) 

var 

25 0 15(') 

ev U0| /citrate cpx in ratio 1/1 

and 2/1 pH 2-6 

ev 00j*/=itrate cpx in ratio 1/1 

present as dlmer pH 4 6 

ev Uo|*/cltrate cpx In ratio 1/1 

and 1/2 pH 8 

HL'" KJ 1 165 pH 4-7 

ev UOjHL" ^ I'OJLI" + H* pH 4 6 

ev L'OjVcltrate cpx in ratio 2/' pH 

h^L 2 94 HL Kj 8 5 

",-' 4 H 

128 

li3 

134 

-̂6 9̂ 2"3 
histldlne HL 

sallcylaldehyde HL 

25 0 15-0 25 

50« EtOH K. 1 81 uranyl acetate, 

acetic acid present, pH 3 

9„ 2 61 uranyl nitrate, pH 5 

salicylic acid H^L dlst 25 0 l(NaClOj) H^L 2 82 HL" K̂  2 2 

n2 + 

12S 

135 

136 

138 

28 



Table VII - Continued 

Complexlng agent 

=7«6°4 

kojlc acid KL 

C^HgOgS 

5-sulfosallcyllc 
acid HjL 

=7'V°2'' 
sallcylamlde HL 

C.H,,0,N3 

histldlne methyl 
ester.L 

CgHjON, 

8-hydroxyclnnollne 

= = 8 ^ 2 

Method 

gl 

sp 

sp 

pH 

gl 

HL 

gl 

T 

30 

25 

25 

20 

20 

Medium 

50)6 aioxan 

=0 015 

0.15-0.25 

50)E dloxan 

0 3 NaClo^ 

50% dloxan 

pK of H L Log of equilibrium conatant, Reference 
remarks 

9 40 3 39 

5-hvdroxyqulnoxallne HL 

CgHgON^ gl 

8-hydroxyqulna8ollne HL 

CghgOj dlst 

methoxybenzolc acid HL 

CgH^ON gl 

6 -hydroxyqulnollne 
(oxlne) HL 

20 

dlst 25 

CjjHgOhj gl 20 

8-hydroxy-4-methylclnnollne HL 

CgH.j,O^N« ph, sp 25 

8-hvdroxyqulnollne-5-8ulphonlc 

0 1 NaClO^ 

50* dloxan 

0 3 NaClOj 

0 l(NaClOj) 

^0% dloxan 

0 3 NaClO, 
0 1 ' 

50$ dloxan 

0 3 NaClOj 

HjL" 2.86 HL"'" Kj 3 89 

8.09 Kj 6 40, Kj 4 97 

KjL^* 5 36 Kj 5 76 

HL* 7 31 

hjL* 1 77 Kj 8 68, Kj 7 16 

HL 8.84 

HjL* < 1 Kj 8 40, Kj 7 51 

HL 9 29 

HjL* 1 10 Kj 8 99, Kj 7 70 

HL 9 59 

3 89 KIUo|* + L" * OH" ̂  UOj(L)(OH))ll 9 138 

HjL* 4 48 Kj 11 25, Kj 9 64 

HL 10 80 

B, 21 76 

H.L* 2 59 K, 9 00, K, 7 10 

143 

142 

0.1 KNO, HjL 3 84 Kj 8 52, K^ 7 16 

HL" 8 35 KlUOj(0H)Lj" + H* ̂  "°2^2" * ^ 

K[(UOj(OH)Lj)^" * 2H* ̂  2U0JL|":I1 7 

Kl2lI0j(0H)Lj" ̂  (UOj(OH)Lg)^"]l 7 

CjphgOh gl 20 5 M 

S-hydroxv-S-methvlqulnollne HL 0 i 

"-10 0' ^oON gl 20 50* 

8-hydroxy-5-methylqulnollne FL C ̂  

CjgMoON gl 20 50? 

6-hydroxv-6-methylqulnollne H^ 0 ' 

CjpI-;ON g.. 20 50* 

6-hvdroxy-7-methvlqulnollne HL 0 i 

'̂ 10''l0°'~2 81 20 50« 

6-hvdroxv-2 4-dlmeth\lquinasollne F; 

Cj,>-,,0N gl 20 50% 

1 2 1 4_tetrah7dro-9-hydroxv-
acrldlne FI 0 i 

dloxan 

NaClO^ 

dioxar 

NaClo^ 

dioxar 

NaClOj, 

dioxa--

NaClOj, 

dioxar 

2" -'•"" "1 

HL 11 01 

H.L* 4 71 Kj 11.25, 9 52 

HL 11 11 

hjL* 4 76 Kj 10 89 Kj 9 26 

HI 10 ^1 

-J-* 4 26 K^ 11 28, Kj 9 7E 

Hi, 11 11 

•-jL* 1 15 Kj 8 " , Kj 7 " 

HI 10 14 

hjL* 5 40 Kj 10 10, Kj 8 20 

142 

NaClOjj 

20 50% dloxan 

6-nvdroxv-4-methyl-2-
phervlqjlnazollne HL 

S£''23^9'-3 '" ^^ 
ammonium aurlntrlcarboxylate 

(alumlnor reagent) (KHj^)H2L 

0 1 NaClo^ HL li 33 

var {N>-j,)jFL^"(') Kj 4 77 145 

— After BJerrum, Schwarzenbach, and SlU'en, reference 20 

Data whlcn appeared In the literature prior to 1956 has been compiled mostly by the 

above authors Subsequent data has beer compiled by J Slndler 

''ne notatior Is explained following Tatles III and \ 
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stated that a complex is formed with undlssoclated oxalic acid, 
118 HpC 0^. In more recent work, Moskvin and Zakharova conclude 

2-that complexes may be formed with both C^Oj, and HCpOh ions and 

that the amount of each formed will depend upon its stability and 

the conditions of the experiment. 

The composition of a complex is sometimes decided upon by 

comparison with complexes having similar llgands. For example, 

H(Sk-Bernstrom,—^ in her work with salicylic acid, H_A, and 

methoxybenzolc acid, HB, was able to show that complexes of the 

type U02(H2A)(H"^)_^, ^^(HgA) (H"^) _2, and UO^iEB) (K'^) _^ were 

formed in the aqueous phase. (The negative subscripts Indicate 

that H was eliminated in.the formation of the complex.) The 

experimental data for methoxybenzolc acid was approximated by 

assuming only the complex U02(B)(0H). For salicylic acid, the 

complexes UO^CHA)"*" corresponding to U02(H2A) (H"*") _, and 

U02(HA)(0H) or UOgA corresponding to U02(H2A)(H"^)_2 were postulated. 

It was not possible to distinguish between the latter two. 

However, from bhe similarity of the distribution curves found for the 

two acids, it was suggested that the salicylate complexes are 

formed by HA" llgands. 

A vast amount of work other than that listed in Table VII 

has been done on the preparation and identification of organic 

uranyl complexes. Some of the complexlng agents studied recently 
148 14Q ISO 

include dlhydroxy-malelc acid, triose-reductone— ' -^ 
(enoltartronaldehyde), reductlc acld-^ (cyclopentene-2-diol-2,3-

one-l), complexones—2_i_z2. (iminodiacetic acid and its derivatives), 

xanthates and dlthlocarbamates,—2— protoporphyrin,—2^ o-cresotic 

acid,i^ mlrlcltrlne,i^ dialkylphosphorlc acids,i^^^^^ and 

pyrazolone derivatives. 

3. Non-aqueous solutions of uranium. 

Solubility studies. A number of uranium salts are 

soluble in organic solvents. Uranyl nitrate is the notable 

example. As the hexahydrate, this salt is soluble in a 
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variety of ethers, esters, ketones, alcohols, aldehydes, 

and substituted hydrocarbons. ——^ The following generali-

165 zatlons have been made ^ concerning its solution in organic 

solvents : 

(1) In a given homologous series, the solubility decreases 

as the molecular weight of the solvent increases. ' ^ 

(2) Solutions occur withri^ 

Ethers: aliphatic 
ethylene glycol 
diethylene glycol 
saturated cyclic' 

Acetals 

Ketones: aliphatic 
aromatic 
allcycllc 
mixed aliphatic-aromatic 

Alcohols: aliphatic 
allcycllc 

Various esters 

Nitrogen-containing solvents: nitriles 

aromatic bases. 

(3) Solutions do not occur with: 

Hydrocarbons 

Ethers :—2. aromatic 

Sulfur-containing solvents 

unsaturated cyclic 

165 

1 f>f) 
Glueckauf has made the phenomenological observation 

that a plot of the solubility of uranyl nitrate against the 

oxygen-to-carbon ratio in the solvent molecule results in 

a single curve for alcohols and ethers; but in a double curve 

for ketones; one for symmetric and one for asymmetric ketones. 

Ionization. The quantity (AT]/constant) has been used 

by McKay and co-workers ——- to estimate the degree of 

ionization of uranyl salts In organic solvents. By this 

criterion, uranyl nitrate in concentrations of 0.01 - IM is 

A = molar conductivity, T; = viscosity. The constant 60 Is 
used for 1 :1 - electrolytes; 120 for 1:2 - electrolytes. 
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substantially unionized in water-saturated solutions of ethers, 

ketones, alcohols and trlbutyl phosphate. Only in saturated 

diethyl cellosolve and in isobutyl alcohol is ionization in 

excess of lOJt. The large amount of water which dissolves in 

the latter solvent may account for this. 

In trlbutyl phosphate, the dissociation of uranyl nitrate 

increases as its concentration in the organic phase is de­

creased. At 1 0 " ^ the salt is approximately 4o per cent 

dissociated,—- i.e., ATI/120 ~ 0.^ Uranyl perchlorate at 

this concentration is almost completely ionized.—^ Ion 

association occurs at higher concentrations, but significantly 

less than for uranyl nitrate. At approximately O.OIM' '^^^ 

association of uranyl perchlorate is maximum (ATI/120 has a 

mlnlnrum value of -O.l) In the concentration range lO"-' to IM. 

The ionization of this salt may well be associated with the 

amount of water contained within the trlbutyl phosphate since 

1 go 
the electrical conductivity is decreased by dehydration.—-

80 
Jezowska - Trzeblatowska and co-workers— have measured 

the molar conductivity of uranyl nitrate in organic solvents 

that contain only water from the hexahydrated uranyl salt. 

The conductivity was found to be low and to decrease with a 

decrease of the dielectric constant of the solvent. 

Conductivity measurements of UCl^, in methyl alcohol 

80 
indicated the salt to be somewhat dissociated.^— The 

dissociation was found to increase on addition of trlbutyl 

phosphate. 

170 
Kaplan, Hildebrandt, and Ader^-"— have classified into 

Solvents tested other than trlbutyl phosphate: diethyl 

ether, diethyl cellosolve, dibutyl carbltol, methyllsobutyl 

ketone, Isobutyl alcohol, and laoamyl alcohol. 

**Solvehts tested: methyl alcohol, ethyl alcohol, acetone, 
ethyl-methyl ketone, methyl isobutyl ketone, acetylacetone, 
stannous chloride in acetone. 
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types the absorption spectra of uranyl nitrate in a number of 

solvents and solvent mixtures. Differences between types 

were attributed to a series of hydrated and solvated nitrate 

complexes, UO^"^ , U02N02'^, U02(N02)2, and VO^{m^)^'. The 

relative concentrations of the complexes depend upon the nature 

of the solvent, its water content, and the concentration of 

added nitrates. It is interesting to note that the absorp­

tion spectrum of uranyl nitrate in trlbutyl phosphate (O.OI6 -

1.6 M ) is cnaracteristlc of the complex U0p(N0-,)p and Indicates 

little ionization.—- A similar spectrum is given by uranyl 

78 

nitrate in methyl isobutyl ketone (0.02 M) .-i— Uranyl perchlor­

ate in methyl isobutyl ketone (0.02 M), however, exhibits a 

spectrum characteristic of the uranyl ion, UOp • These 

results appear to be in general agreement with those obtained 

through conductivity-viscosity measurements.——— -

The trinitratouranyl complex UOp(NO_)_" has been studied 

by a number of workers!"f"^ '̂•̂ '̂ •̂ "•'•'^^ It is formed by the 

addition of a second soluble nitrate to a solution of uranyl 

nitrate in a non-aqueous solvent such as anhydrous nitric 
171 17? 78 7Q 

acid,—'— dlnltrogen tetroxlde,—i— acetone,-'—'-^ methyl 
isobutyl ketone,— dibutyl ether,—^ etc. Kaplan and co-

78 
workers-!— also report that the complex is formed in 16 M 

nitric acid, but that its formation is far from complete. 

The negative character of the complex has been demonstrated 

78 
by electrolytic transference experiments.-i— Its composition 

has been deduced by the isolation of solid compounds from 

7Q 171 172 
solutions of the type described above ^'—'—'—'— and by the 

similarity of the absorption spectrum of such solutions with 

that of crystalline cesium uranyl nitrate, CsUOp(NO-, ).34-̂ --'-LS 

Spectra classified: uranyl nitrate in water, acetone-water, 
dioxane-water, n-propanol-water, ethanol, chloroform -i- 0.?^ 
ethanol, pyridine, acetic acid, ethylacetate, tetraethylene 
glycol dibutyl ether, nltroethane, methyl isobutyl ketone, 
cyclohexanone; uranyl perchlorate in methyl isobutyl ketone. 
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The stability of the complex depends upon the nature of the 

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•stability of the trinitrate 

78 
complex is: ketone > ether > alcohol > water'.-̂ -̂  

The formation of chlorouranyl complexes in non-aqueous 

solvents has been reported by Vdovenko, Llpovskii, and 

Nikitlnai^ The complexes UOgCl"^, UOgClg, UOgCl.," were 

formed by the addition of pyridine hydrochloride or hydro-

xylamlne hydrochloride to a solution of uranyl perchlorate 

or uranyl chloride in acetone. The stability of the tri-

chlorouranyl complex was found to be dependent upon the 

amount of water present in the solvent. A compound was 

separated and identified as (C_H|-NH)2U02C1^. 

Hydration. In partition studies of uranyl nitrate 

between aqueous solution and organic solvent (alcohols, 

esters, ethers and ketones) it is generally found that the 

water content of the organic phase Increases with uranyl 

16"̂  167* 
nitrate concentration.—'^ '- For alcohols, the relation 

between the water content M and uranyl nitrate concentration 

M appears to be a complex function. For esters, ethers, 

and ketones the relation is linear except possibly at high 

values of M . This relation may be expressed 

M , = M° -I- hM . 
w w u 

The quantities are expressed in terms of molalities of the 

dry solvent. M° is the solubility of water in the pure 

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

The water content of alcohols may decrease initially as the 
uranyl nitrate concentration is Increased from 0 to 0.1-0.2 
molal.i2l 

** Katzln and Sullivan—^ report a linear relation between 
M and M.̂j for isobutyl alcohol. McKay and MathiesoninZ point 
out that if the data of Katzln and Sullivan at low M^ are given 
significance, then a more complicated relationship between the 
two quantities exists. 
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sents the degree of hydration. For many of the linear 

solvents h is very nearly 4 . 0 . — ^ — - This has been inter­

preted by Katzlni^ to mean that the species UO (H20)ij(N0-)p 

is. extracted. McKay,—^ however, considers this to be a 

mean hydration number; that a series of hydrates are present 

ranging from the di- to the hexahydrate; that these hydrates 

are in equilibrium with each other and are of comparable 

stability. The latter view is supported by isoplestlc 

measurement s. — ^ 

Infrared measurements on ethereal and ketonic solutions 

of uranyl nitrate, indicate two molecules of water to be 

strongly bound t-o th6 uranyl nitrate and the remaining 

177 178 
water molecules to be more weakly bound.—'-'-'—'— 

Ihe extraction of uranyl nitrate from an aqueous system 

into trlbutyl phosphate (TBP) causes the displacement of 

158 
water from the organic phase. The displacement is roughly 

linear with h being -2. This is in agreement with the 

formulae TBP-H^O and U02(N0-)g-2TBP.— Uranyl perchlorate, 

however, apparently does carry some water into trlbutyl 

phosphate.—^ Whether this water is associated with free 

uranyl ions or unionized U02(C10|,)p is undetermined. 

Solvation. The Isolation of solvated uranium salts, 

in particular uranyl nitrate,is reported in the literature.—' 

16*̂  180-182 

—•'' In phase studies of ternary systems: uranyl 

nitrate, water, organic solvent, Katzln and Sullivan—^ 

have concluded that uranyl nitrate In aqueous solution Is 

largely hexasolvated, subject to the activity. As organic 

molecules are dissolved, 2,3,4 and perhaps 6 water molecules 

may be displaced, depending upon the electron-donor capabilities 

of the organic molecules. The total solvation is a function 

of the activity levels of the water and organic molecules. 

Solvents studied: diethyl ether, acetone, methylethyl ketone. 
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If a particular configuration is stable enough, it may survive 

as a crystalline solid. The particular stability of the final 

two water molecules Is in agreement with the results of Ryskln 

and co-workera '' '—^ obtained through Infrared absorption 

measurements. The ability of solvents to displace water Is 

In the order: alcohols > ethers > ketones.—^ This general 

order of solvate stability Is confirmed by heat of solution 

measurements.^-^ It is In agreement also with the order of 

base (electron-donor) strengths of the solvents determined by 

other means .•=—2^—^ Methyl Isobutyl ketone Is anomalous in 

that it behaves stronger toward uranyl nitrate than its base 

strength would Indicate.—»*•—^ Trlbutyl phosphate, according 

to heat measurements, competes with water almost as well as 

diethyl ether and Isobutyl alcohol.-=2^ 

The order of solvents with respect to solvate stability 

Is opposite to that with respect to the stability of the 

trinitratouranyl complex. This suggests a competition be­

tween solvent molecule and nitrate ion for coordination 

with the uranyl ion.-i— 
184 

Peder, Ross and Vogel have studied the stability of 

molecular addition compounds with uranyl nitrate. The com­

pounds were prepared by shaking uranyl nitrate dehydrate with 

various addenda In an inert solvent: benzene and/or 1,2-

dlchloroethane. 1:1 molecular addition compounds were found 

with uranyl nitrate and ethyl alcohol, n-dodecyl alcohol, 

tetrahydrofuran, propylene oxide, mesltyl oxide, trlbutyl 

phosphate, and N,N-dibutylacetamlde. 1:2 compounds were 

observed with uranyl nitrate and acetone, methyl Isobutyl 

ketone, cyclohexanone, ethyl acetate, 2,4-dlmethyltetrahydro-

thiopene 1,1-dloxlde, 3-chloroethylacetate, ethyl chloroacetate, 

ethyl cyanoacetate, diethyl ether, allyl alcohol, ethylene 

chlorohydrin, and acetonitrile. Formation constants were 

determined from changes in the solubility of uranyl nitrate. 
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It was shown that the stability of the addition molecules, 

for those addenda having similar functional groups, was in 

agreement with the base strength of the addend; i.e., the 

more stable the molecule, the greater the base strength 

df the addend. 

The average number of solvate molecules n associated 

with uranyl nitrate in its partition between water and 

various organic solvents has been studied by McKay °̂ >̂ ° 

and co-workers. The value of n was found to vary with the 

uranyl nitrate concentration of the organic phase. For 

most of the solvents studied, n varied .between 1 and 4. 

For cyclohexane, considerably larger values were found for 

low uranyl nitrate concentrations. 

A saturated solution of uranyl nitrate hexahydrate 

in trlbutyl phosphate corresponds closely to the unhydrated 

dlsolvated compound V0^{Vi0^)-2TB?.^^^-i^^ Evidence for 

168 187 the existence of the single species is: ' -

(1) The solubility is not appreciably temperature 

dependent over the range 0-50°C. 

(2) On freezing and rewarming a saturated solution, a 

sharp melting-point of -6.0 ± 0.5°C is observed. 

(3) The mole ratio of uranyl nitrate to TBP approaches 

the value 1:2 asymptotically under a variety of conditions. 

(4) The effect of inert diluents for the TBP on uranyl 

nitrate partition coefficients supports a 1:2 formula, i.e., 

the partition coefficient of uranyl nitrate varies as the 

square of the TBP concentration. 

The experimental conditions under which Peder, Ross 

wer« 

168 

and Vogel'i^ reported the formation of U02(N0,)2'TBP were 

considerably different from those of Healy and McKay.-

Organic solvents studied: diethyl ether, dlisopropyl ether, 
diethyl cellosolve, dibutyl cellosolve, dibutyl carbltol, 
penta-ether, isoamylacetate, methyl isobutyl ketone, cyclo­
hexanone , 
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80 Jezowska - Trzeblatowska, et_ al_— report that the 

absorption spectrum of uranyl nitrate in trlbutyl phosphate 

gives no indication of the formation of a stable complex. 

Attempts to identify a complex species in the concentration 

range 0.02-0.06M were unsuccessful. 

Hesford and McKay— - report evidence for the formation 

of UOp (CX>j,)p-STEP under certain conditions. Prom a 10. 3M 

aqueous perchloric acid solution, the partition coefficient 

of uranium varies as the square of the TBP concentration in 

benzene. Under other conditions, other solvates may be formed 

80 
Jezowska - Trzeblatowska, et a l — report the formation of a 

1:1 complex between UCl^, and TBP in methyl alcohol. 

Trlbutyl phosphine oxide, like trlbutyl phosphate, 

187 
forms an anhydrous dlsolvate with uranyl nitrate. Healy 

188 
and Kennedy report a number of other neutral organophos-

phorus solvents which form solvates with uranyl nitrate. 

Most, but not all, of the solvates reported are anhydrous. 

All of the solvents extract uranium from aqueous solution 

in proportion to the square of the solvent concentration 

(in benzene). However, not all solutions of the solvent in 

benzene and saturated in uranyl nitrate give mole ratios of 

solvent to uranium of 2:1. For the two diphosphanates and 

one pyrophosphate studied the mole ratios were 1:1. This 

may be indicative of chelation or polymer formation. The 

mole ratio in triphenyl phosphate was -22:1. This is 

probably the result of the solvent being unable to displace 

l88 
water from the coordination sphere of the uranyl ion.iSS 

Solvate formation between uranyl salts and acid organo-

phosphorus compounds, eg. mono- and di-alkyl phosphoric acids 

has been the subject of some investigation.—> ? f ??> 

1:1 complexes between uranyl nitrate and mono- and di-butyl 

phosphate and mono- and di-amyl phosphate in ethyl alcohol 

80 have been reported.— In explanation of distribution data 
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in conjunction With isoplestlc and viscosity measurements, 

Baes, Zingaro and Coleman—^ have hypothesized that uranivun 

(Vl) is extracted from aqueous perchlorate solutions into 

n-hexane solutions of di-(2-ethylhexyl)-phosphate, HL, as 

the species U0o(HL)pL2. As the uranium concentration of 

the organic phase is increased, there is strong evidence 

that polymerization occurs.—^ Similar conclusions have been 

made by Dyrs.sen—^ on the basis of the distribution of uranium 

(Vl) between aqueous perchlorate solution and dibutyl phos­

phate, HK, in chloroform. In hexone, the species U0p(HK)pKp 

and UOpKp have been identified.i^S The extraction of 

uranium (VI) by dibutyl phosphate from aqueous nitrate 

188 
solutions into benzene has been studied by Healy and Kennedy.—^-

In addition to the species U0p(HK)_K2, the polyuranyl species 

{VS0^K^)y^2HK and the nitrated species U02(N0,)2 • 2HK have been 

postulated to explain the shape of the extraction curve as a 

function of nitric acid concentration. 

It has been postulated that the fonnatlon of mixed sol­

vates or solvated chelates enhances the extraction of uranixim 

Into certain solvent mixtures. These systems are discussed 

in a later section on solvent extraction. 

IV-D Separation of Uranium 

A number of review articles have been written on the analyti­

cal chemistry of uranium. i^ >—^^ These, together with many 

texts on chemical analysis (see, for example, references 201-209), 

serve well as guides to the separation and purification of the ele-

210 
ment. More specialized surveys have been made by Hecht on the 

quantitative micro-analysis of uranium-bearing minerals, and 

211 
by Lawrowski on separation processes for the recovery of 

nuclear fuels. 

Two general techniques are available for the separation of 

uranium, (l) Uranium is removed from solution in the presence 
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of contaminants by precipitation, solvent extraction or some 

alternative method. (2) Uranium is kept in solution and contam­

inants are removed. These techniques are facilitated by the 

fact that uranium is reasonably stable in two oxidation states, 

(rv) and (VI), and that complex foraiatlon may be effected to 

prevent the removal of either uranium or contaminant from solution. 

In the following paragraphs, the separation of uranium by 

precipitation, solvent extraction, and ion exchange are described 

in some detail. Reference is made also to other methods of separa­

tion: chromatography, electrodeposltlon, volatilization and 

pyrometallurgy. 

1. Precipitation. In classical systems of analysis, uranium 

is a memoer of the third group of elements. That is, 

it is not precipitated by hydrochloric acid or by hydrogen 

sulfide in an acidic solution, but it is precipitated by 

ammonium hydroxide or ammonium sulfide (see references 204, 

206, 208, 213). Unfortunately, for the separation of 

uranium, many other elements also are precipitated by the 

same reagents. However, there exists a large number of 

reagents capable of precipitating uranium over a wide range 

of- pH. These, combined with Judicious use of the two oxidation 

states and/or the complexlng ability of uranium, may be used 

to provide reasonably pure uranium deposits. 

Precipitants. With the advent of nuclear energy as a 

source of power, numerous precipitants have been investi­

gated in an effort to find one specific for the separation 

and/or determination of uranium. None have been found to 

2l4 
date. Ware has summarized early work using organic rea-

* 2A? 
In the system outlined by Noyes and Bray,=ii= uranium is 

precipitated in the sixth group with ammonlujn hydroxide and 
is converted to the sulfide with hydrogen sulfide. In the 
system of West and Parks.212 uranium is precipitated in the 
fifth (basic benzoate)group. 
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gents as precipitants. She—2. and Bailey have investigated 

some of the more promising ones. Rodden and Warf-"^ have 

discussed the use of many reagents, both Inorganic and organic, 

and have described procedures for the use of many of them. The 

latter precipitants, i.e., those for which procedures have been 

•̂ 4 
given by Rodden and Warf,'^ are denoted by a dagger (t) in the 

following discussion. 

Inorganic precipitants. The reagents are listed alpha­

betically according to anion. 

Arsenates. Arsenic acid and ammonium, sodium and 

potassium arsenate precipitate uranium as uranyl metal arsenate. 

Silver, titanium, zirconium, thorium and lead Interfere. 

Separation is made from the alkali metals, alkaline earths, 

aluminum, iron (Tl), and rare earths, including trlvalent 

cerium.-^ 

carbonates.^'^3,^01,20^206,217-224 precipitation of 

uranium with ammonium, sodium, or potassium carbonates is not 

very satisfactory. Highly soluble carbonate-uranyl complexes 

are formed. Under proper conditions, the metal uranyl tricarbon-

ate salts Mj^U04C0J,are formed. The solubilities of the 

respective ammonium, sodium, and potassium salts in water 

are 50(15°C),.^ 150(RT),^^ and 7l(l8°C)^i^ grams per 

liter. The solubility of the potassium salt in a 50$̂  solu-

221 
tlon of potassium carbonate is 0.200 grams per liter. 

The solubility of the sodium salt is decreased by Increasing 

temperature and by increasing sodium salt concentration.—^ 

V 217 
Tezak—'- has studied the precipitation of uranium by 

ammonium and sodium carbonate. From a 0.043N uranyl nitrate 

solution, precipitation was observed to be maximum in the 

region of O.IN precipitant concentration. Two maxima were 

observed for ammonium carbonate; one for sodium carbonate. 

Above and below these fairly narrow regions of precipitant 

concentration, uranium enters into solution. 
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The uranium (IV) salt, NagU(CO,)c • llHpO is precipitated 

from reduced carbonate solutions at high uranium and carbonate 

concentrations.—^ 

Barium uranyl carbonate salts are reported to be very 

insoluble.—^ However, in the presence of carbonate solutions 

the alkaline earth salts are unstable according to the 

reaction,—* 

M2U02(C03)3 (ĝ  -t- 200^" = [U02(C03)3]^- + nCO^^^y 

Tezak—i has found the precipitation of uranium to be nearly 

complete when the barium:uranium ratio Is greater than 600 

and the excess- carbonate is less than four times the barium 

concentration. 

A suspension of barium carbonate may be used to pre-
•34 226 

oipltate uranium.•»»—' Ammonium salts Interfere. A 

suspension of basic zinc carbonate may be similarly used. > ' 

Iron, aluminum and thorium also precipitate. 

Cyanides. Alkali cyanides form a yellow precipitate 
•3h. 

When added to uranyl solutions.•>i-
f 

Perrocyanldes. The addition of potassium ferrocyanlde 

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

red precipitate or suspension, depending upon the concentration 

of uranium. The reaction is used much in qualitative anal­

ysis for the identlfloatlon of uranium. However, it is 

little used for quantitative separation. The separation Is 

poor and there are many interferences.-^ Separation can be 

made from beryllium in a weakly acidic sulfate solution. 

Fluorides. Hydrogen fluoride precipitates uranivim (IV) 

as the tetrafluoride. The precipitate is gelatinous and 

difficult to filter.-^ Separation is made from metals com-

plexed by fluoride ions, eg., tantalum and zirconium. Uran­

ium may be reduced to the (IV)-state with zinc in a solution 

ms* slightly acidic.-i^ 
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The double fluorides, eg., NaUF_, are sparingly soluble 

even in the presence of strong acids.—^ Separation can be 

made under tnese conditions from Mo, Ti, Ni, Co, Mn, Cu, Fe 

(II), and \ ^III). Alominum precipitates as the double salt, 

Na2AlFg. Iron ( m ) precipitates in part. Reduction to 

urani\un (IV) may be done in the presence of fluorides with 

iron (Il).^^21i222 Rongalite (NagH^SgO^ • gCH^O • tegO) also 

has been used to effect reduction.-i-

Hydroxides. The addition of a metal hydroxide to a 

solution of uranyl salts results in the formation of the 

metal uranate. It has commonly been assumed that the metal 

diurante, M-UpOy, is precipitated by ammonium, sodium, or 

potassivim hydroxide. However, experimental evidence indi­

cates that the composition of the precipitate depends upon 

the conditions which exist during precipitation and upon 

the subsequent treatment, such as washing, which it re-

ceives.2^i^^ 

Ammonium hydroxide precipitates uranium quantitatively 

at pH 4 or greater.-^ The presence of ammonium salts and 

macerated filter paper facilitate precipitation. Separation 

is made from alkali metals, alkaline earths, and cations 

forming ammonia complexes. Repeated precipitations may be 

necessary to give sufficient separation. Phosphorus, vana­

dium, silicon, boron, aluminum, iron and other elements of 

212 
the ammonium hydroxide analytical group also are precipitated. 

Complexing agents: carbonate, oxalate, citrate, tartrate, 

fluoride, etc., interfere. 

Precipitation with alkali metal hydroxides is similar to 

that with ammonium hydroxide. Uranium may be precipitated 

in the presence of carbonate with sodium or potassium hydroxide 

of sufficient concentration. Carbonate ion Interference may 

be removed by heating. 
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Pale green gelatinous UOp • H„0 is precipitated from 

uranium (IV) solutions by ammonium and alkali metal hydroxides. 

lodates. Uranium (IV) is precipitated from an acid 

solution by potassium iodate.-^ Separatioii can be made from 

copper, molybdenum, and reduced vanadium.—^ Aluminum in 

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

Larger amounts of aluminum and divalent iron in any concen­

tration cause InoOTiplete precipitation. Titanium, zirconium, 

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

Mercuric oxide. Uranium is precipitated when a 

suspension of mercuric oxide Is boiled in an aqueous solution 

containing ammonium chloride.-^ Separation is made from 

alkali metals and alkaline earths. Hydroxy acids interfere. 

Peroxides. Hydrogen peroxide precipitates uranium 

peroxide, UOj. ' xH^O, from slightly acidic solutions. The 

reaction occurs in the pH range O.5-3.5. The optimum range 

is 2.0-2.5' Hydrogen ions released with the formation of 

uranium peroxide are neutralized with ammonia or ammonium 

acetate. Complete precipitation requires an excess of 

hydrogen peroxide. Quantitative separation may be effected 

by freezing the solution, allowing it to stand, and filtering 

at 2°C. The separation from most elements is good since it 

Is done from an acidic solution.*—'—^ Plutonium, thoriiun, 

hafnium, zirconium, and vanadium also precipitate. Iron 

interferes by catalytically decomposing hydrogen peroxide. 

Small quantities of iron may be complexed with acetic, lactic, 

or malonic acid. Low yields may result from the use of 

malonlc acid. Ammonium, potassium, and alkaline earths re­

tard the rate of precipitation. Complexing ions such as 

oxalate, tartrate, sulfate, and fluoride in large quantities, 

also interfere. Fluoride ion may be complexed with aluml-

n u m . i ^ 
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Phosphates. Phosphoric acid and sodium monohydrogen 

phosphate precipitate UOpHPOL from uranyl solutions. Uranyl 

ammonium phosphate, UOgNH^POi^, is precipitated by (NH|̂ )2HP0ĵ  

or NapHPOi, in the presence of ammonium acetate. Precipitation 

is made in the pH range 1.2-2.3, 1.7 being optimum. It is 

not very selective. Zirconium, bismuth, and thorium pre­

cipitate under similar conditions. Alkali metals are retained. 

Separation is made from vanadium. Both UOpHPO^^ and UÔ NHî POij 

are soluble in mineral acids.-i-

Phosphate precipitation of uranium (IV) is more selec­

tive. It is made from dilute hydrochloric or perchloric 

acid solutions. Separation is made from manganese, iron, 

vanadlim and most other elements. Zirconium, thorium, and, 

to a smaller extent, titanium and tin precipitate. " ~ " 

Alvunlnum interferes by the formation of soluble complexes with 

uranium and phosphate lons.^ With sulfate and aluminum 

present, uranium is precipitated in a narrow pH-range around 

one. At higher pH, the soluble aluminum-uranium-phosphate 

complex is formed; at lower pH, the soluble uranium-sulfate 

complex. Chromium in excess of 0.2 gram per 100 milliters 

causes incomplete precipitation.—2— Large amounts of fluoride 

ion prevent precipitation.-^ 

Sodivun hexametaphosphate [(NaPO,)g] also precipitates 

urjmium (IV) from acid solutions. Adherence to fairly 

stringent conditions allows for complete precipitation. A 

BNKJlOi^ solution of uranium (IV) is heated to 60-70°C. If 

more than 2 mg. of uranium are to be precipitated, a freshly 

prepared 2% hexametaphosphate solution is added until its 

concentration in the precipitating medium is 0.30-0.35 per 

cent. To precipitate smaller amounts of uranium, a 0.5 

per cent solution of thorium chloride is added as carrier 

and the hexametaphosphate added until it is in excess 25 per 

cent with respect to the thorium, i.e., molar ratio of Th:P0-" 
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is 1 :5. Coagulation- is improved by heating In a water-batn 

for ten to fifteen minutes after precipitation. Under tnese 

conditions separation is made from V (in) and (IV), Fe, Cu, 

and other dl- and trl-valent metals. Incomplete precipitation 

occurs with Increased or decreased acidity — probably because 

of enhanced solubility of the compound and complex formation, 

respectively. Precipitation from sulfuric acid is incomplete 

bfecause of uranium-sulfate complex formation. Under certain 

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

hexametaphosphate. 

Hypophosphoric acid (Hj,PpOg), sodium dihydrogen hypo-

phosphate (NapHpPpOg), and sodium pyrophosphate (NapP-O-,) 

precipitate uranium (IV) from acid solutions. Other 

tetravalent metals, Ti, Zr, and Th, also precipitate. Separa­

tion is made from uranium (VI) and trivalent metals in general.-^ 

Phosphites. Sodium hypophosphlte (NaHpPO^) and ammonium 

thiosulfate or sulfurous acid precipitate uranium from a 

241 
boiling, dilute acid solution. Zirconium and titanium 

precipitate under similar conditions. These elements may 

be separated prior to uranium by boiling with sodium hypo-

sulfite alone. Elements forming acid-insoluble sulfides 

are removed with hydrogen sulfide before adding sodium hypo-

phosphite and ammonium thiosulfate. 

Sulfates. Uranium (IV) sulfate is practically Insoluble 

in 47 per cent perchloric acid. Precipitation is made in a 

sulfuric acid medium. Uranium is reduced on a mercury cathode 

and concentrated perchloric acid Is then added. 

Sulfides. Ammoniiun sulfide or polysulflde precipitates 

brown, amorphous uranyl sulfide. Numerous other elements are 

precipitated under similar conditions.—^ Complexing agents 

such as carbonate, pyrophosphate, and citrate interfere.^ 

Uranium (IV) salts are precipitated as UOp • H^O by ammonium 

sulflde.i^ 
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Hydrogen sulfide bubbled through a nearly neutral solu­

tion of uranyl salts containing hexamethylene tetramine pre­

cipitates uranium in a readily filterable, crystalline form 

of "uranium red." Separation is made from alkali metals and 

alkaline earths.-^^^^21 

Vanadates. Ammonivim metavanadate precipitates ammonium 

uranyl vanadate from uranyl solutions buffered with ammonium 

^4 
acetate.-"^ Uranovanadic acids are precipitated at pH 2.2-

242 
5.5. Within these limits, the composition does not depend 

upon the hydrogen ion concentration. It does depend upon the 

vanadium : uranium ratio present in solution. Compounds 

corresponding to the formulae 

n[X!0^{OE)^VO^]--ii^O, H[U02(0H)(V02)2]-2H20, and n[VO^{VO^)^) • kn^O 

242 have been identified. Ammonium salts of these acids have 

242 been synthesized in the presence of ammonium chloride. 

Ammonium uranyltrimetavanadate is the least soluble. However, 

its formation is a long process at room temperature. Heating 

greatly accelerates Its rate of formation. 

Organic preclpltants. Organic precipitating reagents 

are listed alphabetically. 

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

An alcoholic solution of the reagent added to a uranyl salt 
243 

solution forms a pale yellow precipitate insoluble in ethanol. 

Precipitation occurs between pH 1.5 and 7- Below pH I.5 the 

reagent precipitates. The thorium complex is soluble in 

alcohol, but precipitates from an aqueous solution at pH 2-4. 

Lanthanum and cerium (III) do not Interfere when present in 

amounts ten times that of uranium. Cerium (IV) interferes 

even in small amounts. 

Acradine. Uranium (IV) and (VI) are precipitated by 

the reagent with the addition of ammonium thiocyanate.'^i^ 

Iron (III), cobalt, copper, zinc, cadmium, mercury, and bis­

muth precipitate.--'•̂ ^̂ -'•̂  
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2l6 
Aldehyde ammonia precipitates U0_, 

Alizarin and Alizarin Red S (sodium alizarin sulfonate). 

Uranium is precipitated slowly by the reagents when the 

uranyl ion concentration is less than 20 micrograms per 

milliliter.-^i^ 

Alvimlnon (ammonium salt of aurintrlcarboxyllc acid). 

The reagent precipitates both uranliim (IV) and (VI) from 

sulfate solutions at pH 3.5. 

Amines. Ammine salts, generally of the form UOp(Amine)„ Xp, 

whert X Is an acid radical such as acetate, chloride, 

nitrate, etc. have been prepared from acetanillde, antl-

pyrene, bromoantlpyrine, diethylanlline, exalgin, nltroso-

antlpyrine, p-nitrosodlmethylanlline, phenacetin, pyramidon, 

pyridine, quinaldine, and qulnoline. Mono-, tri- and tetra-

ammlne salts also have been formed. The salts are generally 

prepared in anhydrous chloroform or amyl alcohol solutions. 

However, some of the more stable salts may be precipitated 

214 244 
from aqueous or alcoholic solutions. ' 

216 
2-Amlno pyridine precipitates UO^. 

Ammonium benzoate. Uranyl ion is precipitated by the 

reagent from slightly acidic solutions heated to boiling. 

A 0.05 N solution nf the reagent containing about 2.5^ 

NHhOH is boiled separately and added in an excess of three 

to four times the uranivim present. Carbonate ion prevents 

quantitative precipitation.-^S^—2. 

Ammonium dlthlocarbonate precipitates uranium (VI). 

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

Ni, Cu(ll), Zn, Ag, Sn(lV), Pb, and B i . . ^ 

Anthragallol forms brown precipitates or solutions with 

Û "̂ , Uol*" , Fe^"^, Cu^"^, and MoO^" . ^ ^ 

Anthranilic acid. Uranium (IV) is precipitated from a 

solution of the reagent buffered with ammonium acetate. The 

reagent added to a O.l^UCk(NO,)- solution forms a heavy 
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yellow precipitate. The amount of precipitate is increased 

by the addition of IM acetic acid; decreased by the addition 

of IM sodium acetate. Fifty micrograms of uranyl ion per 

drop of solution gives no observable precipitate. In acetic 

acid-sodium acetate buffered solutions, slightly soluble 

salts are formed with the reagent and Mn, Co, Ni, Cu, Zn, 

Cd, Hg(II),and Vh.^^ 

Arsonlc acids. Benzenearsonic acid precipitates 

uranium (IV) in a weakly acidic solution, pH 1-3. Titanium 

and cerium (IV) are partially precipitated. Thorium, zir­

conium, hafnium, tin (IV), niobium, and tantalum are 

34 quantitatively precipitated.•>^— 

Arsonilic acid (p-aminobenzenearscnic acid) precipitates 
247 

uranium (VI) In a weakly acidic solution, pH 1-4 or greater. 

At pH 2.1 or greater the precipitation is quantitative as 

evidenced by negative ferrocyanide tests of the fllrrate. 

Other ions which precipitate from neutral or slightly acidic 

solutions include Cu^"^, Zn̂ "*", Cd̂ "̂ , and Û "*". With the 

addition of sodium acetate, alumin\im and ferric ions also 

precipitate.'^-^ 

Other substituted arsonlc acids which give difficulty 

soluble uranyl salts are 3-nitro-4-hydroxybenzene- and 

34 methane-arsonlc acids.-^ 

Bis-benzenephosphopic acid. Tests on 50-150 mg/l 

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

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

aluminum, magnesium, and phosphate ions gave nearly 99^ 

precipitation with the reagent. Optimum conditions for 

precipitation are pH 2, 25°C, and 10/1 molar ratio of reagent 

248 
to uranium. 

Benzenesulfinlc acid precipitates uranium (IV) in 

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

214 
Sn, Ce, and Th also precipitate. 
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Benzopurpln precipitates uranium (IV) and (VI). 

Benzoylacetone precipitates urajilum (VI). 215 

5-Bromo-7-carboxy-8-hydroxyqulnollne precipitates 

, . 249 

uraniiim (VI), copper, zinc, cadmium, mercury, and lead.— -

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

in solutions buffered with acetic acid and sodium acetate. 

Iron, copper, zinc, cadmium, mercury, and lead precipitate.—^ 

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

in ammonlacal tartrate solutions. 
Catechol forms compounds with tetravalent uranium, silicon, 

echc 

214 

214 
titanium, zirconium, and thorium. Catechol combined with 

pyridine precipitates hexavalent uranium 

Cresotlnic acid in the presence of sodium acetate pre­

cipitates uranium (IV) from solution. Aluminum and Iron 

(III) also precipitate. Separation is made from Cr, Fe(ll), 

Co, Ni, Cu, Zn, Cd, and Mo.-^i^^^i^ 

Cupferron (ammonium nltrosophenylhydroxylamine). 

Uranium (IV) is precipitated from acidic solutions by the 

reagent. Good separation is made from other elements if this 

precipitation follows one in which uranium was kept in the 

hexavalent state. Ions which are precipitated by cupferron 

from acidic solutions include Ti, V, Fe, Ga, Zr, Nb, Sn, Sb, 

Hf, and Ta. Ions which are not precipitated under such 

conditions include the alkali metals, alkaline earths. Be, 

B as borate or fluoborate, Al, P, Cr, Mn, Ni, Zn, and U(VI). 

Precipitation is usually made in a sulfuric acid medium 

but hydrochloric or organic acids may be used. Nitric acid 

should be avoided; also perchloric acid If the precipitate 

is to be ignited. The presence of a reducing agent, hydrcx-

ylamlne or sodium hydrosulfite, facilitates complete pre­

cipitation of uranium (IV). The cupferrate may be filtered 

or extracted with an organic solvent such as chloroform. ̂  ' '' 
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Hexavalent uranivun is precipitated by cupferron from 

neutral solutions.—2— 

Dlbenzoyl methane forms a yellow precipitate with 

uranium (Vl)..^ 

3,5-DibromoBallcylaldoxime precipitates U(VI), Co, Ni, 

Hg(ll), and Pb.'S^ 

4,4'-Dihydroxy-3,5.3'.5'-tetra(hydroxymethyl) -dlphenylmethane 

precipitates U(V1), Mn, Fe(III), Cu(II), and Hg(II).— 

Dimethylammonium dimethyldithlocarbomate forms a red 

precipitate with uranium (Vl). 

Diphenyl thlocarbgzlde precipitates uranium (VI) from 

neutral solutions. Copper (130, silver, lead, and bismuth also 

precipitate with the reagent. 

Dlpropylamine forms a yellow precipitate with uraniiun. 

Disalicylalethylene dllmine precipitates uranivun (iV) 

and (VI). Most heavy metals are precipitated by the i^agent.-^ 

Ethanolamine precipitates UO,. 

Ethylenediamine and uranyl nitrate form an insoluble 

double salt, V02S0^{E^S0^)^im.^CR^U2lJii2, In alcoholic-sulfuric 

acid solution.—^ Double salts of the same type are formed 

with plperazine and dimethylpiperazlne. Slemssen-i«- observed 

that a solution of ethylenediamine added to a uranium solution 

gives a bright yellow crystalline precipitate that is soluble 

in excess reagent. 

Ethylenediamine tetracetic acid. Uranium is precipitated 

2S4 when a uranyl acetate solution is boiled with solid reagent.—"^^ 

Gallic acid precipitates U(IV), U(VI), Pe(lII), Cu(II), 

and Zn.^^ 

Gualacol. A brown precipitate results from the reaction of 

the potassium salt of gualacol and uranyl acetate in an 

aqueous solution.—22 

Hexamethylene tetramine (urotropine) is a weaker base 

than ammonium hydroxide and does not absorb carbon dioxide. 
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This reduces the likelihood of carbonate interference and of 

alkaline earth carbonate precipitation. Uranium is precipi­

tated when the reagent is boiled In a uranyl solution that 

contains ammonium Ion and no excess acld.-^ Ions that form 

stable complexes with uranium interfere. Separation can be 

made from alkali metals, alkaline earths, Mn, Co, Ni, and 

Zn. Zr, Ti, Fe, Al, Ce(IV), Th, and some other elements 

precipitate. 

A double salt, UO^SOi^-H^SO^* (CH2)gN^, is formed with the 

reagent and an excess of sulfuric acid and uranyl salt.—2— 

a-Hydroxyacetophenone forms a white precipitate with 

PI fi 
hexavalent uranium. 

1-Hydroxyacridlne (l-acridol or benzoxine) precipitates 

uranium (VI) in neutral solutions. Calcium precipitates from 

neutral solutions; Mg,Ca, and Ba from alkaline solutions; 

Cr(III), Mn(II), Fe(II and III), Cu(ll), Zn, Cd, Hg(l and II), 

Te(Il), and Pb from solutions containing acetic acid and 

sodium acetate. Al, Sn(ll), and Bl do not precipitate.—2-^ 

1-Hydroxyanthraqulnone forms slightly soluble complexes 

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

ganese ions.—^ 

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

uranium, thorium, eerie salts and cerlte earths.—22. The 

cerlc salts and cerlte earths are not precipitated by the 

reagent. Thorium is precipitated at pH 2.6-4.0. Uranium 

(uranyl ion) precipitates at higher pH. 

8-Hydroxyquinaldine. Tetravalent uranium is precipitated 

by the reagent with the addition of ammonium acetate. The 

preclpitati'on of hexavalent uranium is almost quantitative 

in the pH range 7-9 from carbonate-free ammonium acetate 

buffer.—2^ Iron, cobalt, nickel, copper, cadmium, and 

chromium are precipitated by the reagent.—2. 

8-Hydroxyquinoline (oxlne). Hexavalent uranium is 
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precipitated as U02(CQHgN0)2 • C H.̂ NO from weakly acidic or 

34 
basic solutions.--^ Quantitative recovery has been reported 

over the pH range 4,1-13.5. A large number of other elements 

are precipitated by oxlne including Mg, Al, Cr, Fe, Co, Ni, 

Cu, Zn, Cd, Mo, Bl, and Th.^^^r260-26g uj?anium can be pre­

cipitated in the presence of small amounts of complexing 

agents: fluoride, hydroxylamlne, oxalate,lactate, and tar-

^4 
trate.'"^ Separation from small amounts of phosphate also can 

be made at pH 10-12 using an excess of oxlne. Ammonium 

carbonate interferes. Tetravalent uranium and oxlne form 

a brownish-yellow deposit.—2 

Isatin-P-oxime (P-lsatoxime). Uranyl and mercuric 

ions are precipitated by the reagent from weakly acidic 

solution. Precipitation is incomplete but can be made 

quantitative by increasing the pH with sodium acetate. A 

number of other elements precipitate under these conditions 

including Fe(II), Co, Ni, Ag, Hg(I), and Pb.'^^^ Separation 

can be made from Mn(ll), Zn, and alkaline earth ions.—2 

In alkali tartrate solutions, uranium can be separated from 

cobalt and nickel. 

Isojuglone. The sodium salt of this reagent and uranyl 

acetate form a carmine-red precipitate after washing with 

ethanol. Iron, cobalt, nickel, zinc, cadmium, mercury, and 

267 
lead are precipitated by the reagent.— -

Isonltroso-N-phenyl-3-methylpyrazolone. Uranyl nitrate o 

acetate forms a reddish-orange precipitate with a 1% solution 

of the reagent in a 50% alcoholic solution. Precipitation is 

quantitative with the addition of sodium acetate. Mercury (l) 

amd (II), copper (l) and (II) and uranyl Ions precipitate 

in acidic media (nitrate or sulfate). In acetate solutions, 

Ag, Cd, Ni, Co, Zn, Cu(II), and UOg ions precipitate. By 

reducing the acidity with sodium acetate, salts of Ag, Pb, Bl, 

Cd, Mn, Ni, Co, Fe(ll), and Fe(IIl) can be precipitated from 
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nitrate solutions. Salts of Tl(l), Sb(IIl), Sn(ll), Al, 

Cr(lII), and the alkaline earths do not precipitate.•=^ 

Lauramldine hydrochloride. This reagent has been 

248 tested for the separation of uranium from phosphate solutions. 

At pH 2.45, 75^ of the uranivun was precipitated. 

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

for the separation of uranium from phosphate solutions. At 

pH 2.45, 85^ of the uranium was precipitated. 

Mercapto-acetlc acid forms a greenish-white precipitate 

with tetravalent uranium.—2^ 
PI h 

Methylamlne precipitates uranium (VI). 

Methyl red causes uranium (VI) and aluminum to pre­

cipitate, -^i^ 

Morpholine precipitates uranium (IV) and (VI) as well 

as a number of other metal ions.—2 A 1 mg per ml solution 

of uranyl nitrate shows only a yellow color with the reagent. 

No precipitate is formed.—2 

3-Naphthoqulnoline in the presence of thlocyanate ion 

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

nickel, cobalt, ̂zinc, and iron (III) from sulfuric or nitric 
26Q acid solutions.—-

Neo-cupferron (ammonium a-nltrosonaphthyl hydroxylamlne) 

is similar to cupferron in its application. Uranium (IV) Is 
214 precipitated by the reagent. 

Nltrilotrlacetlc acid forms derivatives with uranium (Vl), 

iron (III), nickel, and copper (11).—^ 

m-Nltrobenzoic acid precipitates uranium (IV).^ 

o-Nitrosohydroxylamlnophenyl p-toluenesulfonate forms a 

yellow precipitate with hexavalent uraniiun. Many other me­

tallic ions are precipitated by the reagent including Al, Cr, 

Pe(lll), Co, Ni, Cu(ll), Cd, La, Ce, Hg(ll), Bi, Pb, and Th.-̂ Ii 

g-Nltroso-P-naphthol deposits uranium (VI) as a very 

fine, yellow-orange^ to brown-—2 precipitate. Precipitation 
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is made in tne pH range 4.0-9.4.—!-=• Metals such as iron, 

cobalt, nickel, and copper are precipitated from slightly acid 

solutions. Molybden-om as molybdate ion, zinc, and uranium (IV) 

form colored solutions.^-2 Aluminum, chroirtium, and cadmium 

give no visible reaction.—2 xhe uranium compound can be 

extracted with amyl alcohol.'^ 

P-Nltroso-g-naphthol precipitates uranyl ion from slightly 

acidic solution. Iron, cobalt, nickel, copper, zinc, and 

molybdate ions also are precipitated by the reagent. Alumi­

num, chromium, cadmium, and uranium (IV) give no visible 

reactions. The precipitation of uranium (VI) is most nearly 

complete in an acetate buffered solution.—2 
PI g 

Oleic acid is a precipitant of uranium (VI). 

Oxalic acid precipitates uranium (IV) from acidic 

solution.-*— Strongly complexing organic compounds and 

fluoride, sulfate, and large amounts of phosphate ions Inter­

fere. Uranium is precipitated from 2-3N hydrochloric acid 

media. At lower acidities other metal oxalates precipitate, 

eg., Fe(II), Zn, Cu. At higher acidities the solubility of 

uraniiim (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 it to stand. 

Small amounts of manganese, iron, and nickel may be carried 

with the precipitate. Niobium, the rare earths, and thorium 

precipitate under similar conditions. If uranium is reduced 

on a mercury cathode prior to precipitation, no cations in 

moderate amounts interfere except rare earths and thorium. 

Precipitation of uranium can be made in cold IN nitric 

acid solutions.—^ The uranium content should be less than 

70 grams per liter. Enough oxalic acid is added to give a 

105̂  excess of the amount theoretically required to precipitate 

U(Cp02,)p. The uranium then Is reduced to the (iV)-state by 
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adding sufficient rongalite (Na2H2S20i^-2CH20-4Hg0) to give a 

7-10% excess of 1 mole of rongalite per mole of uranium. 

Phenanthrene quinone monoxime precipitates uranium (IV) 

and (VI), aluminum, iron, cobalt, nickel,copper, and zinc.—2 
248 Phenoxarslnlc acid precipitates hexavalent uranium. 

Phthlocol precipitates U , uol"*" , Zn̂ "*", and MoO^" 

ions.211 

Picrolonlc acid precipitates tetra- and hexa-valent 

uranium and most other metallic ions.—2 

Plperazine. (See ethylenediamine). 

