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SURVEY OF SOLVENTS FOR URANIUM 
EXTRACTION 'WITHOUT SALTING AGENTS 

Co JI·. Stowrl) Jr.; ·H. Vv~ --Crandall» D~ C: ·stevrart, and :P. C. Ml.yer 
Radiation Laboratory, University of California 9 Berkeley9 California 

ABSTRACT 

The uranium extraction characteristics of over fifty organic solvents 

and solvent mixtures have been investigated in a "shotgun survey" in the abo-

sence of non-volatile salting agents. Generalizations of the extraction 

characteristics of tre various families of solvents are made 9 and trends 

are established within -the families. The extraction power by families is in 

the order ethers< alcohols< ketones. An increase in the number of oxygen 

a toms per molecule favors the extraction of uranium while an increase in the 
- - -

molecult-tr weight per oxygen atom decreases fue extraction& 

Certain of the more promising solvents are considered in slightly 

more detailo 

The most suitable solvent located thus far is penta ether (dibutoxy-

tetraethyleneglycol) and cyclohexanone is second-best. No solvent mixtures 

were found which are any better than the pure solvents" 
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Numerous surve:y-s have been nade of the solvent extraction of uranium 

in the presence of salting agents, and continuous extraction processes have 

. . 1 t (1-10) been developed us1ng certa1n so ven s. However, the fission product 

storage problem resulting from such processes has made it desirable to find 

a process which eliminates the non-volatile salting agent. 

A study has been initiated in this laboratory to develop such a 

process. A portion of this study has consisted of a "shotgun survey" of 

over fifty sol vents and solvent mixtures. This survey was designed primarily 

to locate the most promising solvents as quickly as possible and secondly to 

reach some understanding'of the mechanism of the extraction in order to 

locate other solvents which should give favorable uranium extraction. Ex-

traction characteri sties of certain of the more promising sol vents were 

investigated in slightly more detail. The results of this survey are given 

in this report in the form of tables 9 graphs, and text discussion.-

EXPERIMENTAL 

In all cases the solvents used were the best grades obtainable from 

the manufacturers and no attempt was made to further purify the solvents 

for this survey. 

~1e stock solution was prepared from the commercially pure uranium 

nitrate hexahydrate (Mallinckrodt) and concentrated nitric acid9 c. Po (Merck). 

The solution was 0.50~ UD 0.34!HN03 to correspond to column conditions in 

the critical region where uranium extraction becomes more difficult in the 

absence of a salting agent such as Al (No3 )3 or HN03, and thereqy- enable the 

most promising solvents to be located a~ quickly as possible. ~e low uranium 

concentration, however9 limited the number of solvents which could be studied 
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since many solvents showing essentially no extraction at this point are la:l.own 

to give fairly good extraction at higher uranium concentrations. (l,2 ) . - -

Equal aliquots of stock solution and solvent were equilibrated for 

two hours at 25°C. After ihe volume changes were recorded, aliquots of 

each phase were evaporated, ignited, and weighed as u
3
o

8
._ Material balances 

were calculated in each case and found to check within :!:. 3% .. 

DISCUSSION OF RESULTS 

The following values were calculated for each solvent: 

M U (organic phase) 
Distribution Ratio = K = ---------

M U (aqueous phase) 

T\ble Ratio = Moles U/cc ·(organic phase) 
Moles pure solvent/co 

While the distribution ratio is a satisfactory means of describing 

the extraction characteristics of each individual solvent, it is also ad-

vantageous for comparison with other solventS to use the mole ratio which 

gives a relative measure of tle extractability per molecule of solvent. Ex-

cept for steric or activity effects, the mole ratio should be roughly constant 

for a homologous series of solvents, and, therefore, gives a more direct 

comparison. These values for the pure solvents included in this survey are 

listed in Table Io 

In succeeding generalizations involving the mole. ratio, only those 

~olvents w~ose solubility in H
2
0 is lov1 are considered because the mole ratio 

cannot be calculated precisely in systems where an appreciable quantity of 

solvent goes into the aqueous phase since the amount of solvent; in the aqueous 

phase was not determined. When K is high a correction is made in the- mole 

ratio for the dilution of solvent by uranyl nitrate by noting the volume change. 



