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The Synergistic Effect in the Extraction of **U(VI) by
Dibutylphosphate (HDBP) in the Presence of Tributylphos-
phate (TBP), Trioctylphosphine Oxide (TOPO) in Hexane

and Carbon Tetrachloride
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Sweden

The extraction has been studied of 2*U(VI) from aqueous 0.1 M
H,S0, into hexane or carbon tetrachloride by dibutylphosphate
(= HA) in the presence of tributylphosphate or trioctylphosphine
oxide. Computer analysis of the distribution data with the LETA-
GROPVRID ! program indicates the formation in the organic phase of
the following extractable uranyl species:

1) UO,A,(HA), 2) with B = TBP, UO,A,(HA),B, U0,A,(HA)B, in
hexane also UO,;A,B, and UO,80,B,
3) with B = TOPO, UO,A.B, UO,A,B,, UO,80,B, in CCl, also

UO0,A,(HA)B
A summary of the equilibrium constants for the formation of the
various extractable uranyl species is given in Table 4.

The results indicate that both addition-type uranyl species
(UO,A,(HA),B) and substitution-type species (UO,A,(HA)B,
UO0,A,B,) may contribute to the synergistic effect found in the extrac-
tion of U(VI).

Many studies have been published dealing with the synergistic effect *
found in the extraction of UO,2* by dialkylphosphate (= HA) in the
presence of neutral organophosphorus compounds (= B).2720 Similar effects
have also been reported for other combinations of extractants.’! When only
dialkylphosphoric acid (= HA) was used as the extractant, the extracted

* The enhancement of the distribution ratio in metal extraction when a combination of two
extractants is used, compared with the sum of distribution ratios due to each of the extractants
separately is called a synergistic effect. However, when the combination of the two extractants
leads to a decrease in the distribution ratio, the combination is said to cause an antagonistic
effect on the metal extraction.
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complex has been found to be UO,A,(HA), by a number of authors.1%:12-17
The equilibrium constants for the extraction of U(VI) with different HA
and extraction systems are summarized in Table 5. There are, however,
different opinions regarding the nature of the extracted complexes when
a mixture of HA and B is used as extractant. Brown et al3 and Blake
et al’® from data on U(VI) extractions by dioctylphosphate (HDOP) in
the presence of TBP proposed the formation of the complex UO,A,(HA),B
via the addition reaction UO,A,(HA)y(org) + B(org)= UO,A,(HA),B(org).
On the other hand, Kennedy ef al.#® suggested the formation of the uranyl
species UQ,A,B, corresponding to a substitution reaction:

U0.A,(HA)y(org) + 2B(org) === UO,A;B,(org) + 2HA(org)

The latter conclusion was based partly upon the observation that a non-ionic
phosphorylated resin-diethylpolystyrene-methylene-phosphonate quantitatively
absorbed one mole of UO,A, and liberated approximately two moles of HA
from every mole UO,A,(HA),, and partly upon results from IR-studies of the
formation of mixed complexes UO0,A,B, and UO,A,(HA)B (HA = HDBP
and B = TOPO).

Neither of these two groups of authors have determined any equilibrium
constants for the formation of the proposed uranyl species.

Dyrssen and Kuca,? from a quantitative study on the extraction of UO,2+
from 0.1 M H,SO, into CCl, by HDBP in the presence of TBP, came to the con-
clusion that the observed synergistic effect is predominantly due to the extrac-
tion of the monosubstituted product UO,A,(HA)B.