Pyridine does not absorb carbon dioxide like ammonium 

hydroxide does. This reduces the possibility of carbonate 

interference or of alkaline earth precipitation in a uranium 

separation. Ammonium nitrate facilitates uranium precipitation. 

Sulfate ion hinders it. Separation can be made from alkali 

metals, alkaline earths, Mn, Co, Ni, Cu, and Zn. Zr, Ti, Fe, 

Cr, Al,and others are precipitated by the reagent.-^ 

Pyrogallol and pyridine combine to form a derivative with 
214 hexavalent uranium. 

%ilnaldlc acid forms a yellow, amorphous precipitate 
216 

with uranyl Ion. Precipitation is made from a neutral or 

weakly acidic (pH 2-3) solution in the presence of ammonium 

chloride. The reagent precipitates a number of metals including 

copper, zinc, cadmium—^ and uranium (IV).—2 Uranyl ion 

274 is not precipitated in the presence of alkali tartrate—!— or 

a high concentration of acetate ion.—2 

Quinizarin (l,4-dlhydroxy-anthraqulnone) precipitates 

uranium (IV) and (Vl), iron and copper.—2_ 

Rhodlzonlc acid forms a blue-black precipitate with 

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

TI, Pb, Cu(II), Cd, Bi, Zn, Sr, Ba, Fe(ll), and U02(II) ions 

are precipitated. At pH 2.8, Ag, Hg(l), TI, Pb, Cd, Ba, and 31 (II) 

are precipitated.—^ 
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Salicycllc acid. The sodium salt of the reagent forms 

a greenish-white precipitate with uranium (IV). Under con­

ditions tested, Al, Cr, Fe, Co, Ni, Zn, Cd, MoC^" , and UĈ "*" 

ions were not precipitated.—2 

Sebacic acid precipitates uranium (IV).'2— 

Sodium acetate precipitates sodium uranyl acetate from 

18Q 
neutral or weakly acidic solutions of uranyl salts.— - The 

method is not very useful for the precipitation of traces of 

uranium. The solubility of sodium uranyl acetate in a 

solution 5M in sodium nitrate, IM in acetic acid, and 0.5M 

in sodium acetate is about 100 mg per liter.—i— Neptunium 

(VT) and plutonivun (VI) also precipitate under these condi­

tions. The addition of sodium acetate and zinc acetate to 

a neutral or weakly acidic uranyl salt solution precipitates 

the triple salt, sodium zinc uranyl acetate.—^ 

Sodium diethyldlthlocarbamate precipitates tetravalent 

uranium, aluminum, iron, cobalt, nickel, copper, and cadmium.—2 

Hexavalent uranium may be precipitated when both uranyl and 

246 277 reagent concentrations are sufficiently large. ' 

Sodivim ethyl xanthate forms an orange precipitate 

with uranium (Vl).'^ 

Strychnine in the presence of fluoride ion precipitates 

hexavalent uranium as 7 (C2;[^H2202N2HF) • 6(U02F2) " 2HF. The 

solubility of the precipitate in water at 25°C is 47.5 mg/100 

ml; in 60% alcoholic solution at 25°C, 30 mg/100 m l . - ^ 

Tannic acid (digallic acid) and tannin (a glucose ester 

of tannic acid) react with uranium (Vl) to give a deep-browr 

precipitate.-^ Elements arranged according to decreasing 

ease of precipitation by tannin are Ta, Ti, Nb, V, Fe, Zr, Hf, 

Th, U, A l . — ^ The position of chromium in this series is 

uncertain. Tantalum, titanium, and niobium may be separated 

by tannin In a slightly acidic oxalate solution. Uranium and 

others are precipitated by adding more tannin and by making 
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the solution ammonlacal. Uranium may be precipitated fr9m 

such solutions in the presence cf carbonate, acetate, or tartrate, 

ions.209 

Thloslnamlne. Uraniim and cadmium are precipitated when 

an alkaline solution containing these elements is boiled with 

the reagent. 

Carriers. Trace amounts of uranium may be removed from 

solution by the use of gathering agents or carriers. The 

choice of a particular agent depends upon the conditions 

under which precipitation is to be made and upon subsequent 

chemistry to which the precipitate is to be subjected. 

Rodden and Warf-^ have described the application of several 

carriers: ferric, alimilnum, and calcium hydroxide. The use 

of barium carbonate and thorium hexametaphosphate has been 

mentioned In the section on inorganic preclpltants. Mag-

34 neslum oxide and thorium peroxide have been used.-*;— The 

281 28? "̂ 4 
oxide and salts of antimony, ' calcium fluoride,-^— 

and the phosphates of zirconium,—^ bismuth,—^ and thorium-^' 

240 

have been used to carry uranium from reduced solutions. 

Uranium (IV), in general, should behave similarly as nep­

tunium (IV) and Plutonium (IV). These are carried by 

lanthanum fluoride, cerlc and zirconium lodates, cerlc and 

tnorium oxalates, barium sulfate, zirconium phosphate, and 

bismuth arsonate.—^ Uranium (VI) does not carry with these 

agents providing the concentration of either carrier or 

uranium is not too large. 

Complexes. The precipitation of uranium in normally 

precipitating media is inhibited by the formation of 

soluble complexes.-^ Carbonate ion is a very efficient 

complexing agent of uranyl ion. In ammonium hydroxide 

solution, uranium can be separated from iron, titanium, 

zirconium, and aluminum with carbonate ion present. In ammonium 

sulfide solutions, carbonate ion makes possible the separation 

58 



of uranium from manganese. Iron, cobalt, zinc, and titanium. 

Ammonium carbonate prevents the precipitation of uranium with 

phosphate. Precipitation with sodium carbonate makes possible 

the separation of uranium from beryllium, manganese, iron, cobalt, 

nickel, zinc, titanium, zirconium, and the alkaline earths. 

Sodium peroxide facilitates the separation of uranium and 

other metals with sodium carbonate. The addition of the per­

oxide alone to acid solutions of iron, cobalt, rare earths, 

titanium, zirconium, hafnium, and thorium causes their preci­

pitation while uranium, If present, remains in solution. 

Uranium does not precipitate with tannic acid In slightly 

acidic solution with oxalate ion present. Titanium, niobium, 

tin, tantalum, and tungsten are precipitated under such con­

ditions. Oxalate ion also interferes in the precipitation 

of uranium by ammonia. 

Tartrate, citrate, and malate ions prevent the precipi-

34 
tation of uranium by ammonium hydroxide or sulfide.-^ 

Salicylic acid and hydroxylamlne have both been used to 

complex uranium in separations from rare earth elements.-^ 

Hydroxylamlne has been used in separations between uranium and 

beryllium, aluminum, iron, and thorium.-^ 

Complexing agents that form weak complexes with uranium 

and relatively strong complexes with other metallic ions make 

separation possible between the two: uranium is precipitated 

by a suitable reagent; the other ions remain in solution. 

Ethylenediaminetetracetic acid (complexone II) and its 

dlsodium salt (complexone III) have been used successfully 

in this respect. Uranium has been precipitated with 

ammonia in the presence of complexones without interference 

from Al, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, La, Ce, Hg, Pb, Bl, 

284 
and the alkaline earths. The recovery of uranium is not 

entirely quantitative since the complexing agent increases 

the solubility of tne ammonium uranate. '—2 The absorp-
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tion of impurities in the precipitate may necessitate 

dissolution and repreclpltatlon of the uranium.—^ Beryllium 

286 
and titanium follow the uranium chemistry. 

Quantitative recovery of uraniiam from the aforementioned 

cations: Al, Cr, Mn, Fe, etc., can be made with ammoniiim 

monohydrogen phosphate, (NH2,)pHP0^, in the presence of 

ethylenediaminetetracetic acid. °^'^°' Beryllium and 

titanium again interfere. Small amounts of titanium may be 

complexed with hydrogen peroxide before the addition of 

287 
other reagents.—-

288 
Sen Sarraa and Malllk have studied the separation 

of uranium from other elements using 8-hydroxyquinoline (oxlne) 

as precipitant and complexone III as complexing or masking 

agent. It was found that complexone had no masking action 

on uranium in the pH range 5-9. In a solution buffered with 

acetic acid and ammonium acetate at pH ~5.3 quantitative 

separation was reported between uranium and Al, Mn, Pe(lII), 

Co, Ni, Cu, Zn, Zr, Cd, rare earths, Pb, Bl, Th, and ^2^5' 

In ammonlacal medium at pH ~8.4, a similar separation was made 

from V 0_, MoOo, and WO,. Steele and Tavemer,i22. however, 

were unable to duplicate the above results. 

Solvent extraction. The solubility of uranyl nitrate in 

organic solvents has long been recognized.—22 The ability 

of diethyl ether to extract this salt has been used in 

systems of analysis for many years. However, it is only 

within recent years (starting in the 19^0's) that widespread 

use has been made of solvent techniques as a means of 

separating and purifying inorganic substances in general ^°7~^?" 

and uranium in partlcular.^?^^^?2,l?4,1^7-1??,300-?05 

The conditions under which uranium may be extracted are 

many and varied. In the present paper, extraction from 

aqueous solution is considered. However, extraction from 

solid phases-^ ^~*' and slurries-^—2 has been investigated 
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and a favorable uranitim partition has been found. Conditions 

which affect the extraction of uranium from aqueous solution 

by organic solvent are the composition of the aqueous phase, 

the nature of the organic phase, the temperature, and the 

time of equilibration. In the aqueous phase, such factors 

as uranium, acid, common anion, foreign anion, and foreign 

cation concentration must be considered. The nature of the 

organic phase depends upon the type and concentration of 

solvent and diluent. If the organic phase is not Initially 

barren, its concentration of uranium, acid, etc., affects 

partition. 

Because of the number of variables and the large number 

of uranium solvents, one cannot consider, in a volume of this 

size, each solvent in the light of each variable. Indeed, 

the behavioral relation between solvent and the afore-men­

tioned variables is known for only a few well-studied solvents. 

The purpose of the present paper is to provide information 

on the conditions best-suited for the quantitative extraction 

of uranium or for the separation of uranium from interfering 

elements. This is done as much as possible in graphic or 

tabular form. 

The solvents are divided into five general classifications: 

l) ethers, esters, ketones, and alcohols; 2) organo-phosphorous 

compounds; 3) ajnines and quaternary ammonium salts; 4) carboxyllc 

acids; 5) chelating agents. Dlalkylphosphoric acids, eg., 

dibutyl phosphate, are classified as organophosphorus com­

pounds rather than chelating agents. Carboxyllc acids are 

classified as such, although some may also be considered 

chelating agents, eg., salicylic acid. A number of extrac-

tants may serve also as diluents or secondary solvents for 

other extractants. Such systems are described under the 

primary extractant. For example, a cupferron-hexone system 

is described under "cupferron" rather than under "hexone." 
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In the discussion, the terms "extractant" and "solvent" 

are often used interchangeably. "Diluent" is used to describe 

a secondary solvent rather than the term "inert solvent." The 

choice of diluent may appreciably affect the partition of 

uranium. A nximber of terms that are frequently used are 

defined below. 

Partition or extraction coefficient: 
C 
o _ concentration of a substance in the organic phase 

^ ~ concentration of the same substance in the aqueous 
phase 

Percentage extracted: 

P = ~— X 100, when equal volumes of both phases are present 

after shaking. 

Mass ratio: 

o ^ amount of a substance in the organic phase _ o 
^ ~ r ° amount of the same substance in the aqueous '7~ 

^ phase ^ 

Separation factor: 

concentration of substance A in the organic phase ^ 
g _ concentration of substance B in fEe" organic phase _A 
'̂̂  ~ concentration of substance" A in the aqueous phase a~ 

concentration of substance B in the aqueous phase 

Equilibrium laws. The physical chemical principles 

involved In the solvent extraction of uranyl nitrate have 

been summarized in references 308-312. Detailed methods 

of treating the various equilibria involved have been 

devised. '^ ^"^ ^ A more simple approach, adapted from a 

paper by Carlesonf— is herewith presented. 

It may be assumed that within a certain concentration 

range an average uranium complex Is extracted. The complex 

is representative of a whole set of complexes and may be 

written H M̂ '''̂ L̂/ x (HgO)^ • (S)^. M"*"̂ , in this case, 

may be U or UOX . L, as written, is a singly, negatively 

charged llgand. It may be more highly charged. S represents 

a solvent molecule. The subscripts y, h, and n need not be 

integers. The reaction for the extraction mechanism may be 

written 
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M^^aq + yH^aq + (x+y)L~aq + nS org ^ 

The thermodynamic equillbrltun constant for the reaction is 

J, fV^(x+y)Sn(V)hJ °"g {»2°r 

• [M+̂ J [H+jy [L-Ĵ '̂ +ŷ  [S]Srg • f(r) ' 

where \ V and [ ], respectively, represent the activity and 

concentration of a quantity in the aqueous phase unless 

otherwise identified by the sjrmbol "org." f(7) represents 

the product of the activity coefficients. The partition 

coefficient is approximated by 

, , ^"v^(x^y)Sn(V)h^°^S 
[M+^l 

The relation between the partition coefficient and equilibrium 

constant is 

log a •' y log[H 3aq + (x+y)log[L"]aq + n loglSlorg 

-m log JHgOl- + log f(Y) + log K. 

Information concerning the extracted species may be obtained 

by measuring the partition coefficient while varying the 

concentration of only one of the quantities. A knowledge of 

the activity coefficients is then required or the product of 

the activity coefficients in both phases must be kept constant. 

As stated previously, the above approach to solvent 

extraction is a simplified version. It represents only an 

average extracted species. Among other things, it does not 

consider the effect of water activity In the organic phase, 

solvent activity in the aqueous phase, complex formation be­

tween the various components in either phase, or the formation 

of polynuclear species. These effects may be large or small 

depending upon the solvent, aqueous medium, and uranium con­

centration involved. 

ETHERS. ESTERS. TCETONES. AND ALCOHOLS. Uranyl nitrate 

is extracted by many polar solvents which contain donor 
•3l6-'320 

oxygen atoms such as ethers, esters, ketones, and alcohols.--̂  <^ 
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Extraction from water solutions is small unless the uranium 

concentration is appreciable. This is shown in figures 1-5 

in which the data of McKay and co-workers, > '' Warner,^ >^— 

and Vesely, et al-̂ -̂̂  are plotted. In general, it has been 

observed-^— that: 

1) the extraction coefficient of uranium decreases when 

the number of carbon atoms increases for a given homologous 

series of organic solvents, 

2) for a molecule with a given number of carbon atoms 

and a given chemical functional group, solvents with straight 

chains are more efficient extractants than those with 

branched chains, 

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

efficiency, 

4) primary alcohols are more efficient than secondary 

ones, 

5) the coefficient of extraction Increases with the 

solubility; but there is no well-defined relation between 

the two. 

Evidence considered in the section on non-aqueous sol­

utions indicates that uranium is extracted from aqueous 

nitrate solutions as hydrated, solvated uranyl nitrate, 

U02(N0-)2(H20)j^S|.^. Under appropriate conditions, the 

hydrated, solvated trlnitrate-uranyl complex may be extracted. 

The relationship between partition coefficient and equilibrium 

constant for the extraction mechanism shows the extraction of 

the former species to be favored by large free nitrate and 

free solvent concentrations and by small water activity. 

Effect of nitric acid. The addition of nitric acid to 

the aqueous phase favors the extraction of uranium by pre­

venting or decreasing the hydrolysis of uranyl ion and by 

increasing the nitrate ion concentration.-^^— Nitric acid 

is extracted also by the organic solvents. This requires 

64 



59
 

U
R

A
N

Y
L 

M
O

L
A

L
IT

Y
 

(o
rg

a
n

ic
 

p
h

a
se

) 

O
 

—
 

ro
 

oj
 

o
* 

I-
' 

a 
H

-'
 

(D
 

1 
H

- 
1 

rt
- 

ca
 to

 
> 

S
 

• 
c

i-
 

• 
(D

 
3

* 

a>
 

«<
 

3 
>

 
>

-' 
>

 
>

-l 
>

-:
 

O
. 

c
l-

 
fO

 
c

i-
h

.*
 

fD
 

c
^ 

0
) 

0
) 

1 
3

- 
'I

 
c

r 
(D

 

3-
 a

 '
1 

tn
 

«
<

..
..

 
??

 '
-1

 
o

 
ft

) 
. 

H
- 

M
 

c
r 

1 
C

 
3

" 
£ 

M
 

(D
 

0
) 

P
 

c
r 

o 

>1
 

1 
?

r 
3 

cr
 

p
 

ti 
a>

 
•y

 
C

 
3 

^ 
^ 

^ 
0

,v
. 

0
) 

-

3
) 

"1
 

a
: 

ra
 

T
3 

• 
ra

 
'-

5 
o 

(a
 

fD
 

H
- 

2 
c

r 
^

l 
3 

o 
C

 
ID

 
c

r 
p

t;
 

i-J
 

3 
CO

 
fo

 

(
D

O
 

«
<

; 
c

r 
(D

 
9

) 
-

(D
 

c
r 

r
o 

i\
J 

3 
(1

1 
M

U
1 

Q
. 

i 
• 

0 
3 

O
 

>
 

o 
» 

• 

H
- 

ft)
 

w
 

3 

d 
ra

 
P

 
(B

 
3 

3
" 

CO
 

c
r 

(1
) 

c
r 

3
-

3 
a 

p
. 

H
- 

'O
 

0
) 

c
r 

o 
o 

CO
 

•S
 

C
 

H
- 

O
 

P
 

1 
3 

3 

cr
 <

 
c

r-
0

) 
(D

 
P

 
>

1 
CO

 
T

 
c

T
 

(D
 

O
 

CD
 

"
J 

•
-•

1
3 

r
u 

ra
 

C
 

4 
O

 
'-

J 
c

r 
05

 
O

H
) 

H
- 

CO
 

O
 

3 
o 

CO
 -

 
o 

3 
3 

0
) 

. 
c

r 
I-)

 
CO

 
0

) 
t—

 
3 

C
O

 
1

^ 
c

r 
p 

u
i 

CD
 

3
" 

1
-^

 
• 

3 
ra

 
3 

•a
 

a.
 

(D
 

T
3 

(D
 

1-
9 

>-
! 

p 
4 

(D
 

P
 

>
1 

3 
rt

- 
c

r 
p 

T
3 

C
 

H
- 

c
r 

0
) 

•1
 

c
r 

^
j 

ro
 

t—
 

M
 

p 
>.

 
O

 
C

O
c

r 

3 
D

C
 

P
O

 
c-

2 
>-

! 

O
 o

 
• 

ro
 

O
 

1-
1 

-

o
 

• 
C

 
n

j 
^ 

U
l 

P
 

0 
3 

O
 

^ 1-*
 

ro
 

X
 

3 
2 

H
- 

ro
 

c
r 

1
3 

^ 
cr

 
P

 
cr

 
^^

 
ro

 
o •1

 

a 
ro

 
>

T
i 

h
j.

 
I 

C
t-

 
H

-
-

r
O

Q
 

3 
V

J 
e 

3
* ro
 

b4
 

1_
J 

l-J
 

1 
fD

 

1 
!-

-•
 

^ 
T

l 
. 

1—
1 

<-
J 

o 

ro
 

7
3 

"T
^ 

<
rt

'<
: 

p 

3
^ ro
 

Q
 

ro
 

rv
) 

1 a.
 '-'

 ^
 

c
t 

c
i-

^ 
D

 o
 

fD
 

ff)
 

c
i-

 
3 

H
- 

3
'

'
<

 
O

 
V

i 
M

 

3
-

0 ro
 t—

' 
1 

3 

3 
H

-
1 

c
f 

cr
 

^ 
c

r 
C

 
P

 
3

" 
c

r 
c

r 

M
 ro
 

cr
 1—

1 

o*
 

(D
 

fD
 

c
r 

c
i-

3
-3

-S
 

fD
 

n
s 

fT
J 

^ 
*~

i 
(J

>
 

• 
D

 

<\
i 

tD
 

a 
^ 

H
» 1 

^ 
)-

*•
 

3 
CQ

 
Q

. 
o

 
"O

 
CQ

 
i-J

 
H

* 

O
 

3 

z^
 

^ 

t-
i 

o 

0
) 

fD
 

c
r 

c
t 

3
" 

3
* 

fD
 

0
) 

^ 
"-̂

 
CQ

 

•P
 

O
-

H
- 

Q
* 

1 
H

* 
3 

CD
 

1 
(i-

f-

O
* 

3
* 

C
 

^ 
c

t 
>—

' 
«<

• 

I—
" 

CD
 

c
^ 

(D
 

3
* 

c
r 

fD
 

3
* 

"-
J 

fD
 

• 
i-

j 

• 
r

>
 

• 

>
 

_ 

G
R

A
M

 
O

F
 

U
R

A
N

Y
L 

N
IT

R
A

T
E

 
p

er
 

G
R

A
M

 
O

F
 

O
R

G
A

N
IC

 
P

H
A

S
E

 

p
 

p
 

O
 

p
 

o 30
 

I>
 

o 
2 

a J>
 

o 
2 

-n
 

O
 

c 
•n

 
a 

^ 
i>

 
>

 
2 

c 
p

 
m

 
2 

2 
c 

_ 

13
 

> 
I 

H
 

&
 

m
 

U
J m
 -

o A
 ^ 

o
 1

 

p
 

—
 

o ra
 

p
 

Li
 

o '.»
 1 

p
 

o 

1 
1 

0
-.

 X
 

.̂
 

T
 A
 

j
k li

 
1 

^
^ 

?
 N

:̂
 

^ 
^

>
^ 

\ 
^v

.._
 

a
\ 

^°
^x

^ 
\ 

C»
 

^
^

^
i

^ 

fV
V

 
^ 

\ 
a

v 
\

w
 

\
^

^ 
^

t
s

i^
 

l\
 

<>
O

v 
^

^
"<

»
^ 

fV
 

>
^ 

^^
**

«.
^ 

L
V

 
'̂̂

v^
 

^
^ 

» 
».

 
^

s
-,

 

1 
1 

1 

1 
1 

1 ^ 
%

 
^

v \ 

\ H
 \ \ 

J 
\ 

1 
\ \ \ 

X
, 

\i 
^ 

'o
 m

m
 

1 
1 

1 

0>
 



99
 

U
R

A
N

Y
L

 
M

O
L

A
L

IT
Y

 
(o

rg
a

n
ic

 
p

h
a

s
e

) 

O
 

—
 

ns
 

o»
 

rv
) 

P
 

w
 

1 
»-

ti 
1 

00
 c

r 
> 

. 
ro

 •
 

^ 
> 

> 
o

 
M

) 
. 

-o
 

cr
 

ro
 

01
 Q

 
3 

H
j 

p
 

•^
 

C
O

 

a 
tt

'^
 

• 
3 

3 
ro

 
D

" 
?>

! 
i-i

 
o

 
. 

- 
k-

* 
CO

 

s
a

-
p

 
• 

1 
p

 
3 

3 
•n

 
ro

 o
 

cr
 

>1
 W

 r
o

 
- 

P
 

•I
 

^ 
•:!

 -
 

M
 

ro
 

i-
i 

P
 

ro
 3

 
Q

 
•^

 
Q

-*
-' 

ro
 r

o
 

3 
O

 
C

 
n

 
. 

o
 

(B
 

?r
 

£ 
P

 
U

) 
P

 
C

 
ro

 k
j 

'-5
 

i-
- 

k
j

-

. 
ro

 
3 

a 
l

^
" 

(B
 

>-J
 

S
 

3 
tB

 
n

 
•o

 
"J

 ?
>;

 
ro

 
ro

 
p

 
•̂

 
•I

 
v

; 
p

 
ro

 
-

cr
 

3 
C

 
ĉ
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methane. After R. K. Warner, reference 322. Temperature, 20°C. 
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2 3 
URANYL MOLALITY (oqueous phase) 

(A) 

a. ai 
en 
< UJ 

t o 

=> o 

o 

0.4 -

0.3 -

0.2 -

GRAM OF URANYL NITRATE per 
GRAM OF AQUEOUS PHASE 

(B) 

Figure 5. Partition of uranyl nitrate between water and alcohols. 
O, n-butanol. •, n-pentanol. A, n-hexanol. •, methyl isobutyl 
carbinol. D, isoamyl alcohol. •, sec-octyl alcohol 

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

5-B. After R. K. Warner, reference 321. Temperature, 20°C. 
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that it be replaced in continuous or multlcontact extraction 

process. Large concentrations of nitric acid are generally 

not desirable. The formation of HNO., • S complexes reduces 
3 n '̂  

the amount of free solvent, the extraction of other elements 

is enhanced, and the danger of an explosive reaction between 

solvent and acid is increased. The formation of HMfNO-,) ,, 
^ 3 x-(-l 

species, which may be more easily extracted than M(N0,) , 
J X 

is promoted by the addition of nitric acid. For uranivun, 
however, the formation of the trinitrate-uranyl complex is 

78 
far from complete, even in 16 M HNO^.-L-

Effect of nitrate salts. The nitrate ion concentration 

may be increased by the addition of metal nitrates of significant 

solubility to the aqueous phase. This not only promotes the 

extraction of uranium but also the extraction of other elements 

whose nitrates are soluble in the organic solvent. In some 

cases, nitrates which serve as salting-out agents, eg. thorium 

may also be extracted in significant amounts. The extraction 

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

by the formation of uranyl trinitrate complexes, MU0p(N0_)-,.-2-^ 

The ability of various nitrates to salt-out uranium has been 

related to the hydration of the cation,-^-— the activity 

coefficient of the pure nitrate salt,-̂ —i- and the radius 

and charge of the cation.^^^— A salting-out agent which is 

highly hydrated facilitates extraction of uranium by reducing 

the water activity. In figure 6, the partition coefficient 

of uranium is plotted as a function of aluminum nitrate 

for several solvents. The partition of uranium between 

saturated ammonium nitrate solutions and diethyl ether, 

nitromethane, and methyl ethyl ketone is shown by the dashed 

curves in figures IB, 3B, and 4B, respectively.-^^—Li— 

Ammonium nitrate is widely used as a salting agent in spite 

of its relatively poor salting-out ability. The ease with 

which it is 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 uranium by various solvents. 
Curve 1, dibutoxytetraethylene glycol (pentaether); Curve 2, dibu-
toxytriethylene glycol; Curve 3, dibutoxydiethylene glycol (dibutyl 
carbltol); Curve 4, methyl isobutyl ketone (hexone); Curve 5, diethyl 
ether; and Curve 6, dibutylmonoethylene glycol (dibutyl cellosolve). 

Data adapted from E. Evers and C. Kraus, reference 332. 
Conditions: Aqueous phase - 2.0 to 6.0 grams of U per 100 cc of solu­
tion containing aluminum nitrate. Organic phase - solvent represented 
by curve. Equal phase volumes* equilibrated at 27°C. 

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

The presence of nitrate salts which are sufficiently 

soluble in the organic solvent facilitates the extraction 

of uranium by formation of the trlnitratouranyl complex, 

RUOp(NOo),.— This is discussed further under "Hexone." 

Effect of other salts. Anions that complex uranium 

in the aqueous phase may seriously interfere with the ex­

traction of the latter. Chloride, fluoride, sulfate, phos­

phate, and several organic anions have been studied for 

their interference. The adverse effects of these ions may 

be minimized by rettovlng them £tx3m solution prior to uranium ex­

traction, by complexing the anions with cations of salting-

out agents, or by using an excess of an efficient saltlng-

out agent to over-ride the anion interference. The inorganic 

anions may be precipitated as silver chloride, lanthanum 

fluoride, barium sulfate, zirconium phosphate, or ammoniiun 

phosphomolybdate. Fluoride ion is complexed by alvimln\im 

and calcium. Sulfate ion is complexed by ferric Ion. Large 

amounts of sulfate ion are also precipitated by calcium 

nitrate. Phosphate ion is complexed by ferric and aluminum 

ions. Calcium nitrate has been used to counteract the effect 

of acetate and oxalate. The effect of chloride on the 

partition of uranium may be reduced in the presence of a 

strong salting-out agent. Chloride ion Is more objectionable 

from the fact that it promotes the extraction of other elements, 

notably iron. In the presence of large amounts of Interfering 

ions, particularly sulfate and phosphate, it is advisable to 

separate the uranium from solution prior to extraction. This 

may be done by precipitation with carbonate-free ammonium 

hydroxide. The precipitate is dissolved in nitric acid and 

the extraction is initiated. Ferric hydroxide may be used 

to carry trace amounts of uranium. 

Uranium may be extracted from aqueous media other than 
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nitrate. Thiocyanate solutions have been found satisfactory. 

The extraction, however, is less selective from thiocyanate 

than from nitrate solutions. 

Solvent action. The partition of uranyl nitrate is 

dependent upon the free solvent concentration. This is 

reflected in the coefficients of extraction of micro and 

macro amounts of uranium from highly salted aqueous solutions. 

The partition coefficient of trace amounts is larger than 

that of large amounts as a result of more available solvent. 

As mentioned previously, macro amounts of uranium extract 

more readily from water solutions or less highly salted 

aqueous solutions than do micro amounts. This effect may 

be attributed to the salting-out ability of uranyl nitrate 

itself. 

The extraction of other elements is affected also by 

the uranium concentration. High loading of the solvent 

by uranium reduces the extraction of less preferred complex 

species. High uranium loading may be achieved by diluting 

the solvent with a secondary solvent in which uranyl nitrate 

is Insoluble or significantly less soluble than in the primary 

extractant. Solvent dilution, in general, causes a decrease 

in the partition coefficient. ̂ "̂ ^̂  '^^^/^^9i 3?° Wohlhuter and 

Sauteron**— have listed a number of aromatic and chlorine-

substituted diluents in order of increasing harmfulness to 

uranium extraction: benzene, toluene, xylene, carbon tetra­

chloride and dichloroethylene, chloroform. Solvent dilution 

may be used also to improve upon the physical properties 

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

The suitability of mixtures of oxygen-containing 

solvents as extractants for uranyl nitrate has been 

studied.? °~r>^^ii'^?i^^^ Stover and co-worker&2S_ reported 

that none of the mixtures they investigated were better than 

the pure solvent. Recently, however, Fomin and MorgunoV'^—^ 
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and Vdovenko and Krivokhatskii-^^ have reported enhanced 

uranyl nitrate partition coefficients from solvent mixtures. 

Vdovenko and Krivokhatskli report that over ten such mixtures 

have been found. Among them are: di-isopropyl ether and P,3'-

dichlorodiethyl ether, dibutyl ether and e,p'-dichlorodiethyl 

ether, diethyl ether and acetophenone, isoamyl alcohol and 

methyl Isobutyl ketone. The enhanced extraction by solvent 

mixtures has been attributed to the formation of mixed sol­

vates of uranyl nitrate.^ °'?^ 

Effect of temperature. The extraction of uranyl nitrate 

is decreased by a temperature increase. The partition co­

efficient of uranium is plotted as a function of temperature 

for several solvents In figure 7.-i2r. 

e 

o o 
z 
o 

a: 
< 
a. 

1000 -

100 -

12 18 24 

TEMPERATURE, "C 

30 36 

Figure 7. The effect of temperature on the extraction of uranium by 
organic solvents. O, dibutyl carbltol. D, hexone. •, diethyl ether. 
A, pentaether. 

After E. C. Evers and C. A. Kraus, reference 332. 
The triangles represent aqueous solutions salted with 36.6 grams 
of Al(N03y3 per 100 cc of water. All other symbols represent solu­
tions salted with 58 grams of A1(N03)3 per 100 cc of water. 2 to 6 
grams of uranium per 100 cc of solution were extracted. 

74 



Re-extraction. Uranium is re-extracted from the or­

ganic solvents considered In this section by contact with 

water. Several water contacts may be required if large 

amounts of uranium or nitric acid have been extracted. Water-

soluble salts whose anions complex uranyl ion, eg., ammonium 

sulfate, facilitate re-extraction. 

Extraction of other elements. A number of elements 

other than uranium are extracted by oxygen-containing sol­

vents . Those commonly found with irradiated uranium are 

hexavalent Np and Pu ; pentavalent Pa; tetravalent Th, Np, 

Pu, Zr(-^Nb), and Ce; and ruthenium complexes. Neptunium, 

Plutonium, and cerium are made less extractable by reduction 

to lower oxidation states. Favorable separation of uranium 

from the other elements may be achieved by control of the 

nitric acid and salting-out agent concentrations. Free 

halogens are extracted. These elements may be eliminated 

from solution prior to uranlvim extraction. The halogens 

also combine chemically with a number of solvents; eg,, 

iodine and hexone. The combined halogen is not re-extracted 

by water contacts. 

General survey. The extraction of uranyl nitrate by 

polar oxygen-containing solvents has been investigated under 

a variety of conditions. The results of three surveysf—^— 

in which the experimental conditions were all different, are 

given in Table VIII. 

Am(Vl) forms an extractable nitrate. Strong oxidizing 
conditions are necessary, however, for americium to be 
present in the (Vl)-state. It is genei'ally found in 
solution as Am(lll). 
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Table VIII. Plstrlbutlon of Uranyl Nitrate Between Various Oxygen-contalnlng Solvents 

and Aqueous N'ltrate jolurlons. 

Solvent 

Ethers 

Dletnyl ether 

n-Propyl ether 

Isopropyl ether 

Dibutyl ether 

Ethyl n-butyl ether 

Benzyl methyl ether 

S-e'-Dlchloroethyl ether 

Diethyl cellosolve 

Ethyl butyl cellosolve 

Dibutyl cellosolve 

Phenyl cellosolve 

Benzyl cellosolve 

Dibutyl carbltol 

Dlbutoxytetra-ethylene 
glycol (pents«ther) 

Dimethyldioxane 

Esters 

Ethylacetate 

n-Propyl acetate 

Isopropyl acetate 

n-Butyl acetate 

sec-Butyl acetate 

Isobutyl acetate 

Amyl acetate 

2-Ethylbutyl acetate 

2-Ethyl hejcylacetate 

Butyl carbltol acetate 

Glycol dlacetate 

Ethylacetoacetate 

Methyl proprlonate 

Ethyl proprlonate 

Ethyl butyrate 

Ethyl a-bromobutyrate 

Methyl benroate 

Ethyl benroate 

Ethyl caproate 

Diethyl maleate 

Diethyl malonate 

Ketones 

Methyl ethyl ketone 
+ 15SK xylene 

Methyl n-propyl ketone 

Methyl Isobutyl ketone 
(hexone) 

Methyl n-aa^l ketone 

Methyl n-hexyl ketone 

Diethyl ketone 

Dliaoppopyl ketone 

Survey 1— 
Percent extracted 

U 

96 

78 

88 

48 

85 

85 

«5 

95 

90 

95 

>95 

86 

95 

89 

86(?) 

72 

98 

88 

35 

•60 

60 

Th 

60 

i.e 

20 

< 1 

< 1 

8 

< 1 

60 

17 

8» 

99 

77 

1*6 

26 

16 

< 1 

85 

6 

< 1 

1-3 

3 

HNO-

kk 

66.5 

"5 

49 

41 

37 

57 

60 

100 

100 

_ 

92 

-

-

95 

-

75 

42 

54 

60 

« Total 
volume In , 
org. layer 

62.5 

55 

58 

53-5 

55 

55 

53-5 

61.5 

56.5 

63.3 

66.6 

65 

60 

58 

56.5 

5* 

67 

57.5 

5* 

56.5 

55 

Survey 2— 
Percent extracted 

u 

35 

2.2 

1.6 

55 

59 

59 

14 

It? 

50 

5t 

39 

39 

21 

31 

9 

10-20 

22 

10 

7.5 

22 

47 

53 

57 

47 

56 

Th 

0.0 

0.0 

0.0 

24 

7 

21 

2.7 

3.S 

0.6 

1.? 

1.2 

0.06 

0.02 

0.3 

0.02 

0.2 

0.03 

0 

0 

22 

11 

20 

0.9 

0.3 

pa 

0.19^ 

0.10 

0.05 

0.15* 

0.26'' 

9.1 

11.9 

10.6 

22.2 

0.16 

31.9* 

o.o6 

0 

20.9* 

3.0* 

18.7'' 

Survey 3S. 

"u 

0.09 

0.00 

0.00 

0.29 

0.01 

0.00 

0.09 

'0.54 

0.25 

0.11 

0.07 

0.004 

0.02 

0.01 

0.08 
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Table VIII - Continued 

Solvent 

Acetophenone 

iCyclopentanone 

Cyclohexanone 

Surve^ 1— 
Percen" extracted 

U 

Methvl cyclohexanone 

m-Methyl cyclohexanone 

p-Methyl cyclohexanone 

Mesltyl oxide 

Isophorone 

Alcohols 

n-Butftnol 

2-Ethyl butanol 

sec-Butyl carbinol 

tert-Amyl alcohol 

Diethyl carbinol 

pilBopropvl carbinol 

Trl-n-butvl carbinol 

2-Ethyl hexanol 

Heptanol 

Methyl n-ajnv.L carbinol 

n-Oetanol 

1Heptadecanol 

b-Ethylhexanedlol-1 3 

MlBcellaneouB 

Nitromethane 

1-Nltropropane 

2-NltPopropane 

Nitrobenzene 

o-Nltroanl8ole 

Trlchloroethane 

Trlchloroethylene 

Chloroform 

pljnethylBUlf alone 

96 

86 

46 

75 

60 

Th 

77 6 

6̂  

5 6 

10 

32 

HNO-

-

-

51 

77 5 

62 

^ Total 
volume Ir ., 
org layer 

6̂  

61 

5̂  

56 5 

5̂  

Survey 2— 
Percen*- extracted 

U 

44 

30 

24 

11 6 

24 

'(6-50 

3 5 

2 1 

3 5 

0 

1 5 

0 

Th 

11 

large 

12 7 

27 

5 2 

0 e 

0 -

0 0 

0 0 

Fa 

72 

0 65 1 71 5* 

4 7 

Q 5 

0 0 

Trace 

Trace 

Trace 

0 

0 2 

0 

74 e 

'1 -

0 25 

0 10 

0 

0 

'Purvey 3^ 

"u 

0 05 

0 80 

0 5' 

0 24 

0 30 

0 24 

0 01 

0 01 

0 0-

0 00 

1 68 

- C A Johnson and A s Newton, reference 3IE 
Equal volumes of organic solvent and aqueous solution {3K HNO,, ^r Ca(NO,)_, 0 S'lSM Th(NO,)^, 
0 045 gm/ml U0_(N0,Jp) mixed 10 minutes No extraction was detected with T>henyl eTher, 
p-bromoanisolef p-br&mophenetol, anisole, isoamyl nitrite, chlorobenzene, xylene, ethyl iodide, 
butyl bromide, and trlchloroethylene 
* indicates mutual solubility of aqueous solution and organic solvent 

i E K Hyde and « J Wolf, reference 319 
Equal volumes of organic solvent and aqueous solution (1). HNO,, 3N NHj,N0,, 2N Th(NO,),, 
5 X 10' - 10 c/min n^33 j5 52jg counting yield) mixed 5 minutes 

* Aqueous phase IN HNO,, 2N NH^NO,, 2N Th(NO,)j, lo"* - 3 x 10^ c/m Pâ ''̂  at lOjt 
counting yield ~" ^ -* 

* Aqueous phase IN HNO,, 2N A1(N0,),, 3N 'ni(NO,)|,, 10* - 3 x 10^ c/m Pa^^' at 10* 
counting yield ~ i - i i - i 

— C N Stover, Jr , H W Crandall, D C Stewart, and P C Mayer, reference 320 
Equal volumes of organic solvent and aqueous solution (0 34M HNO,, 0 SOM UO2(N03)p 6H_0) 
mixed 2 hours at 25*̂ 0 

"solvent identified as methyl isobutyl carbinol, formula given as CH,CH„CH(CH,)CK,OH 
(see-butyl carbinol), ^ 
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ETHERS 

Diethyl ether 

Agueous_nltrate_-s2stems. The extraction of uranyl nitrate 

by diethyl ether is widely used in radiochemical separations 

because of the selectivity of the extraction. Disadvantages 

of the method are the high volatility and low flash point 

of the solvent and the relatively low distribution of 

uranium into the solvent. 

The partition of uranyl nitrate between diethyl ether 

and water is illustrated in figure i.i^^i^Si wi^h both 

phases saturated with uranyl nitrate at 25-26°C, the dis­

tribution coefficient is about 0.68.-2^ The effect of nitric 

acid upon the partition of uranium?̂ '̂ '̂ '̂  and nitric acld-^—' 

iJx>~i',ir> itself Is represented in figure 8. Purman, Mundy, 

and Morrlson̂ ^̂ — report that the pH of the aqueous phase 

should be 4 or less for complete extraction of uranium to 

occur. The influence of ammonium nitrate and calcium nitrate 

upon the extraction of nitric acid is also shown in figure 

Figures 9 and 10 demonstrate the influence of various 

salting-out agents on the distribution of uranyl nitrate.-^—ii-2. 

The nitrate concentration plotted in figure 9 includes that 

of the salting-out agent plus that of uranyl nitrate left 

after extraction by an equal volume of ether. The latter 

contributes only a few percent to the total nitrate concen­

tration in most cases. A notable exception is the iron (III) 

point at 1.18M nitrate concentration. In this instance, 

0.82M nitrate ion is attributable to ferric nitrate and 

the remainder to uranyl nitrate. The nitrate concentration 

of the salting-out agent is plotted in figure 10. Uranyl 

nitrate contributes little to the nitrate concentration since 

only one gram of uranyl nitrate was used per 100 grams of 

initial aqueous solution. Purman, Mundy, and Morrison^^— 
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Figure 8. The extraction of uranyl nitrate and nitric acid by 
diethyl ether. 

Uranyl nitrate extraction: 
O, after R. Bock and E. Bock, reference 333. Initial U concentra­
tion, O.IM; Temperature, 20° + 1°C; Vo/Va = 1. Dashed and dotted 
curves, aTter J. Kooi, reference 334. Temperature, 25^0; VoAa = 1; 
Initial U concentration, 50, 150, 450 mg uranyl nitrate 
(hexahydrate) per 15 ml; 1350 mg uranyl nitrate (hexahy-
drate) per 15 ml. 

Nitric acid extraction: 
O, after R. Bock and E. Bock, reference 333. Temperature, 19° + 
1°C; Vo/Va = 1 . •, after J. Kooi, reference 334. Temperature, 
25.0 + O.IOC; VoAa = 1- °> after A. Grinberg and G. Lozhkina, 
reference 335. Temperature, 20°C; VoAa =1- ^>^. •> after 
N. Purman, R. Mundy, and G. Morrison, reference V Q A E = IJ HNO3 -
Ca(N03)2, 100 g. of Ca(N03)2 • •'tH20 per 100 ml of initial solution 
plus HNO3; HNO3 - NH4NO3, 80 g. of NH4NO3 per 100 ml of initial 
solution plus HNO3. 
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Figure 9. 

Effect of various nitrates upon the partition coefficient 

uranium with diethyl ether. 

After N. Purman, R. Mundy, and G. Morrison, reference 326. 

The nitrate concentration plotted as the abscissa 
includes that attributable to the equilibrium 
concentrations of uranyl nitrate in addition to 
that of the initial concentration of salting-out 
agent. 

Conditions: 

-L^C V^Aa 

25-6 1 

24-6 1 

1 

25-29 1 

27-28 1 

28-31 1 

1 

29 1 

1 

The uranium concentrations in parentheses have been 
estimated by roughly adding the equilibri\am uranium 
concentrations of both aqueous and solvent phase. 

S a l t i n g - o u t Agent 

NHjjNO, 

NaNO, 

LiNO^ 

Ca(N03)2 

Mg(N03)2 

Zn(N03)2 

CuiW^)^ 

Fe(N03)3 

AKNO^)^ 

Th(N03)^ 

[UJ, g/1 

25 

(25) 

(25) 

(25-100) 

(25-100) 

(50) 

(~8->600) 

(~8->200) 

(25-100) 

(50) 
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Figure 10. Effect of various nitrates upon the partition coefficient 
of uranium with diethyl ether. 

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

Conditions: 1 g. U02(N03)2 in 100 g. of Initial aqueous solutions; 
Temperature, 25°C; and Vo/Va = 1. 
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observed that the salting action of a mixture of nitrates 

could be reasonably predicted by the following method: 

The logarithm of a for each salt at a given total 
nitrate molarity is divided by the total nitrate 
molarity. These individual quotients are then mul­
tiplied by the nitrate molarity of the respective 
salts. The sum of the resulting products is then 
equal to the logarithm of the predicted partition 
coefficient. 

Hellman and Wolfj^^ have studied the salting action of 

various nitrates in the presence of nitric acid and thorium 

nitrate. Some of their results are listed in Table IX. 

Prom the data it may be observed that (l) thorium nitrate 

is generally a less effective salting-out agent on a 

normality basis than other metal nitrates and (2) the 

extraction of uranivim becomes less efficient as the amount 

of extracted thorium becomes appreciable. 

The effect of several foreign anions on the extraction 

of uranyl nitrate by diethyl ether is given in figure 11-^^ 

and Table X.'̂ —̂ Arsenate, molybdate, and vandate ions also 

interfere with the extraction of uranium. The effect of 

these ions may be offset by the addition of ferric nitrate 

to the solution.-^-^ 

The partition of a large number of elements between 

various aqueous nitrate systems and diethyl ether is given 

in Table XI and Illustrated in figures 12-14. The increased 

distribution of heavy elements and fission product elements with 

increased nitric acid concentration should be noted. For a 

selective uranivim extraction the nitric acid concentration 

should be minimal. Hydo^^" has recommended an aqueous 

phase 0.5-lM in nitric acid and 2.5M in magnesium nitrate 

for the quantitative extraction of uranium by diethyl ether. 

More selective extraction of uranyl nitrate may be made from 

a saturated ammonium nitrate-solution, 0.05-O.lM in nitric 

acid. The extraction can be made quantitative by repeated 

contacts with ether. 

(Text continues on page 92.) 
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Distribution of Uranium and Thorium between Diethyl Ether and Aqueous 

Solutions Containing Various Amounts of Metal Nitrates^ 

Total nlti^te 
normality 

Composition of Initial aqueoua aolution 

U extracted, % 
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After N N HUlman and M J Wolf, reference 336 

Plve ml of ether were shaken 10 ulnutes with 5 ml of the aqueous phase of appropriate 
composition 5,000 to 8,000 c/m of 112̂ "̂  tracer (52* counting yield) were supplied to 
the aqueous phase Variation of the tracer from 100 to 100,000 c/m In 5 ml did not 
change the % extracted 
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Figure 11. The effect of various anions on the extraction of uranyl 
nitrate by diethyl ether. 

After T. R. Scott, reference 337. 

Conditions: Aqueous phase - varying amount of anion, 3N HNO3, IM 
Fe(N03)3; aqueous phase and organic phase shaken 1 minuTe at room 
temperature. 
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Table X. The Effects of Various Acids and Anions upon the distribution Coefficient of 

Uranyl Nitrate to Diethyl Ether.-

Acid or salt 
present 

None 

HCl, IN 

HCl, 2N 

HNO^, 

HNO J, 

IN 

2N 

CH,C02H, IN 

CH^COjH, 2N 

HjSO^. 

H2S0^, 

H^SO^, 

H3P0^, 

H3P0^, 

HjPOi,, 

HjPO^, 

HNO,, 

, 0.0O39N 

, IN 

, 2N 

, C.0O58N 

, IN 

, 2N 

, IN 

2N 

Composition of aqueous phase 

4.23M CaCNO,)^ 

(1000 g/L) 

tHjO 8M NH^NO, 

(640 sA) 

6.86M NH^NC 

(549 zA) 

19.95 

10.24 

6.34 

43.56 

71.2 

15.7 

10.52 

29.6 

23-5 

0.01 

0.01 

3.98 

(NH,j)2C204 • HjO, 0.7 g/100 ml 

HgCgO^ • 2H2O, 0.7 g/100 ml 

0.645 

0.336 

0.182 

1.162 

1-95 

0.662, 0.616 

0.720, 0.762 

0.613 

0.024 

0.019 

0.609 

0.01 

0.01 

0.067 

0.?64 

0.0847 

0.0800 

— After Purman, Mundy and Morrison, reference 326. 

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

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

Metal nitrate Initial aqueous Temperature 
concentration 

Th O.IM 20 + 1°C 
Saturated LiN03, Ca(N03)2, or Zn(N03)2 solutions 

C€(IV) O.IM 20 + 1°C 
A u ( l I I ) O.lTi room 
Sc(lII) O.lH 200C 
Saturated LINO3 solution 
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Table XI. Distribution Ooefflclente of Elementa between Diethyl Ether and Various Nitrate 

Solutions. 

lOMNH^NOj « . 2 M C a { N 0 , ) j s a t d N ^ i J t l s a t d L l N O , 

IMHNO,- IJtHNO,- 8KHNC,- 8MHN0,- l . l lKHNO,^ I .JMHIIO,-

SKNH^NO, 6 M A 1 ( N 0 , ) , 

Al 

Alll(VI) 

Sb{V) 

As 

Ba 
Be 
Bl 
B 

Cd 
Oa 
Ce( I I l ) 
Ce(IV) 
Cr(I I I ) 
Cr(Vl) 
Co 

Cu 

<0.001 <0.001 

0.0015*0.007* 

<0.0005 <0.0005 

0.0001 0.0003 
0.01* 

<0.0001 <0.0001 

<0.0001 <0.0001 

O.OOOt 0.0002 

<0.001 

0.048* 

<0.0005 

0.007 

0.033-0.39' 

<ro. 00001 <o. 00001 0.00001 

0.0003 0.0005 0.0005 

27 

<0.0001 

<0.001 

0.0004 

0.095 

0.0006 <0.0001 

<0.01 

0.168 

0.014 

0.073 

0.003 

30.3(29-») 

< 17 

0.002 

O.OO5 

<0.0001 

0.002 

0.00031 

<0.0001 

<0.0001 

<0.0009 

<0.0001 

<0.0001 

<0.0001 

0.021 

0.0002 

0.00082 

Od 

Ca 

Oe 
Au(III) 

0.0004 0.0003 

0.0001 0.00001 

0.002 

0.00076 

In 

Fe 

La 

Pb 

LI 

Mg 

Mn(II) 

Mn(VII) 

Hg 

Mo 

Nd 

Nl 

Np(IV) 

Np(V) 

Np(VI) 

P 

Pu(lII) 

Pu(IV) 

Pu(Vl) 

K 

<0.0004 <0.0004 

0.0005 0.0005 

0.003' <0.0002 

<0.00002 0.0001 

0.0002 0.0001 

<0.0001 <0.0001 

0.003 <0.0001 

<0.001*"* 

<0.0001 <0.0001 

0.0005 0.0002 

0.0003 

0.001 

<0.0002 

0.0002 

0.0002 

<0.0001 

<0.0001 

<0.0001 

0.002' 

< 0.002 
0.022 
32-3(36.5-50) 

o.̂ <:10.71J 

0.001 

0.0013 

0.005 

0.002 

<o.005 

0.049 

0.0065 

0.256 

<0.0001 0.0017 

<0.0001 

0.0003 

<0.0001 
<0.0001 

<o.oooi 0.0003 

0.2 

1.1 

4.4 

0.1 

2.4 

<0.0001 

.ro.ooi 

1.5 

<0.0001 

Rare 
earths 

Re 

Rb 

Sm 

Sc 

Ag 

<0.00025 <0.00025 <0.00025 

0.00076 <a00005 <o.oo3i 

<0.015" <0.015~ <0.015" 

0.013 0.001 
0.025 

0.00014 

<o.0009 

<0.0001 0.001 



Table XI - Continued 

lent H,0i 0 6MHNC-- 0 8MHN0,- IMHNO,- IMHNO,- BMHNO,-

lOMNH^jNO, k JMCalNO,)^ satdNiyJCI satdLlNG 

<'0 0001 <'0 0001 

8MHN0,- 1 4MHN0^- 1 ^MHNO,-

6j5Al(NO,)^ 

Na 
Sr 

<0 0001 <0 0001 

<o 0008 <Q oooe 
<0 0001 
<o oooe 

<0 0001 

<0 0001 

T1(I) 

Tldll) 

Th 

<0 0005 <0 0005 <0 0005 <0 005 

0 063 

0 528(0 S'̂ l) 0 5 

^ O 005 

l(\a) 0 68* 1 31- 165 

V(I-V} C 0006-0 001* 0 OO4-0 008* 

V(V) <0 0005' 0 Oio- 0 040' 

1 8c(^ 78) 1 85 

0 001 <o 0009 

Zn 

Zr 

<o 0005 

0 001" 

0 001 

*0 087 

<0 0001 

0.0011 0 oil 

— After Purmar, Mundv, and Morrison, reference 326 

Conditions were arranged, In general ao that approximately 5g of U,0p were recovered 
from the ether extract prior to spectographic examination In general eurvev studies 
0 1 g of eacr of the elements Ag Al, E, Ba, El, Ca, Cd, Co, Or, Cu, Pe, Hg, K, Li, 
Mg, Mn, Na, Nl, Pt, Sr, Tl, Zr, and C 05 g eacn of In * Re was present along with 
uranyl nitrate and a salting agent, 80 g per 100 m, of ammonium nitrate and 100 g 
per 100 ml of calclirn nitrate (The latter Is equivalent to 4 2^ M If the salt Is 
considered to be Ca{N0^)2 ^h^O, 4 56 M If it Is considered to be CalNO^)^! 'Die 
description of the experiment giver Ir reference '̂ 2c gives the nitric acid concentra-
tior as 5 mj, of concentrated acid per 100 ml A table of the partition coefficients 
gives '•he acid concentration as 5 g of HNO^ per 100 ml If the concentrated acid 
concertratlor Is considered to be approximate^v l5^ both o^ the above values give 
a nitric acid concentra-lon of tne aqueous solution as 0 8N The aqueous solutions 
were shaken to equillDrlum with ar equal volime of ether aT 20*C 

Tne uranium partition coefficients are the maxlmurr values determined (see, also, 
figure 9̂  

Rare earths were present Ir amounts such tha" only limiting values could be given 
for individual elements n>y apectrographlc means except fur Dy and 1 

Large d.mour•̂ s of elements w r e used V l-2g. As or Cr l6-20g, Na or Ca nitrate 70-lOOg, 
Pe Ig Mo 0 3g per 100 ml Analysis of tne ether phase made by means otner than 
spectrograpnlc 

Limit set by lack of sensitivity of spectrographlc test a probably much smaller 

Valence state not designated 

a is much greater for Mo present as a heteropoly acid 

— After Bock and Bock, reference 'S'i'^ 
Values of a for BM njjo, solutions have been calculated from P-values given by Bock 

and Bock Those values rn parentheses are o-values given directly by Bock and Bock 
or InterpOiated froir their data 

Concertratlor of element concerned In Initial solution 0 IM with the exception of 
Al 0 94M, Sb, Bi 0 2M, Qe 0 03^, H BV HKL, Pe(III) 0 «", La 0 ?7K, Pb 0.075K, Sc 0 2M 
for SM Ifo, Z n O I K " ^ ~ ~ - -

Elements were present as the nitrate with the following exceptions Oe as OeOj, 
P as (NH4)2HP04, As as Na^HAsOi, V as NHiiVOj, Or as K^CrgOy, Mo as NHit-molybdate 

The Sbfv) solution hydrolyzed strongly The largest part of the antimony was 
precipitated as hydroxide and onlv traces were detected in the ether phase 

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

Mn(VII) was reduced with the separation of MnOj from the ether ao that practically 
no Mn was extracted 

Temperature 20^ for the saturated NHi(N03 and LINO3 aolutlons Room temperature 
for the 8N HCk solutions 

—Asprey, Stcphanon and Penneman, reference 3^3 

Am(VI) was prepared by peroxydisulfate oxidation 

- After Kooi, reference 33^ 

The values given In this column are values taken from cxirves given In this reference 
(dee, also, figures 8 and 13) 

Concentrations of the various elements In the Initial aquecua solution Th, 22 mg 
per nil of ThCNOj)!* ^H^O, U, 3 3. 10, 30 and 90 mg per ml of U02(N03)2 6HgO, Np and 
Pu, tracer quantities No detectable difference was observed In the partition data for 
the first three quantities of 0 listed, a lower a (l 7) «»» observed for the latter 
concentration 

Shalcing times for the Np and Pu experiments were'kept short [I5 aec to 3 mln) to 
minimize dlsproportlonatlon to other oxidation statea TYie shaking tine for U solutions 
was never less than 5 minutes An increase to two hours did not make a difference In 
Yhe results 

- Arter Vdovenko, reference 3 M 

Ttte Initial aqueous layer contained, In addition to the acid and salting agent, about 
0 IM of the nitrate examined Equal volumes of the aqueous solution and diethyl ether 
wer« shaken for 5 minutes After 12 hours equilibration a sample of the organic 
solution was taken for analysis 
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Figure 13. 