Solvent 

Ethers --
Diethyl Ether 

Isopropyl ether 

Dibutyl ether 

Diethyl ncellosolve" 

Dibutyl n Cello sol ven 

n Phenylc ellosol ve" 

- Dibutyl "Carbitol'' 

"Peni:ii Ether" 
(Dibutoiytetraethyl-
eneglycol) 

Alcohols 

:Methyl isobutyl 
carbinol 

2-Ethyl butanol 

2~Ethylhexanedio 1-10 3 

Ketones 

Diethyl ketone 

Hexane 

Methyl n-amyl ketone 

J11!3thyl n-he:x:yl ketone 

\.cetophenone 

Cyclopentanone 

~ 
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* Table I... Pure Solvents 

Formula DJ:stribubion Mole Solubility 
Ratio = K Ratio in H2o 

(Xl03) (Wt .. %) 

0zli5°0ti5 Oo09 6 .. 9 

(CH3 )2CHOCH(CH3)2 o .. oo o .. oo Oo9 

c4H90c4H9 o .. oo Oo.OO 0 .. 03 

C2H5oc2H40CzH5 Oo29 21 .. 0 

c
4
H9oc 2H4oc4H9 0 .. 01 Oo96 Oo2 

c~5oc2H40H o.oo o .. oo 2..7 

c4H90(C2H4o)2c4H9 0 .. 09 9.,31 0.3 
" 

c4H90(C2H4o)4c4H9 Oo54 57.4 \1 o3 
( 

~CH2CH(C~)C~OH 0 .. 013 2 .. 62 

CH3cH2CH(C2HS)cH20H 0 .. 01 0.61 Oo43 

C3HfH(OO:)CH( c2H5)CH.aOH Oo09 6 .. 74 4 .. 2 

(c2H5 )2co o .. o8 

(CH3)2CHCH2COCH3 o.oo4 2 .. 58 2 .. 0 

C~CO(CH2 )4c~ 0 .. 02 1 .. 10 Oo43 

CH3GO(CH2)5CH3 
0 .. 01 1 .. 07 

CH3coc6l1i Oo05 2 .. 66 0.55 

CH ~CH o .. 8o 18.7 
I 2 2'c=O 

/ CH2--cH2 

So1ubili ty of 
HzO in Solvent 

(Wto %) 

loS 

Oo57 

Ool9 

3.4 

0.6 

10.8 

1 .. 4 . 
4o8 

4o6 

11.7 

2 .. 2 

1 .. 5 

1 .. 67 
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Solvent Formula DlStrlbutiOXll Mole Solubility Solubility 
Ratio = K Ratio in E:2o of' ~o- in 

(no3 ) (wt .. %) Sol 'Vent 
(W'b~ %) 

Cyclohe:x:anone .))H-CH 0 .. 53 18 .. 4 2 .. 4 
cH 2 2'c=o 
'2c~':'cH{ 

mrmethylcyclohexanone 
'-CH2~CH2-. _ 

Oo24 llo9 C 2 . C-0 
" / CH ... CH2 I .. 
c~ 

p ... :mei:hyleyolohe:x:anone 
. ,)JH2...C~ 

Oo30 14 .. 3 CH3...C~ . ' C=O 
CH .:.CH/ 

2 2 

M:lsi tyl.oxide (C% )2c 2CHCOCH3 0 .. 24 10 .. 3 2.8 3o4 

Esters 

Ethylacetoacetate CH3COC~COOC2H5 Ooll 11.6 4.9 

GlycoJ_ diacetate CH3COOCH2CH20COC~ 0.25 16.4 7e0 

Diethyl lllaleate wccooc2H5 0 .. 07 4.82 1.3 2.1 

HCCOOC:f!s 

Oi:hers 
c~ 
I 

Dimethylsulf'olane 
.. )JH2-9H 

1 .. 68 13.3-15.6 CH3-CH CH 
' / 2 "'- s . 

0~ ~0 

Nitropropane CH3 (CH2)2No2 o.oo o .. oo 

* For physical properties of solvents ~ee appendix .. 
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The criterion chosen for an acceptable solvent in this survey was based 

on the fact that ihe stock solution corresponds to a point in a column where 

the aqueous phase is approxinately 20% saturated or 25% of a 260M U feed .. 
' ... . - . .... 