The present work has been undertaken to study the nature of the extracted
uranyl species and the distribution equilibria of U(VI) between 0.1 M H,SO,
and hexane or CCl; when HDBP—TBP or HDBP—TOPO are used as com-
bined extractants so as to throw some light on the nature of the synergistic
effect in U(VI) extraction. As compared with Ref. 2 more reagents have been
used in the present work. It has taken advantage of the availability of the
results of studies on the equilibria of HDBP + TBP and of HDBP + TOPO
under the same extraction conditions.!® Thus it has been possible to evaluate
the equilibrium concentrations of the various (HA) B, species. The pre-

e . L
liminary results of this work have been reported earlier 25,24

EXPERIMENTAL

Reagents. The quality and method of purification of the HDBP, TBP, TOPO, hexane,
carbon tetrachloride, and H,SO, used have been described previously.!*

The a-emitter 23U was purchased in the form of #5UQ,(NO;), in 1 M HNO, solution
from AERE, Harwell, England. A solution of #*U(VI) in 0.1 M H,S0, was made by
adding appropriate amounts of sulfuric acid to the #¥UQ,(NO,), nitric acid solution,
evaporating it nearly to dryness and diluting the residue to 0.1 M H,SO,. In the extrac-
tion experiments, the initial concentration of U(VI) in the aqueous phase was less than
9 X 107 M and may be considered as negligible compared with the total concentrations
of HA or B.

Distribution experiments. Equal volumes of aqueous and organic phases (5 ml each)
in a glass-stoppered centrifuge tube were equilibrated by tilting the tubes in a rotating
rack for at least 2 h. The equilibrated phases were separated by centrifugation. The
distribution ratio D was mostly determined using the double extraction technique in the
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following way: 2 ml of the aqueous phase was taken (with a pipette) and equilibrated
with an equal volume of 0.25 M HDBP solution in hexane, which extracted practically
all the 2*U(VI) activity from the aqueous phase. To determine the distribution ratio D
the «x-activities in 0.20 ml of the organic solutions were compared. The «-active samples
were prepared by first evaporating the organic solutions in the air and then heating and
decomposing the organic compounds in the sample by means of a magnetic induction
generator (ZETA I H). The «-activity was measured with an «-scintillation detector
(Tracerlab P12A) connected with a Tracerlab SC-70 Compu/Matic V or a SC-81 Versa/
Matic IT scaler. The aqueous phase was always 0.10 M H,SO, and all experiments were
carried out in rooms thermostated at 25°C.

SYMBOLS AND EQUILIBRIUM CONSTANTS

0
/
HA = dibutylphosphoric acid (n-C4H,,O)2P<, (HDBP),
OH
or other dialkylphosphoric acid
B = tributylphosphate (n-C,H,0);P=0, (TBP), or
trioctylphosphine oxide (n-CgH,,),P=0, (TOPO)
[ ] = equilibrium concentration in the aqueous phase
[ Jorg = equilibrium concentration in the organic phase
C, = initial total concentration of HA in the organic phase
Cp = initial total concentration of B in the organic phase
K, = [H*J[AT][HA]? stoichiometric acid dissociation constant
¢ =14 K [H*]?
a = [HA]p
b = [Blorg concentration of free B in the organic phase
I,, = a-activity of 23U in the aqueous phase, cpm
I, = a-activity of 233U in the organic phase, cpm
K, = [(HA),B Jorg[HAlorg ?[Blorg* formation constant of (HA),B,

complexes in the organic phase
Ky, = [HyA,][HAT? dimerization constant in the aqueous phase
Ky = [UOAy(HA), 3B Jog[H* P/[UO** [HAY [Blor,'
Ko, = [UOg80,B Jorg/[UO,** 1[S04 1[Blorg’
formation constant of extractable uranyl species
ﬁlpq =K 1pq[H+]—2
B, = K10,[S027]

7

D = [Ulog/[U] = Iorg/1,, net distribution ratio of U(VI)

DATA

The primary data are given in Table 1 as log D, log C,, and log {HA], in
Tables 2; and 3 as Oy, log D, log C,, log [HA], and log [Blosg. The data are
represented in Fig. 1 as log D versus log C, and in Figs. 2, 5, 6, 8 in dia-
grams, showing log D versus log [HA], for various constant values of C}.
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CHEMICAL MODEL

The aqueous phase is assumed to contain UO,** ions and the HDBP
species HA, A™, and H,A, and has the same [H*] = A in all experiments.
From the value of acid constant at infinite dilution K> = 1.01 X 1072 (cf.
Ref. 20) and the activity factors given by Kielland,?* we calculated for 0.10 M
H,SO, the constant K = [H*][SO,>][HSO, ]'==2.894x 1072M, [H+] = 0.1195
M and [SO,*] = 83.62 mM. For the acid constant of HDBP the value K, =
10-%97° M (cf. Ref. 2) is used. Even if these values are slightly in error, this
appears only as a constant factor in the equilibrium constants and cannot
effect the conclusions regarding the species present.