The extraction.of actinide nitrates by diethyl ether. 

After J. Kooi, reference 334. 

Conditions: 

Tracer amounts of Np -'^ and Pu ̂ ^ in aqueous solutions 
were equilibrated with an equal volume of diethyl ether 
at 25°C and room temperature, respectively. 330 mg of 
Th(N03)4 • ̂ HgO per 15 ml of initial aqueous solution 
was equilibrated with an equal volume of ether. 

The oxidation states of neptunivun have been the subject of 
some question..21^ 
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Figure 14. Partition coefficients of fission products between 
diethyl ether and aqueous solution containing Ca{N02)2 ^^<^ different 
initial acidities. After V. Vdovenko, reference 344. Conditions: 
Aqueous solution—required air.ounts of nitric acid and radioactive 
material added to 3.5M solution of Ca(N03)2; VoAa. 1-
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Agueous thloc2anate_SYStems. Uranium may be extracted 

from aqueous thiocyanate solutions by diethyl ether.-^—^— 

Table XII lists the partition coefficients of several 

elements from aqueouc solutions of various thiocyanate con-

centratiors.-^-i- A number of substances not listed in the 

table give negligible distributions or distributions of 

only a few percent under the conditions tested: NĤ ,̂ Sb(lII), 

As(lll), As(V), Bi, Cd, C u d ) , Cr(lII), Ge(lV), Li, Hg(ll), 

Table XII. - Partition Coefficients of Various Elements between Diethyl 

Ether and Aqueous Thiocyanate Solutions.— 

Composition of the Initial aqueous solution 

O.IM Al-

0.2M BeClg 

O.IM CoClg 

O.IM GaCl 

HCl 

O.IM InCl 

O.IM Feci 

O.IM MoOCl 

O.IM ScCl^ 

0.1M(NH4)2SnCl6 

O.IM TiCl 

O.IM TlCl^ 

O.IM UOgClg 

O.IM VOClg 

O.IM ZnClg 

- After R. Bock, 

- as AlCl ? 

HCl 
M 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

-0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

reference 

t 
°C 

20 

RT 

RT 

RT 

20 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

341. 

IM 

0.039 

0.037 

1.89 

2.67 

1.06 

8.00 

140 

0.145 

144 

1.43 

0.821 

0.176 

23.7 

NHL SON concentration 
^3M 5M 7M 

0.011 

0.987 

1.39 

9.56 

12.7 

3.05 

5.13 

34.9 

3.95 

950 > 

5.25 

0.417 

0.095 

.37.8 

0.099 

5.29 

2.98 

31.1 

2.15 

3. 08 

1000 > 

3.94 

0.160 

18.3 

0.275^ 

11.9 

3.04 

152 

59.4 

O.9O8 

1.14 

36.4i 

8.06 

1000 

3.22 

-0.15 

0.072 

0.022 

12.9 

- 6.2M 

^ 6.6M 

Equal phase volumes equilibrated at room temperature. 
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Ni, Pd(II). Figure 15 represents the change in a with 

thiocyanate concentration for aqueous solutions of different 

acidities?^ Analysis of the ammonium, uranium, thiocyanate 

concentration of the ether phase indicates that uranium is 

extracted as UOpJlSCN)^ 
341 

^3y22H2_l!iH2li^£_2YS$S5Si Uranium ̂ VI) is poorly extracted 

by diethyl ether from aqueous fluoride solutions.-^— Table 

XIII lists the partition coefficients of a number of elements 

from aqueous solutions of various hydrofluoric acid concen­

trations. 

Dibutyl ether 

A3ueous_nltrate_S2Stems^ The applicability of dibutyl 

ether as an extractant for uranivim has been investigated 

extensively by workers in the Soviet Union. "̂  '^ ~i ? DI_ 

butyl ether offers several advantages over diethyl ether. 

It is less soluble in water, less volatile, and has a higher 

flash point. The distribution coefficient of uranyl nitrate 

is, however, less for dibutyl ether than for diethyl ether. 

The partition of uranium between water and dibutyl ether is 

represented in figure 1 . — ^ ^ — The distribution of uranyl 

nitrate and nitric acid is plotted as a function of aqueous 

nitric acid concentration in figure 16.-2— Karpacheva, 
•a4g 

Khorkhovina, and Agashkina-^— have studied the effect of 

various salting-out agents on the distribution of uranyl 

nitrate. The salting-out action was found to increase with 

increasing valence of the cation. The partition coefficient 

of uranium from an aqueous solution Initially 0.5M UOp(NO^)p, 

4.5M CaCNO-)-, and 0.5M HNO, into an organic phase Q3% (by 

volume) dibutyl ether and 155̂  carbon tetrachloride is O.7O; 

"•PufVl) ^° O.^S.'^—L Zirconium, niobium, and ruthenium are 

the main fission product elements extracted.'^—^^— Heyn 

and Banerjee^^ have studied the extraction of bismuth 

'titrate by dibutyl ether and several other solvents. 
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Figure 15. 

The extraction of uranyl thiocyanate by diethyl ether at 

various Initial NHi^SCN and HCl concentrations. 

After R. Bock, reference 3^1. 

Conditions: 

Aqueous phase—initially O.IM, UOpClp and NH^CNs and 
HCl concentration indicated. 

Equal phase volumes equilibrated at room temperature. 
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Table XIII.- Partition Coefficients of Various Elements between Aqueous 

HF solutions and Diethyl Ether^ 

HF concentration of the starting aqueous solutlor 

Element-

gb(lll) 
As(III) 

As(v) 

Be 

Cd 

Co 

Cu(ll) 

Ge(IV) 

Mn(ll) 

Hg(II) 

Mo(VI) 

Ni 

Nb(V) 

P(V) 

Re(VIl') 

Se(lV) 

Ta 

Te(IV) 

Sn(II) 

Sn(IV) 

U(VI) 

V(III) 

v(v) 
Zn 

Zr 

1.OMHF 

<6.6o65 
0.111 

<0.001 

<0.0005 

<0.0005 

<0.002 

<0.001 

<0.002 

<0.0005 

<0.0005 

0.007 

<0.0005 

0.006 

<0.001 

0.0005 

0.0006 

0.012 

0.0001 

0.006^ 

<0.002 

<0.0005 

<0.001 

<0.001 

0.004 

5.OMHF 

6.66S 
0.227 

0.017 

<0.0005 

0.002 

<0.002 

<0.001 

<0.002 

<0.0005 

<0.0005 

0.018 

<0.0005 

b. 044 

0.011 

0.121 

0.022 

0.774 

0,020 

0.020 

0.006^ 

<0.002 

0.003 

0.004 

<0.001 

0.005 

— After Bock and Herrmann, reference 

10.OMHF 

6.61$ 
0.432 

0.048 

0.005 

0.006 

<0.002 

<0.001 

0.005 

0.002 

<0.0005 

0.031 

<0.0005 

0.480 

0.032 

1.58 

0.080 

3. 80 

0.071 

0.029 

0.053-

<0.002 

0.03 

0.017 

<0.001 

0.005 

! 342. 

15.OMHF 

6.646 
0.530 

0.121 

0.019 

0.009 

0.005 

0.010 

0.028 

0.005 

0.009 

0.062 

0.005 

1.08 

0.110 

1.78 

0.131 

3.82 

0.237 

0.005 

0.10 

0.056 

0.002 

0.012 

20.OMHF 

6.667 
0.605 

0.157 

0.042 

0.014 

0.017 

0.013 

0.072 

0.013 

0.028 

0.103 

0.007 

1.92 

0.173 

1.62 

0.148 

3.84 

0.298 

0.052 

0.055 

0.011 

0.13 

0.093 

0.009 

0.030 

Equal phase volumes equilibrated at 20.0 ± 0.5°C. 

— The concentration in the initial aqueous solution of the Ionic species 
of the element listed in the table was O.IM in each case with the 
exception of Re(VII) which was O.05M. 

Fluoride stock solutions were prepared in the following manner: 
carbonates (Cd, Co, Cu, Mn(ll), Ni, Zn), oxides (Sb(III), Ge(IV), 
Hg(Il), Nb(V), Se(lV), Ta(V), Te(IV), V(III)) or hydroxides or 
hydrated oxides (Si'J(IV), Zr) were dissolved in an excess of HF; 
ASpO- was dissolved in a known volume of O.IN NaOH and the calculated 

amount of HF added to the solution; BeFg and SnFg were dissolved; KgHAsOj 

NagHPO^, KReO^,, ammonium vanadate, ammonium molybdate, and sodium uranate 

were dissolved in HF. 

- 1.2 M HF 

- 5.4 M HF 

- 10.4 M HF 
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Figure 16. 

Partition of uranyl nitrate and nitric acid between dibutyl 

ether and aqueous solution. 

After V. Vdovenko, A. Llpovskll, M. Kuzlna, reference 346. 

Conditions: 

Equal phase volumes equilibrated at room temperature for 
both U02(N0o)2 and HNO3 extractions. For nitric acid, 
points corresponding to an acid content In the aqueous 
solution of greater than 13.4M were obtained by the ex­
traction of previously acidified dibutyl ether with con­
centrated nitric acid. For uranyl nitrate, points greater 
than 12.OM HNO3 were similarly obtained. The uranium 
concentration was 78 mg/ml. 

Dibutyl "Cellosolve" (Dibutoxymonoethyleneglycol) 

A5ueous_nltrate_systems^ A number of cellosolve 

derivatives have been investigated for the extraction of 

uranium (Table VIII). Diethyl cellosolve is an excellent 

extractant.-^^ Unfortunately its solubility in water is 

large (215? by weight at 20°C). Dibutyl cellosolve is less 

soluble in water (0.2^ by weight at 20°C). However, It does 

not extract uranium as well as diethyl ether, either from water 
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solution (figure 2 — ^ ^ — ) or from aqueous alumln\im nitrate 

solution (figure 6^^^). The partition coefficient of uranium 

into dibutyl cellosolve from nearly saturated solutions of 

ammonium, calcium, or ferric nitrate is 1, 50, and 20, 

respectively.-^^ 

Dibutyl "Carbltol" (Dlbutoxydiethyleneglycol) 

Aqueous nitrate_s^stems^ Dibutyl carbltol (Butex) is 

used in the recovery of irradiated fuel material.-^^ As a 

solvent, it has been subject to considerable study.^^ '^^ 

The partition of uraniimi between water solution and solvent 

is given In figure 2. ' ''>^ The partition of uraniiun 

between nitric acid solution and dibutyl carbltol Is 

illustrated in figure 17--^^ For aqueous solutions in this 

range of acid concentration, the partition coefficient Is 

observed to increase with increased uranyl nitrate concen­

tration. The partition coefficient of nitric acid is plotted 

as a function of acid concentration In figure 18.•̂ '̂  ii7>iii>7 

In figures 19 and 20, the partition coefficients of uranium 

and several other heavy elements are plotted against nitric 

acid concentration. The initial acid concentration of the 

aqueous phase is plotted in figure 19.-^^ The equilibrium 

acid concentration of the aqueous phase is given In figure 

20.-^—^ Best, et al-^-^ have observed that the steepness of 

the extraction curves (figure 20) Is compatible with the 

formation of the species HM02(N0,), and ^^{'HO-)^ in the 

organic phase rather than just M0p(N0_)g and M(NO,)|J. The 

curves given in figures 19 and 20 are in general agreement 

considering the difference in acid concentration plotted. 

There is a large discrepancy between Np(lV) data. The 

ability to maintain neptunium in the pentavalent state during 

extraction may be subject to question. The partition of some 

fission product elements is given in figure 21 for various 
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Figure 17. Distribution of uranyl nitrate 
between dibutyl carbltol and nitric acid 
solution. Adapted from C. A. Kraus, 
reference 353. Conditions: Approximately 
equal volumes of organic and aqueous 
phase, initially at the uranium and nitric 
acid concentrations Indicated, equilibrated 
at about 27°C. 
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Figure 18. Distribution of nitric acid between dibutyl carbltol and 
aqueous solution. 
O, After C. A. Kraus, reference 353. D, After J. Kool, reference 334. 
A, After D. G. Tuck, reference 354. Conditions: Equal334,354 or ap­
proximately equal353 volume portions of solvent and aqueous solution 
equilibrated at ~27°C,353 250C,334 and ~2l0c.354 
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Figure 19. 

The extraction of actinide nitrates by dibutyl carbltol. 

After J. Kool, reference 334. 

Conditions: 

Tracer amoiints of Np^^° or Pû '̂ ,̂ 330 mg of Th(N03)4 
4H2O per 15 ml, or 3OO mg of U02(N03)2 (hexahydrate) per 
15 ml In aqueous nitric acid solution equilibrated with 
an equal volume of dibutyl carbltol at 25°C or room tem­
perature. 

The oxidation states of neptunium have been fche subject of 
some question.34^ 

12 
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Figure 20. 

The distribution of actinide elements between dibutyl carbltol 

and aqueous solution as a function of equilibrium aqueous nitric 

acid concentration. 

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

Conditions: 

Tracer concentrations (~10~-̂ M) of actinide. Temperature, 25°C. 

100 



b
L

I 1 1 
1 

1 
1 

b-

k 

h 

-

^ / 

•J 
\ 

1 1 1 1 1 T 

A Ce(IV) 

°/ 
/ 

/ 

/ ~ ^ 

y o-cT 

1 1 1 1 1 _L 

1 "I • I — ^ — g 

•1 
- 

jT
iin

 
r 

J 

^ 

L Ce(ill} J 

PY 1 

y ; 
-̂  

1 1 1 1 J 
4 5 6 7 8 9 
[HN03]oq. M 

12 

Figure 21. 

The partition of tracer amounts of yttrium, cerivim, and 

zirconium between dibutyl carbltol and aqueous solution 

as a function of aqueous nitric acid concentration. 

After H. McKay, K. Alcock, and D. Scargill, reference 355. 
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EQUIVALENTS OF METAL NITRATE 
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Figure 22. The effect of saltlng-out agents on the extraction of 
uranium by dibutyl carbltol. •Cu(N03)2, •Ca(N03)2, AZn(N03)2, 
OA1(N03)3, DFe(N03)3, ALa(N03)3. After E. Evers and C. Kraus, 
reference 332. Conditions: Uranium concentration, 2-6 g/lOO cc 
of phase. Temperature, 27°C; VoAa = 1 . X A1(N03)3. After D. Lee, 
R. Woodward, G. Clewett, reference 358. Conditions: Trace amounts 
of uranium. Temperature, 27°C; Vo/Va, varied. 

aqueous nitric acid concentrations.-^^ The distribution of 

iron into dibutyl carbltol is increased by an increase in 

acidity.^^^ Chloride ion promotes the extraction of iron. 

Boron is extracted by butex, especially in the presence of 

copper nitrate as salting-out agent .-^^ Vanadium and molyb-

•̂ S2 denum are extracted to several per cent.-='*̂  The extraction 

of cadmium, chronlum, nickel and titanium is small.-̂ 2— 
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The effect of saltlng-out agents on the distribution 

of uranium into dibutyl carbltol has been sutdied.-"—'-22_' 

'̂̂  "•̂'̂  Some of the results are presented in figure 22. 

69yS2H2_£&i2Jli5S_5?2£f5!5i Uranium (IV) and (VI) and 

thorium are poorly extracted by dibutyl carbltol from 

aqueous solutions 2-6M in hydrochloric aoid.-"^ The extrac­

tion of protactinium is increased as the acid concentration 

is increased. From 6M HCl, ap is 10. The extraction of 

hydrochloric acid is negligible from aqueous solutions less 

than 6M in hydrochloric acid. A third phase is formed upon 

equilibration with 7-5111 HCl. The third phase contains a 

large amount of the acid. One phase results upon equilibra­

tion with 8.5M HCl. 

Pentaether (Dibutoxytetraethyleneglycol) 

^3BS2H5_Si£ESS£_2Y2*S5}2i References 332 and 360 sximmerize 

much of the data pertinent to the extraction of uranium by 

pentaether. The distribution of uranyl nitrate between 

solvent and water is given in figure 2Ai' >—2. The parti­

tion coefficient of uranyl nitrate from various nitrate 

media is plotted in figure 23.-222 The distribution of 

nitric acid as a function of aqueous acid concentration is 

also shown in figure 23.-2— The effect of salting-out agents 

on the partition of uranium is illustrated in figure 24.-2^ 

Table XIV lists the partition coefficients of a number of 

elements other than uranium between pentaether and various 

aqueoug media.*— Uranium is extracted by pentaether from 

aqueous solutions containing ammonium nitrate and/or nitric 

acid in the presence of sulfate, phosphate, or silicate ions.2— 

Phosphate ion. In large quantity, and soluble silicate ions 

are extracted by the solvent.•2— Fluoride ion, in signifi­

cant quantity, interferes with uranyl nitrate extraction. 

This effect may be overcome by complexlng the fluoride ion 

with calcium or aluminum nitrate.•2— 
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Figure 23. The partition coefficients of uranyl nitrate and nitric 
acid between pentaether and aqueous solution. A U02(N03)2 : 1.0 g. 
U3O8 dissolved in HNO3, diluted to 50 ml with acid of desired 
strength, and shaken 1 minute with an equal volume of pentaether. 
DU02(N03)2 + NH4NO3 : 1.0 g. U3O8 dissolved in 10 ml of HNO3 of 
desired strength after addition of 5 g. NH4NO3; shaken with an equal 
volume of pentaether for 1 minute at room temperature. Adapted from 
D. Musser, D. Krause, and R. Smellle, Jr., reference 360. O HNO3 : 
equal volumes of nitric acid solution and pentaether equillbratea 
for 1 hour at 25^0. After C. Stover, Jr. and H. Crandall, reference 
361. 

Cyclic ethers. 

A number of cyclic ethers have been Investigated as ex-

tractants for uranium.^ ^^^—' Those solvents that contain 

the furane nucleus have been found to give good extractions 

of uranyl nitrate from aqueous solutions. Solvents of the 

hydrocarbon substituted tetrahydrofurane type have been 

found to be especially good.-*—̂  The extraction of urani\am 

and thorium by four cyclic ethers is illustrated in figure 

25 as a function of acid concentration in the aqueous phase. 364 
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Figure 24. Effect of salting-out agents on the extraction of uranium 
by pentaether. A NaNOj, VNH4NO3, •Ca(N03)2, OA1(N03)3, DFe(N03)3. 
After E. Evers and C. Kraus, reference 332. Conditions: Uranium con­
centration, 2-6 g/100 cc of phase. Temperature, 270C or room tempera­
ture . 

From figure 2>A, it can be seen that uranyl nitrate is ex­

tracted more efficiently by the various solvents than is 

uranyl perchlorate. Better separation of uranium and 

thorium is also achieved from nitrate solution rather than 

perchlorate. 

ESTERS 

Information is less complete or less readily available 

for the extraction of uranium by esters than by ethers. 

The distribution of uranyl nitrate between Iso-amyl 

acetate and water is represented in figure 3-A'—^ 

Karpacheva, et al.-^— have found the extraction capacity 

of butyl acetate to be intermediate between diethyl ether 

and dibutyl ether. Hyde and Wolf,-212 in addition to their 
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Table XIV. 

Element 

Partition Coefficients of Elements between Penta-ether and 

Various Aqueous Media-

Aqueous solution-

Nitrate Nitrate -f Sulfate 

Concentration in 
aqueous phase 
before extraction 
(mg/25 ml) 

Nitrate -f 
Chloride 

Sulfate 
+ Chloride 

Al 

Ba 
n 

Cd 

Ca 

CI 

Cr(IIl) 

Co 

f! 

It 

tl 

Cu(ll) 
It 

Fe(IIl) 

If 

tl 

tt 

Pb 
I! 

Mn(ll) 
It 

Hg(ll) 

tt 

II 

Mo(VI) 

500 

362 

7 

501 

500 

10 

10.5 

521 

500 

10.4 

496 

494 

10.3 
9.9 

500 

10 

555 
500 

11 

10 

500 

10 

515 
500 

10. 

10. 

500 

10 

500 

10 

497 
127 

10 

500 

10 

.3 

.0 

0.003 

0.02 

0.35 
0.024 

0.053 

0.011 

0.020 

0.026 

0,025 

0.003 

0.0023 

0.007 

0.012 

0.003 

0.026 

0.01 

0.0001 

0.004 

0.013 

0.002 

0.000 

0.003 

0.004 

— c 

0.02 

0.03 
0.0001 

0.0004 

0.00013 

0.003 

—£ 
0.00 

0.026 

0.03 7 
0.031 

0.035 

0.017 
0.007 
0.0011 
0.0014 

0.19 
0.41 
0.028 
0.10 

0.009 
0.024 

0.018 

1.2 

0.046 

0.21 

0.176 
0.10 

0.0065 
0.000 
0.000 

0.003 

0.002 

—— 
0.005 
0.00006 

0.00075 

0.036 

0.23 
0.001 

0.015 

0.015 

0.03 
0.001 
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Table XIV. 

Element 

Ni 
Tt 

tt 

n 

p(poJ' ) 
It 

Ag 
tt 

- Continued 

Concentration in 
aqueous phase 
before extraction 
(mg/25 ml) 

516 

500 

10. 

10 

500 

10 

500 

10 

SOjf" (as(NH,) so.) 
11 

Th 
11 

Sn(lV) 
11 

Ti(lV) 

W 

v(v) 
II 

11 

II 

Zn 
II 

11 

n 

Zr 

500 

10 

500 

10 

11 

10 

140 

107 
14 

8. 

497 

447 
10 

8. 

10 

3 

500 

10 

5 

9 

Nitrate 

0.0018 

0.0032 

0.00005 
0.00024 

0.09 

0.32 
0.00 

0.00 

9.12 

87.5 
0.0024 

0.019 
0.003 

0.081 

0.11 

0.07 

0.018 

0.022 

0.040 

Aqueous solution-

Nitrate + Sulfate 

Chloride 

0.0001 

0.0008 

11.5 

0.37 

0.00 

0.22 

0.12 

0.15 

0.14 

0.00064 

0.00001 

0.00 

0,005 

0.005 

0.0001 

0.005 

0.00015 
0.0006 

0.035 
0.0025 

0.009 

—2. 
0.000 

0.013 

Sulfate 
+ Chloride 

0.0001 

0.000 

-Adapted from A. G. Jones, 0-4.360.3(1945), 

Equal volume portions of aqueous solution and pentaether. 

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

present. 

— Precipitates of insoluble sulfate obtained in ammonium sulfate layer. 
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Figure 25. The effect of initial nitric and perchloric acid concentra­
tion on the extraction of uranyl salts (Fig. 25-A) and thorium salts 
(Fig. 25-B) by tetrahydrosylvane (THS), tetrahydropyrane (THP), 2-
ethyltetrahydrofurane (ETHF), and 2,5-dimethyltetrahydrofurane (MTHS). 
After M. Branica and E. Bona, reference 364. Conditions: Uranium 
concentration, 2 x 10-3M. Thorium concentration, tracer UX^. Tempera­
ture, 25 + 0.20c. Vo/Va, 1. 
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general survey work (Table VIII), have studied the extrac­

tion of thorium and uranium by ethyl acetate, n-propyl 

acetate, and iso-propyl acetate as a function of the 

nitrate concentration of the aqueous phase. It was the 

observation of the latter group*— that the extraction of 

uranitim tends to decrease with increasing molecular weight 

of the ester. Therefore, only acetates and propionates 

need to be considered seriously. Increased protactinum 

extraction was observed with increasing length of the 

alcohol portion of the ester.-^— It was further observed 

that hydrolysis of the ester tends to increase the extraction 

of both thorium and uranium.*— it was not determined whether 

the addition of alcohol or organic' acid causes the increased 

extraction. 

Ethyl acetate 

Agueous_nitrate_sjstems^ The distribution of uranyl 

nitrate between ethyl acetate and water has been studied by 

164 
deKeyser, Cypres, and Hermann. The partition coefficient 

was found to vary from 0.17 at 22% XiQi,^{'^0^^ • GVi^O in the 

aqueous phase to 0.78 at k3% aqueous concentration. In 

laboratory practice, uranium is extracted by the solvent 

from aqueous nitrate media. The following conditions have 

been used by various groups to extract uranium; 

Grimaldl and Levlne-2^: 9-5 g- of Al(NOo), ' 9HgO 

are added to 5 ml of solution approximately 2.4N 

in HNO_. 10 ml of ethyl acetate are added and 

shaken at least 30 seconds. 

Rodden and Tregonning-'^H-; Uranivim precipitated in the 

presence of aluminvun (20 mg) with NH^OH is dissolved 

in 1 ml of HN0-(1 to l). 8 g, of Mg(N0_)2 ' 6H2O 

is 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 U_Og.) 
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Nletzel and DeSesa? '̂ ''̂ ^ : Approximately 15 ml of sat­

urated aluminum nitrate solution are added to 3 ml 

or less of sample containing O.30 to 15 g, of U_Og 

per liter. 20 ml of ethyl acetate are added and 

shaken for 1 minute. 

Guest and Zimmerman^—^: To 5 ml of sample containing 

5^ concentrated HNO^ by volume, 6.5 ml of hot alumi­

num nitrate solution, having a boiling point of 130°C., 

are added. The resulting solution is cooled, 20 ml 

of ethyl acetate are added, and the mixture shaken 

for 45 to 60 seconds. 

198 Steele and Taverner—^—: Approximately 5 ml of aqueous 

solution are saturated with aluminum nitrate. The 

resulting solution is shaken with 10 ml of ethyl 

acetate for 1-2 minutes. 

In the procedure of Rodden and Tregonning,-^— aluminum ni­

trate Is used instead of magnesium nitrate if extraction 

is to be made in the presence of phosphate. DeSesa and 

NJetzel^ ' l i — found that 1 molar concentrations of phos­

phate, sulfate, or carbonate ion could be tolerated with 

no ill effect on uranium extraction. Small amounts of 

sodium phosphate have been used to suppress the extraction 
198 

of thorium without affecting the extraction of uranium.—^— 

198 
Steele and Taverner^^ report the extraction of appreciable 

amounts of thorium and zirconium and small amounts of 

vanadium, molybdenum, and platinum by ethyl acetate. 

Grimaldl and Levine,-2-2. Guest and Zimmerman,-2-2 and Nletzel 

and DeSesa-^ '*— have Investigated the effect of a number 

of elements on the recovery and/or determination of uranium 

according to their respective procedures. Nletzel and 

DeSesa-^—' 1 i ° found vanadium, present in 100 mg amounts, was 

precipitated and uranium was occluded in the precipitatate. 

Titanium was observed to partially extract. This v/as pre­

vented by precipitation of titanium with p-hydroxyphenylarsonic 

acid before extraction. 
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•370 
Agueous thiocyanate s^stems^ Vanossi-'iJ— has described a 

procedure in which uranium is extracted by ethyl acetate from 

an aqueous phase containing an excess of ammonium thiocyanate. 

Dizdar and Obrenovic^^-L- have also investigated the extraction 

of the uranyl-thiocyanate complex by ethyl acetate. 

KETONES 

Methyl ethyl ketone. 

Agueous_nltrate_S2Stems^ The distribution of uranyl 

nitrate between methyl ethyl ketone and water and between 

methyl ethyl ketone and saturated ammonium nitrate solutj.on 

is given in figure 4-B.-2-— paiel—^ reports a uranium 

partition coefficient of approximately 25 between methyl 

ethyl ketone and an aqueous solution of 60^ NHj^NO^ and 

IN HNO_. Methyl ethyl ketone is not as selective as 

-spl 

diethyl ether.••;— Homogeneous solutions are formed be­

tween the ketone and an equal volums of saturated ferric or 

cupric nitrate at 20°C.-^— 

_Mlscellaneous_agueous_systems^ The partition coeffi­

cient of uranium between methyl ethyl ketone and an aqueous 

605̂  NH^NO,, Z% NHî SCN solution is about 2000.-i^ Iron is 

extracted. 

Milner and Wood-21— report the separation of tantalum 

and niobium from uranium by extracting the fluorides of 

the former elements with methyl ethyl ketone. 

Hexone (Methyl iso-butyl ketone). 

Agueous nltrate_S2stems^ The partition of uranyl nitrate 

between hexone and water is represented in figure 4.—^^-^— 

The partition coefficients of uranium, nitric acid, and 

several other actinide elements are plotted as a function 

of aqueous nitric acid concentration in figure 26.-22— The 

effect of several saltlng-out agents on the partition coeffl-
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Figure 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 Np^^^ or Pu^^^, 330 mg of Th(N0,)4 • 
4H2O per 15 ml, or 300 mg of U02(N03)2 (hexahydrate) 
per 15 ml in nitric acid solution or nitric acid alone 
equilibrated with an equal volume of hexone at 25°C or 
room temperature. 

The oxidation states of neptunium have, been the subject 
of some question.345 
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cient of uranium is given in figure 27.-2—^ Vdovenko and 

oo-worker&2_2 have observed an increase in the partition 

coefficients of cesium, calcium, strontium, and lanthanum 

when the uranyl nitrate concentration in the initial 

aqueous solution is increased. This has been related to 

the extraction of the elements as metal uranyl trinitrate 

salts. The partition coefficient of uranium from a highly 

salted aqueous solution is decreased by an increase in 

uranium concentration. Krau&2Li observed a to decrease 

from 153 to 78.3 as the initial uranium concentration was 

increased from 5 to 100 grams in an aqueous solution con­

taining 580 grams of aluminum nitrate. Jenkins and McKay'2i— 

found a to decrease from I.58 to 1.28 as the initial uranium 

concentration was increased from 144 to 348 grams per liter 

in an aqueous solution 8M in NH^NO, and 0.3N In HNO_. In 

the latter case, commercial hexone adjusted to O.15N HNO_ 

was used as the extractant. Figure 28 represents the ex­

traction of uranium by hexone from aqueous solutions containing 

various amounts of nitric acid and calcium or sodium nitrate.-21^ 

The distribution of U(VI), Pu(Vl), Pu(lV), Th, La, Ca, Na, 

and HNO- by hexone from aqueous solutions containing nitric 

acid and calcium nitrate has been investigated by Rydberg and 

Bernstrom.-"-^ Hyde and co-workers have studied the extraction 

of uranlum2— and thorium? i^'' by hexone as a function of 

the total nitrate concentration of the aqueous phase. Distri­

bution curves (a or P versus nitric acid or total nitrate 

concentration of the aqueous phase) are presented for the 

various elements in the different papers. The effect of 

aluminum nitrate concentration on the extraction of fission 

product gamma-activity in general and zirconium-niobium, 

cerium, and ruthenl\im in particular is shown in figure 

29.? Increased extraction is effected by an increase 

in saltlng-out agent. An increase in nitric acid concentra-
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Figure 27. The effect of various saltlng-out agents on the extraction 
of uranium by hexone. VNH4NO3, •NaN03, DCa(N03)2, ACo(NOo)2,A 
Mg(N03)2, •Be(N03)2, OA1(N03J2- After W. H. Baldwin, reference 319. 
Conditions: Equal volumes of pure hexone used to extract aqueous con­
taining 30 g U/liter. 
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NITRATE CONCENTRATION, M, OF S A L T I N G - O U T AGENT 

Figure 28. 

The partition coefficient of uraniiim as a function of the 

nitrate concentration of the saltlng-out agents, Ca(NO-,)p 

and NaNO^, for an initial concentration in the aqueous 

phase of 100 g/1 of uraniiun and 1,2,3, or 4M HNO,. 

After A. Cacciari, R. DeLeone, C. Flzzottl, and M. Gabaglio, 

reference 375-

tion also causes an Increased extraction of fission products 

(figure 29).-222-

The extraction of uranium by hexone is facilitated by 

the presence of substituted ammonium nitrates which are 

sufficiently soluble in the organic solvent. A number of 

these salts and their effect on the extraction of uranium 

are listed in Table XV.— Trl-n-butylamine, 2-hexyl pyridine, 

and dibenzoyl methane increase the extraction of fission 

products.-2̂ — Maeck, et al.-2-^ have investigated the extrac­

tion of uranium by hexone from an aqueous solution con­

taining alviminum nitrate and tetrapropylammoniiim nitrate. 

The extraction conditions adapted as a result of the 
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Figure 29. The effect of saltlng-out agent, A1(N03)3, on the ex­
traction of uranium and fission products by hexone from aqueous 
solution at various nitric acid concentrations. After F. R. Bruce, 
reference 378. 

Conditions: 

The results on uranium and gross fission product activity 
were obtained using C.P. Al(N03)3 as salting-out agent and 
pretreated hexone as solvent. An irradiated uranium slug, 
cooled 144 days and dissolved in HNO3, was used as activity 
source. Extractions were made at 30 C from an aqueous 
phase oxidized 1 hour with O.IM Na2Cr20Y at this tempera­
ture. The nitric acid is the sum of that in the aqueous 
and organic phases, expressed as moles of nitric acid per 
liter of aqueous phase. 

Ruthenium extraction :aqueous phase—O.IM KoCro07, 0.2M 
HNO^, A1(N02)3. - ^ •:: ' 

Cerium extraction:aqueous phase—O.025M Na„Cr„0.,, 0.5M 
HNÔ , AlimJ^. - 2 2 7 

Zirconium-niobium extraction:aqueous phase—O.IM K-Cr^O™, 
0.25M HNO3, 8 g U per liter. - 2 2 7 
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Table XV. Effect of Substituted Ammonium Nitrates (RNO_) on the 

Extraction of Uranyl Nitrate by Hexone.— 

Cation, R Total RNO_ a 

concentration 

(mol/1 X 10^) 

None 

(C^Hg)2NH 

(CgĤ ,̂ )2NH2 ^ 

C,,H,3NH ^ 

Cl2"24^2« -

CgH„NH -

(C2H5)2NH 

(CH2CH20H)ĵ N 

0 

2.1 
4.2 
11.0 
21.0 

2.5 
5.0 
10.0 
20.0 

2.0 
5.0 
10.0 
20.0 

2. 
10. 

10.0 
10.0 

10.0 

10.0 

10.0 

2.62 

6.2 
10.7 
32.4 
68 

6.0 
9.4 
16.5 
33 

5.4 
13.4 
26.7 
57 

5-5 
25.6 

97 
84 

2.8 

4.0 

2.67 

— After Kaplan, Hildebrandt, and Ader, reference 78. 
Conditions: 

equal volumes of hexone and of an aqueous solution. 8M in 
NHijN03, 0.4M in HNO3, and about 0.02M in uranyl nitrate. 

— dl-2-ethylhexylammonium 

— 2-n-hexylpyrldinlum 

— methyl isobutyl ketazinium 

— 2-methylpyrldinium 

investigation were 4.0 ml of 2.8M aliuninvim nitrate, IN 

acid-deficient, containing 0.1^(welght/volume) tetra-

propylammonium nitrate; 2.0 ml hexone; and a sample size 

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

a good separation of uranium from many ions. The separation 

from zirconium-niobium is particularly good. The recovery 
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of uranium is excellent even in the presence of foreign 

anions (10 to 1 mole ratio of anion to uranium). Of those 

anions tested, tungstate ion interferes most seriously 

(only 64.28^ uranium extracted). Chloride, sulfate, phos­

phate, acetate, oxalate, etc., in the amounts tested, exhibit 

no appreciable interference in the extraction of uranium. 

Chloride does promote the extraction of those ions which 

form anionic chloride complexes, eg. gold (ill). Certain 

other anions enhance the extraction of fission products, eg. 

dichromate and thlosulfate increase cerium extraction. 

Agueous_thioc2anate_s2stems^ Uranium fVI)is extracted 

by hexone from aqueous thiocyanate solution.•^•^—i-^— Reas-^— 

has investigated the separation of uranium and thorium by this 

means. Some of his results are given in Table XVI. The 

effect of sulfate ion (experimental conditions B) is to 

hinder the extraction of both thoriiim and uranium. The 

effect, however, is greater for thorium than for uraniiun. 

Consequently, greater separation of thorium and uranium 

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

The extraction of protactinium from an aqueous solution 1.2M 

in NHi^NO,, 0.20M in HNO^, about O.OIM in Th(N0,)2, 0.00987M 

in NapSO^i, and 0,501M in KSCN by an equal volume of hexone 

was < 4.45̂ . Decontamination from fission products is not 

too good. Equilibration of equal volumes of hexone and 

an aqueous solution approximately 0.04M in U0„(N0-,)^ , 

0.504M in Th(N0-)2^, 0.485M in NagSO,^, and IM in HNO. resulted 

in a beta decontamination 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 

Agueous_nltrate_S2Stems^ This solvent has been studied 
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Table XVI. Separation of U(VI) from Th(lV) by Thiocyanate Systems.— 

Experimental conditions KSM U extracted Th extracted 
M ^ ^ 

A 

A 

A 

A 

A 

B 

B 

0.27 

0.54 

0.97 
1.62 

0.32 + O.llM 
antipyrine 

0.501 
0.25 

64.5 
82 

89.5 

95 
79 

63 

35 

1.03-1.6 

1.5-1.8 

2.1-3.1 
5.2-6.2 

3.3 

0.14* 

0.015* 

— After W. H. Reas, reference 380. 

Experimental conditions: 
A: 0.I6M UO?(N03)2, 0.81M Th(N03)4, volume of aqueous 

phase = 6.2 ml, volume of hexone = 10 ml. 
B: 0.0974M U02(N03)p, 0.252M Th(N03)4, 0.2M HNO3, 0.224M 

Na2S04, volume of aqueous phase = 10 ml, voliime of 
hexone = 10 ml. 

» 
The thorium extraction was performed under slightly 
different conditions in that NHnN03 was substituted 
for U02(N03)2. An ionium (Th230) tracer was added 
to the solution and the distribution was measured 
by the determination of ionium In each phase. 

by workers In Czechoslovakia as a means of separating uranlvun 

from thorium^— and fission products.'̂  ?i?°^ The extracta-

billty of uranium by methylcyclohexanone from sodium nitrate 

solution (6-8M) is considerably better than that of thorium*— 

Prom nitric acid solution (8M), the extractabllity of uranium 

is only two- to three-fold greater than that of thorium.-^— 

Ammonium nitrate is comparable to sodium nitrate as a salting-

out agent for uranium.'̂ —̂  Aluminum nitrate is more effective 

than either. However, the order of salting-out agents in 

causing increased fission product extractabllity is Al > Na > 

NHh. The best separation of uranium from fission products 

is achieved with ammonium nitrate as the salting-out 

agent.•^—^ Methylcyclohexanol present in commercial methyl-

cyblohexanone suppresses the extraction of uranium and fission 
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products. The separation factor between the two activities, 

however, is increased since the partition coefficient of 

fission products Is decreased more than that of uranium.^^-^ 

The partition of uranium between methylcyclohexanone and 

water and methylcyclohexanone and 6M ammonium nitrate solution 

is given in figure i(-B.-2SS 

Other ketonlc solvents 

Hyde and Wolf^^— have studied the extraction of uranium 

and thorium by methyl n-amyl ketone and diisopropyl ketone 

as a function of total nitrate concentration in the aqueous 

phase. In both cases, uranium was better extracted than 

thorium. The extraction of thorium did not become appreciable 

(<5^) until the aqueous nitrate concentration was greater 

than 5M. Diisopropyl ketone was found to be an excellent 

extractant of protactiniimi.-^— 

Vesely, Beranova, and Maly--^— have Investigated the 

extraction of uranium and fission products by several 

methylalkyl ketones: methylhexyl, methylamyl, methlbutyl, 

and methylpropyl in addition to methyl Isobutyl and methyl­

cyclohexanone. The partition coefficients of both uranium 

and fission product activity *ere measured as a function of 

acid concentration in the range of -0.4 to 3M nitric acid. 

In this acidity range, fission product extraction was found 

to be maximum in the 0-lM nitric acid region.. The partition 

coefficient, »„_, in this region was greatest with methyl­

propyl ketone (22 x lO"'̂  at 0.61M) and least with methyl­

hexyl ketone (2.4 x 10"-^ at 0.03M). In the acid-deficient 

region, a-,- increased as the acid-deficiency was decreased 

(the solution was made more acidic). After the maximum 

ttpp was reached in the 0-lM acid region, the partition 

coefficient was decreased and then increased as the aqueous 

solution was made more acidic up to 3-4M. The partition 
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coefficient of uranium, a , increased as the nitric acid 

concentration was increased over the entire range. At 3M 

nitric acid, a varied from about 0.7 for methylhexyl 

ketone to about 2 for methylpropyl ketone and 3 for methyl­

cyclohexanone. The greatest separation, 3, of uranium 

from fission products was found in the O.IM acid deficient 

region (-0.1M). For methylhexyl ketone p was found to be 

>1500; for methylpropyl ketone, P was about 400. The extraction 

coefficients of uranium were < 0.2 for methylhexyl ketone 

and about 0.5 for methylpropyl ketone at this acid concentration. 

Allen-̂ -.̂  has tested diisobutyl ketone, diisopropyl 

ketone, and methylhexyl ketone as solvents for the purifi­

cation of uranium from iron, copper, chromivim, and nickel. 

Diisobutyl ketone was found most satisfactory under the 

conditions tested. Diisopropyl extracted some iron and 

chromium. Methylhexyl ketone extracted iron, chromium, 

and copper. 

Uranium and thorium may be extracted quantitatively 
•384 

from a nitrate medium by mesltyl oxide.*— Under the condi-
* 

tions tested zirconium is extracted to a large extent; 

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

ALCOHOLS 

Hyde and Wolf*— found alcohols to be only fair ex-

tractants of uranium and the extraction capacity to decrease 

rapidly with the length of the carbon chain. This is borne 

out by the work of Poston, et al.*—^ who measured the ex­

traction coefficients of uranl\im and rutheni\jm as a function 

of aluminum nitrate concentration of the aqueous phase for 

* 
Experimental conditions: A salt of the elements tested was 

dissolved in 10 ml of HN03(l5 + 85). Nineteen grams of alum-
invmi nitrate crystals were added and dissolved. The solution 
was shaken for 15 seconds with 20 ml of mesltyl oxide. The 
extract was washed once with 20 ml of aluminum nitrate solution 
and analyzed. 
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hexone and several tertiary alcohols: tertiary amyl alcohol, 

2-methyl 2-pentanol, 2-methyl 2-hexanol, 2-methyl 2-heptanol. 

Only tertiary amyl alcohol extracted uranium better than 

hexone (O.5 - 1.5M Al'(NO,)-, 0.2MHN0_) and all four alcohols 

extracted ruthenium better than hexone. Ruthenium was 

extracted as well or nearly as well as uranium by the al­

cohols. 

Diisobutylcarblnol extracts ruthenium nearly as well 

as uranium.*— Thorium and zirconium-niDbtum are poorly ex­

tracted. Protactinium is extracted much more efficiently 

than uranium. 

MISCELLANEOUS SOLVENTS 

Nitromethane has been recommended by Warner^^-— as an 

extractant for uranium. It is resistant to oxidation, 

stable to high concentrations of nitric acid, and highly 

selective. The distribution of uranyl nitrate between 

nitromethane and water and nitromethane and saturated ammon­

ium nitrate solution is given in figure 3-B. The extraction 

of thorium nitrate by nitromethanefrom aqueous solution is 

much less than that of uranium. Color tests indicate that 

neither copper, cobalt, iron UT). nor chromium nitrate is 

extracted by the solvent. With diethyl ether, considerable 

amounts of copper nitrate and trace amounts of ferric nitrate 

are extracted. Nitric acid enhances the extraction of uranyl 

nitrate by nitromethane. However, above a critical acid 

concentration (~5N Initial acid concentration with equal 

phase voliimes at 20°C) only one liquid phase Is formed. 

0RGAN0PH0SPH0RU3 COMPOUNDS. Wlthm recent years, a 

large number of organophosphorous compounds have been developed 

and investigated as extractants for uranium. These compounds 

have been subdivided in the present paper Into neutral and 

acidic organophosphorus compounds. 
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NEUTRAL ORGANOPHOSPHORUS COMPOUNDS 

Solvents included In this category are trialkylphosphates. 

(RO)oP-> 0; dlalkyl alkylphosphonates, {'RO)^B.?-* 0; alkyl 

dlalkylphosphinates, (R0)R2P-* 0; and trlalkylphosphlne oxides 

R-,P-* 0. The ability of the solvents to extract uranium Is 

In the order 

{KO)^V-* 0 < (R02)RP-» 0 < (R0)R2P-> 0 < R,P-* 0. 

This is also the order of Increasing base strengths of the 

phosphoryl oxygen.'*-̂  In Table XVII, the four types of 

compounds are compared as extractants of uranium (VI), 

Plutonium (IV), thorium, fission products, and acids.'*—L 

It should be noted that although uranium is extracted almost 

quantitatively by tributylphosphine oxide (Table XVII), othtr 

elements are also highly extracted. In fact, in spite of 

lower extraction coefxlclents, tributyl phosphate affords a 

better separation of uranium from thorium, plutonlum (IV), 

and fission products under the conditions listed In Table 

XVII than does tributylphosphine oxide. 

Tables XVIII^^^>^^° and XIX-22° ust the distribution co­

efficients of uranium and some associated elements for a number 

of neutral organophosphorus extraccants. Similar Information 

on other solvents may be found In papers by Burger,•^^ Healy 
l88 

and Kennedy, and in numerous ORNL reports. The latter have 

been summarized by Blake, et al.'^— and Brown, et alY V'^ ? 

The mechanism of extraction by neutral organophosphorus 
l88 

reagents appears to be similar to that of tributyl phosphate. ' 

302,goj PPQJ, nitrate systems, the extraction of uranium by 

tributyl phosphate and trloctylphosphine oxide is described 

fairly well by the equill'jrium reaction 

UOg"̂  + 2NO2" + 2S = U02(N02)2 (3)2. 

302 where S represents the solvent molecule.*— Extraction may 

be made by tributyl phosphate from chloride solution. Stronger 
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Table XVII. Comparison of the Ex t r ac t i ve Capac i t i e s of Various Types of Organophosphorus 
a 

Gompoundor-

Tributyl 
phosphate 

Dlbutyl 
butylphos-
phonate 

Butyl 
dlbutylphos-
phlnate 

Tributyl 
phosphlne 
oxide 

Extraction of UOp N03)2 

Nitric acid concentration 

OM 

U 
ext'd 

11 

55 

98.5 

99-7 

0.6M 

IT 
ext'd 

56 

97 

99-9 

99.9 

Acid 
ext'd 

4 

6 

15 

39 

3M 

U 
ext'd 

96.5 

99.4 

99.9 

99.9 

Acid 
ext'd 

8 

11 

14 

17 

Extraction of U. Pu, and Fission 
Products^ 1 

No added HNO, 

U 
VI) 

17.4 

64 

94 

99.9 

Pu 

& 

0,7 

1.13 

20 

97.3 

Gross 

?« 

0.01 

0.05 

1.9 

37 

Gross 

h 

0.01 

©.13 

7.9 

64 

Ex 
Th 

0.6M HND^ 

V 
(VI 

58 

97 

99.9 

999 

Pu 

6.6 

54 

98 

99.^ 

Gross 

?*) 

0.07 

0.72 

23 

72 

Gross 

U 

0.08 

1.0 

38 

77 

traction ol 

Th 
ext'd 

3.5 

18 

n 

98.7 

—After Hlgglns, Baldwin, and Ruth, reference 387. 

Experimental conditions: equal phase volumes equilibrated 30 minutes at 25 ± 0.2°C; organic 
phase - 0.75 M phosphorus compound dissolved In CGI4; aqueous phase - O.IM uranyl salt with 
or without saTtlng agent. 

— Aqueous phase - O.IM U02(N03)2 from dissolving Irradiated U slugs In HNOo - 6 months cooling. 

- Aqueous phase - O.IM Th(NO,)jj. 
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Tributyl 
phosphate 

Dlbutyl 
butylphos-
phonate 

Butyl 
dlbutyl-
phosphlnate 

Tributyl 
phosphlne 
oxide 

Extraction 
of U0?S04£ 

HpSOj, concen­
tration 

OM 

U 
ext'd 

0.001 

0.1 

16 

95 

2M 

U 
ext'd 

0.001 

0.03 

48 

96.8^ 

Extraction 
of UO2CI2 

HCl concen­
tration 

OM 

U 
ext'd 
(̂ ) 

0.3 

1 

40 

90 
some ppt. 
formed 

IM 

U 
ext'd 

0.8 

26 

92 

all pre­
cipitated 

f 
Extraction of acids— 

Id extracted 

Ace­
tic 

25 

49 

58 

Cit­
ric 

0 

20 

39 

Tar­
taric 

0 

20 

23 

HNO^ 

7 

27 

39 

HgSOj, 

0 

2 

0 

HgPO^ 

0 

3 

10 

HCl 

0 

0 

7 

— Aqueous phase - O.IM UOpSOj,; acid as indicated. 

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

— Aqueous phase - approximately IN acid. 



Table XVIII. Extraction of Actlnldes and Zirconium by Phosphates and Phosphonates at 30°C-»-

Solvent 

Trlalkyl phosphate— 
n-butyl 
Isobutyl 
n-amyl 
Iso-amyl 
n-hexyl 
n-octyl 
2-ethylhexyl 
2-butyl 
3-amyl 
3-methyl-2-butyl 
4-me thy1-2-amy1 
cyclohexyl 

f 
Dlalkyl alkylphosphonate— 

dl-n-butyl n-butyl 
dl-n-butyl cyclohexyl 
dl-n-amyl n-amyl 
dl-n-hexyl n-hexyl 
dl-2-ethylhexyl 2-ethyl­

hexyl 

Th 
. Extraction Coefficient 

Np(lV)- Pu(lV)-S- U(VI) Np(Vl)£ Pu(Vl)£ 

2.9 
2.4 
2.9 
4.2 
3.0 
2.4 
2.5 
0.45 
0.22 
0.18 
0.047 
3.5 

24 
17 
33 
26 

3.2 
2.7 
4.2 
4.7 
3.6 
3.4 
4.3 
4.9 
3.5 
3.0 
3.5 

16. 
11. 
15. 
17. 
15. 
15. 
25 
28 
18. 
24 
22 

1 
,8 
.6 
,8 
,6 
.3 

,1 

26 
22 
32 
34 
38 
33 
58 
42 
49 

11 
106 

92 
125 
133 
89 

15. 
15. 
19. 
18. 
20. 
15. 
23 
20 
22 
25 
24 

6 
9 
3 
9 
,0 
7 

3.5 
3.4 
4.1 
4.4 
4.5 
3.9 
5.7 
4.6 
5.0 
5.4 
4.9 

10.6 176 

Zr 

0.22 

0.12 
0.14 
0.14 
0.11 

0.64 

0.17 
0.14 
0.092 
0 . 0 7 Q £ 

0.12 

— After T. H. Slddall III, references 388 and 389. 

— Aqueous phase contained O.OIM ferrous sulfsmite. 

— Aqueous phase contained O.OIM NaNO„. 

— Aqueous phase contained O.OIM cerlc ammonium sulfate. 

— 1.09M trlalkyl phosphate In n-dodecane; extractants washed with IM NaOH, water, and nitric 
acldHsefore use; aqueous phase 3.0M HNO-, at equilibrium; tracer concentration of element. 

— 1.09M phosphonate In n-dodecane;aqueGus phase 0.8M HNO-. at equilibrium; tracer concentration 
of eTement. 

^ Ectrapolated value. 



exrractants may extract uranium from sulfate and phosphate 

solutions, especially if a small amount of nitrate is added 

to the solution. 

Tributyl phosphate (TBP) 

^aH£2yi_Gi*£^^S_IX5tS.2£i Investigations on the ex­

traction of metal nitrates by TBP indicate the cations are 

extracted as single, well-defined species: M(N0,),(TBP)2, 

M(N02)^(TBP)2, and M02(N03)2(TBP)2.^^^^-^^^'^^^'^^^'^^^ This 

differs from the extraction of ethers, esters, and other 

oxygen-containing solvents, considered previously, in which 

a whole series of complexes containing varying numbers of 

nitrate, solvate, amd water molecu'les is extracted. The 

stability of the TBP-solvate molecules increases in the order^^— 

H20(TBP) < Pu(N02)2(TBP)2 < Pa(N02)5(TBP)2 < HNO^CTBP), 

HN03(TBP)(H20) < Th(N02)^(TBP)2 < PU02(N02)2(TBP)2 < 

Pu(N02)4(TBP)2 < U02(N02)2(TBP)2. 

The unexpectedly large extraction of nitric acid, thorium, and 

zirconium at very high acid concentrations indicates higher 

complexes may be extracted.*ii 

The distribution of uranyl nitrate between TBP and water 

IB represented in figure 30.•221 The extraction coefficient 

of uranium is plotted as a function of acid concentration for 

various concentrations of TBP In figure 31.^22. The observed 

effects of (1) decreased a^ with Increased acid concentration 

and (2) Increased a^ with increased TBP concentration, may 

be explained on the basis of free solvent concentration. 