Therefore, if the flow ratio (organic/aqueous) is restricted to less than 
- ' 

3 or 4, to achieve greater than 90% recovery of uraniump K must be greater 

than 0 .. 2 .. 

A.. Pure Solvents 

The absence of salting agents increases the water solubility of many 

solvents making it impossible to study them under the conditions of this 

survey, e .. g .. 9 the lower molecular weight cellosolves and carbi tols.. However, 

within these solubility limits the simpler members' of ,the various families of 

compounds were studied 9 and several general c omrarisons may be made o The simple, 

or singles ethers were poor.. The polyethers will be discussed separately. 

The simpler alcohols were somewhat better and the ketones were still better. 

No comparison may yet be made between primary, secondary, and tertiary alcohols. 

The esters which were investigated gave still more favorable extraction but 

were not considered ft~ther due to probable acid instability .. 

Although these comparisons are based on comparatively few solventsD 

they correspond in many cases to the comparisons made by other investigators 

using salting agentso (lo 2
D
4

D 
7 ) It will also be noted that the dipole moments 

of these families of compounds vary in the same order as their extraction 

power, ieeo 9 ethers< alcohols (ketones .. (ll) 

From a study of the extraction characteristics within each family of 

solvents more significant comparisons may be madeo The mole ratio values in 

Table I clearly show that the extraction power is increased by an increase in 

the number of oxygen atoms per solvent moleculeo For example, penta ether 



)dibutyl carbitol )dibutyl cellosolve) dibutyl ether. 
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The K values for ketones, alcohols.~~ and ethers is decreased by an 

increase in molecular weight per oxygen., For example, in the ketones 9 diethyl 

ketone (mol .. wt., = 86) )me'fuyl n-amyl ketone (114);>methyl ne.hexyl ketone (128); 

in the alcoholss methyl isobutyl carbinol (88) > 2-ethyl butanol (102h and in 

the ethers 9 ethyl ether (74) > dibutyl ether (130)., 

Inductive effects of substituents within a homologous series probably 

would be too small to be noted in most cases. However, steric effects are 

indicatednfor examples in the mqle_ratios of cyclohe:xanone~ p=methylcyclo-

hexanone, m~methylcyclohexanone 9 and he:xone since the mole ratios decrease in 

the order of increasing steric hindrance.. Possibly another example of this 

may be seen in comparing the mole ratios of methyl isobutyl carbinol and 

2~ethyl butanol. 

It may be seen that the functional group is the oxygen atomD especially 

when it is in the ketone form or in a series of ether linkages, and that its 

ability to extract uranium is a function of its electronegativity .. 

Only one nitro~compound9 l~nitropropane, was investigated as a pure 

solvent s.nd gave no indication of extraction which is· in accordance with 

observations in the presence of salting agents .. (lD 294" 7) 

B.. .Mixtures 

To further investigate the mechanism of uranium extraction,-various 

solvent mixtures were studied .. * The distribution ratios and mole ratios 

of the mixtures studied are listed in Table II., 

* __ moles U/coco(organic phase) 
Mole Ratio (mixtures) -

moles total solvents/ceo 



Table II. Solvent ~fixtures 

UCRL-576 
Page 10 

* Composition Distribution 
Ratio = K 

Mole Ratio** 
(xro3) 