Table 1. The distribution of *¥U(VI) between solutions of HDBP in hexane or carbon
tetrachloride and 0.1 M H,SO, at 25°C. Data given as log D, log C,, log [HA].

Hexane

—2.821, —3.008, —3.324; —1.862, —2.707, —3.056; —1.086, —2.485, —2.869; —0.424,
—2.281, —2.709; 4 0.348, —2.008, —2.511; + 2.878, —0.707, —1.873; -+ 2.655, —0.929,
—1.953; 4 3.047, —Q.583, —1.831.

Carbon tetrachloride

—3.472, —3.503, —3.970; —2.411, —3.105, —3.691; —2.212, —3.094, —3.684; —1.478,
—2.794, —3.491; —1.428, —2.838, —3.519; —1.037, —2.628, —3.390; —0.634, —2.492,
—3.309; —0.565, —2.503, —3.316; —0.542, —2.406, —3.259; —0.239, —2.327, —3.214;
+ 0.513, —2.026, —3.045; + 0.319, —2.219, —3.153; + 0.770, —1.918, —2.986; -+ 0.984,
—1.804, —2.924; + 1.373, —1.628, —2.830; + 1.411, —1.617, —2.824; -+ 1.661, —1.492,
—2.758; + 1.701, —1.503, —2.764; - 2.040, —1.316, —2.666; + 2.244, —1.191, —2.601;
+ 2.809, —0.890, —2.445.

Table 2. The distribution of U (VI) between solutions of HDBP in hexane and 0.1 M
H,SO, for different constant concentrations of TBP or TOPO at 25°C. Data given as
log D, log C4, log [HA], log [Blorg.

B = TBP ’

Cg = 0.020 M
—2.170, —3.136, —3.476, —1.700; —1.205, —2.835, —3.205, —1.701; —0.233, —2.550,
—2.964, —1.704; + 0.222, —2.379, —2.828, —1.707; - 1.080, —2.122, —2.637, —1.714;
+ 1.791, —1.834, —2.443, —1.729; + 2.142, —1.550, —2.271, —1.756.

Cp = 0.040 M
—3.463, —3.680, —4.024, —1.398; —2.446, —3.282, —3.643, —1.399; —1.408, —3.368,
—2.981, —1.400; — 0.421, —2.680, —3.107, —1.401; —0.104, —2.601, —3.042, —1.402;
+ 0.773, —2.282, —2.793, —1.407; + 1.652, —1.981, —2.579, —1.417; + 2.131, —1.680,
—92.385, —1.436; + 2.242, —1.601, —2.337, —1.443.

Cp = 9.977 X 10* M
—1.850, —3.136, —3.599, —1.002; —1.492, —2.982, —3.460, —1.003; —0.877, —2.835,
—3.332, —1.003; —0.377, —2.680, —3.202, —1.004; + 0.017, —2.550, —3.096, —1.005;
+ 0.315, —2.504, —3.059, —1.006; + 0.936, —2.282, —2.890, —1.009; + 1.263, —2.136,
—2.784, —1.012; + 1.972, —1.834, —2.577, —1.022; + 2.550, —1.550, —2.396, — 1.040.

