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Some Reactions between Uranium (VI) and Di-n-butyl
Phosphate (DBP) in Chloroform and Methyl Isobutyl
Ketone (Hexone)

DAVID DYRSSEN and FRANC KRASOVEC

Department of Inorganic Chemistry, Royal Institute of Technology, Stockholm 70, Sweden

The distribution of U(VI) between solutions of di-n-butyl phos-
phate (DBP =HA) in chloroform or hexone (methyl <sobutyl ketone)
and 1 M HCIO,—NaClO, solutions has been investigated at 25°C.

The data demonstrate the presence of a complex UO,(HA ),A, with
four molecules of DBP per uranyl ion in both solvents at low con-
centrations of uranium. The constants for the equilibrium

UO,*+ (aq) + 2 ByA,(org) = UO,(HA)A; (org) + 2 H+ (aq)
are 103%-%8 (chloroform) and 10¢-5° (hexone).

In addition to this complex an uranyl complex UQ,A, with only
two molecules of DBP was found in hexone at lower concentrations
of DBP. The equilibrium constant for the reaction

UO,A, + 2 HA <= UO,(HA),A,

in the hexone phase was 10478,
With increasing uranium concentration in the chloroform phase
the ratio [Ulyrg/[DBP] approaches 0.5 thus indicating the com-

position (UO,),A,, of the extractable uranyl complex. No definite
conclusions about the degree of polymerization can be drawn from the
distribution experiments, but isopiestic data of Baes et al.® indicate
that n increases to 6 as [U],./[DBP],, approaches 0.5.

org

Dialkyl phosphates, (RO),PO,H, have proved to be very useful as liquid-
extracting agents for lanthanide and actinide ions of various oxidation
states. Extensive work on the extraction of U(VI) from acidic sulfate-process
liquors has been carried out at Oak Ridge! (Dapex process) and several radio-
chemical separation procedures have been worked out at Argonne 2. Di-n-
butyl phosphate (DBP) has been used at FOA 3 for the separation of %°Sr
and %Y.

The reactions between metal ions and the dialkyl phosphates can be
correctly understood only if one takes into account the very pronounced
tendency of the dialkyl phosphates to dimerize. Although Kosolapoff and
Powell 4 have reported dimerization of dialkyl phosphinic acids, R,PO.H,
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no studies on the dialkyl phosphoric acids have been published in the open
literature until recently 7. It was shown by Dyrssen ¢ that the dimeriza-
tion constant of DBP in chloroform is much larger than for carboxylic acids,
and that dimerization also takes place in oxygen-containing solvents like
hexone and water.

The aim of the present investigation was to study the extraction of the
uranyl ion from 1 M HCIO,—NaClO, solutions with DBP in two different
solvents, choloroform and hexone. Calculations on the distribution data
throw some light on the reactions that can take place in the organic phase.

EXPERIMENTAL

Reagents. The DBP, (CH,0),PO,H), was kindly supplied by Albright and Wilson
Ltd., London. Potentiometric titration with alkali and analysis for C and H showed the
compound to be at least 99 9, pure. The remaining non-acidic impurities are probably
tri-butyl phosphate and butanol. The chloroform was washed three times with twice its
volume of water to remove the 1 9% alcohol. The hexone (methyl tsobutyl ketone) was
washed with alkali, acid, and finally water. The 1 M HC1O,-NaClO, solutions were pre-
pared from analytical grade reagents. The solutions of U(VI) in 0.1 M HCIO, + 0.9 M
NaClO, were prepared from ’nuclear grade’ UQO,. The *3U was purchased from AERE,
Harwell, England. The solution contained 5 uC of #%U per mg of U.

Distribution measurements. Equal volumes (5 or 10 ml) of a solution of DBP in chloro-
form or hexone and a 1 M HC10,-NaClO, solution containing U(VI) were shaken for 2 h.
The two liquid phases were then separated by centrifugation.