First, as the acid concentration Is increased, more nitric 

acid is extracted resulting in less free solvent. Second, 

more free solvent Is obviously available as a result of in­

creasing the solvent concentration. Since the partition 

coefficient of uranium depends upon the second power of the 

free solvent concentration, a^ will decrease in the first case 
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Table XIX. Extractive Power of Tributyl Phosphate, Alkyl Phosphonates, Dlphosphonates, and Phosphlne Oxides* 

Initial concentration of HNO,,N | 0.5 1 2 I 0.5 1 2 | 0.5 1 2 | 0.5 1 2 

Distribution ooefflolents 

S o l v e n t 

(C4HgO)3PO 

(C4HgO)gP-CH3 

( ^ - < ' 5 " l l ° > 2 ^ ; ° " 3 

(CgH^jOgP - CH3 

(C^Hj^OgP - CHg 

(CgH^^OJgP 9 CH3 

(CgH,gO)2P^° CH3 

( ' = i o " 2 i O ) 2 ' ; - -̂ Ha 

( = -'^6"llO)2V °"3 

(CgHgOgP^- CH3 

( S H 9 ° ) \ P ° - C H , 
(C6H,30) / ^ 3 

( C 4 " 9 ° ) \ P - C H , 
( C ^ H , 5 0 ) / ^̂  3 

( n - C 4 H 9 0 ) 2 P % 2 « 5 

( l - ° - . V > 2 \ - ° 2 " 5 

(C^HgOgP - °3H -̂n 

U 

0 . 6 8 1.42 

4 .50 1 0 . 3 5 

6 .95 2 1 . 1 0 

5.72 1 8 . t 5 

2 1 . 3 0 lor . i 

2 2 . 1 0 5 0 . 7 0 

2 7 . 6 0 32 .60 

6 .73 l i t . 6 5 

17 .45 4 4 . 1 0 
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— After Petrov, et al., reference 390. 

Organic Dpase - 0.5M phosphorus compound In CCl^. Initial aqueous phase - 50 g/1 U, 1 g/1 Pu(lV), 1 o/l Zr™ + Nb", 
1 c/1 Nb"', nitric acid as Indicated. Volume ratio (organic/aqueous), 2. Time of shaking and of settling, 30 minutes. 
Temperature, 20" t I'C. 
1 » IBO! c » oyclo. 
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Figure 30. 

The partition of uranyl nitrate between 100J6 TBP and water at 25''C. 

After T. Healy, J. Kennedy, Q. Waind, reference 394. 

and Increase in the second. The effect of uranium concentration 

on a is given also as a function of nitric acid concentration 

In figure 32.̂ *2_ The decreased extraction with increased 

uranium concentration may again be interpreted in terras of 

the solvent available. The pajr-titlon coefficients of other 

metal nitrates are also decreased, in general, by indreased 

uranium concentration. More efficient separation may there­

fore be achieved by Increased uranium loading of the solvent. 

For small amounts of uranium, a high uranium concentration may 

be attained In an organic phase suitable for handling by 
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Figure 31• The extraction of uranyl nitrate by various concentra­
tions of TBP in kerosene as a function of initial aqueous acid 
concentration. After T. Sato, reference 395. Conditions: Organic 
phase - volume % TBP in kerosene as indicated. Aqueous phase - 5 g. 
uranyl nitrate per liter, nitric acid concentration indicated. 
Temperature, 200C; Vo/Va, 1. 
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Figure 32. 

The effect of initial uranium concentration on the extraction 

of uranyl nitrate by 20 volume per cent TBP In CClj, as a 

function of initial aqueous nitric acid concentration. 

After R. L. Moore, reference 396. 

Conditions: 

Equal volumes of phases shaken In a water bath at 25°C. 

dilution of the solvent. Duncan and Holburt*2I have measured 

the distribution of uranium,Initially present In 1.2 to 1200 

micrograms per lite:; between 20$̂  TBP in kerosene and nitric 

acid solution. Although the results were somewhat erratic. 

It was generally shown that the partition coefficient Is nearly 

constant over this range of uranium concentrations. 
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The extractive capacity of TBP is affected considerably 

by the choice of diluent. Taube*2£ extracted U(VI), Np(IV), 

Np(Vl), and Pu(VI) from 5M HNO, aqueous solutions with O.15M 

rop dlBBolved in a number of solvents,Including benzene and 

chloroform. Larger extraction coefficients were obtained for 

all the elements tested with benzene rather than chloroform 

as diluent. In the case of uranium, the difference in a was 

greater than ten-fold. Little difference in extractive 

capacity was observed with TBP diluted by benzene or carbon 

tetrachloride. Similar results were obtained by Dlzdar, et 

al.'SSE Uranyl nitrate (O.OO38M) was extracted from 2M nitric 

acid solutions by various concentrations of TBP diluted with 

carbon tetrachloride, xylene, kerosene, hexane, dlbutyl ether, 

diethyl ether, and Isopropyl ether. The partition coefficient 

was found to Increase with increasing TBP concentration to a 

maximum for pure TBP. For carbon tetrachloride and xylene 

the maximum value was already attained at 40 mole per cent 

TBP. The other diluents are listed above in the approximate 

order In which they inhibit the extraction of uranium by TBP. 

Differences in a ,for various diluents, were found to become 

smaller with increased uranium concentration. Bruce^^ has 

found that the extraction of fission products is also affected 

by the choice of diluent. 

The extraction of uranium by TBP is considerably en­

hanced by the presence of salting-out agents In the aqueous 

phase. — - The results of Sato-t22. are given in Table XX 

and figure 33. 

The extraction of uranium by TBP decreases with increased 

ten5)erature '" 

Phosphate, sulfate, and fluoride ions reduce the extrac­

tion of uranium by TOP from nitrate media.—2 Uranium Is 

extracted from chloride solution but less efficiently than 

from nitrate solution. Silica causes poor phase separation 
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Table XX. Extraction of Uranyl Nitrate by TBP Using Various Nitrate 

Salting-out Agents.— 

Salting-out agent Percentage extracted 

(HN03) 

NHî NÔ  

LINO, 

NaNOj 

KNO, 

Cu(N03)2 

Mg(N03)2 

Ca(N02)2 

Zn(N03)2 

A1(N03)3 

Pe(N03)3 

OM HNO3 

2.96 

70.00 

73.05 

72.50 

65.00 

86.02 

84.35 

82.48 

79.75 

99.90 

99.80 

IM HNO3 

82.10 

92.30 

94.60 

93.00 

90.50 

97.50 

97.20 

96.60 

98.05 

99.60 

99.50 

3M HNO3 

95.52 

96.50 

97.50 

97.10 

96.00 

97.70 

97.50 

96.60 

98.10 

98.20 

98.20 

6M HNO3 

97.10 

97.40 

97.95 

97.80 

97.10 

99.00 

99.40 

97.50 

99.40 

99.50 

98.90 

- After T. Sato, reference 406. 

Organic phase - 19^ TBP In kerosene. 
Aqueous phase - 5 g/1 uranyl nitrate, IM salting-out agent, initial 
acid concentration indicated. 
Equal phase volumes shaken together for 30 minutes at 20°C. 

and the formation of emulsions. 

Uranium may be re-extracted from TBP by contact with 

sodium carbonate solution.—^ Ammonium sulfate, sodium sul­

fate, and urea solutions have been used satisfactorily.—^ 

Water or hydrogen peroxide is ineffective for TBP containing 
40Q considerable nitric acid.—-

The distribution of nitric acid between aqueous solution 

and 100^ TBP is demonstrated in figure Z^.-^=- The distri­

bution of various metal nitrates between TBP and nitrate 
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Figure 33. 

Effect of nitrate salting-out agents upon the extraction of 

uranyl nitrate at IM initial nitric acid concentration. 

After T. Sato, reference 406. 

Conditions: 

Organic phase - 195̂  TBP In kerosene. 
Aqueous phase - 5 s/1 uranyl nitrate, IM HNO,, salting-

out agent concentration indicated. -̂  
Equal phase volumes shaken together for 30 minutes at 

20°C. 
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Figure 34. 

The distribution of mineral acids between lOOjg TBP and aqueous 
solution at 25*C. 

After E. Hesford and H. A. C. McKay, reference 4l2. 

soluttons has been extensively Investigated. The extraction 

coefficients of some actinlde elements are plotted against 

aqueous nitric acid concentration in figures 35 and 36. ^ ~ 

Ishimorl and Nakaraura—^ have also measured the partition co­

efficients of Hf, Th, Pa, U(VI), Np(lV)(v)(Vl), and Pu(lV)(Vl) 

at various aqueous nitric acid concentrations. Figure 37 

represents the partition coefficient of several fission pro­

ducts as a function of the nitric acid concentration. 418-420 
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Figure 35- The partition coefficient of actinlde nitrates between 
19% TBP in kerosene and aqueous solution as a function of equili­
brium nitric acid concentration. •U (VI), D Np (VI), • Np (IV), 
APu (VI) at 200-23°C., after K. Alcock, G. F. Best, E. Hesford, 
H. A. C. McKay, reference 4l3. APu (IV), VPu (III), at 25°C. or 
20-23°C., after G. F. Best, H. A. C. McKay, P. R. Woodgate, ref­
erence 414. OTh (IV) at 25OC., after E. Hesford, H. A. C. McKay, 
D. Scarglll, reference 415. 
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Figure 36. 

The distribution of trlvalent actlnldes between 100^ TBP and 

aqueous solution as a function of equilibrium nitric acid 

concentration at 25°C. 

After G. F. Best, E. Hesford, and H. -A. C. McKay, reference 4l6. 

The extraction of rare earths, Y, Zr, Sc, Th,and Am by TBP 

from aqueous nitric acid solution has been Investigated by 
421 422 Peppard and co-workers. ' Iodine is extracted. It 

forms addition compounds with carbon-unsaturated compounds 

in the solvent. The extraction of iodine is minimized by 

keeping it in a reduced state and by careful selection of 

TBP diluents.-22— Ruthenium is also extracted by TBP. Its 

extraction may be reduced by increased solvent saturation with 

uranium, by digestion in a nitrate solution of very high ionic 
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Figure 37. The distribution of fission product elements between 
TBP of several concentrations and aqueous solution as a function of 
equilibrium nitric acid concentration. Zr, after K. Alcock, F. C. 
Bedford, W. H. Hardwick, and H. A. C. McKay, reference 4l8. Y, La, 
Ce, Eu, after D. Scarglll, K. Alcock, J. M. Fletcher, E. Hesford, 
and H. A. C. McKay, reference 419. Nb, after C. J. Hardy and 
D. Scarglll, reference 420. Conditions: Tracer, carrier-free or 
with less than 1 g/1 of carrier, used in all cases, 2r equilibra­
tions made at 20-23°C .; Nb,~20'=C.; 
with kerosene. 

all others at 25°C. TBP diluted 
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strength, or by treatment with a reducing agent.•22!2. Suslc 

42'̂  406 and Jellc-̂ =*'- and S a t o — have studied the TBP extraction of 

metal nitrates that may be used as salting-out agents. The 

order of extraction of 0.1 mg per ml concentrations of metal 

from 2N HNO, solutions by 20̂ 6 TBP/kerosene with no uranium 

present is Bl > Co > Cu > Fe > Zn > Cd > Pb.̂ -!21 The partition 

coefficient of bismuth under such conditions, with equal phase 

volumes, is about 0.1. The results of Sato—2H are listed in 

Table XXI. 

The partition of uranium and other metal nitrates be­

tween tributyl phosphate and aqueous solution is affected 

greatly by the presence of hydrolysis products in the organic 

Table XXI. 

"fetal nitrate 

Extraction of Metal Nitrates by TBP.— 

Percentage extracted 

OM HNO- IM HNO3 

LINO-

NaNO. 

KNO. 

Cu(N03)2 

Mg(N03)2 

Ca(N03)2 

Zn(N03)2 

0.050 

0.118 

0.005 

0.025 

0.064 

A1(N03)3 

Pe(N03)3 

0.004 

0.010 

0.003 

0.008 

- After T. Sato, reference 406. 

Aqueous phase - 5 g/1 uranyl nitrate and IM metal nitrate at initial 
nitric acid concentration indicated. ~ 
Organic phase - 195̂  TBP diluted in kerosene. 
Equal phase volunee shaken together for 30 minutes at 20''C. 
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phase, eg., mono- and dl-butyl phosphates. These products 

may be eliminated by washing or boiling the solvent with an 

alkaline solution. Two procedures for the removal of TBP 

iB̂ iurltles are given. 

itpii 
Procedure l--̂^̂ :̂ TBP is purified by boiling with a dilute 

caustic soda solution. Add 500 ml of 
0.45̂  NaOH solution to 100 ml of impure 
TBP. Distill at atmospheric pressure un­
til 200 ml of distillate have been collected. 
The remaining TBP is washed repeatedly with 
water. It msiy be dried by warming under 
vacuum. 

421 Procedure 2-=--: TBP is stirred with an equal volume of 
6M HCl at 60''C for 12 hours. The separated 
iS? is cooled to room temperature and 
scrubbed with two equal-volume portions 
of water, three equal volume portions of 
556 aqueous sodium carbonate solution, and 
three equal volume portions of water. The 
resultant TBP Is dried by heating to 30''C 
under reduced pressure. 

^SHS2H&_£^i2£i§*_KSt?52* Oranium is extracted from 

chloride solution as UQgClg • 2TBP although higher luranyl 
426-428 

Chloride complexes may also be extracted.^2=—^=^ The par-, 

tltion of uranium between TBP and aqueous hydrochloric acid 

solution Is shown in figures 38^^^'^^^ and 39.-^ The effect 

of uranium concentration on the distribution is given in 

figure 40;--t=2 the effect of TBP concentration, in figure 

4l.M6Jt2i j.^ Table XXII, the influence of salting-out 

agents on the extraction of uranyl chloride by 3056 TBP in 

dlbutyl ether is recorded.—2± jhe distribution of hydro­

chloric acid between TBP and aqueous solution is shown in 
4l? 

figure 34.•̂ =̂=- In figure 37. the partition coefficients of 

Pa, Th, Zr, and Sc are plotted as functions of aqueous HCl 
422 429 

eonoentratloD. ' '̂  In figure 39, the partition coefficients 

of Ni, Mn, Cu, Co, Zn, In, and Pe (III) are similarly plotted.•î S 

Ishimorl and Nakamura—^ have measured the partition coeffi­

cients of Hf, Th. Pa, U (VI), and Np (IV)(V)(VI) as functions 

of aqueous acid concentration. Gal and Ruvarac-*;— have similarly 
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Figure 38. The extraction coefficient of U, Pa, Th, Zr, and Sc 
between pre-equilibrated 100% TBP and aqueous hydrochloric acid 
at 22° + 2°C. 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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Figure 39. The extraction coefficients of U, In, 2n, Cu, Co, Pe, 
and Mn between pre-equilibrated 100̂ 6 TBP and aqueous HCl solution 
at 21 + 0.1°C. After H. Irving and D. N. Edglngton, reference 
430. Conditions: TBP and HCl pre-equilibrated by stirring equal 
volumes together for about 10 minutes. Tracer concentrations or 
about 0.02M U and Cu used. Equal volumes of pre-equilbrated phares 
stirred together about 5 minutes. 
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Figure 40. 

The distribution of UOgCl^ between 100% TBP and aqueous HCl 

solution as a function of uranium concentration of the aqueous 

phase. Curve 1 represents the partition with the equilibrium 

aqueous uranium concentration plotted as abscissa; curve 2, 

the partition with initial aqueous uranium concentration as 

abscissa. 

After A. S. Kertes, and M. Halpern, reference 428. 

Conditions: 

Constant HCl acid concentration of 8.83M; equal 
phase volumes equilibrated for 15 minutes at room 
temperature, 18" - 22°C. 
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Figure 41. Partition coefficient of uranium as a function of TBP 
concentration for various initial aqueous HCl concentrations. 
10.7M, 6.75M, and 1.02M HCl curves, after V. M. Vdovenko, A. A. 
Lipovskii, and S. A. Nikitina, reference 426. Conditions: TBP 
dissolved in benzene. Extraction made at room temperature using 
U233. 4.6M, 5.9M and 7.6M HCl curves, after V. B. Shevchenko, 
1. G. Slepchenko, V. S. Schmidt, and E. A. Nenarokomov, reference 
427. Conditions: TBP dissolved in CCI4. Equal phase volvrnies 
(10 ml) mixed together for 30 minutes and allowed to stand for 
12-15 hours, 

examined the partition coefficients of Pe (ll)(IIl), U (Vl), 

Cd (II), Sr (II). Zr (IV), Ce (ill), RJ (lV),and V (V). 

9̂iy£°yi_Ŝ rchlorate_s2sterns. The distribution of uranyl 

perchlorate between TBP and water at 25°C is shown in figure 

42.i^ 

as a function of the aqueous perchloric acid concentration 

Figure 43 gives the partition coefficient of uranium 

169 
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4̂ 2 Shevchenko et al.-"^- have studied the extraction of uranyl 

perchlorate in the presence of HClOĵ , LiClOĵ , and NaClO^. 

The salting-out capacity of these salts increases in the order 

listed. The choice of TBP diluent also affects the extraction 

of uranyl perchlorate. Prom an aqueous solution of O.O65M 

HC10|̂  and IM NaClO^, the extraction of uranium by 2.20M TBP 

was found to decrease in the following order of diluents:-"^ 

Isoaunyl acetate > n-butyl acetate > isoamyl alcohol > 
toluene > xylene > benzene > carbon tetrachloride. 

The distribution of perchloric acid between TBP and aqueous 
412 solution is given in figure 34. The partition coefficients 

of Th, Zn, Pm, Y, and Ce are plotted against aqueous per­

chloric acid concentration in figure 44.—*i Ishimorl and 

Tible XXII. Effect of Salting-out Agents on the Extraction 

of Uranyl Chloride by TBP.-

Salting-out agent 

NaCl, sat'd 

KCl, sat'd 

NHĵ Cl, 5M 

LiCl, 5M 

HCl, 5M 

0 

2 

0. 

0, 

0 

17 

5. 

11, 

% 

.03 

.85 

.38 

.71 

.90 

,6 

.06 

.7 

CaCl2, 2.5M 

MgClg, 2.5M 

AlCl,, I.67M 23.8 

— After Gal and Ruvarrc, reference 431. 

Initial composition of organic phase - 305̂  (v/v) 
TBP in dlbutyl ether, sat'd with 1.225M HCl. 

Initial composition of aqueous phase - 1.225M HCl, 
O.IM UOpClp, salting-out agent at concentration 
indicatSd,'̂  
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Figure 42. 

The partition of uranyl perchlorate between 100̂ 6 TBP and 

water at 25''C. 

After E. Heaford and H. A. C. McKay, reference I69. 

10 

Nakamura—-i have studied the extraction of Pa, and Np (IV) 

(V) (VI) by TBP as a function of perchlorate concentration. 

A5ueous_sulfate_systems^ Sulfate ion is norm?.lly con­

sidered an interfering ion in the extraction of uranium from 

aqueous solution by TBP. Veereswararao,-̂ *-̂  however, found 

that significant amounts of uranium may be extracted from 

sulfuric acid solution and that the extraction is increastd 

as the acid concentration is Increased (figure 45) 434 
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[HCIQ4]aq. B ' 
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Figure 43. 

The extraction coefficient of trace amounts of uranium between 

100^ TBP and aqueous solution as a function of equilibrium 

aqueous HCIÔ , concentration. 25°C. 

After E. Hesford and H. A. C. McKay, reference I69. 
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Figure 44. The distribution of Th, Pm, Ce, Zr, and Y between 100^ 
TBP and aqueous solution as a function of initial eqailibrium aque­
ous HCIO4 concentration. After S. Sieklerski, reference 433. Con­
ditions: Equal phase voltunes (15 nil) shaken together for about 20 
minutes at 2l0_250c. 
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Figure 45. 

The partition coefficient of uranium between 30^ TBP (v/v) 

in kerosene and aqueous solution as a function of equilibrium 

aqueous HpSÔ , concentration. 

After U. Veereswararao, reference 434. 

Conditions: 
Equal phase volumes (10 ml) equilibrated by shaking 

for 5 minutes at 18° ± 1°C. 

The presence of sodium chloride in sulfuric acid solution 

augments the extraction of uranium by TBP.-^ Molybdenum 

and iron (III) are well extracted from such solutions. 

Vanadium and iron (II) are poorly extracted compared to 

434 
The distribution of sulfuric acid between 

412 
uranium. 

TBP and aqueous solution is represented in figure 34. 

^9yS2y5_5{}i22ZiD5*2_S2iySi°5i Petrow and Marenburg—^ 

have studied the effect of thiocyanate ion on the extraction 

of uranium from sulfate liquors by TBP. From an aqueous 

solution containing 1.5 g/1 of U^Og as uranyl sulfate and 
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2.1 g/1 total sulfate concentration at pH 1.5, the partition 

coefficient of uranium varied from 3.5 to 100 as the thio­

cyanate to uranyl molar ratio was increased from 2 to 6. 

Twenty per cent TBP dissolved in kerosene was used as ex-

tractant. The partition coefficient, a , increases with 

increased TBP concentration, increases with increased pH, 

and decreases with increased sulfate concentration. Vanadium 

and iron (III) are appreciably extracted by TBP from thio­

cyanate solutions. Copper, titanium, cobalt are weakly 

extracted. Iron (ll), cadmium, nralybdenum, magnesium and 

aluminum are essentially not extracted. Phosphate ion may 

cause the precipitation of uranium or complex formation when 

present in large amounts. Okada, et al.—^ report the ex­

traction of uranium by TBP, mes'ityl oxide, and methyl ethyl 

ketone from phosphoric acid solutions having 20 times as much 

ammonium thiocyanate as uranium. 

Tri-n-octylphosphine oxide (TOPO) 

Much of the work on this solvent has been reported by 

White and co-workers.~2I^^ Uranium is extracted by TOPO 

from nitrate and chloride solutions and to a smaller extent 

from sulfate and perchlorate solutions. It is essentially not 
441 extracted from phosphate solutions.—=• The extraction of U, 

Th, Bl, Mo, Zn, and Or by O.IM TOPO from aqueous solutions 

is given as a function of nitric acid concentration in figure 

46; as a function of hydrochloric acid concentration in 

figure 47. •' Iron and titanium extraction curves are 

also included in figure 47. The extraction of over 40 ions 

by O.IM TOPO from hydrochloric, sulfuric, perchloric, and 

nitric acid solutions is qualitatively indicated in Table 

XXIII.-̂ 22. The extraction of mineral acids by O.IM TOPO as 
441 a function of acid concentration is given in figure 48.—=• 

Uranium may be stripped from TOPO solutions by contact 
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Figure 46. 

Extraction of some metal ions by O.IM trl-n-octylphosphine 

oxide from nitric acid solutions. 

After J. C. White, references 440 and 441. 
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Figure 47. 

Extraction of metal ions by O.IM tri-n-octylphosphlne oxide 

from hydrochloric acid solutions. 

After J. C. White, references 440 and 441. 
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Table XXIII. Extraction of Ions from Acid Solutions with O.IM TOPO in 

Cyclohexane.— 

Ion HCl ^2^°4 HCIÔ ^ HNO. 

Ai-3 

Sb+3 

As*5 

Ba+2 

Be"*"̂  

Bl+3 

B*3 
Cd*2 

Ca+2 

Ce+3 

Cr-^ 

Co*^ 

Cu"*"̂  

Dy*3 

Er+3 

Eu+3 

Qd+3 

Oa+3 

ae^ 
AU+ 

Hf*^ 

Ho+3 

In+3 

Pe+3 

La+3 

Pb+2 

Mg+2 

H6*2 

Mo+^ 

- "m 
N 

P 

N 

N 

N 

P 

N 

P 

N 

N 

E 

N 

N 

N' 

N 

N 

N 

N 

? 

£ 

E 

N 

P 

E 

N 

-

N 

P 

E 

7M 
N 

E 

N 

N 

N 

N 

N 

P 

N 

N 

E 

N 

P 

N 

N 

N 

N 

£ 

P 

£ 

E 

N 

P 

E 

N 

-

N 

N 

E 

UJ 
N 

E 

P 

-

N 

E 

-

N 

-

N 

E 

N 

N 

N 

N 

N 

N 

N 

9 

E 

£ 

N 

£ 

N 

N 

-

-

P 

E 

llJl 

N 

£ 

N 

-

N 

? 

-

? 

-

N 

£ 

N 

N 

N 

N 

N 

N 

£ 

P 

£ 

? 

N 

£ 

N 

N 

-

-

0 

E 

IM 
N 

P 

P 

N 

P 

P 

N 

£ 

N 

N 

£ 

N 

N 

N 

N 

N 

N 

N 

? 

E 

E 

N 

P 

N 

N 

N 

N 

N 

E 

7M 
N 

£ 

P 

N 
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N 
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N 

N 

N 

N 

P 

154 



Table XXIII.-Continued. 

Ion HCl HgSÔ ^ HCIO^ HNO 

Nd+3 

Ni"^^ 

Pd+2 

Pf^2 

Pr-̂ 3 

Ru*2 

Sm+3 

Ag* 

Sr-̂ 2 

Tb+3 

Th+^ 

Tm+3 

Sn-̂ ^ 

Ti+4 

U ^ 

V*^ 

Yb+3 

Y-̂ 3 

Zn+2 

Zr*^ 

IM 

N 

N 

N 

P 

N 

N 

N 

-

N 

. N 

-

N 

E 

N 

E 

N 

N 

N 

P 

E 

7M 

N 

N 

N 

P 

N 

N 

N 

-

N 

N 

-

N 

E 

E 

E 

E 

N 

N 

P 

E 

IM 

N 

N 

N 

P 

N 

N 

N 

-

-

N 

-

N 

E 

P 

E 

N 

N 

N 

N 

E 

Ilk 

N 

N 

N 

N 

N 

r; 

N 

-

-

N 

-

N 

E 

E 

E 

N 

N 

? 

N 

E 

IM 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

7 

N 

E 

P 

E 

N 

N 

N 

N 

E 

7M 

N 

N 

N 

N 

N 

? 

N 

N 

N 

N 

? 

N 
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E 

E 

N 

N 

N 

N 

E 

IM 

N 

N 

N « 

N 

N 

N 

N 

N 

N 

N 

P 

N 
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P 

E 

N 

N 

N 

N 

E 

" T B 

N 

iv 

iv 

N 

la 

Iv 

IJ" 

N 

N 

N 

P 

N 

E 

P 

E 

N 

K 

N 

N 

E 

E = complete extraction P = partial extraction N = no extraction 

- After J. C. White, reference 438. 

Equal phase volumes equilibrated 10 minutes. 
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Figure 48. 

Extraction of mineral acids by tri-n-octylphosphine oxide. 

After J. C, White, reference 441. 

Conditions: 

Aqueous phases - acid solution of indicated molarity. 
Organic phase - 10 ml of O.IM TOPO in cyclohexane. 

V^a - 1-
with acid (HP, HoPOj^, or concentrated (NH|ĵ )2S0̂  solutions 

at pH 2), hydroxide (NaOH or NH^OH), or carbonate [(NH^)2C0g 

or NapCC ] solutions.—^ Sodium carbonate is the most 

effective stripping agent. 

Tetraphenylphosphonium chloride (TPPC) 

A recent study has been reported in which uranium was 

extracted into chloroform as the tetraphenylphosphonium uranyl 
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tribenzoate complex. Uranyl ion was converted to an anionic 

form by benzoic acid. Tetraphenylphosphonium chloride was used 

as extractant. The extraction of uranium was found to depend 

upon pH, TPPC concentration, and uranium concentration. At 

~pH 3-9» the extraction of uranium was nearly quantitative. 

The partition coefficient, a , was increased with increased 

TPPC concentration and was decreased with increased uranium 

concentration. The decrease in a with increased uranium 

concentration was observed with a constant uranium-to-TPPC 

molar ratio. At 25''C. and pH 5.2, zinc, zirconium (niobium), 

and ruthenium were appreciably extracted (-10-20$̂  compared 

to 100^ for uranium). The extraction of zinc and zirconium 

may be depressed by the use of a complexing agent, EDTA, in 

solution. 

ACIDIC ORGANOPHOSPHORUS COMPOUNDS 

Uranium is efficiently extracted by acidic organo-

phosphorus compounds which include di- and mono- alkylphosphoric 

acids, (H0)(R0)2P-» 0 and (H0)2(R0)P-» 0; dialkylphosphinic 

acids, (H0)R2P-» Oj alkylphosphonic acids, (H0)2RP-» 0; and 

dialkylpyrophosphoric acids, HgRgPo^y* The latter acids are 

discussed separately. 

Table XXIV compares the extractive capacities of several 

dialkylphosphoric, dialkylphosphinic, and monoalkylphosphoric 

acids for uranium.-^2— jhe ability to extract uranium, within 

ft given class, appears to decrease with increased branching 

of the alkyl chain near the phosphate group. The acidity of 

the reagent decreases roughly in the same order.'*-— Where 

comparisons cam be made for the same alkyl group between classes 

of reagent, the extraction coefficient of uranium Increases in 

the order 

dialkylphosphoric acid < dialkylphosphinic acid < 
monoalkylphosphoric acid. 

The choice of diluent affects the extraction of uranium. For 
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Table XXIV. Extraction of Uranium by Acidic Organophosphorus 
Reagents.— 

Reagent 

Dialkylphosphoric acids 

n-ootyl 
3* 5» 5-trimethylhexyl 
2-ethylhexyl 
2-ethyl-4-methylpentyl 
2-propyl-4-methylpentyl 
octyl-2 
dlisobutylmethyl 

Dialkylphosphinic acids 

7-phenyIpropy1 
phenyl-2-ethylhexyl 
n-decyl 
n-octyl 
3*5,5-trimethylhexyl 
2-ethylhexyl 

Monoalkylphosphoric acids 

n-ootyl 
3,5,5-trimethylhexyl 
&-ethylhexyl 
dlisobutylmethyl 
2,6,8-trlmethyluonyl-4 
l-isobutyl-4-ethyloctyl 
3,9-diethyltridecanol-6 

Carbon tetrachloride 

90 
40 
17 
_ 
-
11 
2 

300 
300 
180 
160 
120 
30 

580 
>1000 
>1000 
450 
-
-
-

Kerosene 

450 
260 
135 
90 
60 
-
10 

-
-
-
-
— 

(>1000} 
(>1000) 

-
650 
600 
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 SO^", pH 1, 0.004M U(VI) initially. 

Organic phase: O.IM reagent in solvent indicated. 

Temperature, 25"C; V^V^, 1. 

dialkylphosphoric and dialkylphosphinic acids, a generally 

increases as the dielectric constant of the solvent increases.-̂ —̂ 

For monoalkylphosphoric acids, a reverse trend is indicated.̂ 2_£ 

The mechanism of extraction of uranium by dialkylphos­

phoric acids has been studied by vairious groups.-^'^ ?">j ^>—L 

At low uranium concentrations, the extraction mechanism appears 

to be consistent with the reaction 

Uol"*" aq + 2(HDAP) erg = UOgCDAP) erg + 2H'*" aq, 

where HDAP represents a dialkylphosphoric acid. However, in 
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organic solvents, dialkylphosphoric acids are largely asso­

ciated as dimers.-î t̂î SiiitS On this basis, the reaction 

U0|'*' xq + 2(HDAP)2 :>xig = U02(DAP)2(HDAP)2 org + 2H"̂  (1) 

is indicated.i^HiiSz The number of dialkylphosphate groups 

associated with the uranyl ion in equation (l) may be accounted 

for by a chelate structure ^ '^ •" 

P2R2 

uo; 
2+ 0 

0 0-
p ^ 

O2R2 

At higher uranium concentrations, isoplestic and viscosity 

measurements indicate that polymeric uranyl-dialkylphosphate 

chains are formed.--2-

The extraction coefficient of uranium by dibutylphosphorlc 

acid, HDBP, is given in figure 49 as a function of nitric 

acid concentration.-iSP- The shape of the curve has been 

explained by Healy and Kennedy in the following manner: 188 

The initial decrease in 0^ between O.IM and 3M 
HNOo is expected on the basis of hydrogen ion"" 
replacement by U0§+ ion. However, for Oy greater 
than 10 not enou^ HDBP is present in the organic 
phase to give the monomerlc species UOg (DBP)2(HDBP)2 
demanded by equation (l). In this region, the ex­
traction mechanism is likely to be governed by the 
reaction 

xU0|"̂  aq + (x+l)(HDBP)2 org = [U02(DBP)2]x2HDBP org + 2XH''" aq. 

The shape of the extraction curve from 3M to lOM 
lQfO-3. is similar to that obtained with TBT and 
Indicates a change in extraction mechanism. The 
likely reaction is 

uo: 2+ 2"̂  aq + 2NO2 aq + (HDBP)2 org = U02(N02)22HDBP org. 

The decrease in a^ above 7M HNO3 is probably due 
to the competing reaction 

(HDBP)2 org + 2HNO2 aq = 2HDBP • HNO- org. 

It is likely that mechanisms (2) and/or (3) also 
occur to some extent at high acid concentrations. 

(3) 

(4) 
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The extraction mechanism of dialkylphosphinic acids is 

expected to be similar to that of dialkylphosphoric acids. 

The former are often found as dimers in organic solvents 

and the partition coefficient of uranium, a , exhibits a 

power dependence on extractant concentration at low uranium 

levels similar to that of dialkylphosphoric acids.-î — Mono­

alkylphosphoric and monoalkylphosphonlc acids have been found 
•300 liliQ 

in larger polymeric aggregates .•=îi=-' Partition coefficients 

for these extractants exhibit first to second power depen­

dencies on extractant concentration.-*— 

Interference to uranium extraction by anions increases 

in the order ClÔ "̂ < Cl" < SO^" < Po|" . 

Stripping is essentially the inverse process of extraction. 

Uranium may be stripped from dialkylphosphoric acids by con­

tact with hydrofluoric^ sulfuric, phosphoric,or even hydrochloric 

acids. The stripping efficiency is generally Increased with 
44 Q increased acid concentration.—^ Ammonium or sodium cau?bonate 

stripping is efficient .-i-^ 
•» 

Synergism. In a search for reagents to modify kerosene as 
^# 

the diluent for dialkylphosphoric acids, it was discovered 

that neutral organophosphorus compounds provided a synergistic 

enhancement of the uranium partition coefficient. The en­

hancement is increased in the following order of neutral 

reagent: 

trialkylphosphate < alkyl dialkylphosphonate < dialkyl al-
kylphosphinate < trialkylphosphine oxide. 

Table XXV lists a^ for several synergistic systems.-SSs. The 

reason for the enhanced paurtition coefficient, a , has been 

• Co-operative action of discrete agencies such that the total 
effect is greater than the sum of the two effects taken in­
dependently. 
••Kerosene is modified to prevent separation of a dialkylphosphate 
salt as a separate phase when alkaline stripping xs UBCU. Long 
chain alcohols have been used as chemical modifiers. These, 
however, depress the extraction coefficient of uranium and 
other metals. 
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Figure 49. 

Variation of a^ with nitric acid concentrations for 0.14M 

dibutylphosphorlc acid in benzene using 20 ml organic phase, 

and 50 ml aujueous phase, and an initial uranium concentration 

of O.OI8M. 

After T. V. Healy and J. Kennedy, reference I88. 

explained on the basis of (l) the addition of neutral reagent 

to tiie uranyl-dialkylphosphate complex through hydrogen, bond­

ing--̂ —̂  or of (2) eliminating the need of monomerizing a mole 

of dimeric extractant 450 in the extraction mechanism (see 

equation (1)). A recent study of the synergistic system, 

thenoyltrifluoroacetone-neutral organophosphorus compound, 

indicates that more Investigation is necessary for a more 

precise explanation of synergistic effects.—2- Much of the 

work done on synergistic systems involving dialkylphosphoric 

acids is summarized in reference 452. 
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Table XXV. Synergistic Enhancement of Uranium Extraction Coefficient.-

'̂u 

Organophosphorus reagent i 

Dl(2-ethylhexyl) phOBphorlo 
acid (D2EHPA) 

Phosphates 
trl-n-butyl 
trl-2-ethylhexyl 

Phosphonates 
dl-n-butyl n-butyl 
di-n-anorl n-amyl 
di-n-hexyl n-hexyl 
di-2-ethylhexyl 2-ethylhexyl 

Fhosphinates 
n-butyl dl-n-butyl 
n-butyl dl-n-hexyl 

Phosphine oxides 
trl-n-butyl 
tri-n-octyl 
trl-2-ethylhexyl 

3onc.,M 

0.1 

0.1 
0.1 

0.1 
0.1 
0.1 
0.1 

0.1 
0.1 

0.05 
0.1 
0.1 

Reagent 
Alone 

135 

0.0002 
0.0002 

0.0002 
0.0003 
0.0004 
0,0002 

0.002 
0.002 

0.0025 
0.06 
0.02 

In synergistic 
combination with 
O.IM reEHPA 

-

470 
270 

1700 
2000 
2200 
870 

3500 
3500 

7000 
3500 
650 

After C. A. Blailce, Jr., C. F. Baes, Jr., K. B. Brown, C. F. Coleman, 
J. C. White, reference 302. 

Aqueous phase: D.5M SO?', pH 1, 0.004M U(VI) initially. 
Organic phase: Reagents in kerosene diluent. 
Temperature, 25''C.j V^^^, 1. 

DI(2-ethylhexyl) phosphoric acid (D2EHPA, HDEHP) 

This reagent may also be known by a less descriptive 

naune, dloctylphosphate (DOF). The extraction of uranium by 

D2EHPA is reviewed in reference 453. The effect of acid 

concentration on the extraction of uranium by D2EHPA is 

shown in figure 50.-^ The uramium extraction curve for 

D2EHPA from nitric acid is similar in shape, for the few 

points given, to that for dibutylphosphorlc acid given in 

figure 49. Figure 51 illustrates the effect of nitrate ion 

on the extraction of uranium by D2EHPA.-^ The presence of 

a small amount of nitrate in an aqueous sulfate solution in­

creases the extraction of uranium significantly. An Increase 

in temperature causes a decrease in uranium extraction .153 
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Figure 50. Extraction of uranixun by di(2-ethylhexyl) phosphoric 
acid in kerosene from mineral acid solutions. After C. A. Blake, 
K. B. Brown, and C. P. Coleman, reference 453. Conditions: 
Organic phase - O.IM D2EHPA in kerosene, 2% (w/v) 2-ethylhexanol. 
Aqueous phase - 1 ĝ /1 for all acid solutions except H3PO4 in 
which case the U concentration was 100 ppm. Agitation time - 2 
minutes. Vo/Va = 1 for all acids but HNO3 in which VnAa = 2. 
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Figure 51. The effect of nitrate ion on the extraction of uranium 
by di(2-ethylhexyl) phosphoric acid. Curve 1 - initial pH = 1.5 -
1.85; Curve 2 - initial pH = 0.5 - 0.75- Conditions: O.OIM D2EHPA 
in kerosene (1.3% 2-ethylhexanol), 1 g U/1 in aqueous phase, Vo/Va 
2, 2 min. contact time. Curve 3 - 0.5M SO4, pH = 1.2. Conditions: 
0.05M D2EHPA in CCI4, 1 g U/1 in aqueous phase, Vo/Va = 1, 20 min. 
contact time. After C. A. Blake, K. B. Brown, and'C. F. Coleman, 
reference 453. 

The effect of diluent on a^ is given in Table XXVI .-^ The 

enhanced extraction of uranium by D2HPA in synergistic com­

bination with neutral organophosphorus reagents has already 

been noted (Table XXV).-̂ SR The extent to which other ions 

are extracted is indicated qualitatively in Tables XXVII and 

XXVIII.i^ 
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Table XXVI. Choice of Diluent with Di(2-ethylhexyl) 

Phosphoric Acid.— 

Diluent Oy 

Kerosene 135 

Hexane 110 

Carbon tetrachloride 20 

Isopropyl ether 17 

Benzene 13 

Chloroform 3 

2-Ethylhexanol 0.1 

Octanol-2 (capryl alcohol) 0.08 

— After C. A. Blake, K. B. Brown, and C. F. Coleman, reference 

^53. 

O.IM D2EHPA, 0.004M U (VI), 0.5M S0§", pH = 1.1, 
v / v = 1, SLgltatlon time = 10 min. (wrist-action shaker). 

Dialkylpyrophosphoric acids 

Dialkylpjrrophosphoric acids are used in the recovery of 

uranium from low-grade phosphate ores. Much of the work that 

has been reported in project literature has been summarized 

by Ellis,-^ by Long, Ellis, and Bailes,-2H and by Brown and 

Coleman.^2. The acids are prepared Just prior to use by 

adding alcohol to a slurry of P2OC ir̂  kerosene with stirring 

and cooling. A concentration of about 0.1 g PpOc per ml -of 

kero&ene is op-cimum. ••' A 2:1 mole ratio of alcohol :P20c-

is used to form the dialkylpyrophosphoric acid. A 3:1 mole 

ratio should give about equal mole quantities of mono- and 

dl-alkyl orthophosphoric acids.-^^- The reactions aj-e com­

plex and mixtures of various phosphoric acids are formed. 

With pyrophosphoric acids, uranium extraction increases 

with carbon chain length from butyl to octyl.-^ Nonyl and 
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Table XXVII. Extraction of Metal Ions from Acidic Solutions with 

O.IM Di(2-ethylhexyl) Phosphoric Acid in Cyclohexane.— 

Metal Sodium Chloride (IM) Ammonium Sulfate (IM) Sodium Nltrat© 

•'•°" pH 0 pH 0.5 pH 1.5 pH 1.5 ^'^^ 
pH 1.5 

Al"'"̂  _ _ N N N 
As*^ _ _ N N N 
Ba*^ - - N - N 
Be"*"̂  P P P P P 
B'^^ _ _ N - N 

Cd"*"̂  - - N N N 

Ca"*"̂  - - N - N 
CJ,+6 P P P P P 

Co*^ - _ N N N 

Cu*^ - - N N N 

Qa*3 _ _ N N N 

Au"*" _ . N N N 

Hf*^ E E E E E 
In"*"̂  N N P P P 

E 
N 

P 
N 

E 
N 

P 
N 

pg+3 p p p p P 

La"*"̂  N N N N N 
Mg+2 _ _ N - N 

Hg*^ _ _ N N N 

Mo* E E E E E 

Nl"*"̂  - _ N N N 

Pd*"^ _ _ N N N 

Pt"*"̂  - - N N N 

Ru"*"̂  - - N N N 

Sr*^ _ - N - N 

Th"*^ E E E E E 
Sn*^ E E P N E 
Tl"*"̂  E E E E E 
U"*̂  E E S E E 

E 
E 
E 

E 
N 
N 
N 
E 

E 
E 
E 
E 
E 
N 
N 
E 

y"'"3 N E £ E E 

V*^ N N P E P 

Zn*^ N N P N P 
Zr"*^ E E E E E 

E = complete extraction, P = partial extraction, N = no extraction, 
- = no test was conducted. 

- After W. J. Ross and J. C. White, reference 454. 

Aqueous phase: 1-2 mg of ion, saLlt at concentration indicated, 
pH indicated. 
Organic phase: O.IM D2HPA in cyclohexane. 5 ml portions of each 
phause shaken togetEer for one hour. 
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Table XXVIII. Extraction of Rare Earths from Chloride Solutions 

with Dl(2-ethylhexyl) Phosphoric Acid in Cyclohexane.— 

Ion 

Y-̂ 3 

La+3 

Ce+3 

Pr+3 

Nd+3 

Sm+3 

Eu+3 
Od+3 

Tb+3 

Dy*3 

Ho+3 

Er+3 

Tm+3 

yb+3 

PH 1.9 

£ 
N 
P 
P 
£ 
E 
£ 
£ 
£ 
£ 
E 
£ 
E 
£ 

E " complete 

pH 

• 

1.0 

E 
N 
N 
N 
N 
N 
E 
E 
E 
E 
E 
E 
E 
£ 

extraction, 

M 

, P 

1. 

E 
N 
N 
N 
P 
P 
E 
E 
£ 
£ 
E 
£ 
£ 
E 

m 

0^ 

pari 

pH q.^ 

E 
N 
N 
N 
N 
N 
P 
P 
E 
E 
E 

. E 

£ 
E 

PH 0. 

P 
N 
N 
N 
N 
N 
N 
N 
£ 
£ 
£ 
E 
£ 
E 

tlal extraction. 

P^ 

N = 

pH 0 

N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

• P 

P 

no extraction 

— After W. J. Ross and J. C. White, reference 454. 

Aqueous phase: standard.Bolution of_2 mg/ml Ce"'"3; 
1 mg/ml Pr+3 Nd+3 Sm+-5 Dy+-5 Ho+3: 0.5 mg/ml Tb*-^j 
0.2 mg/ml Y+S, La+3, Eu+S, Qd+S, Er+3; o.l mg/ml Yb+r j 

1 ml of standard solution, 1 ml 5M NaCl, NaOH or HCl to 
give desired pH In 5 nil of solution. 

Organic phase: 5 ml of O.IM D2EHPA in cyclohexane extraction 
ror 1 hour. 

- Without NaCl. 

decyl give about the same extraction as octyl.-2^ No appre­

ciable difference in extracting ability was observed between 

pyrophosphoric adds prepared with octanol-1 or octanol-2. ^ 

Most of the studies hav̂ e been made with octylpyrophosphorlc 

acid (OPPA). Pyrophosphoric acids deteriorate fairly rapidly 

with time at room temperature. At elevated temperatures, 

the rate of deterioration is even greater. Contact with 

mineral acid causes pyrophosphoric acids to hydrolyze to 

orthophosphoric acids. The rate of hydrolysis is slower 

with basic solutions.-^S. 
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Kerosene is a satisfactory diluent for OPPA.-^- The 

acid is used in 1-10^ concentration. 

The partition coefficient of uranium, a , is considera­

bly higher with OPPA than with the corresponding mixture of 

orthophosphoric acids, OPA. The partition coefficient is a 

function of the oxidation potential of the acid. With OPPA, 

satisfactory uranium recovery can be made if the e.m.f. is 

-O.250 volts or greater.—22 Reduction of the acid increases 

the extraction of uranium considerably. At zero to +100 

volts a is about twenty times that at -300 to -200 volts.-̂ '̂  

The extraction of iron is decreased in reduced solution, i.e. 

'Ve(ll) < °Pe(lII)-

Uranium is stripped from the organic solvent by precipi­

tation as uranous fluoride. 

Several papers have recently appeared In open literature 

publications concerning the extraction of uranium by pyro-

phosphorlc acids. Zangen—21- has shown that OPPA prepared by 

the alcoholysis of PpOr is a mixture of several components. 

OPPA prepared in this manner was found to be more effective in 

the extraction of uranium than pure dioctylphosphorlc acid by 

two orrter-s of magnitude. The pure acid was prepared by syn­

thesis, starting from POClo. 

In an effort to determine the uranium species extracted 

by OPPA, Grdenic and Korpaj>-^ have Isolated the species 

U(0ct2P20y)2' The species, however, was Insoluble In ligroln, 

the OPPA diluent. It was soluble in ligroln containing OPPA 

in a ratio of one mole of U(IV)-salt and 2 moles of OPPA. 

This indicates uCOctgHPgO.);^ is the extractable species. The 

same formula was obtained by determination of the uranium 

content in a saturated ligroln phase. 

Habashi-^ has investigated the extraction of uranium 

and other metals by OPPA from phosphoric acid solutions. 

Uranium (Vl) was found to be more highly extracted than uranium 
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(IV). This is surprising in view of the Increased extraction 

of uranium from reduced acid solution mentioned previously. 

Also, cerium (III) was found to extract more readily than 

cerium (IV). The partition coefficients of several metal Ions 

are given for various phosphoric acid concentrations In Table 

XXIX. The partition coefficients decrease with H,POjj^ concen­

tration for all the metal ions tested except cerium. The 

extraction coefficients of both cerium (IV) and (III) pass 

through maxima In the region of 4M H-,POj,. The partition 

coefficient of iiranium is decreased by increased initial 

uranium concentration. The addition of Na^POj, to the solution 

causes a tc Increase greatly—apparently by decreasing the 

hydrogen ion concentration In the aqueous phase. Fluoride 

ion Interferes most seriously with the extraction of uranium 

by OPPA. 

Zangen has studied the extraction of uranium (IV) 

from phosphoric acid by dl-{2-butyloctyl) pyrophosphate, BOPPA. 

AMINES AND QUATERNARY AMMONIUM SALTS. A large number of 

amines, quaternary ammonium salts, aind other organonitrogen 

compounds have been Investigated as possible extractants of 
461-46'^ uranium. =̂  The physloaJ. chemistry of uranium extraction 

464-468 by amines has been studied by McDowell, Baes, and Allen 

and Bolre.—"' •' Much of the above work has been summarized 
•204 471 

by Coleman, et al.-^— More recently, Moore-^-i— has reviewed 

the extraction of a large number of elements, including 

uranium, by amines. 

The reactions involved in the extraction of uranium by 

•504 

amines have been reviewed by Coleman, et al.-^— Organic solu­

tions of amines extract acids from aqueous solution to form 

alkylammonlum salts 

RoN org + HX aq ̂  R-NHX org. (5) 

The amine salt in the organic phase can exchange its ion for 

another in the aqueous phase 
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Table XXIX. Partition Coefriclents or Several Metal Ions 

Between OPPA and Ĥ POĵ .̂--

lon^ 
Pai'tition coefficient 

H3PO4 concentration 
2M 4M 6M 8 M 

190 

18.6 

24 

18 

1 

2 

5 

7 

46 

14.2 

23 

8 

< 1 

0.8 

8 

22 

23 

13.5 

18 

5 

< 1 

0 .1 

3 

4 

20 

13 

1 

2 

U(VI) 

u(iv) 

Th(lV) 

Pe(IIl) 

Pe(II) 

v(iv)-£-

Ce(IV) 

Ce(lll) 

- After P. Habashl, reference 459. 

The coefficients, with the exception of ^•^(•pT), were 
determined from figures which appear in reference 459. 

- 0.4 mg metal ion per ml; 2j6 OPPA in n-hexane; V^V^ = 0.1. 

- V^a = ̂ • 

R,NHX org + Y'aq ^ R_NHY o.'g + X"aq. (6) 

The order of preferences for anions in the organic arnlne 

solution is ClOj^" > NO," > Cl" > IiSOĵ '> P". 221 

In this anion exchange representation, metals are then ex­

tracted from aqueous solutions in which they are present 

as anions or anionic complexes. Por example, 

uol"*" aq + 3X" aq ^ UO2X2" aq. (7a) 

R^NHX org + U02X,'aq ^ R^NHUOgX, org + X". (7b) 

This mechanism, however, is indistinguishable from one in 

which a neutral complex is extracted. 

uol"*" aq + 2X" aq ===̂  UO2X2 aq. (8a) 

RoNHX org + UOgXg ac ^ R-NHUOgX, org. (8b) 
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The factors that influence uranium extraction have been 

studied most extensively for amine-sulfate systems.-^— The 

effect of amine structure on the extraction of uranium and 

other metal ions Is Illustrated in Table XXX.-S---- Uranium 

(rv) is efficiently extracted by primary amines. The effi­

ciency decreases with secondary and tertiary amines. With 

uranium (Vl) there does not seem to be much correlation ts-

tween a^ and amine class. With primary, secondai-y, anu ter­

tiary laurylamines, ^-n/Yj)' under the conditions given irj 

Table XXX, is < 0.1, 80, and 140, respectively.-52:̂  With 

primary laurylamlne an emulsion is formed.^ The extraction 

of uranium is also affected by carbon chain branching near 

the nitrogen atom In tertiary amines (Table XXX). Certain 

n-benzyl-branched-alkyl secondary amines have been found to 

extract uranium extremely well.^ - The uranium (Vl) partition 

coefficients of N-benzylheptadecylamlne, N-benzyltetradecyl-

amlne, N-benzyldodecylamlne, and N-(2-naphthylmethyl) dodecyl-

amlne, under the conditions outlined in Table XXX, are 2000, 

>1000, > 1000, -1000, respectively.•2-- The partition coeffi­

cient depends upon the amlne-diluent combination. The effect 

of diluent on ̂ ^-yj) is indicated in Table XXX.^2z 

The partition coefficient, °ufviV ^^ Influenced by 

uranium concentration in that it changes the amount of free 
•504 

amine sulfate concentration.•=— In sulfate solution, blsul-

fate complexes the amine more strongly than does sulfate. The 

uranium partition coefficient, therefore, decreases with in-
•304 

creased acidity.•"î — Excess aqueous sulfate causes a decrease 

in a^,yjy^— The partition coefficient Is also decreased 

by Increased temperature.*— Extraction Isotherms indicate 

that four to six amine molecules are associated with each 

uranium (VT) ion.*— The number depends upon the particular 

amine used. With vigorous shaking, the partition coefficient, 

a , varies approximately as the first power of the free amine 
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Table XXX. 

Metal ion 

Effect of Amine Structure on the Extraction of Metal Sulfates.— 

Primary Amines 
Partition coefficient, a 

Secondary Amines Tertiary Amines 

Amlne^^ 
21F81-2. 

Trlmene 
JM-T^ 

Dllauryl-
amlne 

Ms, Ca, Al 
V(IV), Or(III 

Fe(ll 
, N1(II 
, Zn 

V(IIIJ 
Fe(lII) 
R.E.(III) 

Ce(lV) 
TI(IV) 
Zr 
Th(0.5M SO4) 
U(IV) 

<0.1 

40 
20 

>50 
10 
>1000 

1 5 ^ ^ 

<0.01 

<0.5 

<0.1 
5 

>5000i- > 5 o o o ^ 

!(J! (PH2)^ 
Mo(Vl)^ 
Mo(Vl)(pH2)-

U(VI 
u{vi 
UfVI 

3000 

-20 

150 
>1000 

25f 
50^. 

>5000i-^ 200 

<1 
-20 

200 
>1000 

^ 

80 

Dl(trl-
decyl) 
amine 

<0.01 

Amine 
S-24£ 

Methyl-
dl-n-
decyl-
pmlne 

<0.01 <0.01 

Trl-lso-
octylamlne 

<0.01 

0.1-^ 
<o.5 
<0.1 

350 
>50C^ 

<1 

120 

<0.1 
<0.01 

<0.01 
0.2 

<1 
-20 

400 
>1000 

20 K 

-20 

400 
>1000 

50 

<0.01 
<0.01 

<0.01 
<0.1 
200 ^ 

<1^ 

<1 
-20 

150 
>1000 

90 

Trls(2-
ethylhexyl) 
amine 

<1 

0.2 

— After C. F. Coleman, K. B. Brown, J. G. Moore, K. A. Allen, reference 304. 