Cp = 0.200 M
—2.197, —3.203, —3.804, —0.701; —1.329, —2.902, —3.530, —0.702; —0.442, —2.619,
—3.286, —0.703; 1+ 0.382, —2.379, —3.092, —0.705; - 0.888, —2.203, —2.958, —0.708;
+ 1.391, —2.027, —2.828, —0.711; + 1.674, —1.902, —2.742, —0.715; + 2.371, —1.691,
—2.553, —0.726.
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Cp = 0.499 M
—2.792, —3.282, —4.247, —0.303; —2.163, —2.981, —3.956, —0.303; —1.630, —2.805,
—3.788, —0.304; —1.262, —2.680, —3.671, —0.304; —0.676, —2.504, —3.511, —0.305;
—0.018, —2.282, —3.316, —0.307; -+ 0.488, —2.078, —3.145, —0.310; + 0.932, —1.981,
—3.067, —0.312; + 1.434, —1.805, —2.929, —0.316; + 1.700, — 1.680, —2.836, —0.319;
+ 2.078, —1.504, —2.708, —0.326.

Cp = 0.987 M
—2.021, —2.898, —4.288, —0.007; —1.665, —2.597, —3.993, —0.008; —1.227, —2.421,
—3.822, —0.008; —0.606, —2.199, —3.610, —0.010; + 0.027, —1.995, —3.419, —0.012;
+ 0.542, —1.819, —3.259, —0.015; + 1.030, —1.643, —3.104, —0.020; - 1.747, —1.421,
—2.916, —0.028; + 2.180, —1.199, —2.737, —0.039.

Cp = 1.452 M
—2.482, —2.808, —4.567, 0.161; —1.643, —2.421, —4.093, 0.160; —1.038, —2.199,
—3.874, 0.159; —0.266, —1.898, —3.580, 0.156; -+ 0.674, —1.597, —3.293, 0.150;
+ 1.747, —1.199, —2.930, 0.134.

Cp = 1974 M
—2.396, —2.898, —4.802, 0.295; —1.942, —2.597, —4.502, 0.294; —1.910, —2.421,
—4.326, 0.294; — 1.565, —2.296, —4.201, 0.293; — 1.240, — 2.120, —4.026, 0.292; —0.085,
—1.597, —3.508, 0.286; + 0.281, —1.421, —3.335, 0.281.

B = TOPO

Cp = 4.562 x 10 M
—1.074, —3.898, —4.517, —2.347; —0.445, —3.500, —4.119, —2.357; + 0.878, —2.793,
—3.411, —2.422; + 1.640, —2.395, —3.015, —2.532; + 2.389, —1.793, —2.462, —2.903;
+ 2.659, —0.792, —1.910, —3.617.
Cp = 5472 X 10 M
+ 0.080, —3.120, —4.583, —1.268; + 0.537, —2.819, —4.280, —1.273; + 1.060, —2.518,
—3.975, —1.285; + 2.168, —1.819, —3.244, —1.379; + 2.589, —1.518, —2.899, —1.506.
Cy = 0.100 M
+ 0.358, —2.898, —4.611, —1.004; + 0.835, —2.619, —4.331, —1.009; -+ 1.502, —2.199,
—3.905, —1.025; -+ 2.021, —1.898, —3.594, —1.053; + 2.457, —1.619, —3.297, —1.103.

Table 3. The distribution of #*U(VI) between solutions of HDBP in carbon tetrachloride
and 0.1 M H,SO, for different constant concentrations of TBP or TOPO at 25°C. Data
given as log D, log C,, log [HA], log [Blg.

B = Tributylphosphate (TBP)

Cp = 0.204 M
—2.603, —3.424, —4.244, —0.690; —2.291, —3.327, —4.157, —0.690; —0.565, —2.724,
—3.660, —0.692; + 0.341, —2.424, —3.441, —0.693; -~ 0.658, —2.327, —3.374, —0.694;
+ 1.288, —2.026, —3.176, —0.697; 4 1.960, —1.724, —2.991, —0.702; -+ 2.352, —1.424,
—2.815, —0.710.

Cp = 0.409 M
—3.208, —3.548, —4.562, —0.389; —1.736, —3.026, —4.074, —0.390; —0.499, —2.724,
—3.813, —0.390; —0.278, —2.548, —3.668, —0.391; + 1.053, —2.026, —3.279, —0.294.