In the concentration range below 0.0025 M the uranium was analyzed by alpha-
counting of 1 ml of the organic phase after evaporation of the solvent and removal of
most of the DBP at 200°C. The distribution ratio, g, could then be calculated as

A
1=C-K

A = g-disintegrations per min and ml of the organic phase

C = total activity (cpm per ml) added.
For the determination of larger g-values part of the aqueous phase was shaken with an
equal volume of a fresh solution of DBP (with the same concentration as in the first
extraction). The distribution ratio is then calculated as

A—B

- B

B = q-disintegrations per min and ml of the organic phase after the second
extraction.

The alpha-activity was measured in & Tracerlab SC-16 windowless proportional counter.

Concentrations of uranium larger than 0.0025 M were analyzed spectrophotometrically
at 375 my using a thiocyanate method 8: The sample +1 mlof 10 % SnCly + 0.5 ml of
conc. H;SO, + 15 ml of saturated NH,SCN in acetone was diluted with water to 25 ml
and measured 3 min after addition of the reagent.

The following constants, from Ref.¢, are used for the calculation of [H,A,]m.g, HAL
[HA] and [A~] (ionic strength = 1 M HClIO,-NaClO,):

[(H+] [AT] [HA]? = 10-%.00
[HAlorg [HAT? = 10%3 (chloroform), 10%:4* (hexone)
(HsAsl,, [(HALL = 1044 (chloroform), 101 (hexone)

C, is the initial concentration of DBP in the organic phase. [ ] and [ ] denote

N . - . lorg
concentrations in the organic and aqueous phases, respectively.
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Table 1. The distribution of #*U between chloroform and 1 M perchlorate solutions as a
funetion of C 4 and [H+]. The initial conc. of U(VI) in the aqueous phase was 2.69 x 10-° M.

log log
A—-B A
Cy A B 9="5 9 ="G_A log [HA]
H+]=01M
0.6 6419 5.0 +3.11 —2.89
0.2 8 137 14.7 +2.74 —3.09
0.1 7 419 25.8 +2.46 —3.24
0.08 71712 33 +2.37 —3.29
0.05 8 165 57 +2.15 —3.39
0.03 7 529 126 +1.77 —3.50
0.02 8 282 211 +1.58 —3.60
0.015 7 344 410 +1.23 —3.66
0.01 6 733 +0.78 —3.75
0.004 4294 +0.08 —3.96
0.002 15681 —0.60 —4.12
0.001 423 —1.25 —4.28
[H+] =031 M
0.05 8 333 322 +1.40 —3.39
0.01 2 896 —0.23 —3.75
0.004 916 —0.88 —3.96
0.002 218 —1.54 —4.12
0.001 48 —2.21 —4.27
[H+] =0.91 M
0.05 6110 1 449 +0.51 —3.39
0.01 720 —1.00 —3.75
0.004 113 —1.84 —3.96
0.002 36 —2.34 —4.12
0.001 6.0 —3.12 —4.27
RESULTS

A. Experiments with low concentrations of U(VI). The results obtained
with 283U are given in Tables 1 (chloroform) and 2 (hexone). If these data are
plotted as log ¢ against log C,[H*]?, a marked difference between the two
solvents is revealedj(Fig. 1). The chloroform values lie on a straight line with
a slope of 2. The deviation from this line at higher values of C,[H*}? (> 10702)
may be ascribed to the formation of the complexes UO,A+ and UQ,A, in the
aqueous phase ®. The values from the distribution experiments with hexone,
however, lie approximately on a line with a slope equal to 2.72. The deviation
from this line at higher values of ¢ is very abrupt and may be caused by an
experimental error due to the fact that the aqueous phase may be slightly
contaminated with the highly radioactive and lighter hexone phase when
part of the aqueous bottom-layer is drawn off for the second extraction (and
determination of B). This error will have a marked influence on the measure-
ments only at high g-values.