IM SO4, pH 1, ~1 g metal ion per liter except as noted. Vo/Vg, •• 1, O.IM amine In aromatic 
hydrocarbon diluent. 



b • • • . « 

— l-(3-ethylpentyl)-4-ethyloctylamlne '/N 
/.. H 

. . . . H 
— trlalkylmethylamlne, homologous mixture, 18-24 carbon atoms N 

• • • - • H 

— bls-(l-lsobutyl-3,5-dimethylhexyl) amine '•'»*•' 

.'< • 
— (Coefficients at loadings of ~5 g v or -3 g Mo per liter of extr-̂ .strnt. Extraction 

uoefflcienta of these metals decrease as their concentration dc;-eases. 

f 

— Extraction from 0.5M SOĵ  solution. 

•£• Diluent kerosene instead of aromatic hydrocarbon. 

— Diluent chloroform instead of aromatic hydrocarbon. 



sulfate concentration, 

°u(vi) = 1̂  tM (2 amine) - nM (U (VI)) org], 

where n has a value between 4 and 6, characteristic of the 
504 

amine.•*i— With slow equilibration, in which the liquid-liquid 

interfacial area is strongly limited and Interfaclal turbu­

lence is prevented, nearly theoretically ideal results have 
468 

been obtained; i.e., 

^u'VI) = ̂  [M (2 amine) - nM (U (Vl)) orgf. 

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 increasing interference 

is SOĵ  < POî  < Cl < P < N O - . ^ 

Effective separations between uranium and other metal ions 

may be made by choice of amine and/or diluent (Table XXX).^— 

Modification of the diluent with long-chain alcohols or other 

modifiers affects the extractive powers of the organic solvent 

phase. A possible synergistic enhancement of a /yj) ha' been 

found with 3,9-dlethyltrldecyl-6 amine and di(2-ethylhexyl) 
4S2 phosphoric acld.-=^ 

The amine extraction of uranium (Vl) from aqueous phosphate 

or fluoride solutions is qualitatively similar to that from 

sulfate solution. Uranium is extracted from relatively low 

anion concentrations. As the latter concentration is in-
504 

creased, a is decreased.-^i— The opposite is true for chloride 

or nitrate solutions. Uranium extraction is increased as the 

304 concentration of either of the latter two anions Is lncrease<i=̂ — 

Uranium may be stripped from the amine solvent phase by 

a number of methods. Uranium extracted as the amine-sulfate 

complex may be stripped by contact with a nitrate or chloride 

solution. Alkaline stripping with sodium carbonate results 

in an aqueous uranyl trlcarbonate solution. Ammonium or so­

dium hydroxide forns precipitates that are difficult to handle 

A slurry of magnesium oxide causes uranium to precipitate 
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as a magnesium polyuraJiate.j2_Z 

Trl-n-octylamine (TnOA) 

The partition coefficients obtained by Keder, et_al.—^' 

— 1 ^ for the extraction of actinlde metals from nitric acid 

solutions by 10 volume percent TnOA in xylene are given in 

figure 52. Carswell-^^S has studied the extraction of uranium 

and thorium by 0.2M TnOA in toluene, also, from nitric acid 

solution. Thorium appears to be more strongly extracted than 

urioilum in the latter system. Uranium, however, is extracted 

practically to the same extent In both systems for acid con­

centrations up to 6M. 

The extraction of uranium from hydrochloric acid solu­

tions by TnOA In CCli, has been studied by Blzct and Tremillor>T-^ 

The extraction curve as a function of HCl concentration Is 

similar In shape and magnitude to that for triisooctylamlne 

plotted m figure 53. 
46^5-468 Allen and co-workers—^ have made fundamental studies 

on the extraction of uranium from sulfate solution by TnOA. 

Extraction of uranium from acetic acid solution by TnOA 

in Amsoo D-95 appears to be intermediate between extraction 

from sulfuric and phosphoric acids on one side and hydrochloric 
•504 

and nitric acids on the other.*— 

rrllsooctylamlne (TlOA) 

The results of Moore—^ for the extraction of uranium 

(VI), thorium, and fission products from hydrochloric acid 

solution by 55̂  TlOA In xylene are presented in figure 53. 

The extraction of strontluro-85 is negligible from 2-llM HCl. 

Americium (ill) and curium (III) are not .extracted. Elements 

which are extracted Include Pe(lll), Co(ll), Zn(ll), Hf(IV), 

V(V), Pa(v), Cr(VI), Mo(Vl), U(IV), Np(VI,V,IV), and Pu(VI,IV) 

in addition to those shown in figure 53« The extraction of 

iron, vanadium, ausd chromium may be suppressed by reduction 

to a lower oxidation state. Ruthenium remains in the organic 
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10' I I I I I I I I I I I 

HNO3 CONCENTRATION, M. 

Figure 52. The extraction of actinlde Ions by ten volume percent 
trl-n-octylamine in xylene from aqueous nitric acid solution. After 
(1) 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 volume of nitric acid of the desired composi­
tion for 3-5 minutes at room temperature (~25°C.). Phases 
were separated by centrifugation after contacting. 

(2) Uranium (IV) data only. Aqueous solutions were pre­
pared at each nitric acid concentration by dilution of 
a stock solution which was -IM U(IV), O.IM H31O4, and 
-IM Zn(ll). Solutions for extraction experiments were 
0.^15M U(IV). TnOA was contacted by an equal volume of 
12M lGT03 followed by three contacts of one volume each 
of the nitric acid concentration used. Equal volumes 
of aqueous and amine solutions were contacted at room 
temperature for 5 minutes. Phases were separated by 
centrifugation. 
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HCl CONCENTRATION, M 

Figure 53. The extraction of U233, Th230, and fission products by 5^ 
(w/v) triisooctylamlne in xylene as a function of HCl concentration. 
After F. L. Moore, reference 475. Conditions: Equal phase volumes 
extracted for two minutes at room temperature (24°C.), 
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phase when washed with O.IM HCl solution. Uranium is stripped 

into the aqueous phase. Excellent extraction (>90^) of macro 

amounts of uranium (60.4 mg U/ral initial aqueous concentration) 

can be obtained from 9M HCl with 20Ĵ  TlOA in hexone. 

Mooro ' has silso Investigated the extraction of uranium 

(VI) from acetic acid solution by TlOA. Extractions were 

carried out in the same manner as those from hydrochloric 

acid solution (figure 53). Aqueous solutions of varying 
4 

acetic acid concentration containing 2 x 10 alpha counts 

per minute per ml of XT-'-' tracer were extracted with equal 

volumes of 3% (w/v) TlOA in xylene. It was found that maxi­

mum uranium extraction (>90^) is obtained from 0.5M to IM 

acetic acid solutions. The addition of 3^(v/v) butyl cello-

solve to the TlOA-xylene solution inhibits foaming during 

the extraction process. By increasing the TlOA concentration, 

macro amounts of uranium are efficiently extracted. Greater 

than 95^ stripping may be achieved by contacting the amine-

xylene phase with an equal volume of 0.5M HNO,, 3M HgSO^, 

6M HgSO^^, IM NH^HCO^, concentrated NH^^OH, or 0.25M HF-0.25M 

HNO-, solution. From 0.5M-1M acetic acid solution, ruthenium 

(11.5^), zirconium (27.9^), and niobium (ll.ljg) are extracted. 

Separation is made from strontium (alkaline earths), cesium 

and europium (rare earths), plutonium (III) (trivalent actin-

Ides), thorium, protactinium, hafnium, tantalum, iron, lead, 

nickel, cobalt, manganese, chrcmium (III), aluminum, copper, 

zinc, bismuth, tin,and antimony.—t—'—l— The selectivity may 

be improved if the uranium is first precipitated by hydroxide, 

dissolved with IM acetic acid, and then extracted as pre­

viously described. Iron hydroxide is us.;d to cai'ry trace 

476 amounts of uranium in the precipitation step.—!— 

Other amine extractants. 

As stated at the beginning of this section, many organo­

nitrogen compounds have been investigated as extractants of 
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uranium. A large number of these Investigations are reported 

in ORNL reports (eg., ORNL-1922^, ORNL-2099^). Por 

further information, one may refer to these reports, the 

summaries*—*———* previously mentioned, or the review by 

Moore .̂ ili 

Quaternary ammonium salts. 

The enhanced extraction of uranium by hexone containing 

tetrabutylammonium nitrate^^ or tetrapropylammonlum nitrate-i" 

has already been noted (see Hexone). Haeffner, Nilsson,and 

Hultgren—^ have also used tetrabutylammonium nitrate to 

extract uranyl nitrate with chloroform. 

Quaternary ammonium salts, unlike amines, may be used to 
477 478 480 

extract uranium from alkaline carbonate solutions. •'1 ̂ —'—^ 
* 

The Rohm and Haas compound Quaternary B-104 converted to the 

carbonate form has been used successfully to extract uranium 

from aqueous solutions having carbonate concentrations up to 

one molar. Amsco G alone or modified with a long-chain 

alcohol, tridecanol, and kerosene modified with trldecanol 

have been used as diluents. The alcohol modifier improves 

both the phase separation time and the extraction coefficient.—^^ 

The partition coefficient exhibits a negative two power 

dependence on carbonate concentration in accord with 

the reaction*-^-

2(RijN)2C02 org + U02(C03)^- aq ^ (R^N)^U02(003)3 °''^ 

+ 2C0|" aq. (9) 

The extraction coefficient is virtually Independent of the 

bicarbonate concentration with the carbonate-bicarbonate 

total concentration held constant. The coefficient is 

decreased by an increase in temperature. Uranium may 

be stripped from the organic phase by solutions of HCl, 

HCl-NHj^Cl, HNO3, and HNO^-NH^NO^.ii^^^Ji-^ Nitrate solutions 

An Isopropanol solution of dlmethyldiodecylammonlum chloride. 
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are more effective than chloride.—^ Sodium hydroxide (2M-

3M) may also be used as a stripping agent. 

481 Clifford, et al. report the extraction of uranium 

from aqueous carbonate solutions by (l) forming a singly 

charged anion, U02Xl,with a complexlng a^ent, and (2) ex­

tracting this anion into an organic solvent with a singly 

charged cation. Extractions were obtained with benzoin 2-

oxine, cupferron, hydroxylamlne, peroxide, pyrogallol, and 

8-quinollnol (oxine). The latter was used for further study. 

Arquad 2C, R2N(CH,)2C1, where R' is about a l6-carbon chain, 

was found to be the most effective extractant tested. Hexone 

was found to be the most effective solvent tested. Kerosene 

gave no extraction. With oxine as complexlng agent, the 

extracted species was identified as R|,NU02(0x)_. The ex­

traction coefficient of uranium was found to increase with 

increased pH; to increase with increased oxine concentration 

and with Increased R̂ N̂Cl concentration (to an optimum value); 

to decrease with increased carbonate concentration. An ex­

traction coefficient, a , of 10.9 was obtained by extracting 

two volumes of an aqueous solution containing O.OIK U02(N0,)2, 

0.92M NagCO-, 0.04M NaOH, and 0.02M Arquad 2C with one volume 

of hexone containing O.IOOM oxine. Both uranium and oxine were 

removed from the organic phase by strong acids. Sodium bi­

carbonate was found the most efficient stripping agent on a 

counter-current basis. 

CARBOXYLIC ACIDS. 

H8k-Bernstrom=*—2—=• has studied the extraction of 

uranium (Vl), thorium, and lanthanum by several carboxylic 

acids: salicylic, methoxybenzolc, 3,5-dinltrobenzolc, and 

cinnamic. Table XXXI lists the pH at which 50 percent of 

the metal ions are extracted from perchlorate solutions by 

O.IM solutions of the carboxylic acid in hexone. Chloro­

form was found to be a poor solvent for the extraction of 
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Table XXXI. pH for 50 Percent Extraction of U(Vl), Th, La 

by Carboxylic Acid.— 

Acid pH^Q 

uol"*" T h ^ L a ^ 

Salicylic 3.1- 3.33^ 4.93^ 

Methoxybenzolc 3.4^ 3-8^ 

3,5-Dinitrobenzolc 2.75^ 2.852- 4.382-

Cinnamic 3.6o2. 3-07- 6.132 

— After B. Hok-Bernstrom, references 138, 482. 

Aqueous phase: metal concentration, 10 -̂M Th or La, 10 -"M U; 
ionic strength, O.IM adjusted by the addTtion of NaC10|,; 
pH adjusted with Na'OH and HCIO^. 

Organic phase: O.IM carboxylic acid in hexone. 

V„A=, 1; temperature, 25°C. 

— Log a = 0, reference I38. 

— Calculated from data given In reference 482. 

the metals by the carboxylic acids studied. 

Cole and Brown—^ have studied the extraction of U(Vl), 

Th, Hf and Zr from aqueous nitrate solutions by salicylic 

acid in furfural. Satisfactory separations between uranium 

and thorium were obtainecJ, depending largely upon the two 

metal concentrations. 
484 

Sudarikov, et al. have studied the extraction of U 

(VI), Th, Ce, La, Y, and Sc from aqueous solutions by sali­

cylic acid in isoamyl alcohol. The uranium complex was ob­

served to extract at pH I.5 and to be completely extracted at 

pH 2.5 to 5*0. Up to pH 6.5, a was found to decrease from 

100 to O.3-O.4 aind to remain unchanged at higher pH values. 

Mills and Whetsel—2. have extracted uranium (VI) with 

perfluorobutyrlc acid dissolved in diethyl ether. 
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CHELATING AGENTS. The Chelating agents described below are 

listed in the same general order as they may be found in the 

book by Morrison and Preiser.—2_ 

0 0 

Acetylacetone. CH_ - C - CHg - C - CH^ 

The extraction of both uranium (VI) and (IV) from per­

chlorate solutions with acetylacetone as chelating agent has 

been investigated by Rydberg. The percentage extracted is 

given as a function of equilibrium pH in figures 54-A, -B, and 

-C for the three solvents, chloroform, benzene, and hexone, 

respectively. The extraction of other actlnides, fission 
I4b SI products, and hafnium 3s also Included in the figures. '-^' 

486—488 
— — ^ — Strontium and potassium are poorly extracted by 

487 acetylacetone into chloroform.—i- Lanthanum and samarium 

are poorly extracted by the chelating agent into all three 

solvents.-—^ 

Krlshen—2 has investigated the extraction of uranium 

(VI) with acetylacetone used both as chelating agent and 

solvent. The results are given in figure 55^ together with 

the extraction curves of several other metals. The effect 

of masking agents, ethylenediaminetetraacetate, fluoride, 

and tartrate, on the extraction of these metals is given in 

figures 55-B,-C and .0, respectively.—^ 

The extraction of uranium by acetylacetone-ohloroform 

in the presence of sodium chloride and EDTA has been 

490 

studied by Tabushi.—^- Sodium chloride increases the ex­

traction yield and broadens the favorable pH range. EDTA 

permits the separation of uranium from thorium and fission 

products by more effective masking of the latter. Uranium 

has also been extracted with acetylacetone using butylacetate 
491 as solvent.—^— 
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Figure 54-A. The extraction of various elements from O.IM NaC104 
solutions by an equal volume of acetylacetone-chloroform solution 
at 25°C. Acetylacetone concentrations used: U(VI), 0.0210M 
[HAaJaq; U(IV), 0.50M [ HAa] ̂  org; Pu(IV), LOOM [HAaJinit; Th(IV), 
0.0489M [HAaJinit; HfTiV), 0.050M [HAa)0 org. After J. Rydberg, 
references 51, 486-48B. 
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Figure 54-B. The extraction of various elements from O.IM NaC104 
solutions by an equal volume of acetylacetone-benzene solution at 
25OC. Acetylacetone concentrations used: U(VI), 0.0210M [HAaJaq; 
U(IV). 0.072M (HAaJaq; Pu(IV), LOOM [HAaJinit; Th(IV), "5.067315 
[HAajOorg; F.P., O.7OM [HAajOorg. P.P. irradiation time = cooling 
time = 1 year. After J. Rydberg, references 51, 487, 488, 492 and 
J. Rydberg and B. Rydberg, reference l4b. 
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Figure 54-C. The extraction of various elements from O.IM NaC104 
solutions by an equal volume of acetylacetone-hexone solution at 
250c. Acetylacetone concentrations used: U"(VI), 0.0210M ( HAaJaq; 
Pu(lV), L O O M [HAaJinit; Hf, 0.050M [HAa']°org. After J. Rydberg, 
references 5T, 487, 488., 

Benzoylacetone, tp 

,493 

0 
II 

C CH.. 

0 
ri 

C - CH-'2 " - "''3" 

Stary-̂ ^̂ ^ has determined the stability constants of 

uranyl acetate, oxalate, tartrate, and EDTA complexes. The 

effect of these ions was observed on the extraction of uranium 

(Vl) from O.IM NaClOi, solutions by O.IM benzoylacetone in 

benzene. 

2-Acetoacetylpyrldlne ^Q 
0 
n 

c 
CH.. 

0 
II 

c CH 3' 

The extraction of uranium from a 0.2N NaOH, 0.2N acetic 

acid solution at pH 5-0 to 6.5 by 0.12^ acetoacetylpyridlne 
404 

in butylacetate is reported by Hara.—*— 

0 0 
It II 

Dibenzoylmethane, <p - C - CHg - C - <p. 

Uranium (Vl) (O.05 - 0.5 mg) is extracted from aqueous 

solution by a 0.5^ solution of dibenzoylmethane in ethyl ace­

t a t e . — ^ In the presence of other cations, the extraction is 

made more selective by the addition of complexoneIII (EDTA 

sodium salt). Excess complexoneis complexed by a 1% Ca(NO^)p 
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Figure 55-A. The extraction of various metals from aqueous solution 
by an equal volume of acetylacetone at 25°C. Solid lines indicate 
the metal was originally contained In the aqueous phase. The dashed 
lines indicate the metal was originally In the organic phase. The 
pH was adjusted to the desired value by sulfuric acid or sodium hy­
droxide. After A. Krlshen, reference 48^. 
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Figure 55-B. The effect of ethylenediaminetetraacetate (EDTA) on the 
extraction of various metals from aqueous solution by an equal volvmie 
of acetylacetone at 250C. The mole ratio of metal to EDTA is shown 
by the line texture. After A. Krlshen, reference 489. 
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Figure 55-C. The effect of fluoride on the extraction of various 
metals from aqueous solution by an equal volume of acetylacetone at 
25°C. The mole ratio of metal to fluoride is shown by the line 
texture. After A. Krlshen, reference 489. 
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Figure 55-D. The effect of tartrate on the extraction of various 
metals from aqueous solution by an equal volume of acetylacetone at 
250C. The mole ratio of metal to tartrate is shown by the line 
texture. After A. Krlshen, reference 489. 
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solution. The resulting solution is neutralized with ammonia 

to pH 7 and is then contacted several times with the extract­

ing solution. 

The dibenzoylmethane extraction of uranium wî ch chloroform, 

benzene, ajid carbon tetrachloride has been investigated by 

Moucka and Stary. /426 

Thenoyltrlfluoroacetone (TTA). |[̂  jl- C - CHg - C - CP,. 
S II 1, •̂  

0 0 

Considerable effort has been expended in the study of 

TTA as an extractant for uranium. King,—21 Orr,—2— Helsig 

and Crandall,—22 Walton, et al. .•̂ — and Peterson^Si have 

made fundamental studies on the extraction of uranium (Vl) 

from aqueous perchlorate "*' ^^ and nitrate—22*2— media by 

TTA dissolved in benzeno>^^7>^^8>^0°t^°^ hexone,^22 cyclo-

hexanone,-22 and pentaether.—22 The partition coefficient, 

a /y_\, is increased by Increased TTA concentration in the 

organic phase; decreased by Increased initial uranium con­

centration.'^— The effect of pH and various salting agents 

on the extraction of uranium (Vl) and thorium from nitrate 
™— S02 

solutions by 0.2M TTA in benzene is shown in figure 56.*i— 

Salting agents increase the extraction of uranium by TTA-

benzene from low pH solutions. There is no apparent effect 

on the extraction of thorium with or without IN Al(N0.3)^. 

A 4M NH^NO, concentration in the aqueous phase (not shown). ^02 in fact, depresses the extraction of thorium.•«̂ — The effect 

of foreign anions on the extraction of U(VI)^ and U(IV)-^ 

from aqueous perchlorate solutions by 0.5M TTA in benzene 

is shown in figures 5?^ and 57-B, respectively. Poskanzer 

and Poreman^-^ have recently reviewed the extraction of 

elements throughout the periodic table by TTA. THf pH values for 

50 percent extraction into an equal volume of 0.2M TTA in 

benzene at room temperature or 25°C. listed by these 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 in benzene was stirred vigorously for 20 minutes with an 
aqueous solution containing 0.003M thorium or trace amounts of 
uranlum-233 with or without the salting-out agent indicated at the 
pH given. 

are; for U(Vl) from dilute nitric acid,^^ pH, 

498 
50 1.97; 

n = 2, pH^Q = 1.79; x-or 

-0.58; for U(IV) 

for U(VI) from HClOî  + LiClÔ ,̂ 

U(IV) from HClOij + NaClOj^,-^^ n = 2, pH^Q 

from HNO,,^ pH^Q = -O.31. 

Irving and Edgington—2— have observed a synergistic en­

hancement of the uranium partition coefficient with tributyl-

phosphate (TBP) - or trlbutylphosphlne oxide (TBPO) - TTA 

mixtures. The results, a versus percent TBP or TBPO in the 

extractant mixture, are given in figure 58. 

The ani-lyTls of metals with TTA has been reviewed by 

Moore.222. Sheperd and Melnko^ have published, with references, 

the extraction curves of a large number of elements with TTA. 
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Figure 57-A. The effect of foreign anions on the extraction of 
uranium (VI) from aqueous perchlorate solution by TTA-benzene. After 
R. A. Day, Jr. and R. M. Powers, reference 77. Conditions: Organic 
phase - 0.50M TTA in 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 sufficient NaC104 to maintain 
an ionic strength of 2.0. Equal phase volumes shaken together for 2 
hours at 25°C. 

.0 -

0.1 

0.01 

Figure 57-B. The effect of foreign anions 
on the extraction of uranium (IV) from 
aqueous perchlorate solution by TTA-benzene. 
After R. A. Day, Jr., R. N. Wilhite, F. D. 
Hamilton, reference 58. Conditions: Organic 
phase - 0.05M TTA in benzene pre-treated with 
dilute acid. Aqueous phase - 0.0016M - 0.0037M 
U(IV), anion at concentration indicated, l.OOOH 
Ĥ- (HCI04 used for all experiments except chlo­
ride in which HCl was used), plus sufficient 
NaC104 to maintain an ionic strength of 2.0. 
Equal phase volumes shaken together for 30 min­
utes. 

NORMALITY 
COMPLEXING AGENT 
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Figure 58. The synergistic enhancement of the uranium (VI) parti­
tion coefficient between aqueous nitrate solutions and mixtures of 
TTA and TBP or TBPO in cyclohexane. After H. Irving, D. N. Edging-
ton, reference 451. Conditions: Organic phase - 0.02M mixture of 
TTA and TBP or TBPO in cyclohexane. Aqueous phase - 1.025 x 10-% 
U233, O.OIN HNO3. Equal phase volumes shaken together for 24 hours 
at room temperature (21° - 23°C.) 
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Substituted l-phenyl-3-methyl-4-acyl-pyrazolones-5, 

R 
I 

CH, - C - CH - C = 0 

' - I 
N C = 0 

Skytte Jensen has studied the possibility of using 

substituted l-phenyl-3-methyl-4-acyl-pyrazoiones-5 as extrac­

tants for a number of elements including uranium (Vl), thorium, 

and lanthanum. The pK for 505̂  extraction of trace amounts of 

these elements by a IM solution of chelating agent in chloro­

form is given in Table XXXII. The pH^Q for TTA is given for 

comparison. 

8-Qulnolinol (8-hydroxyquinollne, oxine). 

OH 

Hok,*-i and Dyrssen and Dahlberg-i-^ have studied the ex­

traction of uranium (YI) from aqueous perchlorate solutions 

by oxine dissolved In chloroform or hexone. Results of the 

latter group,—*• percent extracted versus final sujueous pH, 

are shown In figure 59' These results are In agreement with 

those of Hok^2L (o.lM oxine - CHCl,, lO"^ V, aqueous per­

chlorate solution, (1 « O.IM, 25''C.). No appreciable differ­

ence was observed with uranium concentrations of 10" am 10"% 

(open and solid circles, respectively. In figure 59). Chloro­

form is shown to be a slightly better solvent for the uranyl-

oxlne complex than hexone. The extraction curves for Th,^2£ 

La and Sm2-2 are also shown in the figure. A tabulation of 

pH for 5OJ6 extraction of various metal oxlnates by chloro­

form has been made by Dyrssen and Dahlberg—-^ and is repro­

duced in Table XXXIII. 

The extraction of uranium (VI) by solutions of 1% oxine 

in chloroform from buffered aqueous solutions Is shown in 

figure 60 as a function of aqueous pH.'2i— 
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Table XXXII. pH for 50^ Extraction of Tracer Amounts of Uranium (VI), 

Thorium, and Lanthanum by IM Solutions of Substituted (R) l-Phenyl-3-

inethyl-4-acyl-pyrazolones-5 in Chloroform.— 

R pH^Q of Metal Ion 

acetyl 

propionyl 

bu tyryl 

valleryl 

capronyl 

ethoxycarbonyl 

chloroacetyl 

trifluoracetyl 

benzoyl 

p-bromobenzoyl 

p-nitrobenzoyl 

TTA 

uo; ,2+ Th 4+ La-

•0.15 

0.05 

0.52 

0.24 

0.7 

1.00 

0.65 

0.8 

1.0 

0.9 

0.10 

0.05 

0.42 

0.24 

-0 .25 

not meas. 

0.05 

not meas. 

0.4 

0.30 

2.60 

2.65 

2.47 

2.84 

3.15 

2.50 

2.28 

not meas. 

2.45 

2 .3 

0.70 -0.30 3.75 

— Values for pH|.Q were calculated from data presented by B. Skytte 

Jensen, reference l60. 

Aqueous perchlorate media. 
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Figure 59- The extraction of tracer amounts of uranium (VI), thorium, 
samarium, and lanthanum from perchlorate solution by solutions of 
oxlne-chloroform or oxine-hexone. After D. Dyrssen and V. Dahlberg, 
reference l43j D. Dyrssen, references 508 and 509. Conditions: Aque­
ous phase - Ionic strength = O.IM with NaOH, HCIO4, and NaC104; for 
viranlum, open circles represent O.OOOIM U concentrations, solid 
circles and triangles, O.OOIM U. Organic phase - oxlne concentrations: 
for U, O.IOOM; for Th, O.O5OM; for La and Sm, 0.5Mj solvent Indicated. 
Equal phase volumes equilibrated at 25OC. 

Substituted qulnollnols. 

Rulfs, et al-S— and Dyrssen, et al..̂ JLi have studied the 

extraction of viranlum by dihalogen derivatives of 8-qulnol-

Inol. The uraniiim extraction curves with 1% solutions of 

5,7-dichloro- and 5,7-ciibromo-8-quinolinol in chloroform 

are shown as functions of final aqueous pH in figure 60.^i^ 

Use of the halogen-substituted oxlnes permits extraction of 

uranium from more acidic aqueous solutions. Similar curves 

for uranium, thorium, and lanthanum are given in figure 6I 

for extraction with O.05M 5,7-dichloro-oxine in chloroform.^ii 

Hynek2-2. has studied the extraction of various metals 

by 8-hydroxyquinaldlne (2-methyl-&-quinolinol). The uranium 

complex was found to be extracted, but not quantitatively. 
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•^ 3.0 acetate, nitrate, chloride. 

Table XXXIII. pH for 505^ Extraction of Metal Oxinates with Chloroform.-

Metal ion pH Procedure Reference 

G a ^ 1.0 V aq = V org, O.IM total oxine. 511 
In̂ "*" 2.1 Anions in aqueous solution: chloride. 

Fe^ 1.6 Pour successive extractions with 512 
Cû "*" 2.0 O.OIM solution of oxlne In CHCl,. 
In-^ 2.2 Anions in aqueous solution: sulfate, 
Bi 
Al3+ 4.2 
Nl2+ 6.1 
Co2+ 6.5 

S n ^ 0.0 V aq = 5V org, 0.07M oxine. 513 
Mo 1.0 Anions in aqueous solution: 
Pe-^ 2.0 acetate, chloride, tartrate. 
Cu 2.1 
Ni 3.7 
Al 3.8 
Mn^"^ 6.4 

H f ^ 1.3* V aq = V org, O.IM total oxine. 143 
UOg 2.6 Anions in aqueous solution: 
T h ^ 3.1 perchlorate. 
S m ^ 5.7 
L a ^ 6.5 

— After D. Dyrssen and V. Dahlberg, reference 143. 

* pH = -loglH"*"] + 0.1. 

by chloroform from an aqueous phase at pH 9.5 containing 

tartrate and acetate ions. Cyanide or HpOp prevented ex­

traction. 

N=0 

l-Nltroso-2-naphthol. i ^ i ^ ^ l " 0 " 

Alimarin and Zolotov2— have investigated the extraction 

of uranium (VI) by organic solutions of l-nltroso-2-naphthol. 

It was found that a mole ratio of naphthol to U^sOg of 125 
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Figure 6o. 

The extraction of uranium (VI) by oxine and its 5,7-dichloro-

suid 5»7-dlbronK>-derlvatives. The percent extracted, P, was 

calculated from the values of the distribution coefficient 

given In the paper by C. L. Rulfs, A. K. De, Jr., J. Lalcritz, 

and P. J. Elvlng, reference 510. 

Conditions: 

2.1 mg of uranium in 10 ml and 25 ml of an approximately 
IM buffer solution were shaken 6 to 8 minutes with 20 ml 
oT a 1% oxlne-chlorofonn solution. The aqueous phase was 
rinsed twice with 5 ml of chloroform. The pH of the final 
aqueous phase was mesisured. 
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Plgure 6l. 

The extraction of tracer amounts of U (VI), Th, and La 

by 0.05M 5,7-<iichloro-oxine dissolved in chloroform 

from O.IM HCIÔ ^ - NaClÔ ^ solutions at 25*0. 

After D. lessen, M. Dyrssen, and E. Johansson, reference 

514. 

and a volume phase ratio of organic to aqueous of 0.25 is 

more than adequate to give quantitative extraction of uranium 

into isoamyl alcohol at a pH of 5 to 6. Two minute shaking 

is sufficient for quantitative uranium extraction. Ethyl 

acetate, n-butanol, diethyl ether, amyl acetate, benzene, and 

chloroform also extract the uranlum-naphtholate complex. 

Quantitative extraction is obtained with ethyl acetate and n-

butanol at a pH of 3.0 to 8.5; with isoamyl alcohol at pH 

4.5 to 7.5' Quantitative extraction can be achieved at tem­

peratures of 0° to 100°C. Chloride or nitrate ions at con-
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centrations up to 0.2M do not seriously Interfere with the 

extraction of uranium. Iron (III) is completely extracted; 

vanadium (IV) and (V) and thorium are partially extracted. 

The extraction of all four metal ions is considerably 

suppressed by complexlng with complexoneIII (sodium salt 

of EDTA). The pH range for quantitative separation of u-

ran\im "fith isoamyl alcohol is Increased in the presence of 

complexoneIII (-25 mg complexorrper mg of metal) to 6.5 - 9. 

Aluminum and zinc are not extracted with l-nltroso-2-naphthol. 

Dyrssen, et al.^—^ have studied the extraction of uranium 

and thorium from aqueous perchlorate solutions {\i = O.IM) 

by O.IM l-nltroso-2-naphthol in chloroform. Fifty percent 

of the uranium was extracted at pH 3.O7 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(ll), Pe(Il), Co, Nl, Cu(ll), Pd(ll), 

Ag, Cd, Hg(Il), Pu(IV)^iI and Np(V)..^ 

Ammonium salt N-nitrosophenylhydroxylamine (cupferron), 

N = 0 

N - 0 , NH^. 

Cupferron is an Important reaigent in the analytical 

separation of uranium. The reagent precipitates uranium 

(rv) from acidic (H2SO21 or HCl) solution but not uranium 

(Vl). By converting uranium to its two oxidation states, 

separation can be made alternatively from elements not pre­

cipitated by cupferron and from those precipitated by the 

reagent. The uranium (IV) cupferrate complex, U(Cup)u, 

was found by Auger^—^ to be soluble in chloroform and neutral 

organic solvents. Purman, et al.—^ found milligram amounts 

of uranium (IV) to be incompletely extracted from aqueous 

acid solution by hydrogen cupferrate in chloroform but to 

be almost completely extra-cted by ethereal hydrogen cup-

Ci 
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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 

(l + 19) sulfuric acid containing hydroxylamine hydrochloride 

and submilligram amounts from (1 + 19) sulfuric acid in the 

presence of saturated mercury-zinc amalgam.—2_ The partition 

coefficient, o„fTy\» is increased with increased cupferrate 

concentration and is decreased with increased acid concen­

tration.^^ 

A uranium (Vl) cupferrate complex is precipitated by 

the reagent from neutral solutions. There appear to be two 

forms, one of which is soluble in ethyl ether.—^ Prom 

(1 + 9) sulfuric acid, milligram amounts of uranium (VI) 

are extracted by an equal volume of chloroform with an ex-

250 cess of cupferron present.-^^ 

The extraction of uranium (VI) cupferrate from aqueous 

perchlorate solution by hexone and chloroform is given In 

figure 62 as a function of the pH of the final aqueous 
14-3 

solution.—- Chloroform is a poor solvent for the complex. 

Hexone is better, hut quantitative extraction is not achieved 

by a single contact of the solvent with an equal volume of 

the aqueous solution. The extraction curves for Th,-̂ -— Sm, 

50Q and La-*̂ -̂  are also given in the figure. 

The properties of other metal cupferrates have been 

250 reviewed by Purman, Mason, and Pekola.—=^ 

N-Benzoylphenylhydroxylamlne, <v v>- C = 0 

N - OH. 

Dyrssen^=— has studied the extraction of uranium (Vl) 

with N-benzoylphenylhydroxylamine in chloroform from aqueous 

perchlorate solutions. The results, P versus pH, are shown 

in figure 63 together with those for thorium and lanthanum. 
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Figure 62. 

The extraction of tracer amounts of uranium (Vl), thorium, 

Sounarium, and lanthanum cupferrates from perchlorate solu­

tions by hexone or chloroform. 

After D. Dyrssen and V. Dahlberg, reference 143; D- Dyrssen, 

references 508 and 509. 

Conditions: 

l-(2-Pyridylazo)-2-naphthol (PAN), 

l-(2-Pyrldylazo)-2-naphthol forms colored complexes 

(generally red) with a large number of polyvalent metal 
521 ions.*:=- The uranyl-PAN complex is insoluble in alcohols, 

carbon tetrachloride, chloroform, and ethers••2==. Ortho-
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Plgure 63. 

The extraction of tracer amounts of uranium (VI), thorium, 

and lanthanum from perchlorate solutions by N-benzoyl­

phenylhydroxylamine dissolved in chloroform. 

After D. Dyrssen, reference 520. 

Conditions: 

Aqueous phase - ionic strength = O.IM with HCIO4, NaOH, 
and NaC104. The aqueous phase was sometimes buffered with 
1 ml of O.IM anillnium perchlorate, sodium acetate, or 
hydrozinium perchlorate per 15 ml. 
Organic phase - O.IM N-benzoylphenylhydroxylamine in 

chloroform. 
Temperature, 25"C. 

or meta-dichlorobenzene auid bromobenzene aure excellent sol­

vents for the complex. The maximum color of the ursmyl-PAN 

complex is developed at pH 10. At pH less than 5 or greater 

than 12 little complex formation occurs .•2£S. Urantum may be 

selectively separated from a large number of elements by 

PAN-dlchlorobenzene extraction in the presence of masking 

ZOO 



agents (EDTA, trinitrilotriacetic acid, cyanide) and with 

proper pH control. 

Sodium diethyldithiocarbomate (DDTC), {C^^^^J^ - C Na*. 

Bode^Sl reports that the U(VI) - DDTC complex, unlike 

other heavy metals, is soluble in water. A precipitate is 

formed only with high concentrations of uranium and reagent. 

The uranyl-DDTC complex is practically inextractable by 

carbon tetrachloride but is readily extracted by isoamyl 

alcohol, diethyl ether, and amyl acetate.^=^ Others have 

used hexone,^=— ethyl acetate,•S-^ chloroform,'̂ -— and ben-

zene2-i- to extract the complex. Employing the above sol­

vents, the U(VI)-DDTC complex has been extracted from 

aqueous solutions having a wide range of pH, e.g., pH l-S^—^ 

and pH 6.5-8.3.^^ Sodium tartrate has been used to prevent 

hydrolysis at higher pH values .-222 The U(Vl)-DDTC complex 

is extracted in the presence of EDTA. Uranium may then be 

separated from element^ such as thorium,that form strong EDTA 

complexesP i? 11?— Uranium may be further separated from 

those elements extracted as DDTC complexes by stripping the 

former into an ammonium carbonate solution.—^-^^=2 

/ \ ^ CH=N-CEpCH5-N=CH- / ^ 
Disalicylethylenedlimine. f IJ "^ '^ l| I . 

Dyrssen2-S reports that uranium (Vl) is somewhat 

extractable (60-905̂ ) with solutions of disallcylethylene-
» 

dilmine in chloroform. Hafnium ajid thorium are extracted 

(90-995̂ ) from weakly acidic solutions (pH I.5) with a 0.1-

0.5M chloroform solution of the reagent. Lanthanum and 

samarium are not extracted. 

Ant ipyr ine , C H = r C - CH, 
I I ^ 

0 = - C N - CH, 
N 
I 
^6h 
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IQl 
Rodden-^^— has mentioned that chloroform extracts uranyl 

complexes with antipyrine. Reas-=— has reported that both 

uranium (Vl) and uranium (iV) are almost completely extracted 

with antipyrine-chloroform solutions from perchlorate media. 

Uranium may be separated from thorium using the antipyrine-

chloroform system. Prom an aqueous solution of 20.6 ml 

containing 5 ramolee of Th(N0,)2(̂ , 1 mraole of U02(N02)2 and 

48.6 mmoles of HCl, 93-94^ of the uranium and only 5$̂  of 

the thorium was found to extract with 36 mmoles of antipy­

rine in chloroform. The uranyl-antlpyrine complex is 

soluble in nitrobenzene, but not very soluble in hexone. 

Tropolone, U y 

/ ^ ^ 0 
OH ^ 

The extraction of U(Vl) and Th fî 'om O.IM perchlorate 

solutions by 0.05M tropolone in chloroform is given as a 

function of pH in figure 64..512 The pH of 50̂ ^ extraction 

for U(VI), Th, and Y under the above conditions is approxi­

mately 0.9, 1.1, amd 4.0, respectively. Less than 50% 

lanthanum is extracted at pH 6.5.^*— 

Dyrssen»— reports the extraction of a uranium (Vl)-

beta-isopropyl tropolone complex with chloroform and hexone. 

Ion Exchange. A number of articles are available in 

î nich the ^-enavior of uranium towaird ion exchange resins 

is reviewed and in which reference to much of the litera­

ture is given. Hyde,.^^ Katz and Seaborg,— Choppin,^^ 

197 200 
Palel,—i^.^ and Kuznetsov, et al. have reviewed the ion 

exchange of a number of the actinide elements Including 

533 

1Q8 
uranium. Steele and Tavernei^^- have outlined several 

anion exchange separations of uranium. Clegg and Foley-

have described the use of ion exchange resins in the pro­

cessing of uranium ores. 
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Plgure 64. 

The extraction of trace amounts of uranium (VI) and thorium 

from O.IM 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 (and of other elements) between an ion exchange 

resin and a particular solution is described in terras of 

the distribution coefficients, D and D . These are defined 

as 

and 

L,-t-x jj _ amount M /gram dry resin 
j,+yi. amount M /ml solution 

jj _ amount M /ml resin bed 

^ amount M''"̂ /ml solution 

The two coefficients are related by the density of the 

resin bed, D = pD. The coefficient D is referred to as 

Kp by many authors. 
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Anion exchange. Anion exchange resins commonly used 

in the radiochemical laboratory are the strong base resins 

such as Dowex-1 and-2 and Amberlite IRA-410 and IRA-400. 

The capacity of these resins is approximately 2.5 milli-

equlvalents per graun of resin. Weadc base resins are also 

available. However, their use is more limited. These 

resins have capacities ranging from about 6 to 10 milll-

equivalents per gram of resin. 

Spivey, et_al.2"i- have investigated various factors 

such as resin capacity, resin phase volume anion adsorption, 

etc., ;hat affect the sorption of uranium. Trivisonno^^ 

has made a literature survey of factors that influence the 

adsorption and elutlon of uranium by and from strong base 

anion exchange resins. Thefe are similar to the factors 

influencing solvent extraction and include, other than 

those already mentioned, uranium concentration, anion con­

centration, pH, the presence of other metallic ions and 

foreign anions, temperature, resin size, porosity, cross-

linkage, etc. 

The various systems from which uranium may be adsorbed 

by anion exchange resins are described below. The resin 

may be converted to a particular anionic form by washing 

with an appropriate solution. 

Chloride systems. 

Kraus and Nelson^*— have measured the distribution 

coefficients for a number of elements between a strong base 

anion exchange resin (Dowex-1, 10^ DVB, ~200 mesh) and 

hydrochloric acid solutions of vsû ying molarity. Their 

results are shown in figure 65. The results of Marcus,2iL 

obtained under conditions similar to those used by Kraus 

and Nelson,.̂ a— are given in figure 66. The concentrations 

of the various elements used in the study by Marcus were 

such that the oxidation states could be determined spectro-
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Plgure 65. Adsorption of elements from hydrochloric acid solution with anion exchange 
resin (quaternary amine polystyrene dlvlnyl benzene resin, ~200 mesh, 10:̂  DVB). After 
K. A. Kraus and P. Nelson, reference 536. 



100 r 

2 3 4 5 6 7 
HCl CONCENTRATION, M 

8 

Figure 66. 

Adsorption of elements from hydrochloric acid solution with 

Dowex-1 anion exchange resin (IO56 DVB). 

After y. Marcus, reference 537. 
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photometrically. No adsorption of Np(v), Pu(lll), or Am(lll) 

was found. The data presented by Wisĥ î- for the adsorption 

of various elements by Dowex-2 ( x8,200-400 mesh) is repre­

sented m figure 67. Ward and Weloh^a^ have studied the 

distribution of neptunium in various oxidation states be­

tween Amberlite IRA-400 and hydrochloric acid solutions of 

varying concentration. Their results show that Np(VI) is 

strongly adsorbed at >6M HCl, Np(V) is exponentially 

adsorbed from 3M to 6M HCl (D increases from 1 to 10), and 

Np(rv) is similarly adsorbed from about 6M to lOM HCl (D 

increases from about 2 to 400). Prevot, et al.2— have 

investigated the adsorption of U, Pu, Th, Pe, Ce, and Zr 

by anion exchange resin A300D from hydrochloric acid solu­

tions ranging in molarity from 4 to 7. Quantities of 7 mg 

Pu, 6.9 mg U and 5.9 mg Fe per ml of solution and 2 grams 

of resin were used in the determination of D. Their results 

are considerably different than those shown in figures 65-67. 

The distribution coefficients of U(VI), and Pe(lll) are lower 

roughly by an order of magnitude. The distribution coefficient 

of Pu(rv) is almost an order of magnitude higher. For Pu(IT.l), 

D is about 0.1 at 4M HCl and about 1 at 7M HCl. Zirconium 

adsorption is similar to that shown in the figures. Thorium 

and cerium are poorly or not at all adsorbed. 

Korkisch, et al.^^^>^^^ have found the distribution 

coefficient of uramium between Dowex-1 and hydrochloric acid 

solutions to increase with Increased alcohol concentration 

of the solution. With 80^ ethanol, D is Increased from about 

40 to 6000 as the HCl concentration is increased from 0.2M 

to 2.4M..^ The distribution coefficient at 2.4M HCl without 

alcohol is about 40. Alcohol also increases the adsorption 

of thorium, titanium, and zirconium. The distribution co-

95% alcohol denatured with benzene is considered 100^ alcohol. 

207 



I\J 

I03 
1 

1 

O
 

• 

' 

1 
lO' : 

• 

• 

• 

1 

1 

1.0 : 
J 

. 
, 
• 

, 

in-l 

A 

Pu{m)^^f^ I 

/ • — A T - ^ 
/ / '' ^Np(E)-

/ / / / : 

1 / 1 / 9 -
' t M • * ' 
\ I • 

/ /• ' / ' ~ 

• ' / 

• ' UP' i? / / 
-Y / / '' 
; • yy/ a '-^^^ / * 

;/ ** -
^ ' Y / 

?r / 

/ d \ jf * 
yk. Je ^ 

ALi/vL^f 1 1 1 • 1 1 1 1 1 . 
0 2 4 6 8 10 12 14 

HCl CONCENTRATION, M 

Figure 67, 

Adsorption of elements from hydrochloric acid solution with 

Dowex-2 anion exchange resin (x8, 200-400 mesh). 

After L. Wish, reference 538. 
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efficients of these elements vary roughly between 1 and 10 

from 80^ alcohol solutions containing HCl in the range of 

0.2M to 2.4M..^ 

Numerous separations of uranium from other elements 

are possible using hydrochloric acid systems. The more ob­

vious ones are those in which uranium is adsorbed and the 

other element is not. Consideration of figure 65, indicates 

that uranium can be separated from alkali metals, alkaline 

earths, aluminum, yttrium, rare earths, actinium, and thorium 

by adsorption as uranium (VI) on a strong base anion ex­

change resin from a concentrated hydrochloric acid solution. 

Trivalent actinide elements are not adsorbed from hydro­

chloric acid solutions. Plutonium is eluted as Pu (ill) with 

12M HCl containing hydroxylamine hydrochloride and NH|,I, 

NHj,I alone, or HI. Separations may be made by adsorption of 

the contaminating element and elutlon of uranium with dilute 

hydrochloric acid. For example, molybdenum is adsorbed from 

O.IM HCl..̂ -!-̂  Bismuth is also adsorbed from dilute (<1M) 

HC1.2—12_2 Other elements that show strong adsorption from 

dilute HCl include many of the transition metals, tin, 

tellurium, and polonium.2i_ Kraus and Moore^— have effected 

the separation of protactinium and uranium by adsorbing them 

from 8 M HCl on a column of Dowex A-1 resin and developing 

the column with 3.8̂ 5 HCl. Protactinium appeared first in 

the eluent, separated from uranium. The uranium fraction 

contained, however, a fair amount of protactinium 'tailing'. 

Advantage may be taken of the different distribution 

coefficients exhibited by ions in various oxidation states 

to effect their separation from uranium. Iron reduced to 

ferrous ion by hydrogen iodldo'' ' or ascorbic acid^— is 

separated by elutlon with 4M HCl. U(IV) may be separated 

from Pa(lV) amd Th(lV). U(lV) is adsorbed by Amberlite 

IRA-401 (100 mesh) and Dowex-1 (100-200 mesh) from > 8 K HCl. 
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Neither Pa(rv) nor Th(IV) is adsorbed from 6M - 12.6M HCl..^ 

The elutlon of Pu(lll) by 12M HCl from strong base anion 

exchange resin has already been mentioned. Wish and Rowell-2^ 

have effected the separation of Th, Pu, Zr, and Np from U 

by elutlon with hydrochloric acid in a sequence of concen­

trations. The elements are adsorbed en the resin (Dowex-2) 

from 12M HCl. Thorium does not adsorb. Plutonium is eluted 

In the trivalent state with 12M HCl saturated with hydroxyl­

amine hydrochloride and ammonium iodide. Zirconium is eluted 

with 7-511 HCl; neptunium (IV) with a 6M HCl - 5^ NH-OH • HCl 

solution. Uranium is finally eluted with O.IN HCl. 

Korkisch, et_al.22_ have separated uranium from tung­

sten by means of anion exchange. The uranium is adsorbed 

on Dowex ̂i resin from a solution containing 20̂ 6 4M HCl and 

80^ ethanol (volume %). Ascorbic acid is used to reduce 

any iron present. The resin is washed with a similar solu­

tion and uranium is eluted with an ether-saturated O.IM HCl 

solution. No tungsten is observed in the final eluate. 

Fluoride systems. 

Paris"— has reported the adsorption of elements from 

hydrofluoric acid solutions with Dowex-1 anion exchange 

resin (xlO, 200 mesh). His results are shown in figure 

68. Uranium (Vl) adsorption is strong from dilute HF 

solutions and decreases with increased acid concentration. 

Sepeu?ation from elements exhibiting no or strong adsorption 

from HF solutions may be achieved by proper selection of the 

acid concentration. Elements such as Be, B, Sc, Ti, Zr, Mo, 

Sn, Te, Hf, Ta, W, Re, and Hg have adsorption curves similar 

in shape to that of uranium (Vl). Separation from these 

elements using an HF system should prove difficult to almost 

impossible, depending upon the distribution coefficients in­

volved. 
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Figure 68. Adsorption of elements from hydrofluoric acid solution with Dowex-1 anion 
exchange resin (xlO, 200 mesh). After J. P. Paris, reference 552. 



Bhat and Gokhalo?^-^ have found evidence for the ad­

sorption of the anionic species UOpPl with Amberlite IRA-400. 

HCl-HP systems. 

Certain elements oU?e efficiently separated from uranium 

by anion exchange when a combined HCl-HF elutlng system is 

used. Such systems have been studied by a number of work-

ers.^? >^^ • ̂ ^^ The results of Nelson, Rush, and Kraus-^-^ 

are shown in figure 69. Paris and Brody^^SS have examined 

the distribution coefficient D of uranium as a function of 

HCl concentration in the presence of 0, 1, and 8 M HP and as 

a function of HF concentration in the presence of 0 and 0.2M 

HCl. The former three curves are similar in shape but decrease 

in magnitude as the HF corcentratlon is increased. The pre­

sence of 0.2M HCl also causes a decrease in magnitude of 

the D VS.[HF] curve. However, the shapes of the 0 and 0.2M 

HCl curves for varying HP concentration are dissimilair for 

HF concentrations less than 4M. 

Table XXXIV lists a number of separations of U from 

other elements using HCl-HF elutlng solutions. 

Nitrate systems. 

The distribution of uranium between anion exchange resins 

and nitric acid solutions has been reported by a number of 

workers.^g^ > ̂ ^^ > ̂ ^? > ̂ ^0 r^^7,^60-^62 ^ ^ ^^^^^^^ ^^ Buchanan 

auid Pawis^— auce given in figure JO. From the non- or only 

slight adsorption of most of the elements from nitric acid 

media, it appeaurs that anion exchange affords an excellent 

means for purifying uramium. Uranium is adsorbed more strongly 

from nitrate salt solutions than from nitric acid solutions 

alone.^^ '^^"^'^ '^^ With DeAcldlte PP resin, the adsorption 

of urauiium (VI) is greatest from A1(N0^)_ solutions and de­

creases in the order Ca(NC^2 > LINO^ > NHi^NO,.-^ Ethanol 

increases the distribution of uranium to the resin phase.-2—=• 

With an 80^ alcoholic solution, the distribution coefficient 
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Table X}IXIV. Separation of Uranium from Various Elements by Anion 

Exchange Using HCl-HF Elutlng Solutions.— 

Elemental mixture 

W, U 

U, W, Mo 

Element eluted 

W 

U 

u 
W 

Mo 

W, No, IL, V, Zr, U, Ta W, Ti, V, Zr 

Pe(lII), U 

R.E. as Eu(IIl),U(IV), 

U(VI), Zn(ll) 

Te(IV), U(VI) 

Th(IV), Pa(V), U(VI) 

Fa, U 

Zr, Np, Nb, U, Mo, Tc 

a Dowex-1 or -2 anion 

Nb 

u 
Ta 

Fe(lll) 

U 

R.E. 

U(IV) 

U(VI) 

Zn(ll) 

U(VI) 

Te(lV) 

Th(lV) 

Pa(V) 

U(VI) 

Pa 

U 

Zr 

Np 

Nb 

Elutlng solution 

7M HCl-lM HF 

O.IM HCl 

0.5M HCl 

7M HCl-lM HP 

IM HCl 

7M HC1-4M HF 

7M HC1-0.2M HF 

IM HC1-4M HF 

24M HF or 4M NH^Cl-

IM NHĵ F 

IM HF-O.OIM HCl 

IM HCl 

8M HCl 

8M HCl-O.lM HF 

0.5M HCl 

O.OIM HCl 

3M HCl-lM(to 8M)HP 

IM HCl 

lOM HCl 

9M HCl-lM HF 

O.IM HCl 

9M HCl 

7M HCl-O.llM HF 

0.5M HCl 

12M HC1-0.06M HP 

6.5M HC1-0.004M HF 

6.0M HC1-0.06M HP 

air dry column and alcohol wash 

U 

Mo, Tc 

exchange resin usi 

O.IM HC1-0.06M HF 

12M HNO^ 

sd. 

Reference 

555 

555 

559 

555 

556 

559 

556 

554 

538 
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Adsorption of elements from HCl and HCl-HF solutions with anion exchange 
.Distribution coefficients in absence of HP. vMaH^^H* Distribution 

coefficients in HCl-HF mixtures (usually IM HP except Zr(IV), Hf(IV), Nb(V), Ta(V), 
and Pa(v) where M HP = 0.5). After P. Nelson, R. M. Rush, and K. A. Kraus, reference 
558. 
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Plgure 70. The adsorption of elements from nitric acid solutions with Dowex-1 anion exchange resin 
(xlO, 200-400 mesh). After R. P. Buchanan and J. P. Paris, reference 562. 



Table XXXV. Separation of Uranium from Various Elements by 

Anion Exchainge Using Nitric Acid Solutions. 

Elemental 
Mixture 

Eu(lll), U(VI) 

U,'RU 

Zr, U, Th 

Resin 

Dowex-1 

Dowex-2 

Dowex-2 

U, Th DeAcldlte PF 

U, Th 

U, Np 

Th, R.E., 
trans-Pu, 
Pu, U, Zr, Np 

(77°C) 

Dowex-1 

Dowex-1 or 

Dowex-21K 

Dowex-2 

Element 
Eluted 

Eu(lll) 
U(VI) 

u 
Zr 

U 

Th 

U 

Th 

U 

Th 

U 

Np 

Th, R.E., 
trans-Pu 
Pu 

Elutlng Solution Reference 

8M HNO, 

0.2M HNO^ 

m HNO, 

Column developed 

with 8M HNO^. Zr 

elutes first, followed 

by U ound then ©i. 