Simila:c 

20% Hexone D 80% Cyclohexanone 

50% Dibuty-1 "Carbi tol 11 
D 50% Cyclohexanone 

20% Penta EtherD 80% Cyclohexanone 

50% Penta EtherD 50% Cyclohexanone 

80% Penta EtherD 20% Cyclohexanone 

50% Polypropylene Glycol 425D 50% Cyclohexanone 

50% Polypropylene Glycol 1025~ 50% Cyclohexanone 

50% Butyl 11 Cellosolve", 50% Penta Ether 

20% Dimsthylsul£olane, 80% Cyclohexanone 

50% Dimethylsulfolane 9 50% Cyclohexanone 

50% DimethylsulfolaneD 50% Penta Ether 

Different 

20% Xylene, 80% Cyclohexanone 

20% Aniline 9 80% Cyclohexanone 

20% Diethyl anilineD 80% Cyclohexanone 

20% Dimethylsulfolane 9 80% Benzene 

* Percent by volume 

0 .. 31 

0.07 

0 .. 58 

0 .. 57 

Oo58 

0 .. 73 

Oo54 

Oo47 

0 .. 50 

Oo46 

0.52 

0.23 

0.19 

o .. oo 

** 1role Ratio (mixtures) =moles U/cc (organic phase) 
moles total solvents/co 

12.6 

2.63 

21.6 

27.8 

42.9 

32o8 

32.2 

32.1 

17.3 

17 .. 3 

30.2 

9.71 

'5 .. 74 

7.54 

o .. oo 
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From the study of pure solvents it is possible to make certain pre-

dictions concerning the behavior of solvents in mixture. Two solvents having 

measurable extraction characteristics by themselves and having n'o mutual 

interaction involving the active oxygen a tom should give a mole ratio corre-
. I 

sponding approximately to the· geometric mean of too individual values. That 

this is verified may be seen by studying the "similar" mixtures in the first 

portion of Table lie For example~ the mole ratios of the three penta ether-

cyclohexanone mixtures vary between 18.4 for pure cyclohexanone and 57.4 for 

pure penta ether. 

~1e polypropylene glycols, which are too viscious to be studied by 

themselves 9 and butyl "cellosolve 11
, which is too water soluble to be studied 

by itself, were studied in mixtures of cyclohexanone or penta ether and 

indicate acceptable extraction characteristics. 

Correspondingly 11 a mixture of tvro sol vents having any interaction 

which would decrease the strength of fue functional group would give a mole 

ratio considerably less than the geometric mean of their individual values. 

This is illustrated in fue second portion of Table II, for examples in the 

appreciable lowering produced by the add;i.tion of 20% xylene to cyclohexanone. 

This indicates an effect other than i:he dilution of thu cyclohexanone. In the 

case of dimethylsulfolane ~ Which has a high mole ratio by itself, the addition 

of benzene strongly inhibits the extraction. 1Vhile the mechanism of this 

interaction is not yet clearly understood, it may be that ihe benzene prevents 

interaction be~veen the dimethylsulfolane molecules, with the result that the 

dimethylsulfolane is largely in the aqueous phase. 

Presumably, two compounds could interact to increase the strength of 

the functional group and correspondingly enhance the extraction characteristics, 

but no such combination has yet been found. 
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It is possible to form a compound of uranium with one of the organic 

compounds present in a mixia:tre of solvents which is soluble in the second 

organic compound contained in the solvent mixture. This llll.Y be visualized 

as "coating" the uranium atom with an organic layer which fuen is soluble in 

solvents having little or no interaction with uranyl nitrate o Examples of 

this are.tributylphosphate in he:x:ane 9 (
12•13 ) butyl phosphoric acid in dibutyl 

ether" (l4 ) and TTA (thenoyltrifluoracetone) ~n he:x:one. (l5 ) Some attention has 

been given to systems of this type which will be discussed in a separate 

report;. 

DISTRIBUTION_STUDIES USING LABELED U02 (N0~) 2 
Two of fue more promising solvents and one solvent mixia:tre were studied 

in somewhat more detail using uranium stock solutions containing a measured 

quantity of ~33 tracer. The equilibration period for these studies was thirty 

. 0 
minutes at 25 c. Aliquots of each phase were then plated on stainless steel 

plates with a little tetraethylene glycol added tp produce a spreading fi~.(lS) 

The plates v1ere then dried, ignited, and counted in the usual manner. 

The results of these studies on cyclohexanone, penta ether, and on the· 

* mixture 50% polypropylene glycol 425 11 50% cyc1ohexanone are presented ili 

Figures 1 and 2. 

Iv1ECHAIUSM OF EXTRACTION 

Katzin and Sullivan (l7 ) have demonstrated that four molecules of Water 

per uranyl nitrate transfer into the organic phase in diethyl ether and methyl · 

isobutyl ketone; showing that the mechanism of uranium extraction into the 

organic phase involves a competition between water and the solvent for the 

uranium molecule. 