Since the extraction of uranium by chloroform is proportional to C 2[H*]2
and since it is known © that the dimerization of DBP in chloroform is almost
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Table 2. The distribution of 3*U between hexone and 0.1 M HCIO, + 0.9 M NaClO,
as a function of the initial conc. of DBP in the hexone phase, C4. The initial cone. of
U(VI) in the aqueous phase was 2.69.10-¢ M.

log log log [HA]
A—B _
Ca A B ¢9="5 g=g_x (=log[AT])
0.5 5 358 12.0 +2.65 —2.44
0.2 7091 14.7 +2.68 —2.68
0.1 7726 13.3 +2.76 —2.87
0.1 5777 13.3 +2.65 —2.87
0.07 6 455 12.0 +2.73 —2.97
0.05 75619 21.3 +2.55 —3.07
0.04 6516 28 +2.36 —3.14
0.04 7 262 31 +2.37 —3.14
0.03 6129 78 +1.89 —3.22
0.02 6 349 203 +1.48 —3.36
0.015 6 527 508 +1.07 —3.45
0.012 5 899 865 +0.76 —3.64
0.009 5401 1644 +0.36 —3.656
0.008 5203 1943 +0.22 —3.69
0.007 4114 +0.17 —3.74
0.006 21788 —0.17 —3.80
0.005 1973 —0.40 —3.87
0.004 1377 —0.60 —3.96
0.003 729 —0.93 —4.07
0.002 318 —1.32 —4.25
0.0015 1568 —1.63 —4.37
0.001 87 —1.89 —4.56

complete at concentrations > 0.001 M, the following reaction will describe the
data in Fig. 1 when C,[H*]? < 10702

UO;?**(aq) + 2 HyAg(org) = UO,(HA);Aq(0rg) + 2 H* (aq)

The equilibrium constant may approximately (C,/2 = [HaAzlog) be calcula-
ted as
log K=1og ¢+ 2 log (H*]—2 log C,/2 = 3.46

The same principle reaction was found in a study of the extraction of U(VI)
with dioctyl phosphate in hexane from 2 M acid percblorate solutions (log
K = 4.60 4- 0.04) recently published by Baes ef al.® It has thus been demon-
strated that the uranyl ion reacts with 4 molecules of dialkyl phosphates in
inert solvents. Similar results have been found with other metal ions 3,1,
e.g. Y(HA),A,.

The results with hexone can be explained if one takes into account the
existence of the DBP monomer and the uranyl complex UO,A, due to reactions
between these species and the solvent. The reaction with DBP leads to a
fairly low value of the dimerization constant k, in hexone and a higher value
of the distribution constant of the monomer as compared with chloroform ©.
The difference between the behavior of DBP in chloroform (fulldrawn curve)
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Fig. 1. The distribution of 2**U between r / (7)9
& solution of di-n-butyl phosphate (DBP) Iy
in chloroform or hexone and 1 M HCIO,- ¥
NaClO,. Chloroform data: [J 0.1 M H+, _a| X
4 031 M H+,H 091 M H+. Hexone !
data: x 0.1 M H+. g = distribution ratio R
[Ulyg/(Ulyq: Ca = initial conc. of DBP tog Ca [H]

in the organic phase. The data are given -3 L 1
in Tables 1 and 2. 3 -2 -1 0

and hexone (dashed curve) is shown in Fig. 2 and may be explained by the
fact that the oxygen atom in hexone is a good acceptor for the hydrogen
atcm in DBP.

Some conclusions on the reactions between UO,A, and HA in hexone may
be drawn from a plot of log g[A~]? against log [HA] (or log [HAlxg). The
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Fig. 2. The percentage of different DBP species in the two-phase systemns chloroform/

0.1 M HCIO, + 0.9 M NaClO, (fulldrawn curves) and hexone/0.1 M HCIO, + 0.9 M

NaClO, (dashed curves) as & function of the conc. of HA (DBP monomer) in the aqueous

phase. The volumes of the two phases are equal. [H+] = %, and [HA] = [A"]. The dia-
gram is based on data given in the text.
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log ] [A]
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a00-
Fig. 3. Variation of ¢[A-]* with [HA]
These functions are calculated from data
given in Tables 1 and 2. Fulldrawn line:
7501 chloroform-DBP system. Dashed curve:
hexone-DBP system. The symbols and ex-
perimental points are the same as in Fig. 1.
The horizontal asymptote to the hexone
- curve corresponds to g[A~]-* = 1,8, and the
700 equation for the asymptote with slope 2 is
q[A-]* = xA,f,[HA]%; the constants 4,, B,
-450 and x are defined in the text.