6M HNOg 

4M HNO, 

«2° 
90^ methanol-IM HNO, 

m HNO^ 

557 

543 

543 

560 

564 

6M HNO,-ferrous sulfamatc - 56! 

hydre ̂ine or semicarbazide 

O.35M HNO, 

oonc.HCl-trace HNO, 

cone.HCl sat'd with 

550 

NHgOH.HCl and NĤ Î 

cone. HCl (8056)-00 nc. HNO, (20*) 

U, Zr 12M HNO, 

cone. HCl 

Np 4M HCl with 5% NHgOH'HCl 

for urauiium is about 12 between Dowex-1 resin and 1.2M HNO, 

solution; for a 40^ alcoholic solution, D is about 7. 

Table XXXV lists a number of sepaa*ations of U from other 

elements using nitrate media. The last procedure listed in 

the table may be revised to Include Pa separation. Following 

the elutlon of U with 12M HNO,, in which a small amount of 

Pa is eluted, the remaining Pa is eluted with 12M HN0,-0.1M 

HP.5^ 
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Sulfate systems. 

The recovery of uranium from sulfate liquors by anion 

exchange methods is important Industrially. Laboratory-wise, 

a number of procedures have been developed for the determination 

of uranium that make use of the adsorbabllity of the anionic 

uranyl sulfate complexes. The nature of these complexes has also 

received considerable study" '^ /P f (see section on complex lons^-

The distribution of uranium between anion exchange resins and 

sulfate media has been reported by a number of investigators .•«—'-

5^3iS50;^^7;^^^>5^Q The results of Bunney, et al.-^ are given 

in figure 71. Strontium, yttrium, cerium, and americium do not 

show any significant adsorption by the resin (Dowex-2) at any 

acid concentration.•^-^ The distribution coefficient of Pu(rv) 

is approximately twice that of U(VI) in the acid range of 0 

to ION HpSOj^."— The adsorption of uranium (and thorium) from 

solutions of (NH^)2S0^ is similau" to that from HgSÔ .̂ The 

decrease in adsorption is less rapid, however, with increased 

ammonium sulfate concentration than with sulfuric acid.̂ '̂  i??i' 
egg 

•2— The adsorption of uranium from sulfate solution exhibits 

a pH dependence (D increases as the pH is increased from 1 to 

4) which decreases as the sulfate concentration is decreased.-^^ 

The distribution coefficient of uranium between Dowex-1 resin 

and 0 to 1.2N sulfuric acid solutions is one to three orders of 

magnitude greater from 80^ ethanol solutions than from aiqueous 
541 solutions.' 

A number of procedures have been developed for the separa­

tion of uranium from various elements by anion exchange in 

sulfate solution. These generally involve the adsorption of 

the uranyl complex from a sulfate solution at pH 1, to 2 from 

which the foreign element is not adsorbed. After thoroughly 

washing the resin bed to remove impurities, uranium is eluted 

with a dilute solution of hydrochloric, nitric, or perchloric 

acid. Mixtures of elements that have been or may be separated 
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Figure 71-

The adsorption of elements from sulfuric acid solutions with 

Dowex-2 anion exchange resin (x8, 200-400 mesh). 

After L. R. Bunney, N. E. Ballou, J- Pascual, S. Potl, reference 

543. 
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from uranium by procedures similar to the one described Include 

Am, Th;-^ Fe, Al, M g ; ^ Pe, V;-SI2 Zn, Nl, Co, Cd, Mn, Cu, Fe, 

alkali metals,-SI Zr, Ce, Cs, Ag, Cd, V;^Zi Bi;^I^ R.E. ;^^^'^'^^»^7'^ 

and metals contained In ores .•2l2.~.5E The literature references 

should be consulted for exact experimental conditions. 

Carbonate systems. 

Uranium is recovered from carbonate leach liquors by anion 

exchange in industrial operations. Its anion exchange behavior 

is similar in carbonate solution to that in sulfate solution. 

That is, the distribution coefficient is decreased with increased 

carbonate concentration. This is illustrated In figure 72 for 

ammonium ceirbonate solutions.-^^ A similar decrease in D is 
egg 

observed for Increased sodium carbonate concentration.^— The 

distribution coefficient is also decreased by a decrease in pH 

of the solution. The Increase in bicarbonate concentration at 

the lower pH interferes with uranium adsorption. Other anions 

such as sulfate, nitrate, and chloride may also interfere with 

uranium adsorption from carbonate solution. To prevent gassing 

with carbon dioxide, uranium is eluted with salt solutions rather 

than acids. 

Vanadiuro2i_ and phosphate and molybdate^I— have been separated 

from uranium in carbonate solutions by anion exchange. The im­

purities are adsorbed on the resin together with uranium and 

eluted with a 10% NSpCO, solution. Uranium is eluted with a 5% 

NaCl solution. 

Phosphate systems. 

The distribution of uranium and other elements between Dowex-

2 anion exchange resin and phosphoric acid solutions is represented 

in figure 73 ••^^ Marcus^ has studied the Dowex 1-uranyl phosphate 

system. His distribution coefficients are lower by factors of 2 

to 50 at O.IM Ĥ POî  and 3M HoPO^^, respectively,-^^ than those shown 

in figure 73. 
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CARBONATE (M) 

Figure 72. The adsorption of elements from ammonium carbonate solu­
tions with Dowex-1 anion exchange resin (xB, 50-100 mesh). After 
S. Misuml, T. Taketatsu, reference 575. Conditions: Amounts taken, 
Be|+, 11.7 mg (BeO)j Ce4+, 7.3 mg (CeOg); Th4+, 26.9 mg (ThOa); and 
UOpT 61.0 mg (U3O8). 1 gram of resin and 200 ml of solution in con­
tact 12-20 hours at 200C. 
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Figure 73-

The adsorption of elements from phosphoric acid solutions with 

Dowex-2 anion exchange resin (xB, 200 mesh). 

After E. C. Preillng, J. Pascual, and A. A. Delucchl, reference 579. 
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Separations between uranium and the rare earths (Ce-̂"'', 

Ce ), alkaline earths (Sr •*•), alkali metals (Cs"*"), and tellurium 

are possible using Dowex 2-H,P0j, systems. The latter separation 

has been used by Wlsh2— who loaded a column of Dowex-2 resin 

from a O.IN H,PO|, solution. Tellurium passed through and 

uranium was adsorbed. The column was then converted to the 

chloride form with concentrated hydrochloric acid and uranium 

was eluted with O.IM HCl - 0.06M HF. An alternative method 

Involved loading the column from concentrated HCl. Tellurium 

was eluted with l.ON HoPOj, after washing the column with an 

alcoholic phosphoric solution. The column was then washed with 

an alcoholic HCl gas solution. Uranium was eluted with a O.IM 

HCl - 0.06M HF solution and molybdenum with 12M HlfO,. 

Miscellaneous systems. 

Uranyl ion forms an anionic complex with acetate ions at 

pH 4.25 to 5.25. The complex has been adsorbed on Amberlite 

IRA-400 strong base resin in the determination of small amounts 

of uranium in stones and natural waters.'' ir' 

Uranium is also adsorbed on Amberlite IRA-400 resin as an 

ascorbate complex.^ ^'^— Thorium, titanium, zirconium, tungsten, 

and molybdenum are also adsorbed. 

Uranium complexed with sulfosallcylic acid has been 

separated from Zn, Cu, Ni, and Cd.2-2. The latter are complexed 

with EDTA. The pH of the solution is kept between 8 and 10. 

Separation has been made on Amberlite IRA-401 and Dowex-1 resins. 

The uranyl cyanate complex formed by adding potassium 

cyanate solution to a uranyl salt is adsorbed by Dowex-1 anion 

exchange resin.•^— Uranium is eluted by a dilute hydrochloric 

acid solution. 

Cation exchange. Although a number of separations of 

uranium from various elements have been reported in the litera­

ture, the amount of quantitative data reported is rather meaiger. 

Hardy^—L has summarized much of the data available on the dls-
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tribution of uranium between cation exchange resins and nitric 

and hydrochloric acid solutions. His curves are reproduced in 

figure 74. Distribution coefficient curves for other actinlde 

elements: Th, Pa, Np, Pu, are given for comparison. Prevot, 

et al.^— have published the distribution curve for uranium 

between cation exchange resin C.50 and nitric acid solution. 

Its shape and magnitude are similar to that shown for the Zeokarb-

225-HNO, system In figure 74. Ishimorl and Okuno^-2 have found 

that Increasing amounts of methanol In nitric acid solution 

(0.18M) increase the distribution coefficient of uranium for 

Dowex-50 resin. 

The elution peak positions of a number of Ions Including 

uranium (rv) and (Vl) are given in figure 75 for various hydro­

chloric acid concentrations. The conditions under which the 

peak positions were determined are described in the figure 

caption. lonescu, et al.-— have studied the effect of acetone 

on the distribution of several elements between cation exchange 

resins, ICU-2 and R-21, and dilute hydrochloric acid solutions. 

For fixed hydrochloric acid concentrations of 1, 2, and 3%, 

maximum uranyl distribution coefficients were found between 

60 and 80^ acetone solutions. For 4 and 5% acid solutions, D 

was found to be considerably lower than for the more dilute 

acid solutions. 

Ishimorl and Okuno^— have investigated a number of cation 

exchange systems other than those already noted. Some of their 

results, D versus sodium sulfate, sodium acetate, and oxalic 

acid concentration, are Illustrated in figure 76. The adsorp­

tion of uranium by Dowex-50 from solutions of hydroxylamine 

was found to be pH dependent. As the pH of the solution was 

Increased, a sharp decrease in D was observed between pH 5 and 

6. Uranyl ion was not adsorbed by Dowex-50 resin from carbonate 

solution. 

Khopkar and Do'' " have Investigated the behavior of 
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Figure 74. 

The adsorption of ursinium and other actinlde elements by cation 

exchange resins from nitric and hydrochloric acid solutions. 

After C. J. Hardy, reference 587. 

The curves present the data of the following investigators: 

C. J. Hardy. D. Soargill, J. M. Fletcher, J. Inorg. Nuclear Chem. 
I, 257 (1958): Th(lV), Pa(v), U(Vl)-HN02. 

K. F. Sculz, M. J. Herak, Croat. Chem. Acta 29, 49 (1957): 
Th(lV)-HCl. 
R. M. Diamond, K. Street, Jr., G. T. Seaborg,.J. Am. Chem. Soc. 
76, 1461 (1954): U(VI), Np(lV), (V),(VI), Pu(lIl),(lV),(VI)-HCl. 
M7 Ward, G. A. Welch, Unpublished data, U.K.A.E.A., Wlnd^cale: 
Np(v),(VI)-HN03. 
I. Prevot, P. Regnaut, Progress in Nuclear Energy, Series III, 2, 
377 (1958): Pu(lIl),(lV)-HN03. 
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Figure 75-

Elution i)eak positions of various ions with 3.2, 6.2, 9.3, 

and 12.2M HCl from Dowex-50 cation exchange resin. Elutrient 

volume given in drops. 

After R. M. Diamond, K. Street, Jr., and G. T. Seaborg, reference 

591. 

Conditions: 

Dowex-50 resin, HR form, 250-500 mesh, settling rate 
approximately 0.5 cm/mln. 
Column, 10 cm long x 1 mm diameter. 
Plow rate, approximately 0.1 cm/mln. 
Room temperature. 

225 



UJ 

o 
(Z 
u. 
tu 
o 
o 

z 
o 

3 
a 

(D 

0 0.1 0.2 
SULFATE CONCENTRATION, 

0 0.1 0.2 
ACETATE CONCENTRATION, N 

100 

11. 
u. 
UJ 
O u 
z 
o 

3 
m 

en 
a 

0 1 2 3 4 5 
H„C204 CONCENTRATION, % 

Figure 76. The adsorption of uranium by Dowex-50 cation exchange 
resin from solutions of sodium sulfate, sodium acetate, and oxalic 
acid. After T. Ishimorl and H. Okuno, reference 568. 

Conditions: 

Sulfate - 0.5 g resin, NaR form; 5.4 mg U/25 ml; Na2S0l̂ -
NsJJ03 mixed solution, [Na] = O.3ON. 
Acetate - 0.5 g resin, NaR form; F.4 mg U/25 ml; NaOAo-
NaNOj mixed solution, [Na] = O.16N. 
Oxalic acid - 0.5 g resin, HR form; 10.8 mg U/25 ml. 
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uranium (Vl) on Amberlite IR-120 cation exchange resin with 

hydrochloric, nitric, sulfuric, acetic, citric, and perchloric 

acids. Uranium (1.7 mg) adsorbed on a resin bed (1.4 x 14.5 

cm) was eluted with 200 ml of various eluants. Uranium was 

quantitatively recovered with 2-4M HCl, 2-4M HNO,, and 1-2M 

HgSÔ ,. Uranium was incompletely recovered with IM HCl, IM 

HNOo, 2M HCIÔ ,̂ 2M acetic acid, and 2-5$̂  citric acid. 

Sullivan, et al."— have investigated the distribution of 

uranium between Dowex-50 ion exchange resin an'd perchloric acid 

media as a function of time and blsulfate ion concentration. 

Table XXXVI lists a number of separations of uranium from 

various elements that have been achieved by cation exchange. 

Chromatography. The subject of paper and cellulose chromatography 

foi' the separation of uranium has been reviewed by Rodden-^ and 

by Steele and Taverner—2_ Work of Soviet scientists in the 

field has been reviewed by Palel—21- and by Senyavin. References 

to much of the literature may be found in the review article by 

Kuznetsov, Savvln, and Mlkhailov. Books by Pollard—^ and by 
6l4 Blasius Include chromatographic separations of uranium. 

One of the most successful separations of uranium by filter-

paper chromatography makes use of the solvent, 2-methyltetrahydro-

furan.—2. of thirty-one metals tested, only ruthenium and rho­

dium, measured as Ru - Rh , and tungsten (W -') were in­

completely separated from uranium (Û -̂ -̂ ). The results for tin 

(Sn •') and antimony (Sb ) were inconclusive and the behavior 

Of mercury (Hg •') was similar to that of uranium. 

An example of the use of cellulose columns in combination 

with organic solvent for the separation of uranium is that given 
6l 6 

by Burstall and Wells.—=- An ethereal solution containing 5 

per cent v/v of nitric acid is used to extract uranium from a 

cellulose column. The nitrates of the alkali metals, alkaline 

earths, rare earths, Cu, Ag, Zn, Cd, Al, In, Tl, Tl, Hf, Ge, Sn, Y, 
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Table XXXVI. Separation of Uranium from Various Elements by Cation Exchange. 

Elemental mixture 

U, Th 

U, Th 

U, Th 

U, Th 

U, Th 

U, Th 

U, Th 

U, Np(lV) 

U, Np 

U, F.P.(Cs,Sr,Y,Ce) 

U, P.P., Pu 

U, P.P. 

U, La 

U, Eu 

U, Ce, Eu, 

U, R.E. 

U, R.E. 

Y 

Element eluted + elutlng agent 

U-I.70M HCl; Th-l.lM (NH^)2C02 

U, Th-90^ acetone, 5^ HCl, HgO (U eluted first) 

U-IM HCl'; Th-3M HgSOij 

U-dll. HCl; Th-complexlng agent (HSO]|) 

U-2M HCl; O.5M HgCgOî  

dilute HNO, 

U-O.l to 0.4M HgSOĵ ; Th-0.5M HgCgÔ ^ 

U-dll. HCl; Np(rv)-complexlng agent 

adsorb from IM HNO3; eluted Np ahead of U with 
2M HNO^ 

Sr-O.lM HCl; Ce,Y-lM HCl; U-6M HCl; Cs-5M NH,̂ C1 

adsorb from uranyl nitrate solution at pH 1-3; 
U-0.2 to 0.3M HpSOh; P.P.-phosphoric acid and 

- -U.BR H.-IM HNOo; Pu r̂. ..oPOjj and IM HNO^ 

Resin Reference 

Amberlite IR-120 

KU-2 

Amberlite IR-120 

phenol -formaldehyde 
type 

Wofatlt KS 
Amberlite IR-lOO 

alglnlc acid 
Wofatlt KS 

Amberlite IR-120 

Amberlite IR-120 

592 
568 

589 
593 

594 

595 

596 
597 
597 

zirconium phosphate 598 

sulfonated phenol 599 
formaldehyde type 

P.P.-3^ NagEDTA; U-3Ŝ  NaOAc, 0.25M NagCO^ sodium dlalkyl 
phosphate 

La-0.06^ NapEDTA, pH 4.0; U-3Ĵ  NaOAc, O.25M NapCOo sodium dlalkyl 
^ phosphate 

U, Fe, Cu, Cd, Nl, 
Co, Mn, R.E. 

U-0.75M HgSOĵ ; Eu-6M HCl 

U-IM HgCgOjj; Ce, Eu, Y-5N HCl 

R.E.-NagEDTA 

U-2.5M HF 

U, Pe,Cu-0.5N H2C20jj; Cd,Nl ,Co,Mn-lN HCl; 
R.E.-5Ĵ  ammonium citrate 

Dowex-50 

Amberlite IR-120 

Amberlite IRC-50 

Dowex-50 

Amberlite IR-120 

600 

600 

601,602 

603 

604 

605 

606 



U, Fe(lll), Co(ll), 
Cu(ll) 

U,Fe(lIl) 

U, Co, Cu, Ca 

U, Cd 

U,Th,Ac,Bl,Ra,Pb 

U, many ions 

U, many Ions 

U, Zr, Ce(lIl),Cu, 
Nl, Hg(ll^ 

U, phosphate 

Pe,Co,Cu-25g NapEDTA, pH 3-0; If-^ NaOAc, 0.25M 
NagCO^ 

U,Fe-0.8M HCl (U eluted first) 

adsorb from O.IM HNO3; Co, Cu, Ca-0.2M HNOo; 
U-resln removed from column and washecT wltn 
0.25M NagCO^ 

Cd-0.5N HCl 

U,Th,Ac,Bi-5^ "â g"̂ !' 
foreign Ions-EDTA (Na salt)^ pH 7; 
foreign ions-EDTA (Na salt;, [a)p-. 
or (b) pH 5.5-7.0 following Fe(OH). 
U-3N HgSO^ 

Zr as anionic oxalate complex. Ce(lll), Cu, Nl as 
anionic EDTA complexes, Hg(ll) as anionic Iodide 
complex are not adsorbed; U-4M HCl 

phosphate (NagHPO^) not adsorbed; U-4M HCl 

U-HgSO^ 

1.7-1.9 
precipitation; 

sodium dlalkyl 600 
phosphate 

Lewatlt SlOO 607 

dlalkyl- 600 
phosphoric acid 

Dowex-50 608 

KU-2 609 

Amberlite IRC-50 610 

(a)KU-2 or (b) 6II 
Amberlite IRC-50 

Amberlite IR-120 589 

Amberlite IR-120 589 

P.P. [=1 fission products. 

R.E. [=] rare earth elements. 

EDTA [=) ethylenedlamlnetetraacetlc acid. 



Pb, Nb, Ta, Cr, W, Te, Mn, Fe, Co, and Ni remain stationary or 

move only slightly. Gold reduced with FeSO^^ is retained by the 

column. Mercury (ll), selenium, arsenic, antimony, and bismuth 

move less rapidly through the column than uranium. Ceric nitrate 

is extracted as are thorium, zirconium, and scandium nitrates. 

Cerium in the Ill-state is not extracted. Thorium extraction 

is sensitive to the acid concentration. Zirconium extraction Is 

inhibited by phosphate, sulfate, oxalate, and tartrate ions. 

Scandium extraction is also Inhibited by tartrate Ion. Tin is 

precipitated as meta-stannic acid. Large aunounts of tin may be 

first removed by volatilization as the iodide. Vanadium is re­

tained if peroxides are absent. Ferrous sulfate reduces vana­

dium to an immobile salt. Phosphoric acid is extracted. Ferric 

nitrate inhibits the extraction of this acid. The behavior of 

molybdenum is complex. Iridium and rhodium are not extracted. 

Traces of ruthenium and platinum may be found In the eluent. 

Palladium is extracted. Reduction of platinum and palladium 

with PeSO^^ results in retention of bulk amounts by the column. 

Small amounts of sulfate do not interfere with the extraction of 

uranium. Sulfuric acid is retained by the column under normal 

conditions. Halldes increase the extraction of other elements, 

e.g.,Au, Sn. Under normal conditions, HCl is retained in the 

column; HBr, HI, bromine and iodine move slowly down the column. 

Molybdenum and arsenic may be adsorbed by the use of activated 

alumina in conjunction with cellulose.—^ 

The use of silica gel columns combined with organic solvents, 

dibutyl carbitol and trlbutyl phosphate, and nitric acid have 

been used for the separation of uranium and plutonium.—^—2 

A non-ionic phosphorylated resin, diethyl polystyrene-

methylenephosphonate, may be used to separate uranium (VI) from 

iron (III), lanthanum, zirconium, niobium, thorium,and mixed 

fission products. Uranium is adsorbed by the resin from 2 

iQV cent solutions of dibutyl phosphoric acid. The other elements 
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are not absorbed. Uranium is eluted with a dimethyl formamide-

benzene solution. 

The feasibility of using trlbutyl phosphate gels for the 

separation of uranium from iron (III) and thorium has recently 

been demonstrated.—=— 

Volatilization.. Uranium may be separated from many elements by 

fractional distillation of the volatile compound, uranium hexa-

fluoride. This method of separation has been applied to the 

recovery of uranium from irradiated fuel elements. Katz and 

Rabinowitz— have reviewed many of the early methods for the pre­

paration of UFg: fluorlnatlon of various uranium compounds with 

elemental fluorine or cobalt trifluoride, dlsproportionation of 

UF- which results in both UF̂ ^ and UFg, and the reaction between 

UF^ and dry oxygen which results in UOgPg and UFg. The latter 

two methods are not very practical from an analytical standpoint. 

Other fluorinating agents that form UFg include ceric fluoride, 

manganic fluoride, silver difluoride, halogen fluorides (e.g., 

BrP, and CIP,) and fused metallic fluorides. Most elements 

form fluorides under the conditions that UFg is obtained. How­

ever, only a small number of these fluorides are volatile. Hyman, 

et al.'̂  have published a table of some 26 elements having fluorides 

with boiling or sublimation points of 550*0 or less. Included in 

this group are the fluorides of boron, silicon, phosphorus, 

vanadium, sulfur, tungsten, bismuth, plutonium, and the fission 

products, germanium, arsenic, selenium, niobium, molybdenum, 

ruthenium, antimony, tellurium, and iodine. The boiling point 

of UFg is 54.6*0. Non-volatile fluorides from which uranium is 

readily separated Include those of the alkali metals, alkaline 

earths, rare earths, Pe, Co, Nl, Ag, Al, Be, Mn, Tl, Pb, Zn, Cu, 

Hg, Cd, and Zr.-2iL§22 

Uranium does not form a volatile compound by interaction 

with anhydrous hydrogen fluoride. Materials such as Nb, Ta, As, 

231 



•3]1 

Sb, Si, Te, Se, etc. do.-=i- The oxides of titanium, tungsten, 

and molybdenum react slowly with HP. VgO^ and VN also react 
•34 

slowly. VO, VgO^j^ and VgO- are not volatilized••»- Rodden and 

Warf'^ describe 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 hexachlorlde and uranium (IV) borohydride are 

volatile compounds for which procedures might be developed for 

the separation of uranium. 

Uranium may be separated from arsenic, antimony, bismuth, 

selenium, and tin by volatilization of the latter elements with 

a mixture of hydrobromlc acid and b r o m i n e . — ^ 

Electrochemical methods. The electrolysis of dilute sulfuric acid 

solutions with a mercury cathode results In the quantitative 

deposition of Cr, Fe, Co, Nl, Cu, Zn, Ga, Ge, Mo, Rh, Pd, Ag, Cd, 

In, Sn, Re, Ir, Pt, Au, Hg, and Tl In the cathode.•=i^ Arsenic, 

selenium, tellurium, osmium, and lead are quantitatively separated 

from the electrolyte, but are not quantitatively deposited in 

the c a t h o d e . — ^ Manganese, ruthenium, and antimony are Incom-

pletely separated.—— Uranium and the remaining actinlde elements, 

rare earth elements, the alkali and alkaline earth metals, 

aluminum, vanadium, zirconium, niobium, etc. remain in solu-

2i'5 62'^ ^̂ 4 
tlon.—si- Casto-^^ and Hodden and Warf'si- have reviewed the effects 

of many variables in the electrolytic separation of the above-
•54 

named elements from uranium. According to Rodden and Warf,'=^ 

optimum conditions for the purification of uranium in sulfuric 

acid solutions with a mercury cathode are: electrolyte volume, 

50 ml; free sulfuric acid concentration, IN; current density, 

as high as practicable with the given acid concentration (about 

10 amp maximum); anode, flat platinum spiral or grid Just 

making contact with the surface of the electrolyte; cathode area. 
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as large as practicable; stirring, surface of the mercury cathode 

is stirred rather rapidly; temperature of electrolyte, between 

25° and 40*0; mercury for the cathode, pure; anions, chloride, 

nitrate, and phosphate ions should be absent, or present In 

only small gimounts. 

Uranium may be deposited electrolytlcally at the cathode 

of a cell from acetate,^^^~^^^ carbonate,^^ oxalate,^^^"^^^ 

formate,^ phosphate,— fluoride,^^^'^^-'- and chloride^ 

solutions. Many of the uranium electrodeposltlon procedures 

have been developed in an effort to prepare thin, uniform films 

for alpha and fission counting rather than to separate the ele­

ment from any particular impurity. However, In the work of 

Smith and co-workerO' —« and Coomano 1 uranium was separated 

from alkali and alkaline earth metals and zinc. Casto—^ and 
^4 Rodden and Warf̂ -̂ - review much of the material pertinent to the 

electrodeposltlon of uranium. 

Electrodlalysis has achieved a certain amount of Importeince 

In the recovery of uranium from leach liquors. In a review ar­

ticle by Kunin,—^ the following cells are presented for con­

sideration: 

( • 

( • 

( 

-) 

-) 

-) 

cathode 

U02(N03)2 

H2S0^ 

NHi^NO^ 

cathode 

U02S0^ 

H2S0j^ 

H3P0^ 

cathode 

UOgClg 

NaCl 

VO4 

anion permeable membrane 

anion permeable membrane 

anion permeable membrane 

anode 

NH^^NO, 

anode 

HgSO^ 

anode 

NaCl 

(+) 

(+) 

(+) 

(1) 

(2) 

(3) 
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•) cathode 

UOgClg 

NaCl 

HgSOi^ 

anion membrane NaCl cation membrane anode {+) (4) 

HgSOi^ 

(-) cathode 

NaHCO 

uo^-^, 1̂ 2203, 

cation permeable membrane anode (-1-) 

NagCO^ 
(5) 

In acid systems (cells 1, 2, 3, and 4), the transport of sulfate, 

nitrate, and chloride ions to the anode results in a removal of 
« 

acid and a subsequent increase in pH in the cathode compairtment. 

The uranium, reduced during electrolysis, is precipitated as 

UOp or U(HPOh)g. In the alkaline system, the transport of so­

dium ions is also accompanied by a rise in pH in the cathode 

compartment and uranium is again precipitated as the dioxide or 

as a mixture of dioxide and sodium polyuranate. 

The electrodialytlc separation of uranium from metals in 
644 a complex mixture has been demonstrated by Willard and Pinley.'—!-

An ammonium biojirbonate solution containing U, Pe, Ni, Cu, Or, 

Zn, Al, Mo, I'lg, and Na salts, and traces of other elements was 

electrolyzed in a two-compartment cell having a cation permeable 

membrane and a mercury cathode. The solution was first made 

the catholyte (electrolyte in the cathode compartment) and elec­

trolyzed. Iron (805S), nickel and copper (95/^), tin, and zinc 

were removed from solution by deposition. The bicarbonate solu­

tion was then made the anolyte and electrolyzed at a platinum 

anode. All aluminum, molybdenum, ammonium, amd silicon, and some 

sodium and magnesium were separated from the uranium by migra­

tion. Uranium was retained as the carbonate complex and was 

racovered as the oxide by evaporation of the anolyte. 

Other features of the electrodialytlc behavior of uranium 

that may be useful In its separation and purification are (1) 

the retention of uranium during electrodlalysis from a perchloric 
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catholyte using an anion selective membrane, (2) the dissolution 

and separation of impure UFĵ , and (3)̂  the feasibility of electro-

644 dialysis in organic solutions.—— 

Pyrometallurglcal processes. Although pyrometallurglcal or high 

temperature processes have been designed primarily for large 

scale recovery of fertile material from irradiated fuel elements, 

some of the methods may find application in the radioohemistry 

laboratory. Types of pyrometallurglcal operations that have 

received considerable attention are(l) distillation,(2 ) salt 

extraction,(3-J molten metal extraction,('I ) oxidative slagging, 

(5 ) electro-refining, and(6 ) decomposition of uranium iodide. 
211 These methods have been reviewed by Lawroski .•===• 

1. Plutonium is concentrated by vacuum distillation 
from molten uranium at 1500-1800*0. 

2. Plutonium is extracted from molten uranium by salts 
such as UFh or MgCl^. Uranium remains in the metallic 
state. Plutonium is recovered as a hallde salt. 

3. Plutonium is extracted by molten metals, such as 
silver or magnesium, that are immiscible with molten 
uranium. Plssion products are also extracted. 

4. Oxidative slagging involves the preferential formation 
of the most stable oxides by a molten irradiated fuel 
element in a limited oxygen environment. These oxides 
(rare earths) float to the surface of the molten ma­
terial smd are skimmed off. Other oxides diffuse into 
the crucible and through the slag layer. 

5. In electro-refining, uranium is dissolved anodioally 
in a fused salt bath of alkali or alkaline esirth halldes 
that contain a uranium compound. Noble metals do not 
dissolve and are deposited as anode sludge. Uranium 
and chemically similar materials are deposited at the 
cathode. Alkali, alkaline earth, and rare earth fission 
products concentrate in the salt bath. 

6. Uranlvim is recovered as the metal from the thermal de­
composition of UÎ ,. Zirconium and niobium are the principal 
contaminants. 

It is not the purpose of this section to describe the 

techniques involved in pyrometallurglcal processes. The interested 

reader may consult the many papers presented in "Progress in 

Nuclear Energy, Series III, Process Chemistry," volumes 1(1956) 

and 2(1958), and in the "Proceedings of the International Con-
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ference on Peaceful Uses of Atomic Energy," volumes 9(1956) and 

17(1958). 

rV-E Determination of Uranium 

The amount of uranium in a sample may be determined by 

standard methods of analysis: gravimetric, volumetric, colorl-

metrlc, spectrophotometrlc, etc.^^* 191-195,197,198,200,64^ 

Because of its natural radioactivity, uranium may also be deter­

mined by counting techniques. The applicability. In terms of 

mass range, of various methods for the determination of uranium 

is given in Table XXXVII.^22 

1. Counting techniques. Principles of alpha, beta, and gamma 

counting are considered in review articles by Steinberg,^-i-

Hanna,—^ Deutsch and Kofold-Hansen,--2. Croutharaelj'SitS and 

Jaffey.—^ All three methods of counting are applicable to 

the radiometric determination of uranium since both alpha- and 

beta-emitting isotopes exist (Section III). Spontaneous fission 

half-lives have been determined for several uranium Isotopes: 

U^^, U^3^, U^35^ ^236^ g238_ These Isotopes are too long-lived, 

however, to make fission counting a practical method for their 

determination. 

Ionization chambers are most commonly used for the detection 

of alpha particles. In figures 77 and 78 are shown the alpha 

spectra of U^^^ and TT-'^, respectively. The spectra were obtained 

with a parallel plate, Prlsch grid ionization chamber using P-10 

(90^ argon, 10^ methane) gas. A multi-channel analyzer was used 

in conjunction with the ionization chamber. Both U^^ and U^23 

samples were prepared by volatilization. Figure 79 represents 

the Û '̂ -̂  alpha spectrum obtained with a surface barrier silicon 

solid state detector. Data for this figure was taken from the 

sjune sample as that for figure 78. It is readily apparent from 

the two figures that the solid state detector gives much better 

resolution of the alpha groups than does the ionization chamber. 
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Table XXXVTI. Range of Application of Various Methods for the 

Determination of Uranium.— 

Method 

Neutron activation 

Fluoroscopy 

Emission spectroscopy 

Visual chromatography 
on paper 

Volumetric (including 
microvolumetrlc) methods 

Autoradiography (a emission) 
counting of tracks 

Colorimetry 

dibenzoylmethane 

thiocyanate 

H2O2 - HCIO^ 

Alpha counting — 

Polarography 

Potentiometry 

Gravimetric methods 

— Adapted from a table given by A. Slmenauer, reference 199. 

— 50 tig of XT^ gives about 20 cpm at 52^ geometry. Uranlum-
238 may be detected In 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 background, 1 alpha cpm of uranium 
should be readily detected. For U^^o this is the equivalent 
of about 2 tig; for other uranium isotopes, the mass is even 
less. 

The data for figure 79, however, was taken in 1000 minutes. The 

data for figure 78 was taken in 10 minutes. 

Alpha particles may be counted also by gaseous, liquid, 

plastic, and crystalline scintillation detectors. The resolu­

tion of these detectors is, in general, less than ionization 

chambers and their application more limited. Nuclear emulsions 

are used to record alpha activity. Such devices as cloud chambers 

are generally not used in the radioohemistry laboratory. 

Geiger-Muller counters, proportional counters, and liquid, 

plastic, and crystalline scintillation detectors are suitable 

for the counting of p"-eralttlng isotopes, Û "̂̂ , U^39 ĵ,d U^^°. 

Range of application 
(micrograms) 

10-* - 10* 

10-* - 1 

5 X 10-^ - 50 

10-1 . ,o2 

1 - 5 X 10^ 

1-10* 

10 - 10* 

50 - 5 X 10* 
10^ - 10^ 

50 - 5 X 10^ 
102 - 10* 

2 X 10^ - 10* 

5 X 10* -

Range of error 
(per cent) 

+2 to 5 

±5 to 50 

±1 to 10 

±0.5 to 5 

±1 to 10 

±1 to 3 

±1 to 3 

±1 to 5 

±1 to 10 

±2 to 5 

±1 to 5 

iO.l to 2 
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Figure 77. 

Alpha spectrum of a volatilized source of U'̂-'-̂  obtained with 

a parallel plate, Prlsch grid ionization chamber using 90^ 

argon - lOĴ  methane gas. 

D. J. Henderson, Argonne National Laboratory, Unpublished data. 
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Figure 78. 

Alpha spectrum of a volatilized source of û '̂ '̂  obtained with 

a parallel plate, Prlsch grid ionization chamber using 90^ 

argon - lOjg methane gas*. 

D. J. Henderson, Argonne National Laboratory, Unpublished data. 
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Figure 79. 

Alpha spectrum of a volatilized source of U^^^ obtained with 

a surface barrier silicon detector. 

D. W. Engelkemeir, Argonne National Laboratory, Unpublished data. 
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Sodium iodide-thallium activated crystals have gained wide­

spread acceptance as detectors of gamma radiation. The gamma-

ray spectra of \r^^, U^^', TT^-', Xr-'^, and a uranium ore from 

the Belgian Congo are illustrated in figures 80-84. The spectra 

were measured by Crouthamel, Gatrousls, and Goslovich—^ with a 

4-lnch diameter x 4-inch thick cylindrical Nal(Tl) crystal. 

Not only can the amount of uranium in a sample be determined 

directly by measuring the disintegration rates of the various 

isotopes, it can also be measured indirectly by determining the 

activity of daughter products. For such a measurement to be 

meaningful, however, the equilibrium condition between the 

uranium Isotope and Its daughter must be known. 

Information on the radioactive decay of the uranium Isotopes 

Is given in Section III. Further information on these Isotopes 

and their daughter products may be obtained by consulting the 

"Table of Isotopes" compiled by Strommlnger, Hollander, and 

Seaborg—^ and the references given therein. Volumes 8 (1956), 

3 (1958), and 28 (1958) of the "Proceedings of the International 

Conference on the Peaceful Uses of Atomic Energy" contain a 

number of articles on the radiometric determination of uranium. 

Reference to many more articles is made In the review papers 

by Meinke.^^ 

2. Sample preparation. One of the most important problems to 

overcome in the detection of alpha particles and in direct 

fission counting is the prep6Lration of thin foils or sample 

deposits. This subject has received considerable attention 

and has been reviewed by several authors. ^ >—\r ? > Pi'i ^ — 

Several techniques are available. The simplest and most quanti­

tative is the direct evaporation of an aliquot of a sample. The 

distribution of such deposits are generally not very uniform. 

This may be improved upon by the addition of a spreading agent 

such as tetraethyleneglycol, TEG. Painting techniques may be 

used to build up fairly uniform deposits of several milligrams 
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per square centimeter,-22.*—2— Uranyl nitrate is dissolved in 

alcohol and added to a dilute solution of Zapon in Zapon thinner 

or cellulose in eimyl acetate. This solution is painted over a 

metal backing, allowed to dry, and then baked or ignited at a 

suitable temperature. For aluminum backing, temperatures of 

550° to 600''C are satisfactory. For platinum, higher tempera­

tures (800°C) are preferred. The thickness of the uranium 

deposit is increased by repeatedly painting and baking the 

foil. 
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Figure 80. 

Gamma-ray spectrum of ^T'-'^ obtained with a 4-lnch diameter x 

4-lnch thick cylindrical Nal(Tl) crystal. 

After C. E. Crouthamel, C. Gai;rousis, S. J. Goslovich, reference 

649. 
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Figure 84. 

Gamma-ray spectrum of uranium ore from the Belgian Congo obtained 

with a 4-inch diameter x 4-inch thick cylindrical Nal(Tl) crystal. 

After C. E. Crouthamel, C. Gatrousls, S. J. Goslovlch, reference 

649. 

Samples of the metastable U^^'' isomer have been prepared 

by electrostatically collecting the recoil atoms of Pu^^ in 

air.—2i-«—<— A negative potential of several hundred volts was 

applied to the metallic collection plate. 

Carswell and Milsted-^ have succeeded in preparing thin 

sources by a spraying technique. The material to be deposited 

is dissolved as the nitrate in an organic solvent (alcohol or 

acetone). The solution is drawn into a fine gla s capillary 
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tube and sprayed onto the backing material by applying an 

electric field. 

Electrodeposition Is a generally satisfactory method for 

prepgu*ing uniform sajnples with quantitative or nearly quantita­

tive yields. Uranium has been plated from a variety of solu-

tions: acetate.?^ 62?,628-6?l f ^ ^ ^ ^ , ^ oxalate,^^?r63?-6?8 

carbonate,•Sit-^ fluoride,^^^^^^it^iti and chloride.— A satis­

factory electrolyte for the deposition of uranium is 0.4M 
6^4 ammonium oxalate.—"^ A rotating platinum anode is used to stir 

the solution placed in a vertical oyllndricaJ. cell. The cell 

is made of glass, luoite, or some other chemically inert material. 

The cathode on which the uranium is to be deposited is thoroughly 

cleansed and made the bottom of the cell. The assembled cell 

is placed in a hot water bath and the temperature kept at about 

SO'C. A current density of approximately 0.1 amp/cm Is used. 

The deposition is influenced strongly by the rate of stirring, 

current density, and presence of foreign Ions.—«— 

Vacuum sublimation provides an excellent means for the 

preptiratlon of thin deposits of uranium. The sublimation of 

uranium acetylacetonate, U(C_H~02)h, has been used. A more 

convenient method Is the sublimation of uranium oxides. A 

uranium salt solution is placed on a tungsten or tantalum ribbon 

supporteC between two electrodes. The solution is dried by a 

heat lamp or by passing a low-current through the metal ribbon. 

The ssunple backing material is suspended at a suitable height 

above the metal ribbon. A bell Jar is placed over the assembled 

unit and evacuated. The uranium is volatilized by increasing 

the current through the metal ribbon. The uniformity of the 

deposit depends upon the distance between the ribbon and the 

backing plate. The collection efficiency also depends upon 

this distance but In an inverse mainner to that of deposit uni­

formity. Usually a compromise is made between collection 

efficiency and sample uniformity. Much of the uranium that is 
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not collected on the sample plate can be recovered from masking 

plates and glass chimneys placed between the filament and backing 

material. The collection efficiency may also be improved by 

subliming from furnaces so that the beam of uranium molecules 

is directed toward the backing plate. The furnace is heated 

by electron bombardment or induction heating. 

3. Activation Analysis. In activation analysis, a nuclide 

irradiated by neutrons, gamma rays, or charged particles Is 

transformed Into a radioactive nuclide more easily detected than 

the original one. The amount of original material may be deter­

mined either absolutely or comparatively. For an absolute deter­

mination, the cross section of the reaction, the irradiation flux, 

and the disintegration rate of the reaction product must be known 

or determined. For comparative analysis, a substance of unknown 

mass is irradiated simultaneously with a similar substance of 

known mass. The positions of these two substances are either 

side by side or, if separated, in positions of like flux. The 

reaction product activities of the two samples aire compared to 

give the relative masses of the starting materials. The com­

parative technique is, in general, much easier to apply. The 

uncertainties of many vairiables are eliminated by relative 

measurements. 

Activation with thermal neutrons meiy be successfully 

employed as a method of analysis for-natural uranium, uranium-

236, and the fissionable isotopes of uranium. Natural uranium 

consists of U^38(99.3^)^ U^'^^{0.72^), and U^3^(0.00575g) ..^ The 
• 

principal reactions of these nuclides with thermal neutrons are: 

Half-lives given below the arrow are taken from the "Table of 

Isotopes," reference 651. The value of v for the fission of 

U ^^ is taken from "Neutron Cross Sections," reference 660. 
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\r^^ + n -» Fission Products + 2.47 neutrons, 

u234^„l_^^35. 

The amount of natural uranium present in a sample may then be 

determined from the amount of U^^^, Np ^̂ , or Pu ^^ activity 

formed ai'ter irradiation. Measurement of the Pu -'̂  activity, 

however, requires either a fairly large amount of XT^ , a long 

irradiation period, or a combination of the two. The amount of 

natural uranium may also be determined from the fission of 

uranium-235 either by (l) fission counting the sample, (2) iso-
140 l'̂ 2* lating and counting a fission product such as Ba or Te -̂  , 

or (3) measuring the total gamma activity induced in the sample 
64s by a short neutron irradiation.—^ Thermal neutron irradiation 

of Û '̂  results in \r^-' and is of little value in the determina­

tion of natural uranium. 

Neutron Irradiation of U -̂  gives Tr-'' , a beta-emmiter 

having a half-life of 6.75 days..^ It is readily Identified 

through its beta decay, associated gamma rays, and half-life. 

Uranium-238 Irradiated with fast neutrons also produces V^-", 

U ^ (n,2n)U^^'. The cross section for this reaction has been 

determined with incident neutron energies from 6 to 10 Mev 

and at 16 Mev.— 

Activation analysis by fission counting is of value only 

if one fissioning nuclide is present or if the amounts of other 

fissioning nuclides present are known and corrections can be 

made for them. The same is true for the isolation and deter­

mination of fission products. Uranium isotopes that are 

fissionable with thermal neutrons together with their thermal 
660 

neutron fission cross sections are: 

U^2° 25 ± 10 barns 

Û -̂"- 400 ± 300 barns 

* 140 l'̂2 
The fission product nuclides Ba and Te -̂  are chosen since 
they are free from interfering reactions and are produced in 
good yields. 
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u232 gQ + 20 barns 

U^22 527 ± ^ barns 
U^35 582 ± 6 barns 

U^2^ 14 ± 3 barns* 

Other than U^^^, Û -̂ ^ is the best uranium isotope to determine 

by fission counting or fission product analysis. Uranlum-232 

may possibly be determined in this manner. The other Isotopes 

are of such short half-life that analysis of their own radia­

tions is a much better means for their identification. 

Excitation functions have been determined for a number of 

reactions with charged peu'ticles or gamma rays incident on 

uremlum isotopes. These reactions may be used for activation 

analysis. For absolute analysis, it should be pointed out that 

(1) the cross sections reported are sometimes subject to con­

siderable error; (2) energy determinations of the Incoming 

particle or ray are also subject to error; and (3) the reaction 

product can often be produced by a number of reactions. Com­

parative analysis appears to be a much better method for the 

determination of uranium. For gamma-̂ ay (bremsstrahlung) activation 

simultaneous irradiations in a like flux are fairly 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 tw6 samples in a 

like flux may require some ingenuity on the part of the ex-

perimenter. 

A partial list of reactions between uranium isotopes amd 

charged particles or gamma rays for which excitation functions 

* 
Pile neutrons. 

m 
Because of the short range of charged particles. Irradiations 
are generally made with tJirgets attached to or within the 
vacuum system of the accelerator. To maintain the system's 
vacuum requirements, to cool the samples properly, and to 
irradiate the samples simultaneously in a like flux may pre­
sent some dlfftoilty in equipment design. 
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or individual cross sections have been determined is given 

below: 

Protons 
u238(p,t)u236 662 

Deuterons 

u238(d,2n)Np238 66^.664 

u238(^,4„)Np236 66^,664 

u238(^^p)^39 664,66^ 

U238(d,t;d,p2n)u237 664 

U238(^^,)u237 662 

u235 
u235 

U' 235 
•T235 

Alpha particles 
u238 

^238 
u238 
u238 
u238 
u238 
u238 
u238 
u238 
u238 

u236 

u235 
u235 
u235 
u235 

Carbon ions 
U238 
U238 
u238 

Gamma rays. 
u238 
U238 
u238 

d,n)Np236 664,666 
d,2n)Np235 664,666 

d,3n)Np23^ 664,666 
ci,4n)Np233 666 

u234 
u234 
U234 

U233 
u233 
U233 
u233 
rT233 

241 

Pu 

a,n)Pu 
r238( , ,p ) ,p24l_e-

a,2n)Pu2^0 664 
a,3n)Pu239 664 

a,4n)Pu238 664,668. 
a,pn)Np2^° 669 
a,p2n)Np239 669 
a,p3n)Np238 662 
a,an)u237 669 
a,t)Np239 662 

a,F) 66iU66i 

a,4n)Pu236 668 

a,n)Pu238 664^662 
a,2n)Pu237 669 
a,3n)Pu236 664.662 
a,4n)Pu235 669 

C^2,4n)Cf2^6 e^l 

cl2,6n)Cf2^'* 611 
Cl2,a4n)cm2^2 6I I 

bremsstrahlung 
^,n)u237 6 l 2 j n 

T , N ) | n ^ 
^,p) 672,673,67^ 

241664 
u235 

u235 

U235 

U234 

U233 
U233 
u233 
u233 
u233 
u233 
u233 
u233 
u233 
u233 

d,n)Np235 666 
d,2n)Np23^ 666 
a,3n)Np233 666 

d,n)Np23^ 667 
d,2n)Np233 661 
a,3n)Np232 g l 
d,an)Pa230 661 
a,F)Z*66l 

a,5n)Pu23^ 66^ 
•235(a,p)Hp238 662 
a,p2n)Np236 662 
a , F ) 6 6 9 

a,4n)Pu23^ 668.^12 

n)Pu236 669 

2n)R:235 669 

3n)Pu23^ 669 

4n)Pu233 669 

5n)Pu233 669 

p)Np236 662 

pn)Np235 66£ 

p2n)Np23^ 669 

p3n)Np233 669 

F) 662 

U^33(^,N) 6li 
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The analysis of uranium by activation methods is reviewed 

by Koch,—i— who also gives references to much of the literature. 

IV-F. Dissolution of Uranium Samples 

1. Metallic uranium. 

HNO,. Uranium metal dissolves in nitric acid to form uranyl 

nitrate. With massive amounts of uranium the rate of dissolu­

tion is moderately rapid.—^ The reaction between uranium 

turnings, powder, or sintered metal and nitric acid vapors or 

nitrogen dioxide may occur with explosive violence.—^ Oxides 

of nitrogen are the principal gaseous products In the dissolution 

of the metal by HNO,. The presence of oxygen in the dissolver 

system tends to reduce the emission of these oxides.—^ The 

rate of dissolution of large amounts of metallic uranium may 

be increased by the addition of small amounts of sulfuric,—'^ 

phosphoric, '-^f or perchloric acid to the nitric acid. 

HpSO^,. Hot concentrated sulfuric acid attacks uranium metal 

slowly forming uranium (IV) sulfate.—l-i- Sulfuric acid-hydrogen 

peroxide mixtures react slowly with the metal at 75*'C forming 

uranyl sulfate. The addition of small amounts of chloride 

or fluoride to HpSÔ ^ - H O mixtures Increases the dissolution 

rate.682 

H-5PO2,. Cold 855̂  phosphoric acid attacks uranium metal slowly.—^ 

Concentration of the acid by heating produces a fairly rapid 

reaction in which uranium (IV) phosphate is formed. If heated 

too long, a chemically Inert, glassy substance is formed. 

HClOw. Uranium metal is Inert toward cold, dilute perchloric acid. 

As the concentration is increased by heating a point is reached 

at which the reaction proceeds with violence. l'>—=• Oxidizing 

agents added to dilute perchloric acid dissolve the metal.—^ 

HCl. Concentrated hydrochloric acid vigorously attacks uranium 

metal. Dilution of the acid diminishes the attack. But even 
6ftp with 4M HCl there is a rapid evolution of hydrogen.—- A 
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finely divided, black precipitate soon forms after dissolution 

begins. This precipitate is not dissolved by heating. Only by 

the addition of oxidizing agents (hydrogen peroxide, bromine, 

chlorate, nltratu, persulfate, dichromate, or ferric Ions) does 

the precipitate dissolve. Gaseous chlorine, aided by small 

amounts of iron or iodine, also oxidizes and solubilizes the 

uranium precipitate. The addition of small amounts of fluosilicic 

acid ' "̂  or large amounts of phosphoric acid to the hydro­

chloric acid prevents formation of the black precipitate during 

the dissolution of uranium metal. 

HF. The reaction of hydrofluoric acid with uranium metal is slow 

even at temperatures of 80''-90''C.-iii The reaction is inhibited 

by the formation of insoluble UF̂ ^ on the surface of the metal. 

HBr. Hydrobromlc acid attacks metallic uranium in manner 

similar to, but slower than, hydrochloric acid.—ii The black 

precipitate is formed. 

HI. The reaction between uranium metal and hydrlodic acid is 

s l o w . M 

Organic acids. Acetic, formic, propionic, and butyric acids 

react rapidly with uranium in the presence of hydrogen chloride.—^ 

Benzoic acid In ether reacts with the metal, forming the ben-

zoate.—^ Acetyl chloride and acetic anhydride react to form 

uranous acetate.—ii 

Miscellaneous solvents. Uranium is dissolved in a number of 

media other than acids:^ ' '' ' solutions of heavy metal salts 

(silver perohlorate, cupric ammonium chloride—^ or ace­

t a t e ^ ) , alkaline peroxide solutions (NaOH-HgO^ or NagO^-HgO 
fifty 6ftp 68R 

solutions—^), solutions of bromine and ethyl acetate, ' 
682 

hydrogen chloride and ethyl acetate, hydrogen chloride and 

acetone,—=• and nitrogen dioxide and hydroger. fluoride.•2-2 

Table XXXVIII denotes qualitatively some solutions that 
6ftp 

satisfactorily dissolve uranium. 

Anodic dissolution. Metallic uranium may be dissolved elec-
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trolytically by anode oxidation. A variety of electrolytes 

have been used. ° " < Satisfactory dissolutions have been 

made with sulfuric acid, nitric acid,-2- tartaric acid,—2— 

phosphoric acid containing nitrate,-^ and sodium bicarbonate.—2-

2. Alloys of uranium. The ease with which uranium alloys are 

dissolved depends largely upon the chemical behavior of the 

alloying metal. Larsen has reviewed the dissolution of 

some of the more common urani'ra alloys. Table XXXVIII summarizes 

the effect of various reagents on these alloys. 

3. Compounds of uranium. Table II lists solvents for a number 

of uranium compounds. General Review references 2, 4, 5, and 

7 (Section I) cover the chemical properties of these and other 

compounds more fully. 

Table XXXVIII. Reagents for the Dissolution of Uranium and Its Alloys.— 

S = satisfactory N = unsatisfactory 

Description HNO, Aqua Nitric - HCl + HCl- Br-- NaOH-
Regla HF Ox EtOAc ^^^^^ ^^^^ 

u 
U-Zr 

U-Nb 

U-Fe 

U-Cr 

U-Ru 

U-Mo 

U - P i s s 

U - S l ^ 

U-Pu 

ium^ 

S 

N 

N 

S 

N 

N 

N 

N 

S 

S^ 

S 

N 

N 

S 

N 

S 

s 
S ^ 

S 

s 
s 
s 
s 
N 

N 

N 

N 

S 

N 

S 

N 

N 

S 

S 

N 

S 

N 

S 

S 

N 

N 

S 

S 

N 

N 

N 

S 

S 

s 
s 
s 
s 
N 

S 

N 

S 

s 
N 

S 

N 

N 

N 

S 

N 

N 

— R. P. Larsen, reference 682. 

— Alloys containing from 1 to Z% Zr, Mo, Ru, Rh, Pd, and Ce. 

— Fluoride must be added to dissolve Zr. 

— Nitric acid dissolutions leave SI residue, but nitric-hydro­

fluoric acid dissolutions can easily lead to volatilization of 

fluosilicic acid. 

— Pu itself is not readily dissolved in nitric acid, hydrochloric 

acid being preferable. 
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The dissolution of uranium oxides is of considerable 

interest since uranium samples prepared as accelerator targets, 

for neutron irradiations, or samples found in the natural state 

are frequently In the form of oxides. Also, many compounds of 

uranium may be transformed to the oxide by heating, hydrolysis, 

or fusion. All of the oxides, U0-, U_Og, and UOp, are soluble 

in nitric acid, forming uranyl nitrate. UO, is soluble In other 

mineral acids. UoOp and UOp are dissolved by fuming with 
•34 

perchloric acid.'=i- They are slowly dissolved in hot concentrated 
•34 

sulfuric acld.-=^ The presence of fluoride accelerates this 

dissolution.-^ Alkaline peroxides react with uranium oxides 

to form soluble peruranates .*—«—i-

4. Meteorites, minerals, and ores. The extraction of uranium 

from natural deposits may be accomplished by decomposition and 

dissolution of the entire sample including uranium or by leach­

ing the uranium from the sample. Grinding and roasting facili­

tate the recovery. Roasting removes organic material. It also 

helps form soluble uranium compounds. 

Decomposition of the sample may be accomplished by acid 

attack, by fusion, or by a combination of the two. Mineral acids. 