·* Percent by volume .. 
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The oxygen atom of the solvent molecule nay be involved in an ion 
0 

dipole bond with the uranium atom.., R
2
o-.a...u-... - 9 or in a hydrogen bond with the 

0 0 
water mole~ulesD azo---H=r ... -g ........ j) where R20 represents a solvent moleculeo 

Thus 0 the extractability of a given solvent for uranium should be related to 

the electronegativityof its oxygen atoms or its dipole moment .. 

The solubility of water in a solvent may bear0 within steric limita-

tions 9 a relationship to the extractability of the solvent for uranium .. 

Insufficient data are available to draw any conclusions at this time.. However# 

trends favoring this theory may be seen in the polyether seriesg dibutyl 

oellosolve 0 dibutyl carbitol and penta ether .. 

SUJViMA.RY 

The uranium extraction characteristics of over fifty nrganic solvents 

and solvent mixtures have been investigated in a ••shotgun surveytt in the 

absence of non~volatile salting agents.. Generalizations of the extraction 

characteristics of the various f~ilies of solvents have been made 9 and trends 

have been established within the families o The extraction power by families 

is in the order ethers< alcohols< ketones o An increase in fue number of oxygen 

atoms per molecule favor.ed fue extraction of urani~ while a.n increase in the 

molecular weight per oxygen atom decreased the extJ;"8-ction. 

'. 
Hence 9 the most favorable solvents for uranium extraction in the ether 

family would involve numerous oxygen atoms and ihe lowest molecular weig;ht per· 

oxygen atom within the limits of mutual solubility w,ith water for practical 

solvent extraction. Mmy of the solvents investigated gave favorable extraction 

bub were discarded on the basis of mutual solubility withwater 9 acid instability0 

* or unfavorable physical characteristics.., e .. g. 0 dimethylsulfolane9 cyclopentanone, 

polypropylene glycols 9 butyl cellosolve~ and glycol diacetate. The most suitable 

solvent located thus far is pe~ta ether and cyclohexanone is second-best .. 

* For physical properties of solvents see appendixo 



APPENDIX 

Physical Properties of Solvents(21- 25 ) 

Solvent Formula Mol~ SpcGro B .. P .. Flash 
wt .. 20j2o0c °C·og pt.,. 

760mm (a) 

-~--

Cyclohexano:o.e ;CH2~cH2 98.14 0 .. 9478 156 .. 7 117 
C\ 'C=O 

CH =CH/ 
2 2 

l~Ni tropropane CH3(cH2) 2No2 89 .. 09 1o003 132 93 

.Penta Ether 
(DibutOXy-l:;et:r.a~ C4H90(Ciff40)4C4Hg 306 .. 43 Oo9436 237 355 
6-lliyle:~lgl;yrxll) (fOmm) 

Dibutyl '~"b-1.-.. 
to1 11 c4H90(C2H40~C4H9 218 .. 33 0 .. 8853 254.6 260 

Dibutyl 91CeT1.0"' C4H
9

oc2H
4

oc4H
9 

174 .. 28 0.8374 203 .. 3 185 
sol·ven 

Die-t;hyl ncellc-
'solveu C2H50C2H4 OC2H5 118 .. 17 0 .. 8417 121 .. 4 95 

Disthyl ke·tone (Czfls)2CO 86.13 Oo8159 102o7 
(19/4°0) 

Dimethylsulfo ... c~ 148 .. 16 1 .. 1362 (b) 146(>c) 
lane I 

H2C-CH 
.Y I 

H3C~CH JH.z 
"-s 
q~ 

0 0 

Aniline (o) -
C6H5NH2 93 .. 12 1 .. 022 184 .. 4 

ni_ethyl aniline(©) C-~5N(C 2H5) 2 149 .. 23 Oe9351 215o5 

-Methyl n-he:x:yl CH3CO(CH2)5cH
3 

128 .. 21 Oo818 170..,. 
ketone 172 
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Salnbility 
in H20 
(wt .. fo) 

1"3 

0.3 

0.2 

2lo0 

3 .. 4 

lo44 
(12°C) 

SoJu.;;.' Visocsity 
b:ility ~ise 
:in~O 2o0c 
(Wt"fo) 

4 .. 8 5o7 

1.4 2 .. 39 

Oo6 lo34 

3 .. 4 0.65 

lg:3-l5o6. 
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/ 

Solvent Fornrula 1/Jolo SpeGro BoP~ mash &ilnlil:i:t;y So1u,;; V:iscosity 
Wto 2~C oc.~ Fto in H20 hility Centip:Ii.se 