B = Trioctylphosphine oxide (TOPO)

Cg = 4.677 x 10* M
—2.535, —4.498, —4.896, —3.336; —2.015, —4.197, —4.613, —3.340; —1.804, —3.647,
—4.137, —3.361; —1.458, —3.497, —4.012, —3.370; —1.292, —3.352, —3.899, —3.381;
—0.681, —3.099, —3.716, —3.406; —0.398, —2.798, —3.513, —3.446; + 0.395, —2.497,
—3.325, —3.498; + 1.967, —1.354, —2.687, —3.814; + 2.473, —0.953, —2.468, —3.972.
Cp = 4.677 x 10°* M
—0.385, —3.099, —3.955, —2.376; + 0.332, —2.798, —3.687, —2.411; -+ 0.685, —3.497,
—3.440, —2.464; + 1.656, —2.199, —3.221, —2.534; + 2.466, —1.354, —2.702, —2.804;
+ 2.404, —1.497, —2.783, —2.752; + 2.554, —0.953, —2.485, —2.959; + 2.807, —1.195,
—2.615, —2.863.
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Cp = 2.932 x 10 M
—1.214, —4.327, —5.819, —1.533; —1.247, —4.026, —5.518, —1.534; —0.983, —3.724,
—5.216, —1.535; —0.507, —3.327, —4.815. —1.539; —0.004, —3.026, —4.510, — 1.546;
+ 0.496, —2.724, —4.201, —1.559; + 1.325, —2.327, —3.782, — 1.599; +1.966, — 2.026,
—3.455, —1.663.

Cp = 5.865 x 102 M
—0.772, —4.327, —6.107, —1.232; —0.678, —3.987, —5.766, —1.233; —0.680, —3.724,
—5.504, —1.233; —0.676, —3.696, —5.475, —1.233; —0.474, —3.548, —5.327, —1.234;
—0.323, —3.327, —5.104, —1.235; + 0.240, —2.026, —4.800, —1.239; + 0.615, — 2.724.
—4.494, —1.245; + 0.987, —2.424, —4.182, —1.259; + 1.418, —2.327, —4.080, — 1.266;
4+ 1.879, —2.026. —3.752, —1.302.

By the (m,p,q) complex in the organic phase we mean a complex of the

general formula
(UO,),,(HA),B,(H),(SO,),

Since [SO,*7] and [H*] are constant in the medium we cannot decide the values
for  and y independently. However, we make the reasonable assumption
that the extractable complexes are uncharged and since [UO,2*] is always
less than 107 M, that m = 1. Thus the (1,p,q) complex is likely to be
U0,A,(HA), B, and the (1,0,9) complex is UO,SO,B,.

In the calculatlons we may always neglect the amount of HA or B that
has reacted with the UO,2* ions.

The concentration of (1,p,q) complex is given as:

[UozAz(HA)p—qu]org = Olpq = ﬁlpq[U022+][HA]P[B]O,g" (1)
and that of (1,0,q) complex as:
[U02804Bq]org = 010,, = ﬂloq[U022+][B]orgq (2)

Using (1) and (2) we may express the distribution ratio as:
[UO,A,(HA), 5B Jorg + [UO.S0,B Jorg)
[UO%]
= Zﬁ]pq[HA]p[B]Ofgq (3)

Given the values of [HA], [Blog, and B, the value of Deuc may be cal-
culated.

D('ak: - Z(

COMPUTER ANALYSIS OF THE DATA

The equilibrium concentrations [HA] and [B].; were evaluated using
the equilibrium constants for the formation of (HA), B, -species, (0,p,g) with the
present notation, which have been determined prevnously (Table 5 of Ref. 19).

The data for the U(VI) extraction by HDBP in the presence of TBP or
TOPO were treated by means of a new version of LETAGROPVRID computer
program,! which calculated the set of values of the constants k,, k,...k, for
the formation of the UQ,A,(HA), ,B, complexes which will minimize the
error-square sum:

U= Z(log 'DCﬂlC_lOg Dexp)2
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Table 5. The equilibrium constants for the extraction of U(VI) with different dialkyl-
phosphates and extraction systems:

UO0,** (aq) + 2H,A,(org) === UO,A,(HA),(org) + 2H*(aq)

Extraction system log K Ref.