Individually or in combination, may be used. The presence of 

hydrofluoric acid generally aids in dissolution. Ores, sand, 

etc. may be fused with sodium carbonate, sodium hydroxide, 

sodium peroxide, sodium bisulfate, sodium chloride and sodium 

hydroxide, ammonium sulfate, potassium bifluorlde, and mag­

nesium oxide. '^ I ? The melt is solubilized in water or acid 

and the separation of uranium made by procedures outlined in 
•34 

Section IV-D. Rodden and Warf'"^ have described a number of 

procedures in which uranium was made soluble by acid attack or 

by fusion methods. The recovery of uranium from monazite sands 

has been reported by Calkins, et al.—2— 

Acid and alkaline leaching are used on an industrial scale 

for the recovery of uranium from its ores. In acid leaching. 
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hydrochloric, nitric, or sulfuric acid may be used.— Indus­

trially, sulfuric acid is used because of its economy. Oxidizing 

agents (Fe(lll), MnOp, etc.) are used to convert uranium (IV) to 

uranium (Vl). A separation of uranium and thorium with an oxalic 

acld-nltrlo acid leach solution has been reported.—2^ 

In alkaline leaching, various combinations of alkaline 

carbonates, hydroxides, and peroxides have been used.i Indus­

trially, uranium is dissolved by alkaline carbonates as the 

I \ 4 -UOp(CO,), complex. Oxygen or other suitable oxidants are used 

to convert uranium (iV) to uranium (Vl). Hydroxyl ions are 

formed by the dissolution of uranium In carbonate solutions. The 

presence of bicarbonate ion in the dissolving solution prevents 

the precipitation of uranium. The recovery of urainium by acid 

and alkaline leaching is reviewed in General Review reference 

13 (Section l). 

5. Biological samples. The determination of uranium in biolo­

gical samples is reviewed by Steadman.—^ Uranium may be ex­

tracted and determined directly from liquid samples. The sample 

may also be ashed, as are solid samples, prior to uranium ex­

traction. Ashing may be carried out as a wet or dry process. 

Wet-ashing is commonly done with a nitric acid solution. Ashing 

may be completed with perchloric acid. However, extreme caution 

must be exercised when heating organic materials with perchloric 

acid. The ashed residue is dissolved in acid and the uranium 

determination continued from there. Wet-ashing need not be 

carried to completion. Analysis may be made upon the sample 

after it has been thoroughly digested in acid. 

6. Air dust samples. Samples of air dust are commonly collected 

on filter papers. The uranium may be dissolved by digesting 

the sample in nitric acid solution or the sample may be ashed 

and the residue dissolved In acid. 
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V, Collection of Detailed 

Procedures 

A procedure for the determination of uranium may entail 

one or more purification steps as outlined in the preceding 

sections. For example, uranium may be separated from Impurities 

by a series of solvent extractions with one or more different 

solvents. These may be Interspersed with precipitation and/or 

ion exchange methods. The procedures described herein have 

been gathered from project reports, the open literature, and 

by private communication. Only a limited number are presented. 

They have been selected because they represent many of the 

separation methods already described or because they represent 

different problems In handling samples: problems of dissolution, 

extraction in the presence of high beta-gamma activity, etc. 

A number of the procedures described do not make use of the ra­

diometric determination of uranium. The method of separation 

in these procedures, however, is applicable to radiochemical 

analysis and is, therefore, included. A number of papers and 

reports describe, in detail, procedures for the determination 

of uranium. Thebe should be noted. The work of Rodden and 

Warf^ has frequently been mentioned in this paper. In addi­

tion to procedures for the precipitation, solvent extraction, 

volatilization, and electrodeposition of uranium, these authors 

have presented a number of selected procedures for the solution 

of ores and minerals and the separation and determination of 

uranium. Procedures for the analytical determination in naturally 

occurring materials have also been described by Rodden and 

Tregonning,-^— Grlmaldi, May, Fletcher, and Tltcomb,—2L Schoeller 

and Powell,=—2 and in "the "Handbook of Chemical Determination 

of Uranium in Minerals and Ores."—2- The recent publication by 

Moore ' on extraction with amines contains a collection of pro­

cedures, many of which have to do with the separation of uranium. 
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mOCEDURE 1: Uranlum-237. 

Source: B. Warren, LA-1567 (1953) p. I8. 

Editor's note: Uranlum-237 "lay be separated from fission pro­
ducts, neptunium.and plutonium more easily by ion exchange and/or 
solvent extraction techniques (see, for example, Procedure 7). 
The following procedure is, however, an excellent example of 
uranium purification by precipitation methods. 

1. Introduction 

The significant steps in the determination of Û -̂ ' in ma­

terials containing fission products, neptunium and plutonium are 

the following. Rare-earth, neptunium, and plutonium activities 

are removed by appropriate lanthanum fluoride scavenging steps 

in the presence of hydroxylamine hydrochloride. The latter 

reagent serves to reduce both neptunium and plutonium so that 

they may be carried down, and also to complex uranium and pre­

vent its later removal in iron scavenging steps. Barium and 

zirconium are precipitated by barium fluozirconate scavenging, 

following a cycle of ferric hydroxide scavenging and ammonium 

diuranate precipitation steps, uranium is reduced by zinc metal 

in hydrochloric acid medium and precipitated, presumably as 

U(OH)j,, with ammonium hydroxide. The uranium is further purified 

by alternate conversions to tetrafluorlde and hydroxide. 24.Id 

Th •̂  (UX,) which has grown in from XT^ is removed by a zirconium 

iodate scavenge and the uranium is converted to ammonium diuranate. 

Uranium is finally plated from nitric acid medium onto a platinum 

foil. After flaming of the foil and weighing, uranium is beta-

counted as UoOft* Chemical yields average 50 to 655̂ . Quadrupli­

cate determinations require approximately 8 hours. 

2. Reagents 

XT^ carrier: 1 ml containing 10 mg of (5OOO/I) uranium. Pre­

paration: Weigh out 1 gm of U metal, dissolve in 

cone. HNO,, transfer to a lOO-ml volumetric flask. 

Make up to volume, adjusting the final solution 
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PROCEDURE 1 (Continued) 

to 3M in HNO,. The cEO-rier is standardized by 

pipeting 1 ml aliquots into a OOO-Coors procelain 

crucible, evaporating to dryness, igniting at 800° 

for 45 min, and weighing as U,OQ. 

La carrier: 10 mg La/ml (added as La(N0,)-- • 6H 0 in HpO) 

Ba carrier: 10 mg Ba/ml (added as Ba(N0_)2 in HpO) 

Zr carrier: 10 mg Zr/ml (added as ZrO(N02)2 • 2H2O in IM HNO^) 

Pe carrier: 10 mg Pe/ml (added as Pe(NO-), • 9H2O in very dilute 

HCl: 

HNO^: 

HNO^: 

HNO,: 

c o n e . 

IM 

8M 

c o n e . 

HF: c o n e . 

H2S0^i 

HIO3: 

NHĵ OHi 

c o n e . 

0.35M 

: c o n e . 

HNO3) 

NHgOH • HCl: 5M 

456 aqueous (NH|̂ )2C202,̂  

Br2: liquid 

Zn metal: 20 mesh, granular 

Me thano1: anhydrous 

Methyl red Indicator solution: O.156 in 905S ethanol. 

3. Equipment 

Fisher burner 

Centrifuge 

Block for holding centrifuge tubes 

40-ml centrifuge tubes: Pyrex 8l40 (10 per sample) 

OOO-Coors porcelain crucibles (one per standardization) 

Pt-tipped tweezers 

Plpets: assorted sizes 
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PROCEDURE 1 (Continued) 

Stirring rods 

Plating assembly: 1 cell per aliquot of sample 

Source of current - Fisher Powerhouse (D.C.) 

with variable resistance in series with cells. 

Cell - Brass base (3" x 3") for holding 

Pt cathode; 5-mil Pt circular 2" diameter disk (cathode); 

gasket (Koroseal-Upholstery 36681) to seal cathode and chimney; 

glass chimney, 2" diameter, 4" high, with 4 ears at height of 

3"; 1 1/^" steel springs for holding chimney to base; rotating 

Pt anode. The cell is heated for 1 3/^ hours at 105' after 

assembly to insure formation of seal between glass and Pt. 

Water bath for cell - Autemp heater; 6" 

crystallizing dish (for water bath); rubber pad for holding 

cell. 

4. Procedure 

Step 1. Add 1 ml of standard U carrier to an aliquot of 

sample in a 4o-ml long taper centrifuge tube. Dilute to about 

10 ml, heat to boiling, and precipitate (NHK)pUp0„ by the drop-

wise addition of cone. NHhOH-

Step 2. Centrifuge and discard the supemate. 

Step 3. Dissolre the precipitate In 1 to 2 ml of IM HNO,, 

add 5.4 ml of HgO, 3 drops of La carrier, and 10 drops of 5M 

NH2OH • HCl. Allow to stand for 5 mln. 

Step 4. Add 3 drops of cone. HF and allow to stand for 5 

mln. Centrifuge for 5 mln, transfer supemate to a 40-ml 

centrifuge tube, and discard the precipitate. 

Step 5. Add 3 drops of la carrier and let stand for 5 mln. 

Centrifuge for 5 mln, transfer supemate to a 40-ml centrifuge 

tube, and discard the precipitate. 

Step 6. Add 3 drops of Zr carrier and I5 drops of Ba 
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PROCEDURE 1 (Continued) 

carrier. Centrifuge for 5 mln and transfer the supemate to a 

40-ml centrifuge tube, discarding the precipitate. 

Step 7. Add 4 drops of cone. ngSÔ , and centrifuge for 5 mln. 

Transfer the supemate to a 40-ml centrifuge tube and discard 

the precipitate. 

Step 8. Add 2 drops of Fe carrier, heat the solution to 

boiling, and precipitate Fe(OH)_ by the addition of cone. NH^OH. 

Cool the tube under cold HO, centrifuge for 2-1/2 min, and 

transfer the supemate to a 40-ml centrifuge tube, discarding 

the precipitate. 

Step 9. Add 0.4 to 0.5 ml of liquid Br2 (Note 1) slowly to 

slight excess and boil the solution to a light yellow color. 

Add cone. NHî OH until (NHĵ )2U20„ precipitate forms. Cool un­

der cold water, centrifuge, and save the precipitate. 

Step 10. Add 1 to 2 ml of IM HNO^ and 10 ml of H2O, heat 

the solution to boiling, and add cone. NHj,OH to repreeipitate 

(NHj.)2U20„. Centrifuge and save the precipitate. 

Step 11. Add 1 to 2 ml of IM HNO,, 10 ml of HgO, 10 drops 

of 5M NHgOH • HCl, and 2 drops of Pe carrier. Let stand for 

5 mln. Heat the solution to boiling and precipitate Fe(OH) 

by addition of cone. NH^OH. Cool the tube under cold HO, 

centrifuge for 2-1/2 min, and transfer the supernate to a 40-

ml centrifuge tube, discarding the precipitate. 

Step 12. Repeat Step 9. 

Step 13. Add 1 ml of cone. HCl, 10 ml of H2O, heat the 

solution to boiling and precipitate (NH2,)pU20y with cone. NĤ iOH. 

Cool the tube, centrifuge, and save the precipitate. 

Step 14. Dissolve the precipitate in 1 ml of cone. HCl and 

10 ml of HgO. Add 2 gm of Zn metal (20 mesh, granular), and 

heat the mixture until the solution turns brown. Heat 1 addi­

tional minute. 
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PROCEDURE 1 (Continued) 

Step 15. Let stand until the vigorous gas evolution subsides 

and decant into a 40-ml centrifuge tube. Discard the Zn. 

Step 16. Heat the solution to boiling and precipitate 

U(0H)2̂  (?) with cone. NĤ ÔH. (The precipitate will be greenish-

black.) Centrifuge and save the precipitate. 

Step 17. Dissolve the precipitate in 10 drops of cone. HCl. 

Add 5 ml of HpO and 4 drops of cone. HP. Stir vigorously until 

UP^ precipitates, add 7 drops of cone. NĤ ÔH and stir. Cen­

trifuge 5 min and save the precipitate. 

Step 18. Add 1 ml of cone. HCl, heat slightly, add 10 ml of 

H2O, and heat the solution to boiling (the precipitate should 

dissolve). Add cone. NHĵ OH and precipitate U(OH)^ (?) (greenish-

black precipitate). 

Step 19. Repeat Step I7, except that 4 ml of H-0 are added 

instead of 5. 

Step 20. Add 1 ml of cone. HN0_ and heat until NO, ceases 

to be evolved. Add 10 ml of H2O and precipitate {mi^)^'U20„ 

with cone. NH^OH. Centrifuge, discard the supernate, and 

dissolve the precipitate in 1 ml of cone. HNO,. 

Step 21. Add 10 ml of HgO, 4 drops of Zr carrier, and 1 ml 

of O.35M HIO,. Centrifuge, transfer the supernate to a 40-ml 

centrifuge tube, and discard the precipitate. 

Step 22. Heat the solution to boiling and precipitate 

{im^)^JJ^O„ with cone, NHnOH. Centrifuge and discard the supernate 

Step 23. Dissolve the precipitate in 1 to 2 ml of IM HNO,, 

dilute with 10 ml of HgO, and centrifuge. Transfer the super­

nate to a 40-ml centrifuge tube and discard the precipitate. 

Step 24. Repreeipitate (NH2̂ )2U2'-'7 ̂ y tolling the solution 

and adding cone. NH^OH. Centrifuge and save the precipitate. 

Step 25. Add 5 drops of 8M HNO, and transfer to the plating 

cell which contains 10 ml of HgO and 3 drops of 8M HNO,. Rinse 

the centrifuge tube with three washes each consisting of 5 
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PROCEDURE I (Continued) 

drops of 8M HN0_ and 0.5 ml of HgO, transferring the washings 

to the plating cell. 

Step 26. Add 10 ml of k% (NH^)2C20^ and wash the cell walls 

down with approximately 5 ml of HO. The total volume in the 

cell should be about 40 ml. 

Step 27. Add 5 drops of methyl red solution, and cone. 

NHĵ OH drop-wise until the solution turns yellow. Add 8M HNO^ 

until the solution turns red or orange (one drop Is usually 

required); then add 3 drops of HNO_ in excess. 

Step 28. Plate for 1-1/2 hours at I.5 amp and 8 volts at 

80 to 90°. For the first 30 min, at lO-min intervals add 

sufficient 8M HNO, to maife the solution red to methyl red. At 

40 min, add 3 drops of cone. NH^OH, or enough to make the solu­

tion yellow to the indicator. 

Step 29. Wash down the cell walls with HpO to replenish that 

lost by evaporation, and continue electrolysis for an additional 

50 min. 

Step 30. Remove plate, wash with H O and methanol. Flame 

plate for 1 min. Cool, weigh as U,0o, mount, and count. Correct 

for Th 3 (UX,) activity (see accompanying figure). 

Notes 

1. Liquid Brg destroys NH OH and also the uraniuro-hydroxylamlne 

complex. 

263 



PROCEDURE 1 (Continued) 

6 8 
DAYS 

CORRECTION FOR UX, ACTIVITY/mg UJOQ 

ON PLATE. Procedure I. 
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PROCEDURE 2: Purification of Uranlum-240. 

Source: E. K. Hyde and M. H. Studier, ANL-4182 (19^8). 

Editor's note: The following procedure was used to purify 
u240 formed by the second order neutron capture of u23o. jhe 
principal decontaminating step is the ether extraction of 
ureinlum from a reducing aqueous solution. Uranium is further 
purified by a number of precipitations that sire not described 
in detail. These, however, are fairly easy to perform. 

Irradiation and Chemical Procedure 

Two grams of depleted uranium (l part U^^^ per 30,000 peirts 

Xr^ ) as U-Og in a small 2s aluminum capsule was Irradiated in 

the Hanford pile for 12 hours including time for stso-tup and 

shutdown. Six hours ai'ter the end of the irradiation the cap­

sule and its contents were dissolved in nitric acid, using 

mercuric ion as catalyst for dissolving the aluminum. The 

uranium was extracted batchwise, the dissolved aluminum serving 

as a salting agent. The ether containing the uranium was then 

passed through two static wash columns packed with 3/32 inch 

stainless steel helices and filled with a solution lOM in 

ammonium nitrate, 0.1 M in nitric acid, 0.01 N in ferrous ion 

and 0.1 M m urea. Neptunium was reduced by the aluminum in 

the dissolver and by the ferrous ion in the wash columns to an 

unextractable oxidation state (Np IV and Np v). Additional 

ether was passed through the columns to strip out the uranium. 

These operations were carried out by remote control behind 

lead shielding. The Initial dissolver solution measured roughly 

50 roentgens per hour at 8 inches. The ether solution emerging 

from the second column and containing the uranium measured only 

about 3 mr per hour at the surface, and most of this was ether-

soluble iodine fission product activity. The uranium was ex­

tracted from the ether into an aqueous ammonium sulfate solu­

tion and washed several times with ether to remove Iodine 

activity. LaPo was precipitated from the uranyl nitrate solu­

tion after reduction with sulfur dioxide to remove any traces 

of Np^9 which might have come through the ether extraction. 
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PROCEDURE 2 (Continued) 

The uranium was further purified by precipitation as diuranate, 

sodium uranyl acetate, and peroxide and by a final ether ex­

traction. Throughout this final series of purifications there 

was no detectable decrease in p-activity; this indicates that 

the uranium was radloactively pure. 

Small aliquots of the final uranium solution were evaporated 

on platinum discs and ignited to U^Og to study changes in 

activity. The remaining uranium solution was used for extraction 

of neptunium daughter fractions. 

PROCEDURE 3: Purification of Irradiated U^36_ 

Source: S. Fried and H. Selig, Private communioation. 

Editor's note: The present procedure was used in an experiment 
designed to measure the thermal neutron fission cross section 
of u237. The amount of u235 that can be tolerated in such an 
experiment is very small. 

Two criteria were used in selecting the purification steps 

in the following procedure: 

1) To obtain uranium free of fission products and other 

extraneous activities without introducing contaminant 

normal uranium in the procedure. 

2) The initial part should lend itself easily to remote 

control manipulation. 

•if. 

The reagents used were carefully purified. Thus, the nitric 

acid and perchloric acid were redistilled in a quartz still. 

The NHhNO, was prepared from gaseous ammonia and distilled HNO_. 

The HCl was prepared by passing HCl gas into triply distilled 

H2O, etc. 
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PROCEDURE 3 (Continued) 

Procedure: 

A. In Cave 

The Irradiated uranium oxide (~0.3 mg) was dissolved in 

concentrated HNO, and made up to 2 M in HNO, with distilled HpO 

to give total volume of about 15 ml. Some Fe"*̂  was added to 

keep Pu and Np in +4 state. The solution was saturated with 

NH|jNO, and contacted four times with 10 ml portions of ether. 

Each contact was scrubbed twice with 2 M HNO, saturated with 

NHjjNO,. The combined ether extracts were back extracted three 

times with 5 nil portions of E^O. The HpO strip was evaporated to 

dryness and treated with HCl to destroy NĤ N̂O, carried over. 

B. Outside Cave 

The sample could now be handled easily outside the cave 

with a minimum of shielding, most of the activity being due to 
237 U -" . A mass spectrometrie analysis showed it contained 0.5 

weight % of Xr^' . A fission count showed that additional puri­

fication was necessary to remove Np ^ formed by (n,^) on Np 3' 

which had built up during irradiation. 

The sample was taken up in about 0.5 ml 6 N HCl and put 

on a small Dowex-1 column and washed. The Np comes off in 

6 N HCl. Finally the uranium was eluted with 0.5 M HCl. The 

eluate was evaporated to dryness and taken up in 0.2 ml of 5 M 

HCl, 0.1 M KI and 0.05 M N Ĥ ÔH . 2HC1. This was heated at 90° 

for 2 minutes, diluted to 0.5 M in HCl and TTA extracted twice 

for 15 minutes. The original fraction was washed twice with 

benzene and evaporated to drjmess. 

In order to clean up the uranium for a mass spectrometrie 

analysis, it was subjected to another ether extraction as in 

the first step. After the NHĵ NO, was destroyed the sample was 

fumed with HCIÔ ^ to destroy any organic residue from the ether 

extraction. 
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PROCEDURE 4: Uranium and Plutonium Analysis 

Source: B. P. Rider, J. L. Russell, Jr., D. W. Harris, J. P. 

Peterson, Jr., aEAP-3373 (i960). 

Samples of dissolved irradiated fuel contain highly 

radioactive fission products. For this reason, uranium and 

Plutonium are separated prior to analysis. The following pro­

cedure gives a good yield together with a good decontamination 

factor. 

Reagents: 

1. Distilled cone. HNO,. 

2. 2 M HNO, - distilled cone. HNO,, double distilled HO. 

3. U-233 solution, standardized. 

4. Pu-236 solution, standardized. 

5. KBrO, - Crystals, Reagent Grade. Low natural U blank. 

6. 8 M f̂HĴ NO, m 2 M HNO, - Place 200 ml distilled I6 M HNO, 

+ 100 ml double distilled HgO In a large beaker. Bubble 

NH^ gas through solution until basic to pH paper. Boll 

off excess NH_ (solution neutral). Transfer to mixing 

cylinder, add 50 ml of distilled I6 M HNO,, dilute to 400 

ml. Check density of solution (1.31 ± 0.01 at 20°C.). 

7. Hexone - distilled. 

8. HCl - C.P. reagent. Low natural U blank. 

9. 1 M HNO- - distilled cone. HNO,, double distilled HgO. 

10. 305̂  HgOg - meets A.C.S. specification, low natural 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 HNO, - distilled cone. HNO,, double distilled HgO. 

15. HgO - double distilled. 

Glassware: 

All glassware used Is Pyrex which has been soaked overnight in 
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PROCEDURE 4 (Continued) 

50% HNO, and rinsed with double distilled water. Plpets are 

rinsed with 5OJS HNO and double distilled water before using. 

Separation and Decontamination Procedure: 

1. Place the aliquot for analysis in a 15 ml cone and evaporate 

to about 1 ml. Add a suitable U-233 and Pu-236 spike, one 

drop cone, nitric acid, and several KBrO, crystals. Allow 

to stand for 1 hour to allow oxidation of Pu to PuOp*^. 

2. Add 1.5 ml 8 M NH^NO^ in 2 M HNO,, and evaporate to about 

2 ml. 

3. Prepare 2 scrub solutions in separate 15 ml cones, containing 

1 ml of 8 M NH^NO, in 2 M HNO, and about 10 mgs KBrO,. 

Preoxidlze about 10 ml hexone with 2 ml of 2 M HNO, and 

IffirO,. Keep covered until ready for use. 

4. Extract the U and Pu four times for five minutes with 2 ml 

portions of hexone (methyl isobutyl ketone), adding 1 drop 

of 16 M HNO, to the original solution after each extraction. 

Scrub each extract in turn with the two solutions prepared 

in step 3. 

5. Strip the combined hexone extracts with five 2 ml portions 

of HpO. Evaporate the combined aqueous portions to dryness, 

add a few drops of HNO, and HCl, taike to dryness. Evaporate 

to dryness with HNO, under a gentle stream of pure nitrogen 

on a boiling water bath. 

6. Prepare 3 ml of 1 M HNO, and 1 drop of 30^ HgOg, add 1 ml to 

the Pu and U residue from step 5 and two 1 ml portions to 

separate 15 ml cones. 

7. Extract immediately the Pu 2 times for 20 min. with 2 ml 

portions of 0.2 M T.T.A. (thenoyltrifluoroacetone) in xylene. 

Scrub each in turn with solutions prepared in step 6. Save 

the aqueous phase for uranium. Combine the T.T.A. extracts 

and add a few crystals of trichloroacetic acid. 
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PROCEDURE 4 (Continued) 

8. Mount the combined T.T.A. extracts on a platinum plate 

for alpha pulse analysis, 

9. After pulse analysis, remove the Pu for mass ajialysls as 

follows: Cover disc with HP. Evaporate to dryness under 

a heat lamp. Again cover disc with HP and evaporate to 

dryness. Cover disc with cone. HNO, and evaporate to dryness. 

Repeat 3 or 4 times. Cover disc with cone, nitric, re­

flux a few seconds, and transfer with a plpet to a 15 ml 

cone. Repeat 3 or 4 times. 

10. Evaporate the combined cone. HNO, refluxes to dryness. 

Treat residue with aqua regia and evaporate to dryness. 

Evaporate to dryness with cone. HNO, on a boiling water 

bath several times. Add 50 X of 0.01 M HNO, to the evapor­

ated sample and submit sample for mass spectrographlc 

analysis. 

11. Wash the original 1 M HNO, uranium fraction (Step 7) with 

xylene. Add 1 drop of HNO, and 3 drops of HCl to the 

washed 1 M HNO, and reflux for about one-half hour to de­

stroy the organic present. Evaporate to dryness, flame 

gently to destroy organic matter and dissolve the residue 

with 2 drops HNO, and evaporate to dryness on a water bath. 

12. Pipette three 1 ml portions of 8 M NĤ N̂O, in 2 M HNO,, 

dissolve the evaporated U fraction in one 1 ml portion. 

Place the other 2 portions in two I5 ml cones for scrub 

solutions. 

13. Extract the U with four 2 ml portions of diethyl ether, add­

ing 100 X of cone. HNO, before each extraction. Scrub each 

extract in turn with 2 scrub solutions prepared in Step 12. 

14. Evaporate the combined ether extracts over 1 ml of HgO in 

a 15 ml cone. Evaporate to dryness. 

15. Add 3 drops of HCl and 1 drop of HNO,, and evaporate to dry-
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PROCEDURE 4 (Continued) 

ness repeatedly until the organic is destroyed. Flame gently 

to expell ammonium salts. Then dissolve in HNO, and evap­

orate to dryness on a water bath. Add 50 X of 0.05 M HNO, 

to the dry cone and submit sample for mass spectrographlc 

analysis. 

Plutonium Calculation: 

To determine the amount of Pu in the original sample, it 

is necessary to measure in a Prisch chamber the alpha spectrum 

of the plate prepared in Step 8. The ratio of Pu-239 and Pu-240 

activity to Pu-236 activity is calculated. If the ratio is mul­

tiplied by the original activity of Pu-236 added, the original 

activity of Pu-239 plus Pu-240 can be obtained. Prom the mass 

analysis a Pu-239 to Pu-240 atom ratio is obtained. The speci­

fic activity of the mixture is calculated from that of the indi­

vidual isotopes. The Pu-239 plus Pu-240 activity can be eon-

verted to Pu-239 plus Pu-240 weight by dividing this activity 

by the specific activity of the mixture. 

Uranium Calculation: 

The ratio of the various U isotopes to U-233 from the mass 

spectrometer data is multiplied by the amount of U-233 spike 

originally added to the sample to obtain the amount of each 

uranium isotope present in the original sample. 

PROCEDURE 5: Speetrophotometric Extraction Methods Specific 

for Uranium. 

Source: W. J. Maeck, G. L. Booman, M. C. Elliott, and J. E. 

Rein, Anal-Chem. ̂ , II30 (1959). 

Abstract 

Uranium as tetrapropylammonlum uranyl trinitrate Is quan-
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PROCEDURE 5 (Continued) 

titatlvely separated from large quantities of diverse ions by 

extraction into methyl isobutyl ketone (4-methyl-2-pentanone) 

from an acid-deficient aluminum nitrate salting solution. Mllli 

gram levels are determined by a direct absorbanee measurement 

of the trinitrate complex in the separated organic phase at 

452 mn. Microgram amounts are determined by adding dibenzoyl­

methane (l,3-diphenyl-l,3-propanedione) in an ethyl alcohol-

pyrldlne mixture to the separated organic phase and measuring 

the absorbanee of the chelate at 415 mn. The coefficient of 

variation is less than 1^ at the 10-mg. and 25-'y levels. The 

limit of sensitivity is 0.8 Y for the dibenzoylmethane method. 

Apparatus and Reagents 

Absorbanee measurements of the tetrapropylammonlum uranyl 

trinitrate complex were made with a Gary Model 14 recording 

spectrophotometer and 1-cm. Corex cells. A Teflon 9 x 9 x 6 mm. 

spacer placed in the bottom of the cells permits absorbanee 

measurements with 2 ml. of sample. Absorbanee measurements of 

the dibenzoylmethane complex were made with a Beekman DU spec­

trophotometer and 5-cm. Corex cells. 

Extractions were made in 125 x 15 mm. test tubes with 

polyethylene stoppers. A mechanical extraction device^ was 

used for agitation. 

Reagent grade inorganic and Eastman Kodak Co. White Label 

organic chemicals were used without purification. Distilled 

water was used throughout. The uranium solutions were prepared 

by dissolving purified black oxide, U,0g, In a slight excess of 

nitric acid, and making to volume with water. 

The dibenzoylmethane reagent is prepared by dissolving 

0.1140 gram of dibenzoylmethane in 500 ml. of a 5% solution 

(v./v.) of ethyl alcohol In pyridine. 

Salting and Scrub Solutions. A. 0.005M Tetrapropylammonlum 
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Nitrate, IN Acid-Deficient Salting Solution. Place IO5O grams 

of aluminum nitrate nonahydrate In a 2-liter beaker and add 

water to a volume of 850 ml. Heat, and after dissolution add 

67.5 ml. of concentrated ammonium hydroxide. Stir for several 

minutes until the hydroxide precipitate dissolves. Cool to less 

than 50°C.,add 10 ml. of 10^ tetrapropylammonlum hydroxide, 

and stir until dissolved. Transfer to a 1-llter volumetric 

flask and make to volume with water. A preliminary extraction 

with methyl isobutyl ketone is suggested to remove uranium 

contamination in which case tetrapropylammonlum hydroxide will 

have to be re-added. 

B. O.O25M Tetrapropylammonlum Nitrate, IN Acld-Deflelent 

Salting Solution. Same as A except that 50 ml. of IO56 tetra­

propylammonlum hydroxide is used. 

C. 0.25M Tetrapropylammonlum Nitrate, IN Aeld-Defieient 

Salting Solution. Neutralize 100 ml. of lOĴ  tetrapropylammonlum 

hydroxide to pH 7 with 5N nitric acid. Transfer to a large 

evaporating dish and let stand until a thick crystal slurry 

forms (which may t2ike as long as 4 days). Place 210 grams of 

aluminum nitrate nonahydrate in a 400-ml. beaker and transfer 

the tetrapropylammonlum nitrate crystals into the beaker with 

20 ml. of water. Stir and add water to a volume of approximately 

180 ml. Add 13.5 ml. of concentrated ammonium hydroxide and 

stir until dissolution is complete (which may require several 

hours). Transfer to a 200-ml. volumetric flask and make to 

volume with water. 

D. Scrub Solution for Dibenzoylmethane Method. Add 940 

grams of aluminum nitrate nonahydrate, 33 grams of tartaric acid, 

31 grams of oxalic acid, and 64 grams of (ethylenedlnltrilo)-

tetraaeetie acid to 100 ml. of water and I50 ml. of concentrated 

ammonium hydroxide. Heat with stirring until dissolved. Cool, 
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PROCEDURE 5 (Continued) 

filter, transfer to a 1-liter volumetric flask, and make to 

volume with water. Remove uranium contamination by a methyl 

Isobutyl ketone extraction. 

E. Special Solutions. The following salting and scrub 

solutions are used in the dibenzoylmethane method for samples 

containing cerium(rV) or thorium. 

1. Prepare an aluminum nitrate salting solution as A, but 

omit the tetrapropylammonlum hydroxide. 

2. Prepare a scrub solution by dissolving 154 grams of 

ammonium acetate and 20 grams of the sodium salt of dlethyldi-

thiocarbamate in water to a volume of approximately 900 ml. 

Adjust to pH 7, filter, and make to a 1-llter volume with water. 

3- Prepare a mercuric nitrate solution by dissolving O.O63 

gram of mercuric nitrate in 90 ml. of IN nitric acid and making 

to a 100-ral. volume with IN nitric acid. 

Procedures 

Milligram Amounts of Uranium. With aqueous samples of 0.5 

ml. or less and containing up to 2 meq. of acid, 0.5 to 12 mg. 

of uranium can be extracted from a salting solution which is 

O.O25M in tetrapropylammonlum nitrate and IN acld-deflelent. 

Samples of high acidity should be neutralized to less than 2 meq. 

of free acid, or a salting solution which is 2N acld-defleient 

can be used for samples containing up to 6 meq. of acid. If 

eerlum(lV) and thorium are present, the absorbanee from uranium 

will be maximum if the combined uranium(Vl), thorium, and cer-

ium(lV) do not exceed O.05 mmole in the sample aliquot. Samples 

that contain more than 0.05 mmole of combined uranium, eerium-

(IV), and/or thorium can be analyzed after dilution, provided 

the resulting sample aliquot contains more than 0.5 mg. of 

uranium. If this condition cannot be met, the 0.25M tetrapro­

pylammonlum nitrate salting solution is used, which can accommo-
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date up to 0.5 mmole of combined ursuiiium, oerlum(IV), and 

thorium. 

Plpet a sample of O.5OO ml. or less, containing 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 Isobutyl ketone, 

stopper, and extract for 3 minutes. Centrifuge to facilitate 

phase separation. Transfer as much as possible of the organic 

phase with a micropipet to a 1-om. cell containing the Teflon 

spacer. Measure the absorbanee at 452 mî  against a blank pre­

pared by substituting ITJ nitric acid for the sample. 

Microgram Amounts of Uranium. Aqueous sample allquots 

containing up to 2 mg. of uranium and as much as 8N in acid can 

be quantitatively extracted from a salting solution 0.005M in 

tetrapropylammonlum nitrate— • Neutralize samples of higher 

acidity to less than 8N before extraction. 

. SAMPLES WITHOUT CERIUM(IV) AND THORIUM- Plpet a sample 

of 0.500 ml. or less, containing 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 facilitate phase separation. Transfer 

as much as possible of the organic phase to a test tube con­

taining 5.0 ml. of scrub solution D, stopper, and mix for 3 

minutes. Centrifuge to facilitate phase separation. Remove 

a 1.00-ml. aliquot of the organic phase and transfer to a 25-

ml. flask. Add 15 ml. of the dibenzoylmethane-pyridine reagent 

and thoroughly mix. Allow to stand 15 minutes, transfer to a 

5-cm. Corex cell, and measure the absorbanee at 415 mt̂  compared 

to a blank prepared by substituting IN nitric acid for the sam­

ple aliquot. 

SAMPLES CONTAINING CERIUM(rV) OR THORIUM. Plpet a sample 

of 0.500 ml. or less, containing from 0.8 to 75 y of uranium. 
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into a test tube containing 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 facilitate phase separation. Transfer 

as much as possible of the organic phase to another tube con­

taining 5.0 ml. of scrub solution E-2, stopper, and mix for 20 

minutes. Centrifuge as before. Transfer at least 3 ml. of the 

organic phase to a test tube containing 5.0 ml. of salting solu­

tion E-1. Add 0.5 ml. of scrub solution E-3, stopper, mix for 

10 minutes, and centrifuge. Remove a 2.00-ml. aliquot of the 

organic phase and transfer to a 25-nil. flask. Add 15 ml. of the 

dibenzoylmethane-pjrridlne reagent and thoroughly mix. Let stand 

15 minutes, transfer to a 5'0-cm. Corex cell, and measure the 

absorbanee at 4l5 mu compared to a blank prepared by substitut­

ing IN nitric acid for the sample aliquot. 

Calibration. Two different standards containing levels of 

uranium equivalent to approximately 0.1 and 0.7 absorbanee are 

processed. The concentration of samples is established by the 

average absorptivity of these standards provided agreement 

within statistical limits (95^ confidence level) is obtained. 

— W. J. Maeok, G. L. Booman, M. C. Elliott, J. E. Rein, Anal. 

Chem. 22.' 1902 (1958). 

PROCEDURE 6: Determination of Uranium in Uranium Concentrates. 

Source: R. J. Guest and J. B. Zimmerman, Anal. Chem. 22_, 931 (1955). 

Abstract 

A method is described for the determination of uranium in high grade 

uranium material. Uranium is separated from contaminants fay 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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layer by means of water, eolorlmetrlc determination of the uranium 

is carried out by the sodium hydroxide-hydrogen peroxide method. 

The procedure is accurate, rapid, and easily adaptable to routine 

•work. 

Reagents and Apparatus 

Reagents. Ethyl acetate (Merck, reagent grade). 

ALUMINUM NITRATE SALTING SOLUTION. Place approximately 450 

grams of reagent grade (Mallinckrodt) aluminum-nitrate [Al(N0,),-

9H2O] 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 continue the boiling for 5 more minutes. Repeat 

this step until a clear solution is obtained after boiling. Remove 

the cover glass and concentrate the solution by boiling until a 

boiling point of 130''C. is reached. Cover the beaker with a watch 

glass and either transfer the solution to a constant temperature 

apparatus or keep the solution warm, finally heating to Just under 

boiling before use. If the solution is allowed to cool to approxi­

mately 60°C, recrystallization of aluminum nitrate will take place. 

It is necessary, therefore, to dilute the salting agent solution by 

about one third in order to prevent recrystallization if the solu­

tion cools to room temperature. Accordingly, if the solution is to 

stand overnight, add 35 nil. of distilled water per 100 ml. of salt­

ing agent solution, mix well, and cover. 

If the salting agent solution is to be stored, the following 

procedure has been found convenient. Adjust the solution to the 

proper concentration (boiling point, 130°C.) and transfer to a 100-

ml. three-necked reaction flask set on a heating mantle. Adjust the 

heating so that the temperature of the solution is kept at about 

110°C. In one of the necks place a water condenser, in another neck 

a thermometer, and in the third neck a removable ground-glass stop-
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per. This third neck is utilized for pipetting the salting agent 

solution. 

ALUMINUM NITRATE WASH SOLUTION. Add 100 ml. of aluminum nitrate 

salting solution (boiling point, ISCC.) to 73 ml. of distilled 

water and 4 ml. of concentrated nitric acid. 

Apparatus. Beekman DU spectrophotometer. 

Heating mantle. 

Three-necked reaction flask (1000 ml.). 

Water condenser. 

No. 0 rubber stoppers. Boll twice in ethyl acetate before use. 

Slxty-mlllillter separatory funnels (Squibb, pear-shaped). 

Procedure 

Sample Dissolution. Place an appropriate quantity (l to 

5 grams) of the sample in a tared weighing bottle, stopper the 

bottle, and weigh the bottle and contents immediately. Carry 

out a moisture determination on a separate sample if uranium 

is to be calculated on a dry weight basis. 

Bring the sample into solution in one of three ways: (l) 

nitric acid treatment, (2) multiacld treatment, or (3) sugar 

carbon-sodium peroxide fusion. 

For the nitric acid treatment, dissolve the sample In a 

suitable quantity of nitric acid and transfer the solution and 

insoluble residue into an appropriate volumetric flask and make 

up to volume. Regulate the dilution so that the aliquot chosen 

for extraction will contain between 10 and 30 mg. of uranium 

oxide if the final dilution for the eolorlmetrlc finish is to 

be 250 ml. Adjust the acidity of the sample solution to about 

5$S in nitric acid. 

If nitric acid treatment is not sufficient, treat the 

sample with hydrochloric acid, nitric acid, perchloric acid, 

and finally sulfuric acid. If necessary, add a few milliliters 
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of hydrofluoric acid. Pume the sample to dryness and leach 

the residue with nitric acid, finally transferring the solution 

and residue to an appropriate volumetric flask and adjusting 

to 5% in nitric acid as in the single acid treatment. 

If the sample is refractory, use the sugar carbon-sodium 

peroxide fusion method described by Muehlberg—. After dissolu­

tion of the sample in this manner, transfer the acidified solu­

tion to an appropriate volumetric flask and dilute so that the 

final solution is 5% in nitric acid. 

Aliquot solution samples directly or dilute as required for 

an ethyl acetate extraction. If the sample is aliquoted di­

rectly for an extraction, add 5 drops of concentrated nitric acid 

per 5-nil aliquot of sample and standards before extraction. Where 

samples are diluted before allquots are taken for extraction, 

adjust the acidity so that the final volume is 5/̂  In nitric acid. 

Ethyl Acetate Extraction. Place an appropriate aliquot 

(usually 5 ml.) in a 60-ml. separatory funnel, the stopcock of 

which has been lubricated with silicone grease. Add, by means 

of a graduated plpet, 6.5 ml. of aluminum nitrate solution per 

5 ml. of sample solution. The aluminum nitrate salting solu­

tion should be added while hot (above l l C C ) . Cool the solu­

tion to room temperature and add 20 ml. of ethyl acetate. 

Stopper the separatory funnels with pretreated rubber stoppers. 

Shake the mixture for 45 to 60 seconds. Occasionally crystalli­

zation will take place in the separatory funnel near the stop­

cock. In such a case place the lower part of the separatory 

funnel in a beaker of hot water until the solidified portion 

dissolves. 

After the layers have separated, drain off the aqueous 

(lower) layer. Occasionally a cloudiness will appear at the 

boundary of the aqueous and organic layer. This cloudy portion 

should not be drained off. Add 10 ml. of aluminum nitrate wash 
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solution to the funnel and again shake the mixture for 45 to 60 

seconds. Drairt off the aqueous layer, once again being careful 

to retain the cloudy portion at the boundary in the funnel. 

Rinse inside the stem of the separatory funnel with a stream of 

water from a wash bottle. 

Water Stripping of Uranium from Ethyl Acetate Layer Followed 

by Sodium Hydroxide-Hydrogen Peroxide Colorimetric Finish. Add 

15 ml. of water to the separatory funnel containing the ethyl 

acetate, stopper the flask, and shake the mixture for about 

1 minute. After washing off the stopper with water, drain the 

aqueous layer into a volumetric flask of suitable size and wash 

the separatory funnel and ethyl acetate layer 4 or 5 times with 

5-ml. portions of water by means of a wash bottle. Combine the 

aqueous fractions. 

Add enough 20% sodium hydroxide solution (w./v.) to neu­

tralize the solution and dissolve any precipitated aluminum 

hydroxide, then add 10 ml. in excess per 100 ml. of final 

volume. Add 1 ml. of 30% hydrogen peroxide per 100 ml. of final 

volume and make up the volume to the mark with distilled water. 

Read the absorbanee after 20 minutes on the Beekman DU spectro­

photometer at 370 mu against a reagent blank, using 1-em. Corex 

cells and a slit width of 0.2 mm. Compare the absorbances of 

the samples against the absorbances of standard uranium solu­

tions which have been carried through the procedure at the same 

time. Choose the standards so that they cover the range into 

which the samples are expected to fall, using a ratio of one 

standard to six samples. In practice it is customary to work 

between the limits of 10 and 30 mg. of uranium oxide. This is 

arranged by estimating the required sample weights and diluting 

and sampling accordingly. The final volume for eolorlmetrlc 

reading is usually 250 ml. 
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Double Extraction of Uranium with Ethyl Acetate Followed 

by Application of Differential Colorimetry. Uranium determina­

tions requiring the highest accuracy may be carried out by a 

double extraction of uranium with ethyl acetate followed by the 

application of differential colorimetry as described by Hiskey 

and others.—^ In suel- a case it is recommended that between 

100 and 150 mg. of uranium oxide be extracted, and a wave length 

of 400 mii be used during the colorimetric finish. The procedui'e 

described below has been found satisfactory. 

Extract an appropriate aliquot of the sample solution with 

20 ml. of ethyl acetate as described above. Draw off the a-

queouE layer into a second separatory funnel containing 10 ml. 

of ethyl acetate. Stopper the funnels and shake the mixture for 

45 to 60 seconds. Drain off and discard the aqueous layer. Add 

10 ml. of aluminum nitrate wash solution to the first ethyl ace­

tate extract, stopper, and shake the mixture for 45 to 60 seconds. 

Drain off the aqueous layer into the separatory funnel containing 

the second ethyl acetate extract, stopper, and shake the mixture 

for 45 to 60 seconds. Drain off and discard the aqueous layer. 

Combine the ethyl acetate fractions. Rinse the second separa­

tory funnel with 20 ml. of water, draining the washings into the 

separatory funnel containing the combined ethyl acetate frac­

tions. Shake the mixture for 1 minute. Continue the water 

stripping as described above, collecting the fractions in an 

appropriate volumetric flask. Finish colorlmetrically as de­

scribed previously, allowing the strongly colored solution to 

stand 1 to 2 hours to ensure stability before reading as a fading 

effect of about O.OO5 absorbanee (optical density) has some­

times been noted on freshly prepared samples. 

Read the absorbanee of the sample solution on the Beekman 

DU spectrophotometer at 400 mp against a reference solution 

281 



PROCEDURE 6 (Continued) 

which contains a known amount of uranium and has been carried 

through the extraction and color development procedure in the 

same manner as the sample. Also carry along other standards 

containing slightly higher and lower amounts of uranium than 

the sample. Determine the concentration of uranium in the 

sample either by the calibration-curve method or the correction 

method, as described by Neal—. If the amount of uranium in the 

sample is not known, make a test run by talking an aliquot of the 

sample solution and assaying for uranium by the more rapid sin­

gle extraction method. The standard solutions to be used can 

then be chosen according to the result obtained. 

Removal of Interfering Thorium. After an ethyl acetate ex­

traction, strip the uranium in water from the ethyl acetate and 

collect the uranium fraction in a 250-ml. beaker. Add enough 

20% (w./v.) sodium hydroxide solution to neutralize the solution 

and redlssolve precipitated aluminum hydroxide. Then add 10-

ml. excess of 20% sodium hydroxide solution and 1 ml. of 30% 

hydrogen peroxide per 100 ml. of final volume. Filter the solu­

tion through an 11-em. 4lH filter paper (Whatman), collecting 

the filtrate in a volumetric flask of suitable size. Wash the 

paper and precipitate once with 5 ml. of a solution of 2% sodium 

hydroxide containing 0.1 ml. of 30% hydrogen peroxide. Re-

dissolve the precipitate by washing the paper with 10 ml. of 

10% nitric acid solution, collecting the washings in the original 

beaker. Neutralize the solution with 20^ sodium hydroxide 

solution, and add 2 ml. in excess. Add 0.5 ml. of 30% hydro­

gen peroxide, and filter off the precipitate on the original 

filter paper, washing as before and collecting the filtrates 

in the original volumetric flask. If the precipitate on the 

paper is colored yellow, repeat this step. Make the solution 

in the volumetric flask up to volume and read the absorbanee 
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PROCEDURE 6 (Continued) 

on the spectrophotometer. Carry standards through the same 

procedure as the samples. 

- W. L. Muehlberg, Ind. Eng. Chem. 1£, 690 (1925). 

- C. P. Hiskey, Anal. Chem. 21, 1440 (1949). 

- C. P. Hiskey, J. Rabinowitz, and I. G. Young, Anal. Chem. 

^ , 1464 (1950). 

- G. W. C. Milner and A. A. Smales, Analyst ££, 4l4 (1954). 

- W. T. L. Neal, Analyst 2£, *03 (1954). 

- I. G. Young, C. P. Hiskey, Anal. Chem. 23, 506 (1951). 

HIOCEDURE 7: Uranium-237. 

Source: B. Warren, LA-1721 (}fev) (1956). 

1. Introduction 

In the carrier-free method for the determination of Xr-'', 

the principal decontamination step (which is preceded by a 

La(OH), scavenge and partial removal of plutonium as the eup-

ferron complex) is the extraction of uranium into 30% TBP 

(tertiary butyl phosphate) in benzene. Additional decontam­

ination Is effected by adsorption of uranium, first on an anion 

and then on a cation exchange resin. The uranium is finally 

electroplated on platinum. The chemical yield is 40 to 60% 

and is determined through the use of Û '̂ ^ tracer. The Û -̂ ' 

is ̂ -counted in a proportional counter with a 2.6l-mg/cm Al 

absorber, and from the number of counts the number of atoms 

of the isotope is calculated. Pour samples can be run in 

about 6 hours. 
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PROCEDURE 7 (Continued) 

2. Reagents 

U"^^^ tracer: amount determined by the a-oountlng technique 

employed 

La carrier: 10 mg La/ml [added as La(NO,), • 6H 0] 

Fe carrier: 10 mg Fe/ml [added as Pe(NO,), • 9Hp0 in very 

dilute HNO,] 

HCl. O.IM 

HCl: 5M 

HCl: lOM 

HCl: cone. 

HNO-: 3M 

HNO,: 5M 

HNO,: eonc. 

NH.OH: eonc. 

NHgOH • HCl: 5M 

(NHî )2C20̂  in HgO: 4% 

TBP (terlary butyl phosphate): 30% by volume in benzene (Note l) 

Aqueous cupferron reagent: 6% 

Methyl red indicator solution: 0.1% in 90% ethanol 

Methanol: anhydrous 

Chloroform 

NH,: gas 

Clg: gas 

3. Equipment 

Centrifuge 

Fisher burner 

Block for holding centrifuge tubes 

Pt-tipped tweezers 

Steam bath 

5-ml syringe and transfer plpets 

Mounting plates 
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PROCEDURE 7 (Continued) 

40-ml centrifuge tubes: Pyrex 8140 (three per aliquot of sample) 

Ion exchange columns: 

8 cm X 3 mm tubing attached to bottom of 15-ml centrifuge 

tube 

Anion resin: 5 cm Dowex A2-X8, 400 mesh, (Note 2) 

Cation resin: 5 cm Dowex 50-X8, 100 to 200 mesh, (Note 2) 

Stirring rods 

Motor-driven glass stirrers 

Plating set-up: same as that used in Procedure 1 except that 

the Pt cathode is a 1" disk and the glass chimney has a 7/8" 

l.d. 

4. Procedure 

Step 1. To an aliquot of sample not exceeding 20 ml in 

a 40-ml centrifuge tube, add 1 ml of u -̂-̂  tracer and 3 drops 

of La carrier, and bubble in NH, gas until the precipitate 

which forms coagulates. Digest for 15 min on a steam bath, 

centrifuge, and discard the supernate. 

Step 2. Dissolve the precipitate in 0.6 ml of cone. HCl 

and dilute to 10 ml with KgO. Add 5 drops of 5M NHgOH • HCl 

and 2 drops of Fe carrier (if this element is not already pre­

sent), and allow to stand for 10 rain. Add 4 ml of chloroform, 

6 ml of 6% cupferron, and extract the Pu(lV)-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 with chloroform. To the aqueous layer 

add 3 drops of La carrier and bubble in NH, gas until the pre­

cipitate formed coagulates. Digest for 15 min on a steam bath, 

centrifuge, and discard the supernate. 

Step 3» Dissolve the precipitate in 1.6 ml of cone. HNO,, 

dilute to 5 ml with HpO, 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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ml centrifuge tube. Extract again with 2 ml of TBP solution 

and combine with the previous extract. Add 1 ml of TBP solu­

tion to the original tube, draw it off, and combine with the 

other extracts. 

Step 4. Wash the TBP extracts with two 3-ral portions of 

5M HNO,, discarding the washings. Bubble in CI- gas for 5 min 

at a vigorous rate. 

Step 5. Transfer the solution to a Dowex A2 anion ex­

change column. Permit one-half of the solution to pass through 

the resin under 8 to 10 lb pressure. Add 1 ml of cone. HCl to 

the column and allow the remainder of the solution to pass 

through under pressure. Wash the column twice with 2-1/2 ml 

of lOM HCl and then twice with 5M HCl, discarding the washings. 

Elute the U with two 2-1/2-ml portions of O.IM HCl, catching 

the eluate in a clean 40-ml centrifuge tube. 

Step 6. Dilute the eluate to 10 ml with H^O and pass 

through a Dowex 50 cation exchange column under 1 to 2 lb 

pressure. Wash the resin three times with 2-1/2-ml portions 

of O.IM HCl and discard the washings. Elute the U with two 

2-1/2-ml portions of 3M HNO, into the plating cell. 

Step 7. Add 5 ml of 4% (NH.)pC20^, 3 drops of methyl 

red indicator solution, and make basic by the dropwise addition 

of cone. NH^OH. Make the solution Just red to the indicator 

by the dropwise addition of 6M HNO,, and add 3 drops in ex­

cess. Plate at 1.1 amp and 8 volts for 1^ hr at 80°C. At the 

end of the first 10 min, add 3 drops of methyl red solution 

and make acid with 6M HNO,. Check acidity at two additional 

10-rain Intervals, and at the end of 40 min add 3 drops of 

cone. NHj,0H. At 10-min intervals thereafter check to see that 

the plating solution is Just basic to the indicator. Remove 

the cell from the water bath, wash three times with methanol. 
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PROCEDURE 7 (Continued) 

and dismantle the cell, carefully keeping the Pt disk flat. 

Flame the disk over a burner, a-count the U^ ,, mount, and 

&-oount in a proportional counter with a 2.6l-mg/cm Al ab­

sorber. 

Notes 

1. The TBP is purified before use by washing first with 

IM NaOH and then with 5M HNO,. 

2. Before use, both the anion and cation resin are 

washed alternately at least five times each with H2O and HCl, 

and are then stored in H2O. 

3. See Procedure 1 for the correction for UX̂  activity 

per mg U,Og on plate. 

PROCEDURE 8: Radloassay of Uranium and Plutonium in Vegeta­

tion, Soil and Water. 

Source: E. L. Gelger, Health Physics 1, 405 (1959). 

Abstract 

A method is discussed for the separation of uranium 

and plutonium from vegetation, soil and water. The method 

is based on the extraction of uranium and plutonium from 4 

to 6 N nitric acid into 50% tri-n-butyl phosphate in n-tetra-

decane diluent. Uranium and plutonium are recovered together 

with sufficient reduction in total solids to allow a-eountlng 

and pulse height analysis. Data from several hundred "spiked" 

samples to which uranium and plutonium were added indicate a 

nearly equal recovery of uranium and plutonium. Average re­

coveries are 76 ± 14 per cent for vegetation, 76 ± I6 per 

cent for soil, and 82 ± I5 per cent for water. The procedure 

is designed for samples that may be collected and analyzed 
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PROCEDURE 8 (Continued) 

for radioactivity as a part of a health physics regional 

monitoring program. 

Procedures 

Preparation of samples 

Vegetation. Cut oven-dried vegetation into small pieces 

and weigh 10.0 g into a 150 ml beaker. Heat the sample at 

600"*C, starting with a cold muffle furnace. When only white 

ash remains, remove the beaker from the muffle furnace and 

allow to cool. Carefully add 2 ml of water, then add 10 ml 

of 8 N HN0,-0.5 M A1(N0,), solution. Cover the beaker with 

a watch glass and boll the solution for 5 min. Allow to cool, 

add 1 ml of 2 M KNOg solution and transfer the sample to a 

100 ml centrifuge tube. Use 4 N HNO, to complete the transfer. 

Centrifuge and decant the supernate Into a 125 ral cylindrical 

separatory funnel graduated at 30 ml. Wash the residue with 

4 N HNO,, centrifuge, and decant the wash solution to the 

sepau-atory funnel. The acid normality of the combined solu­

tions at this point is 4-6 N and the total volume should not 

exceed 29 ml. Proceed to the extraction procedure. 