'700n.m. (a) (Wto%) jnli20 2ooc 
(Wte%) 

Dibutyl ether 04H90C4H9 l30o22 Oo7694 142.2 100 0 .. 03 Oel9 Oo69 

Pol ypropyte)e 
glycol 425 ° 40(}450 1o0103 390 canpletezy miscible 30(d) 

Polytr)pylene glycol 
1025 c 975-1<:25 lo0072 440 lo5 77 .. 1 (d) 

Butyl r.lc)no .... 
sol·ve0 (o 

c4H9oc2n4oH 118o17 Oo9019 17lo2 165 oanpletely lll,jro;i. ble 6.42 

nPhe nylcellc.-. c6~0CzH40H 146.22 Oo8894 208.3 195 Oo99 18.78 5o15 
salven 

· ]\J.[ethyl n=anryl CH3CO(CH2)
4
cn3 114 .. 18 0 .. 8166 150.6 120 0.,43 1.5 0.65 

ketone 

A.cetopherwne cu3coc6H5 120 .. 14 1.030 201.7 175 0.55 1.65 1.84 

.. 
Ethylacetoo CH3COC~COOC2H5 130 .. 14 1.0261 180.7 185 11.6 4o9 1.64 
acetate 

. Mesi tyloxide (CH3)2c :,CI1COCH3 
98.14 0 .. 8569 128.0 90 2o8 3o4 0.60 

· Diethyl ma1ea te HCCOOC2I\, 172 .. 18(e) 1~0687 225 .. 3 250 1.3 2o1 
. II . 

l{CCOOC 2ffs 

m ... methy1cyc1o., / CH2...CH2 112.17 Oo915 169 
hexanone 

CH~ -;c=O 
CH...CH2 
I 

CH3 

pcome thy1cyclo""' 112 .. 17 Oo912 169 
hexanone · C~...CH2 

.. / ' H C-CH · C=O 
3 " / CH2coCH2 
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Solvent Formula Mo1o Sp .. Gr .. BoPo Flash SoJu biliiiy' Solu.;. Visoooii{r 
Wto 20j2o0 c oc.,~ pt., in H 0 bility Cart;jpaLs a 

760mm (a) (wt .. %) inHzO 20°C 
(Wto%) 

Cyclopentanone H2C...C~ I -c-o 84 .. 11 Oo9480 130 .. 6 H c..,cH -
2 2 

Sa.; .... butyl CH
3

CH
2

CHOHCH
3 

74.12 o .. 8os 99o5-100 l2o5 
aleohol 

2""Ethyl buta.r!.Ol. (c2%)
2

CHCH20H 102 .. 17 0 .. 8328 148 .. 9 135 0 .. 43 4 .. 6 5 .. 63 

2··BthyihexanE-~ C 3n7CH ( OH )CH ( C 2n5)~g_OH ciio1.""1D3 
146 .. 22 0 .. 9422 244 .. 2 260 4o2 11o7 323 

Methyl isobutyl 
oarbinol crr3crr2CH(CH3)CI~OH 88 .. 15 0 .. 816 128 

.Glycol di·" --
acetate CH

3
GOOCH2CF2CCOCH

3 
146 .. 14 1ol063 190 .. 5 220 16 .. 4 7.,0 2 .. 86 

Diathyl e't~her c
2
H

5
oc

2
H

5 
74ol2 o .. 7146 34 .. 5 -40 6 .. 9 lo3 Oo25 

. Hex.one (methyl (CH3 ) 2CHGI~GOCH3 100 .. 16 0 .. 8042 l15_o8 75 2o0 2 .. 2 Oo59 
isobutyl ke .... 

_tone) 

Isopropyl e·the:i." (Clr
3

)
2

CHOCH(CH
3

)
2 

102 .. 17 0 .. 7244 68 .. 5 15 0 .. 90 Oo57 0 .. 34 

-·.......,..__ 

(a) Open cup 

(b) Decomposes above 220°Co 

(o) Investieated in mixtures only 

(d) At l00°Fo 

(e) Calcu1atad(23 ) 
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