HDBP —Toluene/(HNO;—NO;") 4.56 Hardy
HDBP-CHCl,;/1 M (H,Na)ClO, 3.58 Dyrssen and Krasovec **
HDBP —Hexane/1 M (H, Na)ClO 4.50 L
HDOP—Hexane/2 M (H, Na)ClO 4.60 Baes et al.?

HDOP —Kerosene/HCl 4.53 Blake et al.'®
HDBP—-CCI,/0.1 M H,SO, 3. 84(3 45) * Dyrssen and Kuca 2
HDBP—CCI‘/O.I M H,S0, .47  This work

HDBP —Hexane/0.1 M H,S0, 3 96 This work
Di-g-naphthylphosphate CHCIS/I M (H,Na)CIO, 5.24 KraSovec and Klofutar !4
Dibenzylphosphate CHCly/1 M (H,Na)CIO, 4.88 —»—
Di-(p-Cl phenyl)phosphate CHCl,;/1 M (H, Na)ClO 5.34 —)—
Di(p-tolyl)phosphate CHCl;/1 M (H,Na)ClO, 4.60 —y—
Diphenylphosphate CHCl,/1 M (H, Na)ClO, 4.87 ——

% Recalculated value (c¢f. Table 7, mechanism III).

The input data to the computer were:

1) I, (*3U activity in the aqueous phase in cpm)

2) Iorg (**¥U activity in the organic phase in cpm)

3) [HA] concentration of free HA in the aqueous phase
4) [Blog concentration of free B in the organic phase

RESULTS AND DISCUSSION

CONCLUSIONS ABOUT THE EXTRACTABLE URANYL COMPLEXES WITH
HDBP AND TBP

Hexane

Fig. 1 shows the distribution of U(VI) between 0.1 M H,SO, and HDBP-
hexane solutions as a function of C,, the initial total concentration of HDBP
in the organic phase, at different constant total concentration of TBP: C; = 0
(no TBP present), 0.020, 0.040, 0.100, 0.200, 0.499, 0.987, 1.452, and 1.974 M.
As indicated by these extraction curves the addition of TBP gives rise to a
synergistic effect on the extraction of U(VI). This effect, however, seems to
reach an optimum value at Cy; ~0.10 M, beyond which the extraction decreases
with increasing Cj, and at C; > 1 M even an antagonistic effect on the extrac-
tion of U(VI) is seen to take place.

In Table 6 a summary is given of the values of Upin and of the equilibrium
constants found for various possible sets of extractable uranyl species. The
results of the computer analysis indicate that a combination of the ex-
tractable uranyl species (1,4,0) = UO,A,(HA),, (1,4,1) = UO,A,(HA),B,
(1,3,1) = U0,A,(HA)B, (1,2,2) = U0,A,B, and (1,0,2) = UO0,80,B;, (mech-

Acta Chem. Scand. 22 (1968) No. 3
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Fig. 1. The distribution of U(VI) between
HDBP —TBP —hexane and 0.1 M H,SO,
solution as a function of O, at different
constant Ogy: 0 (O), 0.020 (), 0.040 (&),
0.100 (@), 0.200 (1), 0.499 (A), 0.987 (m),
1.452 (v), 1.974 M (@). The distribution
data are given in Tables 1 and 2. The lines
have been calculated assuming the set of
HDBP —TBP species in Table 5 of Ref. 19
and the set of extractable uranium species
in Table 4.
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+4 |
log D
+3+

+2F
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Crep M
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0.0400
0.0998
0.1995
0.4989
0.9869
1.4524
1.9738
—calc. curves

log [HA]
-5 1 L 1 !
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Fig. 2. The distribution of U(VI) between
0.10 M H,80, and hexane as a function of
[HA] at different constant concentrations
of TBP in the organic phase: 0(0O), 0.020
(@), 0.040 (&), 0.100 (@), 0.200 (),
0.499 (A), 0.987 (m), 1.452 (v), 1.974 M
(@). The distribution data are given in
Tables 1 and 2. The curves have been
calculated assuming the HDBP-—-TBP
species in Table 5 of Ref. 19 and the set of
extractable uranyl species in Table 4.

anism X) seems to give the best error-square sum compared with the other
combinations tried. Adding (1,2,1) = UO,A,B gave no improvement to U.
Addition of (1,0,1) = U0,S0,B gave a slight improvement to U (mechanism
XTI) but made the constants for the formation of (1,0,1) and (1,0,2) complexes
very uncertain (o(f) > f), and was thus rejected.