Soil. Grind 5 g of oven-dried soil with a mortar and 

pestle until the entire sample can pass through a 200-mesh 

sieve. Weigh 1.0 g of the 200-mesh soil into a 50 ml platinum 

crucible and heat the sample at 600''C for 4 hr. Remove the 

sample from the muffle furnace and allow to cool. Add 3 ml of 

70% HNO, and 10 ml of 48% HP then stir the sample for 2-3 

m m with a platinum rod. Heat the sample in a 200°C sand 

bath until all traces of moisture are removed. Repeat this 

HNO,-HP treatment being careful that the sample is completely 

dry before proceeding to the next step. Allow the sample to 

cool and then add 15 ml of 6 N HN0,-0.25 M Al(NO ), solution. 

Cover with a watch glass and heat in the sand bath for 5 min. 
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PROCEDURE 8 (Continued) 

Allow to cool and decant the solution through a filter, such 

as Whatman no. 40, into a 125 ml cylindrical separatory funnel 

graduated at 30 ml. Leave as much of the residue as possible 

in the crucible and repeat the hot 6 N HN0,-0.25 M A1(N0,), " 

treatment. Allow to cool and then filter. Proceed to the ex­

traction procedure. 

Water. Place 1 1. of the sample in a 1.5 !• beaker and if 

basic, neutralize with nitric acid. Add 15 ml of 70% HNO, 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_ 

HNO,, 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 N HNO, and transfer to the separatory 

funnel, being 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 KNOg to the sample in the 125 ml cylindrical 

separatory funnel. Dilute to the 30 ml mark with 4 N HNO, and 

stir the solution briefly. Add 30 ml of 50% TBP in n-tetradecane. 

Agitate the solution vigorously for 4 min with an air-driven 

stirrer. Discard the acid portion (lower layer). Wash the TBP 

portion with 4 N_HNO, and again discard the acid portion. Back 

extract with seven 15 ml portions of distilled water, collecting 

the strip solution In a 150 ml beaker. Evaporate the combined 

aqueous portions to 10-15 ml, then quantitatively transfer the 

solution to a flamed stainless steel planchet. Allow to dry under 

a heat lamp, flame the planchet to burn off organic residue, and 

count on an a-counter. Retain for pulse-height analysis if the 

a-count exceeds a specified level. 
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PROCEDURE 9: Separation of Uranium by Solvent Extraction with 

Trl-n-octylphosphlne Oxide. 

Source: C. A. Horton and J. C. White, Anal. Chem. 30, 1779 (1958). 

Abstract 

A simple, rapid method for the determination of uranium in 

Impure aqueous solutions was developed. Uranlum(Vl) is extracted 

by O.IM trl-n-oetylphosphlne oxide in cyelohexane from a nitric 

acid solution. A yellow color is formed in an aliquot of the or­

ganic extract by addition of dibenzoylmethane and pyridine in ethyl 

alcohol. Interference by cations is minimized or eliminated by 

selective reduction, by fluoride complexation, or by absorbanee 

measurement at 4l6 m" rather than 405 mti, the wave length of 

maximum absorbanee. Interference by excess fluoride or phosphate 

is eliminated by addition of aluminum nitrate before extraction. 

The range of the method is 20 to 3000 Y of uranium In the original 

solution, and the standard deviation is ±2%. 

Apparatus and Reagents 

Absorbanee measurements were made with a Beekman DU spectro­

photometer, using 1.00-cra. Corex or silica cells. 

Phase equilibration for most extractions was carried out In 

the bottom portion of the apparatus (see accompanying figure). 

Phase separation and removal of allquots of the upper organic 

phase occurred after inverting the apparatus so that the solution 

was In the portion of this apparatus shown on top in the figure. 

Some extractions were carried out In 60- or 125-ml. separatory funnels. 

STANDARD URANIUM SOLUTIONS. A stock solution of 24.0 rag. of 

uranium(VI) per ml. was prepared by heating 7.10 gram of uranium 

(IV-VT) oxide (U,Og), prepared from pure uranlum(VI) oxide (UO,), 

in 10 ml. of perchloric acid to dissolve it, and then diluting 

the resultant solution to 250 ml. with water. Dilutions of this 

solution were made as required. Another standard solution in 5% 

sulfuric acid was also used in checking the speetrophotometric 

calibration curve. 
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PROCEDURE 9 (Continued) 

DIBENZOYLMETHANE. A solution that contained 1 gram of 

dibenzoylmethane (l,3-diphenyl-l,3-propanedione), obtained from 

Eastman Kodak Co., in 100 ml. of 95% ethyl alcohol was prepared 

for use as the ehromogenie agent. 

PYRIDINE. For most of the work, a solution prepared by 

mixing 1 volume of redistilled reagent grade pyridine and 1 volume 

of 95% ethyl alcohol was used. 

TRI-n-OCTYLPHOSPHINE OXIDE. A O.IOM solution of this material, 

prepared in the authors' laboratory, in cyelohexane, Eastman 702 

or 702s, was used. This phosphine oxide is now available commer­

cially from Eastman (EK 7440). 

Sodium bisulfite, 10 (w./v.) % in water, stored at about 10°C. 

Hydroxylamine sulfate, 2M in water. 

Potassium fluoride, IM in water, stored Ir a polyethylene 

bottle. 

Procedure 

Preliminary Treatment A. Samples which do not contain inter­

fering ions. Plpet a 0.5- to 8-ml. aliquot of a solution in nitric, 

perchloric, or sulfuric acid, estimated to contain 15 to 2500 Y 

of uranlum(Vl), into the bottom portion of the extraction vessel. 

By the addition of strong lOM sodium hydroxide, nitric acid, or 

sodium nitrate, adjust the solution so that a total aqueous volume 

of 10 ml. will be 1 to 3N in hydrogen ion and 2 to 4M in nitrate 

ion. P'or almost neutral solutions,. 2 ml. of concentrated nitric 

acid will give the correct concentrations for a lO-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 is 

greater than 12 ml. ai'ter adjusting the acidity and nitrate con­

tent, perform the extraction in a separatory funnel instead of the 

special extraction vessel. 
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B. Samples containing iron(III), chromlum(Vl), or vana-

dlum(v). Plpet a 0.5- to 6-ml. aliquot of a solution in dilute 

perchloric or sulfuric medium, estimated to contain I5 to 2500 Y 

of uranium(Vl), into the bottom portion of the extraction vessel. 

Reduce the iron(III) to iron(II), the chromlum(Vl) to chroraium(IIl), 

and the vanadiura(V) to vanadlum(lV or III) without reducing the 

uranlum(Vl) to uranium(lV). Sodium bisulfite is a satisfactory 

reductant if the solutions are boiled to remove excess sulfur 

dioxide. Hydroxylamine sulfate is also a satisfactory reductant, 

but amalgamated zinc is unsuitable. Add sufficient nitric acid or 

sodium nitrate and water so that the final aqueous volume of 8 to 

12 ml. will be 1 to 3N in hydrogen Ion and 2 to 4M in nitrate ion. 

C. Samples containing titanium, thorium, hafnium, zirconium, 

or Iron(lll), but only traces of aluminum. Plpet a 0.5- to 6-ml. 

aliquot of a solution in dilute nitric, perchloric, or sulfuric 

acid, estimated to contain 15 to 2500 Y of uranium, into the 

bottom of an extraction vessel. Add sufficient base or acid, nitrate, 

and water to give a volume of about 8 ml., such that the solution 

is 1 to 3N in hydrogen ion and 2 to 4M in nitrate ions. Add up to 

a maximum of 2.5 ml. of IM potassium fluoride when the concentra­

tions of Interfering ions are unknown. If high concentrations of 

these ions are known to be present, additional fluoride can be 

tolerated. 

D. Seunples containing excessive fluoride or phosphate. 

Plpet an aliquot into an extraction vessel, and adjust the acid 

and nitrate contents as in Treatment C. Add sufficient aluminum 

nitrate to complex the fluoride and phosphate estimated to be 

present. The total volume should be 12 ml. or less. 

Extraction. For amounts of uranium estimated to be under 

about 1400 Y> pipet 5 ml. of O.IM tri-n-oetylphosphlne oxide in 

cyelohexane into the extraction vessel containing the treated 
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sample. For 1400 to 3000 Y of uranium, use 10 ml. of extractant. 

Attach the top of the vessel and shake for 10 minutes on a re­

ciprocating shaker. Invert the extraction apparatus for separa­

tion of the phases and removal of allquots of the upper organic 

phase. 

105mm. 

1 40/50 

67mm. 

27 mm 

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 contain between 0.5 and 

10 Y of uranium per ml. For 10-ml. volumes, add 1.0 ml. of 50^ 
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pyridine in ethyl alcohol, 2 ml. of IJt (w./v.) % dlbenzoylmethane 

in ethyl alcohol, and 955̂  ethyl alcohol to volume. For 25-ml. 

volumes, use 2.5 ml. of pyridine and 5 ml. of dlbenzoylmethane. 

After 5 or more minutes, measure the absorbsmce at 405 mu in 1-cm. 

cells, using 955̂  ethyl alcohol ais a reference solution. For sam­

ples receiving Treatment C, also measure the absorbance at 4l6 mu. 

A blank should be carried through the entire procedure daily. 

Calculate the uranium content using the factors obtained by ex­

tracting standard pure uranium solutions as directed in Treatment 

A, and measured at both 405 and 4l6 mu. 

PROCEDURE 10: Radiochemical Determination of Urimium-237* 

Source: F. L. Moore and S. A. Reynolds, Anal. Chem. ^ , 1080 (1959)• 

Abstract 

A radiochemical method for the determination of uranium-237 

is based on complexing the uranyl Ion in alkaline solution with 

hydroxylamlne hydrochloride, followed by scavenging with zirconium 

hydroxide and extraction of the uranium from hydrochloric acid 

solution with trllsooctylamlne-xylene. The technique has been 

applied successfully to the determination of ur!mium-237 in 

homogeneous reactor fuel solutions. 

Preparation and Standardization of Uranium Carrier 

Weigh out approximately 50 grams of xiranyl nitrate hexahydrate. 

Dissolve emd make to 1 liter with 2 M nitric acid. Stand£U'dlze 

the carrier by pipetting 5-ml. allquots into 50-ml. glass centri­

fuge eones emd precipitating ammonium diuranate by adding concen­

trated ammonium hydroxide. Filter quantitatively through No. 42 

•Whatman filter paper and Ignite in porcelain crucibles at 800*0. 

for 30 minutes. Weigh as U,OQ. 
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Procedure 

In a 40-ml. tapered centrifuge tube add 1 ml. of uranium 

carrier and 0.2 ml. of zirconium carrier (approximately 10 mg. per 

ml. of zirconium) to a suitable aliquot of the sample solution. 

Dilute to approximately 10 ml., mix well, and precipitate ammonium 

diuranate by the addition of concentrated ammonium hydroxide. 

Centrifuge for 2 minutes and discard the supernatant solution. 

Wash the precipitate once with 15 ml. of ammonium hydroxide (l to l). 

Dissolve the precipitate in 1 to 2 ml. of concentrated hydro­

chloric acid solution, dilute to about 10 ml., add 1 ml. of 

hydroxylamlne hydrochloride (5 M), and mix well. Precipitate 

zirconium hydroxide by the addition of concentrated ammonium 

hydroxide. Centrifuge for 2 minutes, add 0.2 ml. of zirconium 

carrier, and stir the supernatant solution, being careful not to 

disturb the precipitate. Centrifuge for 2 minutes. Add 0.2 ml. 

of zirconium carrier and repeat. 

Transfer the supernatant solution to another 40-ml. centri­

fuge tube, add several drops of phenolphthaleln, and adjust the 

pH to approximately 8 by adding concentrated hydrochloric acid 

solution dropwlse. Add an equal volume of concentrated hydro­

chloric acid solution and extract for approximately 0.5 minute 

witha one-half volume portion of 3% (w./v.) triisooctylamine-

xylene. Discard the aqueous phase. Wash the organic phase by 

mixing for 0.5 minute with an equal volume portion of 5 M hydro­

chloric acid solution. Repeat the wash step. Strip the uranium 

from the organic phase by mixing thoroughly with an equal volume 

portion of 0.1 M hydrochloric acid solution for 0.5 minute. Discard 

the organic phase. 

Add 0.2 ml. of zirconium carrier, mix well, and repeat the 

above procedure, beginning with the precipitation of ammonium 

diuranate. 
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Finally, precipitate ammonium diuranate by the addition of 

concentrated ammonium hydroxide. Centrifuge for 2 minutes. De­

cant and discard the supernatant solution. Filter on No. 42 What 

man filter paper and ignite at SOO'C. for 30 minutes. 

Weigh the uranium oxide on a tared aluminum foil (0.0009 

inch), fold, and place in a 10 x 75 mm. culture tube. Insert a 

suitable cork and count the uranlum-237 gamma radioactivity in a 

well-type scintillation counter. Count the same day of the last 

chemical separation. 

Apply a blank correction if very low uranlum-237 levels are 

being determined. Determine this correction by taking the same 

aliquot of uranium carrier through the exact procedure described 

above. The blank correction Is due primarily to the gamma radio­

activity associated with the uranium-235 in the uranium carrier. 

PROCEDURE 11: Separation of Uranium and Bismuth. 

Source: A. Krishen and H. Frelser, Anal. Chem. 2^, 288 (1957). 

Editor's note: Uranium has been separated from a 5000-fold 
excess of bismuth by the following method. Uranium is, however, 
not completely extracted (only 98.48^ at pH values greater than 
6.5). If this correction is applied, uranium Is quantitatively 
determined by polsirographlc means within an experimental error 
of ±1%. 

Reagents 

Acetylacetone. Commercial acetylacetone was purified by 

the method described by Steinbach and Preiser.— 

Procedure 

Analysis. The method of Souchay and Paucherre,— using O.IM 

EDTA and 2M sodium acetate as a supporting electrolyte, was found 

to be suitable in the presence of dissolved acetylacetone. The 

half-wave potential was shifted to -0.47 volt but the wave height 

was not affected. 
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Separation. Solutions of uranyl sulfate containing 0.1 and 

1.0 mg. of uranium were mixed with different amounts of bismuth 

trichloride solution. A solution of the dlsodlum salt of EDTA was 

added to give a bismuth to EDTA ratio of 1 to 30. The pH of the 

mixture was raised to 7-5 by careful addition of IN sodium 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 pipet into a 10-ml. borosilicate glass volumetric 

flask. The flask was very gently warmed until the liquid was re­

duced in volume to about 0.5 ml. Then the supporting electrolyte 

was added and the resulting solution deaerated for 5 minutes in 

a 10-ral. Llngane-Laitinen H-type polarographic electrolysis cell. 

The polarogram was then recorded and the concentration of uranium 

found from suitable calibration curves. 

- J. F. Steinbach, H. Preiser, Anal. Chem. 26, 375 (1954). 

— P. Souchay, J. Paucherre, Anal. Chlm. Acta _̂ , 252 (1949). 

PROCEDURE 12: Isolation and Measurement of Uranium at the 

Microgram Level. 

Source: C. L. Rulfs, A. K. De, and P. J. Elving, Anal. Chem. 

28, 1139 (1956). 

Abstract 

A double cupferron separation of uranium using extraction 

has been adapted to the micro level. Uranlum(Vl) does not extract 

in the first stage, which removes many potentially interfering 

elements. Uranium(lV), obtained in the residual aqueous solution 

by reduction at a mercury cathode, is simultaneously extracted as 

the cupferrate into ether, from which It can be re-extracted into 
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nitric acid. A relatively simple one-piece glass apparatus is 

used for all operations. The uranium recovery at the milligram 

level in an initial 30-ml. sample was determined colorimetrlcally 

as 94ĵ . With 0.03 to 0.13 T of radioactive uranlum-233 tracer 

and 20 Y of natural uranium as carrier, the recovery is 86^; 

the latter Includes the additional step of eleotrodeposltion of 

the uranium onto a platinum planchet prior to measurement by alpha 

counting, which is only 94$̂  complete. The decontamination possible 

with this procedure was checked with O.O7 Y quantities of uranlum-

233 in the presence of high mixed fission product activities; 85J? 

recovery was obtained, containing only 0.9^ of the fission product 

alpha activity (assumed to be uranium). 

Apparatus 

The reaction cell and simple electrical circuit used is 

shown in the accompanying figure. 

The electrolysis vessel, C, is protected from mercury ions 

diffusing from the working reference calomel electrode. A, by a 

medium glass frit between B and C, and a fine frit backed with 

an agar plug between B and A. Between runs, cell C is kept filled 

with saturated potassium chloride solution. 

The apparatus for the eleotrodeposltion of uranium onto 

platinum disks or planchets and for alpha-counting measurement 

of the resulting uranium plates have been described.— Beta 

activity was measured by a chlorine-quenched argon-filled Gelger-

Muller counter (1.4 mg. per sq. cm. of window) with a Model I65 

scaler; a scintillation well counter with a thallium-activated 

sodium iodide crystal and a Model l62 scaler was used for gamma-

activity measurement of solutions (ca. 5 ml.) contained in a 13 

X 150 mm. test tube. The scalers and counters are made by the 

Nuclear Instrument and Chemical Corp. For examination of the 

gamma-ray spectrum, a gamma-ray scintillation spectrometer (built 
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in the Department of Chemistry, University of Michigan) was used 

through the courtesy of W. Wayne Meinke. 

Reagents 

All chemicals used were of C.P. or reagent grade unless 

otherwise specified. The ethereal cupferron solution used (200 

to 300 mg. of cupferron per 50 ml.) was actually a hydrogen cup-

ferrate solution; the ether and cupferron were mixed in a mixing 

cylinder with 5 to 10 ml. of 10 to 20% sulfuric acid and shaken 

until dissolution was complete. 

Procedures 

Reductive Extraction. At the commencement of a run, bridge 

B is flushed through stopcock 2 by filling B with fresh potassium 

chloride solution from the funnel through 1. C is drained and 

rinsed; 1 is left open for a time to flush the frit. With 3 closed, 

4 to 5 ml. of triple-distilled mercury is placed in C. About 30 ml. 

of uranyl sulfate solution (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. is applied to the mercury. About 15 to 20 ml. of the 

ether cupferron solution is added. Stirring is adjusted at Just 

over the minimal rate for efficient current flow (usually about 

0.2 ma. flows without stirring and 1.2 to 2.6 ma. with stirring). 

Stopcock 1 is opened for about 30 seconds at approximately 

5-ralnute Intervals throughout the run to minimize any loss of 

uranium into the bridge. At 15- or 20-mlnute intervals, stirring 

is interrupted, the ether extract is bled through stopcock 4 into 

cell D, and 15 to 20 ml. of fresh ether-cupferron solution is added. 

Runs of 40- to 55-mlnute total duration appear to be adequate. 

Three increments of ether-cupferron solution were usually used, 

followed by a 5- to 10-ml. pure ether rinse at the conclusion of 

the run. (See Note 1.) 
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PROCEDURE 12 (Continued) 

Stirrer 

ELECTRICAL CIRCUIT FOR ELECTROCHEMICAL 
REDUCTION OF URANIUM FOR Procedure 12. 

Extraction and Measurement at Microgram Uranium Level. A 
-7 —8 

solution of uranlum-233 (10"' to 10~ gram) together with about 

20 Y 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 7M 
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PROCEDURE 12 (Continued) 

nitric acid. The combined nitric acid extract was evaporated to 

about 5 ml., treated with 25 to 30 ml. of concentrated nitric and 

2 ml. of perchloric acid, and then evaporated to dryness. The 

residue was digested with 10 ml. of O.IM nitric acid for a few 

minutes; the solution obtained, after addition of about 10 Y more 

of natural uranium (as sulfate), was used for eleotrodeposltion 

of the uranium onto a platinum planchet from an oxalate medium.— 

A windowless flow counter with Q-gas was used for counting the 

alpha emission from the electrodeposited uranium.— 

The whole operation took about 4 to 5 hours. Each measure­

ment of alphas from the samples was calibrated by counting a 

uranium oxide standard (National Bureau of Standards No. 836-5). 

Note 1. In some runs the current dropped to a low level soon 

after the requisite number of coulombs had passed for about a 3-

electron reduction of the uranium present. In other cases, the 

current did not decrease, but discontinuance of the run beyond 

any point where twice the theoretical current had passed gave 

satisfactory uranium recovery. In the latter cases, a gray ether-

insoluble, but alcohol-soluble precipitate (apparently a mercury 

cupferrate), was usually evident in the aqueous phase. The cur­

rent efficiency for the desired process appeared to be good in 

most runs. 

The combined ether extracts may be re-extracted in cell D by 

inserting a clean stirrer, or they may be transferred with rinsing 

into a clean separatory funnel. Three extractions with 20 to 30 

ml. each of 0.5M, 4M, and 0.5M nitric acid were adequate to re-

extract uranium into aqueous solution. 

— C. L. Rulfs, A. K. De, P. J. Elving, J. Electrochem.Soc. 104. 

80 (1957). 
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PROCEDURE 13: The Determination of Uranium by Solvent Extraction. 

Source: R. F. Clayton, W. H. HaLrdwick, M. Moreton-Smlth and R. 

Todd, Analysts^, 13 (1958). 

Abstract 

The development of solvent-extraction methods for deter­

mining trace amounts of uranium-233 In Irradiated thorium is 

described. Thorium and its alpha-emitting daughters are com-

plexed with EDTA, and, when uranlum-233 is extracted as its di-

ethyldithlocarbamate complex, only blsmuth-212 accompanies it. 

This is immaterial for colorImetric or fluorimetric finishes, but, 

for determination of the uranlum-233 by alpha counting, the 

bisrauth-212 must first be allowed to decay. If, however, the 

uranlum-233 is extracted as its 8-hydroxyquinoline complex, no 

alpha emitter accompanies it and concentrations of uranium-233 

ranging from 100 ĝ per ml down to 0.01 ng per ml in 0.7 M 

thorium solution have been determined in this way. 

METHOD FOR DETERMINING URANIUM-233 IN THORIUM NITRATE SOLUTIONS 

BY EXTRACTION WITH OXINE 

REAGENTS~ 

Oxine solution A—A 10 per cent w/v solution of 8-hydroxy-

qulnollne In isobutyl methyl ketone. 

Oxine solution B—A 2.5 per cent w/v solution of 8-hydroxy-

quinollne in Isobutyl methyl ketone. 

EDTA solution—Dissolve 372.9 g of the dlsodlum salt of 

ethylenediaminetetra-acetic acid in 500 ml of water containing 

80 g of sodium hydroxide and make up to 1 liter. 

1 ml s 232 mg of thorium. 

Nitric acid, N. 

Ammonia solution, sp. gr. 0.880. 

Ammonia solution, 0.2 N. 

Bromothymol blue indicator solution. 

Anti-creeping solution—A 20 per cent solution of ammonium 
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PROCEDURE 13 (Continued) 

chloride containing 2 per cent of a water-soluble glue (Stephen's 

Steflx was found to be suitable). 

PROCEDURE FOR 0.01 TO 1 ng OF URANIUM-233 PE3̂  m l ~ 

With a pipette place a suitable volume of sample solution, 

containing not more than 600 mg of thorium, in a 40-ml centrifuge 

tube fitted with a glass stirrer. Add EDTA solution to give about 

a 10 per cent excess over the thorium equivalent and then add 3 

drops of bromothymol blue indicator solution. 

Add ammonia solution, sp. gr. 0.880, until the indicator 

turns blue. Return the color of the indicator to yellow by adding 

N nitric acid and then add 0.2 N ammonia solution until the color 

of the indicator Just turns back to blue (pH 7). Add 2 ml of 

oxine solution A, stir for 5 minutes, spin in a centrifuge to 

separate the phases and then stopper the tube. 

Evaporate duplicate 0.25-ml portions of the solvent .phase 

slowly on stainless-steel counting trays that have had 1 drop of 

anti-creeping solution evaporated at their centers.— Heat the 

trays to redness in the flame of a Meker burner, cool and count. 

PROCEDURE FOR 1 TO 100 ng OF URANIUM-233 PER m l ~ 

With a pipette place a suitable volume of sample solution, 

containing about 10 u-g of uranlum-233, In a 40-ml centrifuge tube 

and dilute to 3 ml with water. Add EDTA solution to give a 10 

per cent excess over the thorium equivalent. Add 2 drops of 

bromothymol blue indicator solution and adjust the pH to 7 as 

previously described. 

Add 5 ml of oxine solution B, stir for 5 minutes, spin in 

a centrifuge to separate the phases and then stopper the tube. 

Evaporate duplicate 0.1 or 0.25-ml portions of the solvent phase 

for counting, as before. 

Note that for a fluorimetric finish to either procedure, 

suitable duplicate portions of the solvent phase should be 
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PROCEDURE 13 (Continued) 

evaporated in platinum fluorimeter dishes before fusion with 

sodium fluoride. 

METHOD FOR DETERMINING URANIUM-233 IN THORIUM NITRATE SOLUTIONS 

By EXTRACTION WITH SODIUM DIETHyLDITHIOCARBAMATE 

REAGENTS— 

Hexone. 

Sodium diethyldlthlocarbamate solution—A freshly prepared 

and filtered 20 per cent w/v aqueous solution. 

EDTA solution—Prepared as described in reagents list, p. 377' 

Ammonium nitrate solution, 2 M . 

Ammonia solution, sp. gr. 0.880. 

Nitric acid, concentrated and N. 

Screened methyl orange indicator solution. 

Anti-creeping solution—A 20 per cent solution of ammonium 

chloride containing 1 per cent of a water-soluble glue. 

PROCEDURE FOR 1 TO 100 ug OF URANIUM-233 PER m l ~ 

With a pipette place a suitable volume of sample solution, 

containing about 10 MS of uranium-233, m a 40-ml centrifuge tube 

fitted with a glass stirrer. Dilute to 4-ml with 2 M ammonium 

nitrate and add EDTA solution to give a 10 per cent excess over 

the thorium equivalent. Stir and make Just alkaline to screened 

methyl orange by adding ammonia solution and then add 0-5 ml of 

sodium diethyldlthlocarbamate solution. 

Stir and add N nitric acid until the solution is mauve (not 

red). Add 5 ml of hexone, stir for 5 minutes and add more acid 

to maintain the mauve color if necessary. Spin In a centrifuge 

to separate the phases and then stopper the tube. 

Evaporate suitable duplicate portions of the solvent phase 

on stainless-steel counting trays that have had 1 drop of anti-

creeping solution evaporated at their centers. Heat the trays 

to redness in the flame of a Meker burner, allow the blsrauth-212 
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PROCEDURE 13 (Continued) 

to decay, and then count. Alternatively, for a fluorimetric 

finish, evaporate duplicate portions of the solvent phase in platl̂ i-

um fluorimeter dishes for fusion with sodium fluoride. 

Note that greater sensitivity can be obtained by starting 

with a larger volume of sample or by evaporating larger portions 

of the solvent phase. 

- W. H. Hardwick, M. Moreton-Smith, Analyst 8^, 9 (1958). 

PROCEDURE 14: Uranium Radiochemical Procedure Used at the 

University of California Radiation Laboratory at Livermore. 

Source: E. K. Hulet, UCRL-4377 (1954). 

Decontamlnation: 3 x 10 Atoms of U^^' isolated from a 3-day-
14 old mixture containing 10 fissions showed no 

evidence of contamination when decay was followed 

through three half lives. 

Yield: 30 to 50 percent. 

Separat1on time: About four hours. 

Reagents: Dowex A-1 resin (fall rate of 5-30 cm/mln). 

Zinc dust, isopropyl ether. 

2M Mg(N02)2 with IM HNO,. 

2M HCl with 2M HP. 

1. To the solution containing the activity in HCl in an Erlen-

meyer flask, add uranium tracer in HCl, 1 ml of cone, formic 

acid and several ml of cone. HCl. 

2. Boll gently until volume is —2-3 ml, replenishing the solu­

tion with several ml of formic acid during the boiling. 

3. Transfer to 20-ml Lusteroid centrifuge cone, rinsing flask 

twice with 1-2 ml of water and add 2-3 mg of La'''. Add 1 

ml of cone. HF, stir, heat, and centrifuge. 
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Transfer supernatant to 20-ml Lusteroid centrifuge cone, add 

2-3 mg La''', stir, heat, and centrifuge. 

Transfer supernatant to 20-ml Lusteroid, add 5-10 mg La''', 

1/2 ml of cone. HCl and heat in a water bath. When the solu­

tion is hot, add small portions of zinc dust and stir. About 

three small additions of zinc dust should be made over a half-

hour period with vigorous stirring after each addition. If 

the zinc dust tends to ball and sink to the bottom of the 

tube at any time, addition of more cone. HCl will solve this 

problem. When all the zinc from the last addition has dissolved, 

add 4 or 5 ml of water and 1 ml of cone. HP. Stir, cool, and 

centrifuge, retaining the LaP, precipitate. Wash precipitate 

with 2 ml of 2M HCl + 2M HF. 

Dissolve the precipitate with 6M HNO, saturated with H,BO,, 

stirring and heating. Transfer the solution to a 40-ml glass 

centrifuge cone, washing out the Lusteroid cone with water. 
[ I I 

Add several drops of ^0^ and stir and heat. Add 2 mg Pe 

and make solution basic with NHĵ OH and some NaOH. Heat, stir, 

and centrifuge. Wash the precipitate with 2 ml of water. 

Dissolve the precipitate in one to two drops of cone. HNO, and 

heat. Cool, add 10 ml 2M Mg(N0,)2 + IM HNO, saturated with 

ether. Equilibrate twice with 10-15 ml of dilsopropyl ether. 

Pipet the ether phase into a clean 40-ml cone and equilibrate 

ether layer with 3 ml of cons. HCl. Pipet off and discard 

ether layer. Heat HCl for ~30 seconds and again pipet off 

the ether layer. 

Pass the HCl solution through a Dowex-1 anion resin bed (2 

cm X 3 mm) by pushing the solution through the column with 

air pressure. Rinse the centrifuge tube once with 1 ml of 

cone. HCl and push this solution through the column. Wash 

resin with -1 ml of cone. HCl. Discard effluent. 
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11. To column, add -3/4 ml of 0.5M HCl. Collect the eluate and 

• evaporate to a small volume and plate on a platinum disc. 

PROCEDURE 15: Use of Ion Exchange Resins for the Determination 

of Uranium in Ores and Solutions. 

Source: S. Fisher and R. Kunln, Anal. Chem. gg, 400 (1957). 

Abstract 

The separation of uranium from the ions interfering with its 

analysis is accomplished by the adsorption of the uranlum(VI) sul­

fate complex on a quaternary ammonium anion exchange resin. Inter­

ference of such ions as Iron(lll) and vanadium(v) is avoided by 

their preferential reduction with sulfurous acid so that they, as 

well as other cations, are not retained by the resin. Uranium is 

eluted for ajialysis by dilute perchloric acid. The method is 

applicable to both solutions and ores. 

Ore Solution 

Two methods for the opening of uranium-bearing ores were 

Investigated in conjunction with the ion exchange separation. The 

first is the standard digestion with hydrofluoric and nitric acids, 

with subsequent evaporation to dryness followed by a sodium car­

bonate fusion.— The carbonate melt is dissolved in 5% sulfuric 

acid to form a solution for the separation. A second method for 

routine analysis, designed to eliminate the need for hood facili­

ties and platinum vessels. Involves an oxidative leach with an 

acidic manganese(IV) oxide system. This procedure is given in 

detail below. Other workers—, using the authors' separation 

procedure, have recommended solution of the ore by treatment with 

12M hydrochloric acid plus I6M nitric acid followed by fuming 
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PROCEDURE 15 (Continued) 

with sulfuric acid to produce a suitable uranium solution for the 

column influent. 

Procedure. Weigh out samples of ore estimated to contain 

an amount of uranium oxide less than 100 mg. but sufficient to be 

detected by the chosen method of analysis. Add 20 ml. of 20% by 

volume sulfuric acid and 2 grams of manganese(IV) oxide. Heat 

the mixture to boiling. Allow to cool to room temperature. Dilute 

with approximately 50 ml. of water. Adjust to a pH between 1.0 

and 1.5 by the dropwlse addition of 20% sodium hydroxide. Filter 

through fine-pore filter paper using two 10-ml. portions of water 

to wash the residue on the paper. 

Ion Exchange Separation 

Apparatus. Tubes 0.5 inch in diameter with high-porosity 

sintered glass filter disks fused to the lower end are used to 

contain the resin. The rate of flow of solutions through the 

tube is regulated by a screw clamp on rubber tubing below the 

filter. Small separatory funnels are attached to the top of the 

column to feed the sample and reagents. 

Procedure. Convert a portion of quaternary ammonium anion 

exchange resin (Amberlite XE-II7, Type 2) of mesh size 40 to 60 

(U.S. screens) to the sulfate form by treating a column of it with 

10% sulfuric acid, using 3 volumes per volume of resin. Rinse the 

acid-treated resin with deionlzed water until the effluent is 

neutral to methyl red. Drain the resin so prepared free of excess 

water and store in a bottle. A 5-ml. portion of this resin is used 

for a single analysis. The resin is loaded into the filter tube and 

the bed so formed is backwashed with enough water to free it of 

air. After the resin has settled the excess water is drained off 

to within 1 cm. of the top of the bed prior to the passage of the 

sample through the bed. 

Add 5 drops of 0.1% methylene blue to the partially neu-
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tralized (pH 1.0 to I.5) solution from the dissolved sodium car­

bonate melt or from the filtered manganese(IV) oxide leach. Add 

6% sulfurous acid dropwlse until the methylene blue is decolorized 

and then add a 5-ml. excess. Pass the reduced sample through the 

resin bed at a rate not exceeding 2 ml. per minute. Wash the sam­

ple container with two 10-ml. portions of water, passing the 

washing through the resin bed at the same flow rate. Elute the 

uranium with 50 ml. of IM perchloric acid. Determine the uranium 

content of the perchloric acid fraction colorimetrlcally by the 

standard sodium hydroxide-hydrogen peroxide method^ or volumetrl-

cally—. For colorlmetrlc analysis standard uranium solutions 

containing perchloric acid should be used in establishing the 

curve. 

— F. S. Grlmaldi, I. May, M. H. Fletcher, J. Titcomb, U. S. Geol. 

Survey Bull. IOO6 (1954). 

— H. J. Selm, R. J. Morris, D. W. Frew, U. S. Atomic Energy Coram. 

Document UN-TR-5 (1956). 

— C. J. Rodden, "Analytical Chemistry of the Manhattan Project," 

McGraw-Hill, New York, 1950. 

PROCEDURE 16: The Use of a "Compound" Column of Alumina and 

Cellulose for the Determination of Uranium in Minerals and Ores 

Containing Arsenic and Molybdenum. 

Source: W. Ryan and A. F. Williams, Analyst JJ^, 293 (1952). 

Abstract 

A technique in inorganic chromatography, with alumina and 

cellulose adsorbents in the same extraction column, is described 

for the separation of uranium from minerals and ores. The pur­

pose of the alumina is to retain arsenic and molybdenum, which 
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are not readily retained by cellulose alone when ether containing 

5 per cent v/v of concentrated nitric acid, sp.gr. 1.42, is used 

as the extraction solvent. 

METHOD FOR SAMPLES CONTAINING MOLYBDENUM OR ARSENIC OR BOTH 

Solvent—Add 5 ml of concentrated nitric acid, sp.gr. 1.42, to 

each 95 ml of ether. 

PREPARATION OF ALUMINA-CELLULOSE COLUMN— 

The adsorption tube for the preparation of the column is a 

glass tube about 25 cm long and 1.8 cm in diameter. The upper 

end is flau?ed to a diameter of about 8 cm to form a funnel that 

permits easy transfer of the sample. The lower end terminates 

in a short length of narrow tubing and is closed by a short 

length of polyvinyl chloride tubing carrying a screw clip. The 

inside surface of the glass tube is coated with a silicone in 

the manner described by Burstall and Wells.— 

Weigh 5 or 5 g of cellulose pulp into a stoppered flask and 

cover it with ether-nitric acid solvent. Pour the suspension in­

to the glass tube, agitate gently and then gently press down the 

cellulose to form a homogeneous column. Wash the column with 

about 100 ml of ether-nitric acid solvent and finally allow the 

level of the solvent to fall to the top of the cellulose. Next 

pour about I5 g of activated aluminium oxide on top of the 

cellulose, pour on 30 ml of ether-nitric acid solvent and vi-g-

orously agitate the alumina with a glass plunger. Allow the 

packing to settle. Allow the level of the ether to fall to the 

surface of the alumina and the column is ready for use. 

Whatman's Standard Grade cellulose powder is suitable. 

''" Type H, Chromatographic Alumina, 200 mesh. Supplied by Peter 

Spence Ltd. 
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PROCEDURE 16 (Continued) 

PREPARATION OP SAMPLE SOLUTION PROM MINERAL OR ORE— 

Weigh into a platinum dish sufficient of the sample to give 

100 to 150 mg of U,Og, which is a convenient amount for a volu­

metric determination. Decompose the sample by treatment with 

nitric and hydrofluoric acids in the manner described by Burstall 

and Wells.— Finally remove hydrofluoric acid by repeated evapora­

tions with nitric acid and take the sample to dryness. If the 

addition of dilute nitric acid indicates the presence of undeeom-

posed material, filter the Insoluble residue on to a filter-paper 

and ignite and fuse it in a nickel crucible with a few pellets 

of potassium hydroxide. Then add the melt to the filtrate and 

take the whole to dryness. 

Add 4 ml of diluted nitric acid, 25 per cent v/v, to the 

dry residue, gently warm to dissolve the mixture and then cool 

the solution, which is then ready for chromatography. 

EXTRACTION OF URANIUM— 

Transfer the sample on a wad of dry cellulose pulp to the 

top of the prepared alumina-cellulose column^ and extract the 

uranium with 200 to 250 ml of ether-nitric acid solvent if ar­

senic or molybdenum and arsenic is present in the original sample. 

If molybdenum alone is present, the amount of solvent can be 

reduced to 150 ml. Screen the column from direct sunlight. After 

removal of ether from the eluate, determine the uranium volume-

trically.-S^ 

- P. H. Burstall, R. A. Wells, Analyst X6, 396 (1951). 

- P. H. Burstall, A. P. Williams, "Handbook of Chemical Methods 

for the Determination of Uranium in Minerals and Ores," H. M. 

Stationery Office, London, 1950. 
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PROCEDURE 17: Determination of Uranium-235 In Mixtures of 

Naturally Occurring Uranium Isotopes by Radioaetlvatlon. 

Source: A. P. Seyfang and A. A. Smales, Analyst J8_, 394 (1953). 

Abstract 

A method previously used^ for determining uranium In minerals 

by neutron irradiation followed by measurement of the separated 

fission-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 pile give ample sensitivity. Precision and 

accuracy of better than ±2 per cent have been achieved for a 

range of uranium-235 contents covered by a factor of more than 

105. 

Method 

REAGENTC— 

Magnesium oxide—Analytical reagent grade. 

Nitric acid, sp. gr. 1.42. 

Barium chloride solution—Dissolve I8 g of BaCl2'2H20 in 

water and maJce up to 500 ml. 

Lanthanum nitrate solution—A 1 per cent w/v solution of 

La(N02)3 '6E^0. 

Ammonium hydroxide, sp. gr. O.88O. 

Strontium carbonate solution—A 2 per cent w/v solution. 

Hydrochloric acld-diethyl ether reagent—A mixture of 5 parts 

of concentrated hydrochloric acid, sp. gr. I.I8, and 1 part of 

diethyl ether. 

Sodium tellurate solution—A 0.4 per cent w/v solution. 

Zinc metal powder. 

Methyl orange indicator. 

Potassium iodide solution—A 1 per cent w/v solution. 

Sodium hypochlorite solutlon--A commercial solution containing 

10 per cent of available chlorine. 
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Hydroxylamlne hydrochloride. 

Ferric chloride solution—A 1 per cent w/v solution. 

Sulfuric acid—A 20 per cent v/v solution. 

IRRADIATION— 

Solids— Samples containing not much more uranluro-235 than 

natural uranium (say, up to three times more or 2 per cent) may 

be irradiated as solid; this is usually UoOg. For these cut a 

5-cm length of 2-mm polythene tubing and seal one end by warming 

and pressing. Introduce freshly ignited analytical reagent grade 

magnesium oxide to form a compact layer 4 to 5 mm in height at 

the sealed end of the tube. Weigh the tube and contents, add 

about 50 mg of U_Og and re-weigh. Add a further similar layer 

of magnesium oxide on top of the U-Og and then seal the open end. 

Leave a free space about 1 cm long between the top of the mag­

nesium oxide layer and the seal, for ease of opening. Treat 

standard and samples similarly. Place the tubes either in a 

special polythene bottle for irradiation in the pneumatic "rabbit 

of the pile or in a 3-lnch aluminum can for irradiation in the 

"self-serve" holes in the pile. Irradiation is carried out for 

any required time; usually it is about 5 minutes. After irra­

diating, place the containers in lead shielding for about 15 

hours. After this period, tap down the contents of the polythene 

tube away from one end and carefully cut off the top. Empty the 

contents into a 50-ml centrifuge tube. (The plug of magnesium 

oxide serves to "rinse" the sample tube as it is emptied.) Add 

2 ml of concentrated nitric acid (sp.gr. 1.42), gently warm to 

dissolve, and finally boil off the nitrous fumes. Add 5-00 ml 

of a barium solution to act as carrier (a solution of l8 g of 

barium chloride, BaCl2*2H20, in 500 ml of water). 

Liquids—For more highly enriched samples or when the amount 

of sample available is small, solutions containing weighed 
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PROCEDURE 17 (Continued) 

quantities of solid sample must be irradiated in small silica 

ampoules. The ampoules, which have a capacity of about 1 ml, 

are prepared from silica tubing. After one end of each has been 

sealed, the ampoules are weighed, the sample solution added from 

a fine-pointed glass dropplng-tube and the ampoules re-weighed. 

Pack the ampoules, after sealing the open ends, in cotton wool In 

a 3-lnch aluminium can and irradiate them in the "self-serve" 

position of the pile. The time of Irradiation necessary can be 

calculated from the usual activation formula; as an example, 1 

12 

lag of uranium-235 irradiated for 24 hours in a flux of 10 neu­

trons per sq. cm per second gives about 5000 counts per minute 

of barium-140 at 5 per cent counting efficiency, 24 hours after 

the irradiation. 

After removing them from the pile, place the samples and 

standards in lead shielding for about 15 hours; the main activity 

is due to sllioon-31. Transfer the ampoules to 100-ml tall-form 

beakers containing a few milliliters of water and 5-00 ml of 

barium carrier solution, carefully break off both ends of each 

ampoule and warm to ensure thorough mixing. Decant into centri­

fuge tubes and wash out the ampoules and beakers with further 

small portions of water. 

CHEMICAL SEPARATION— 

Evaporate the solution containing the irradiated uranium 

and barium carrier to 5 to 6 ml and add two drops of 1 per cent 

lanthanum nitrate solution. Warm if necessary to dissolve any 

barium nitrate that may have crystallized, add concentrated 

ammonium hydroxide dropwlse until a permanent precipitate is 

obtained and then two drops in excess. Centrifuge and decant 

into another centrifuge tube. Add methyl orange indicator, and 

then hydrochloric acid until the solution is acid. Add 2 drops 

of 2 per cent strontium solution, about 25 ml of hydrochloric 
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acid - diethyl ether reeigent, mix thoroughly, centrifuge and 

decant. Wash the precipitate with 5 nil of reagent, centrifuge 

and decant. Dissolve the barium chloride precipitate in 3 to 4 

ml of water, re-precipitate it by adding 20 ml of reagent, centri­

fuge and decant. Wash with 5 ml of reagent, centrifuge and decant. 

Dissolve the precipitate in about 5 ml of water, add 6 drops 

of lanthanum solution and 6 drops of the 4 per cent tellurate 

solution and then about 3 mg of zinc metal powder. When the 

effervescence ceases, make the solution Just ammoniacal to methyl 

orange, centrifuge and decant into another tube. Add 4 drops of 

1 per cent potassium iodide solution and 2 drops of sodium hypo­

chlorite solution. Warm and set aside for 2 minutes. Acidify 

with about 1 ml of hydrochloric acid, and add about 0.1 g of 

hydroxylamlne hydrochloride. Boil under a hood until aJ.1 the 

iodine appears to be removed and the volume is reduced to 5 to 

6 ml. Add 2 drops of strontium solution and 2 drops of lanthanum 

solution and repeat the double barium chloride precipitation aiid 

washing, as above. 

Dissolve the precipitate in about 5 ml of water, add 6 drops 

of lanthanum solution, and 6 drops of 1 per cent ferric chloride 

solution. Make ammoniacal to methyl orange, add half a crumbled 

Whatman accelerator tablet, and heat Just to boiling. Filter 

through a 7-cm Whatman No. 30 filter-paper into a centrifuge tube, 

wash twice with 2 to 3-ml portions of water. Dilute the filtrate 

to about 20 ml and make slightly acid with hydrochloric acid. 

Heat nearly to boiling and add dropwlse 2 ml of 20 per cent v/v 

sulfuric acid. Allow the precipitate to settle, decant, wash 

with 10 ml of water, centrifuge, decant and repeat the washing 

procedure to complete removal of the excess of acid. 

Transfer as much as possible of the precipitate, 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 

a muffle furnace at 500°C for 15 minutes. Cool, weigh and re­

serve for counting. 

COUNTING TECHNIQUE— 

The counting equipment for this work consists of (l) a 

power unit (type 1082A or 200 is suitable), (il) scaling unit 

(type 200 or 1009B), (ill) time accessory unit (type 1003B), 

(iv) probe unit (type 200B or 1014A). Time pulses can be ob­

tained from a master electric clock serving several units. A mica 

end-window Gelger-Muller counter (2 mg per sq. cm.), of type 

EHM2, is suitable; it is mounted in a lead castle with a Perspex 

lining and shelves. 

Check the counting equipment in the normal fashion with a 

suitable beta-emitter, such as natural uranium oxide in equilib­

rium with UX, and UXj. Place the sample to be counted in a 

Perspex carrier and Insert it in a shelf at a suitable distance 

from the Geiger-Muller tube to attain a counting rate of 2000 to 

3000 counts per minute. Count for a sufficient time to obtain 

at least 10,000 counts for each barium sulfate precipitate, 

counting the precipitates one after ainother without undue delay. 

Correction for growth of lanthanum-l40 is unnecessary if sajnples 

and standards are counted within, say, 60 minutes of each other 

provided the barium sulfate precipitations are carried out on 

each nearly simultaneously. 

CALCULATEON OP RESULTS — 

Correct all counts for background, coincidence loss and 

chemical yield and express as the results in counts per minute. 

™. Weight of U^^ in standard _ Corrected count of standard 

Weight of U •̂' in sample Corrected count of sample 
235 

and Weight of U in sample ^ loo = percentage of uranium-235 
Weight of sample in sample. 

^ A. A. Smales, Analyst 21, 778 (1952). 
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PROCEDURE 18: Determination of Microgram and Subraicrogram 

Quantities of Uranium by Neutron Activation Analysis. 

Source: H. A. Mahlman and G. W. Ledlcotte, Anal. Chem. 22_, 823 

(1955). 

Abstract 

Microgram and submicrogram quantities of \iranium have been 

determined in synthetic samples, ores, and soils by neutron 

radioaetlvatlon analysis. The principles of the activation 

analysis method used in this determination and the processing of 

Irradiated samples are discussed. This method of analysis is a 

sensitive and specific method for determining uranium in concen­

trations as small as 0.1 Y per gram with a probable relative 

standard error of 10%. Concentrations of uranium in quantities 

as small as 0.0001 Y per gram can be determined by neutron actlv-

atior analysis. 

Radioaetlvatlon Analysis of Samples that Contain 
Uranium 

* 
Nuclear Irradiation of Sample. Weighed portions of the 

samples and the comparative standard are put into small quartz 

tubes. The tubes are closed with cork stoppers that are wrapped 

in aluminum. They are then irradiated in the reactor. After 

irradiation, the samples are allowed to decay about 4 hours and 

are then chemically processed as described below. The synthetic 

samples used in this laboratory had been processed by a filter 

paper partition chromatography technique. After the separation, 

the paper was conveniently irradiated in short pieces of quartz 

tubing whose openings were plugged by means of cork stoppers. 

Chemical Separation of Neptunlum-239' In most neutron 

activation analyses, a chemical separation is made to isolate 

the radioactivity of the element from all other radioactive 

species in the sample. Usually an "isotoplc carrier"—a known 

amount of the natural inactive element—is added to the solutions 
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PROCEDURE 18 (Continued) 

of both the Irradiated specimen and the comparison samples. The 

solutions are then processed chemically to Isolate the carrier 

and desired radloelement from other elements and contaminant 

radioactivities. Small amounts of other elements are added as 

holdback or scavenging carriers to assist In the decontamination 

process. 

Although neptunlum-239 has a convenient half life; It does 

not have a stable Isotope that can be used as an Isotoplc carrier. 

However, Seaborg— has shown that trace quantities of neptunlum-

239 can be quantitatively carried on a nonlsotoplc carrier, such 

as cerium. The method of analysis reported below uses lanthanum 

as a nonlsotoplc carrier for the neptunlum-239 radioactivity. 

(See Note 1.) 

Chemical Separation Procedure. PREPARATION. The irradiated 

ore and soil specimens are dissolved by digestion in a mixture of 

concentrated nitric, hydrofluoric, perchloric, and sulfuric 

acids. (Additional hydrofluoric acid can be added if a residue 

of silica remains In the bottom of the crucible.) After dissolu­

tion, the sample is concentrated to heavy sulfuric acid fumes, 

cooled, and transferred to a 15-ml. centrifuge tube. If a residue 

(sulfate salts) remains after the transfer, the solution is cen-

trlfuged for 5 minutes, the supernatant transferred to another 

tube, and the residue washed with 1 ml. of IM nitric acid. The 

wash is added to the supernatant and the residue discarded. 

(Centrifugation is always for the stipulated time and at full 

speed.) The sample is then further processed by the procedure 

reported herein. 

The irradiated synthetic samples (paper chromatograms) are 

processed by carefully igniting the paper contained in a porcelain 

crucible In a muffle furnace. The residue is dissolved in about 

0.5 ml. of concentrated nitric acid. After dissolution, the 
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PROCEDURE 18 (Continued) 

sample Is transferred to a 15-inl. centrifuge tube and the process­

ing continued with the procedure reported herein. 

PROCEDURE. Three (3.0) milligrams of lanthanum and O.250 

ml. of 5M hydroxylamlne hydrochloride solution are added to the 

supernatant solution and the mixture digested for 5 minutes with 

occasional stirring. The solution is cautiously neutralized with 

concentrated ammonium hydroxide to precipitate lanthanum hydroxide, 

after which the mixture Is centrifuged and the supernatant liquid 

discarded. 

The precipitate of lanthanum hydroxide Is dissolved in 2 ml. 

of 2M hydrochloric acid, and 1.0 mg. of strontium (added as a 

solution of strontium nitrate to serve as a holdback or scavenging 

carrier) and O.25O ml. of 5M hydroxylamlne hydrochloride solution 

are added to the solution. The solution Is again digested for 

5 minutes with intermittent stirring, and 0.200 ml. of concentrated 

hydrofluoric acid is added dropwlse to the solution to precipitate 

lanthanum fluoride. After centrifugation, the supernatant liquid 

is discarded and the precipitate washed with 0.5 ml. of IM hydro­

fluoric acld-lM nitric acid solution. 

After washing, the lanthanum fluoride precipitate Is dissolved 

In 0.5 ml. of saturated boric acid solution and 1.0 ml. of 6M 

nitric acid. One (1.0) milliliter each of lOĴ  potassium perman­

ganate solution and water are added to this' solution, and the 

resulting mixture is agitated well and digested for 5 minutes. 

Lanthanum fluoride Is again precipitated with O.250 ml. of con­

centrated hydrofluoric acid; the solution is centrifuged and the 

supernatant liquid transferred to another centrifuge tube. The 

precipitate is washed with 0.5 ml. of IM hydrofluoric acld-lM nitric 

acid solution and the wash combined with the supernatant liquid. 

The precipitate is discarded. 

Three milligrams of lanthanum are added to the supernatant 
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PROCEDURE :8 (Continued) 

liquid, and the solution is digested for 5 minutes and centrifuged. 

An additional 3.0 mg. of lanthanum are added to the supernatant 

liquid and the solution agitated and digested for 5 minutes without 

disturbing the first precipitate on the bottom of the tube; then 

the solution is centrifuged and the supernatant liquid transferred 

to another centrifuge tube. The precipitate is washed with 0.5 

ml. of IM hydrofluoric acid-lM nitric acid solution; centrifuged, 

and the wash combined with the supernatant liquid. The precipi­

tate is discarded. 

One milligram of zirconium (added as a solution of zirconium 

nitrate to serve as a holdback or scavenging carrier) and 0.250 ml. 

of 5M hydroxylamine hydrochloride are added to the solution and 

the mixture agitated and digested 5 minutes. Three (3.0) milli­

grams of lanthanum and 2 ml. of 2M hydrofluoric acid are added 

to the solution, and the solution is digested for 20 minutes and 

then centrifuged. The supernatant liquid is discarded. The pre­

cipitate is washed with 0.5 ml. of IM hydrofluoric acld-lM nitric 

acid solution, and the resulting mixture is centrifuged. The 

wash solution is discarded after the centrifugation. 

The precipitate is slurried in a small amount of IM nitric 

acid (about 0.5 ml.) and transferred to a small borosilicate glass 

culture tube by means of a transfer pipet. The centrifuge cone 

is rinsed with three 0.5-ml. portions of IM nitric acid and the 

rinses transferred to the culture tube. The tube is stoppered 

with a cork stopper and the y radioactivity measured by a well-

type gamma scintillation counter. 

The standard sample of uranium oxide (U-Og) is dissolved 

in nitric acid and an aliquot of the solution piocessed under 

the same conditions as the specimen samples. The uranium content 

of the sample In question is determined by equating the ratio of 

the corrected neptunium-239 radioactivity count in the unknown 
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PROCEDURE 18 (Continued) 

and the corrected neptunlum-239 radioactivity count In the standard 

saniple. 

Note 1. Hamaguchl and co-workers— have used Np -'' tracer 

to determine the chemical yield. 

— G. T. Seaborg and co-workers. Metallurgical Project Rept. CN-

2689,41 (Feb. 15, 1945) (classified). 

— H. Hamaguchl, G. W. Reed, A. Turkevlch, Geochlm. et Cosmochim. 

Acta 12, 337 (1957). 
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