data in Fig. 1 (except those for log C,[H*]? > —0.2) are therefore replotted
in Fig. 3. Again the values for chloroform lie on a straight line with a slope
of 2 demonstrating the presence of the complex UQ,(HA),A,. The distribu-
tion with hexone is proportional to [A™]3(1 4+ [HA]?), which demonstrates the
presence of both UO,A, and UO,(HA),A, in the hexone phase. The expression
for the distribution ratio thus contains an additional term:

¢= [UO445)org + [UOy(HA)yAplorg
[UO?+]
or, if we introduce the complexity and distribution constants f, and 4,
B2 = [UO A JTUO AT 43 = [UOyA5)rg[UO,A,]1
and the constant x» of the equilibrium
UO0,A,(org) + 2 HA(aq) = UO,(HA),A,(org)
QAT = Ay + %Ay [HAP

The values of log 1,8, = 7.08 and log x = 7.76 may be calculated from
Fig. 3. The data give no evidence for the existence of an intermediate complex
UO,4(HA)A, in appreciable amounts. Using the constants given above for the
dissociation, distribution and dimerization of DBP the values of log K for
the reaction

UO,**(aq) + 2 HyA,(org) = UO,(HA),A,(0rg) + 2 H*(aq)
may be calculated as 3.58 (chloroform) and 4.50 (hexone).
Acta Chem. Scand. 13 (1959) No. 3
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Fig. 4. The effect of increasing uranium concentration on the extraction of U(VI) by
a solution of 0.04 M DBP in chloroform. The data are plotted as log l_"U']mgCA‘l against

log [U], [H+]2 The fulldrawn curve is calculated assuming only the complex UQO,(HA),A,

in the chloroform phase. The dashed curve is calculated assuming that, in addition to
UO,(HA),A,, the dinuclear complex (UQ,),A, is formed in the chloroform phase.

Although such experiments as these cannot decide whether a complex is
formed between hexone and UO,A,, the presence of UO,A, in hexone and
not in chloroform is very likely due to such a complex formation. Reactions
between UQ,A, and hexone might be studied by distribution experiments
with solutions of hexone in chloroform. Calculations on such data presuppose,
however, a corresponding study of DBP in order to be able to calculate the
variation of [HA] with [hexone]Jcuc,.

It is thus possible to explain that the hexone data in Fig. 1 do not follow
a straight line with a slope 2 by assuming the presence of HA and UQ,A,
in the hexone phase. Similar values of the slope, that are higher than 2 have
been reported by Stewart and Hicks *. However, their results are probably
further complicated by the fact that they use nitric acid. It is therefore quite

norm
61
5 n
‘_
Fig. 5. Calculated mean values of n and 3 s
m of the complex (UO,),(HA),A,, in di- ot
octyl phosphate-hexane solutions as a
function of [U]WC’A'l. The calculations
(see text) are based on data given by | Q v CA-!
5, Fig. 2, i org
Bacs et al. 0z a3 7 05
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Table 3. The distribution of U(VI) between a solution of 0.04 M DBP in chloroform and
0.1 M HCIO, with increasing conc. of uranium. The volumes of the two phases are equal.

[UO2+] . 2 q [H+]b [U]SA] [U]org
Mo M log T+ log 504
0.08 0.332 0.1399 +0.49 —0.30
0.04 0.595 0.1298 +0.17 —0.43
0.02 2.09 0.1270 —0.40 —0.47
0.01 5.32 0.1168 —0.94 —0.68
0.005 15.0 0.1094 —1.568 —0.93
0.0025 54.4 0.1048 —2.38 —1.22
0.00125 76.2 0.1024 —2.81 —1.51
0.0006277 81.4 0.1012 —3.13 —1.81
0.00031562 88.3 0.1006 —3.46 —2.11
0 95.5 0.1000 — —
(extrapol.)
2.69 x 10-¢ 95.6 ¢ 0.1000 — —

a) Tnitial conc. of U (VI) in the aqueous phase.
b) Calculated from 0.1000 + 2[U]o‘g.