Using the equilibrium constant in Table 4 one may calculate the following
equilibrium constants for addition and substitution reaction:

UO0,A,(HA),(org) + B(org)

= R 418340 ~ =

U0,A,(HA),B(org)
10282

-1

UO,A,(HA)(0rg) + Blorg) === UO:A(HAB(org) + HA(cre)

= K3, KaK 49

Acta Chem. Scand. 22 (1968) No. 3
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UO,4,(HA),(org) + 2B(org) === UO,A,Byforg) -+ 2HA(org)

- 122Kd K 140

783

where K; = [HA], [HAT™.

Fig. 2 shows the distribution of U(VI) between 0.10 M H,SO, and hexane
for various [HA] and different constant concentrations of TBP in the organie
phase. The lines are calculated by assuming the equilibrium constants in
Table 4. As can be seen, these calculated curves fit the experimental points
satisfactorily. Fig. 3 gives the mole percentage of the different uranyl species
extracted at a constant €5 = 5.624 X 1073 M, as a function of C;. Low values
of Cg seem to promote the extraction of the addition-type uranyl complex,
UO0,A,(HA),B, while higher concentrations of tributylphosphate favor the
extraction of the substitution-type uranyl species, UO,A,(HA)B and U0,A,B,.
At still higher TBP concentrations, U0,S0,B, becomes the predominant com-
plex extracted. The competition in complex formation between the different
(HA),B, complexes and uranyl species extracted will influence the extent
of synergistic or antagonistic effects in the uranium extraction. Fig. 4 shows
calculated curves for the system U(VI)—0.10 M H,SO,—HDBP—TBP—hex-
ane, representing the percentage uranium extracted as a function of the total

S0

U043 (HA)B

U0,A,8;

U0242HAIB '
,fog Cg . 0 logCg, JCA'M?M

=7 -6 -5 -4 -3 -2 -1 o+ ~7 -6 -5 ~4 -3 -2 -1 o+

80+

Ca=102 M

70 -

C4=8512x 1073 M \
6ol 60

. 3 \
5oL Cam7245 %109 M

| Ca=6310x107

40+ 40

Cp=5624x103 M |

0+ 30 ‘
Ca=4571 %103 M

20 20 k=

Ca=3.548x103 M

10

Fig. 3. The mole percentage of different
extractable uranyl species in the two-phase
systems HDBP —-TBP—hexane/0.1 M
H,S0, as a function of Cg, at
Cp = 5.624 x 10 M.
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Fig. 4. Calculated curves for metal extrac-
tion in the system U(VI)—0.10 M
H,S0,—HDBP —TBP —hexane as a func-
tion of the total concentration of TBP and
different constant values of C,. The curves
have been calculated assuming the
HDBP —TBP species in Table 5 of Ref. 19
and the set of extractable uranyl species
in Table 4.
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concentration of TBP at different constant values of C,. The curves show the
regions where synergistic effect or antagonistic effect in the uranium extrac-
tion may be expected. Addition of TBP at C; =0.1 M seems to give the opti-
mum synergistic effect for all values of HA concentration considered
(C, = 103—0.012 M).

Carbon tetrachloride

The extraction of UO,2* by HDBP into CCl; was studied at Cy; = 0
(no TBP present), 0.204 M, and 0.409 M. The results of the computer anal-
ysis given in Table 7 indicate that the assumption of the extraction
of the uranyl species (1,4,0) = UO,A,(HA),, (1,4,1) = UO,A,(HA),B and
(1,3,1) = UO,A,(HA)B gives a lower error-square sum U than either the com-
bination (1,4,0) + (1,4,1) or (1,4,0) + (1,3,1). Addition of other possible
extractable complexes does not improve the error-square sum U.