¢) Interpolated from values in Table 1.

possible that some uranium was extracted as uranyl nitrate into the organic
phase (butyl ether or hexane), DBP acting like a tri-alkyl phosphate (e.g.
TBP). Other oxygen-containing solvents such as TBP, ethers, esters, and
alcohols may react in a similar way to hexone.

B. Experiments with increasing uranium concentration. In order to study
the possible formation of UO,A, from UO,(HA),A, at higher concentrations
of uranium a separate investigation was carried out with 0.04 M DBP in
chloroform. The data are given in Table 3 and plotted in Fig. 4. A similar
plot has been published by Baes et al.> Fi&: 3 for the dioctyl phosphate-hexane
system. It is seen from Fig. 4 that the ratio [Uly,/C, is increased above
0.25 to a limiting value of 0.5 The simple equilibria

U0, (aq) + 2 HpAy(org) = UO,(HA)yAp(org) + 2 Hi(aq)

can thus not explain the whole extraction process.

The lower full-drawn curve in Fig. 4 is based on the reaction above using
the value of 10338 at C, = 0.04 M for the equilibrium constant, K, and
calculating the free conc. of H,yA, in the chloroform phase as C /2 — 2 [Ulog.
The equation for this curve is

[U]orz =K [U]aq[H+]_ 2(0.4/ 2—2 [U]orx)z

This equation seems to be valid up to [UlwgC,™ ~ 0.1. The same result
was found by Baes et al.®,for the dioctyl phosphate-hexane system.

In order to explain the increase of {Ul.zC, ™ above 0.25 several simple
reactions may be considered. One might assume the formation of only mononu-
clear complexes, UO,(HA)A, and UOQO,A,, or the formation of dinuclear com-
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plexes such as (UO,),(HA),A, and (UO,),A,. With constants for the formation
of two complexes in addition to the formation constant of UO,(HA)A, (K)
it should be possible to explain the data in Fig. 4 very well. In fact the dashed
curve in Fig. 4 has been derived assuming only the reaction (equilibrium
constant = 2.25 K)

2,U0,2*(aq) + 2 HyAz(org) = (UO,)pAq(org) + 4 H*(aq)

in addition to reaction given above (eq. const. = K). Also there might be
complexes such as UO,A* and UQ,A, formed in the aqueous phase. It is
therefore not possible to draw any definite conclusions from the distribution
data about the reactions in the chloroform phase at higher concentrations
of uranium.

Baes et al.’ have published, for solutions of U(VI) and dioctyl phosphate
in n-hexane, some isopiestic results which indicate the formation of polymers
with more than two uranyl ions. Calculations * on Fig. 2 in the work of
Baes et al.b allow an approximate determination of the mean values of # and
m in (UQ,),(HA),A,, as a function of [Ul.gC, 2. The curves obtained are
shown in Fig. 5. It may be seen that no change in m (= 2) seems to occur at
values of [UloC. ! below 0.33. It seems as if Baes ef al.’ have not considered
a decrease in m. Viscosity measurements have lead them assume the presence
of complexes with considerably higher values of » than 6. However, the visco-
sity properties of the dioctyl phosphate with its longer hydrocarbon groups
may differ considerably from DBP (i.e.. micelles may be formed much more
readily).
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* For the calculation of the curves in Fig. 5 we have used the following approximate equations:

COm = [(UO,)(HA)Ag,] + [HaAs]

[Olog = AL(UO)A(HA)mAs)

C4 = (22” + m)[(UzOz)n(HA)mAzn] + 2[H;A,]
Cy—2 Cp = A= U,

n

If we apply this equation to the data of Baes et al. 5 Fig. 2 rond from a smoothed curve, we

2n 4+ m—2
obtain ————— = 2 for [T.T]m.g(z".;‘1 < 0.33; i.e., m = 2; whereas n is undetermined. With

decreasing [U] OrBO 4~1 the complex UQ,(HA),A, should finally dominate, ¢.e., n—»1. For values
of [U}orgC 4~' > 0.4 we might plausibly neglect [H,A,] and then estimate n from Cp,C4~* =

1 n
o2n +m and [U]0m041= n+m*
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