The distribution of U(VI) between 0.10 M H,SO, and carbon tetrachloride
as a function of [HA] at different constant values of Cj is shown in Fig. 5.
The curves have been calculated assuming the formation of (HA),B, species
between HDBP—TBP with the equilibrium constants listed in Ref. 19 and
Table 4. They are seen to fit the experimental points well. The results support

Table 7. Equilibrium constants * f,,, of U(VI)—~HDBP-—-TBP complex formation for
various assumptions of extractable uranyl species in carbon tetrachloride which minimize

the error square sum U = TZB (log Deaic—10g Degp) * Values in parenthesis calculated
1

from Dyrssen-Kuéa data® (53 experimental points).

Mecha-

nism (1,4,0) (1,4,1) (1,3,1) U in a(y)
1 12.63 + 0.13  14.82 + 0.15 1.381 0.196
(12.59 + 0.20) (14.32 + 0.21) (4.263) (0.289)
11 12.63 + 0.13 11.12 4 0.16 1.429 0.199
(12.62 + 0.16) (10.83 + 0.17) (2.857) (0.237)
111 12.63 + 0.09 14.48 4+ 0.25 10.75 max. 10.96 0.612 0.132

(12.60 + 0.1

6) (13.58 max. 14.10) (10.72 max. 10.96) (2.758)  (0.235)

2 The limits given correspond approximately to log (8 + 3o(f)) and if o(f) >0.2 # the maxi-
mum value log (f + 30(f)) is given.

the conclusions made previously, when hexane was used as organic solvent,
that both addition-type, UO,A,(HA),B, and substitution-type, UO,A,(HA)B,
uranyl species may contribute to the synergistic effect in uranium extraction.

Recalculation of Dyrssen-Kuca extraction data. The extraction of U(VI)
by HDBP into CCl, in the presence of TBP has been studied previously by
Dyrssen and Kuca.? From their data these authors draw the conclusion that

Acta Chem. Scand. 22 (1968) No. 3
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Fig. 6. The distribution of U(VI) between

Fig. 5. The distribution of U(VI) between
0.10 M H,S0, and hexane as a function of

0.10 M H,SO, and carbon tetrachloride as

a function of [HA] at different constant
concentrations of TBP in the organic
phase: 0 (O), 0.204 (D), 0.409 M (@).
The distribution data are given in Tables
1 and 3. The curves have been calculated
assuming the set of HDBP —TBP species
in Table 5 of Ref. 19 and the extraction
of the wuranyl species TUO,A,(HA),,
U0,A,(HA),B, and UO,A,(HA)B with the

[HA] at different constant concentrations
of TOPO in the organic phase: 0 (O),
4.562 X 10°* M (@), 5.472 X 10 M (D),
and 0.100 M ([]). The distribution data are
given in Tables 1 and 4. The curves have
been calculated assuming the set of
HDBP —TOPO species in Table 5 of Ref. 19
and the set of extractable uranyl species
given in Table 4.

equilibrium constants listed in Table 4.

the synergistic effect is mainly due to the extraction of the uranyl mixed
complex of the mono-substitution-type (1,3,1) = UO,A,(HA)B. The calcula-
tions were based on the assumption of (HA),B, species and equilibrium con-
stants found in the two-phase systems CCl,/0.1 M HNO;,?2 thus no account was
taken of the presence of H,A,B in the organic phase and of HDBP dimers in
the aqueous phase, as was found in the system CCl,/0.10 M H,SO, studied
previously.1?

Recalculation of Dyrssen-Kuca data assuming (HA) B, species and
the equilibrium constants found for the CCl,/0.10 M H,SO, system indicates
that the addition of the extractable uranyl species (1,4,1) and (1,3,1) to the
(1,4,0) complex gives a better U value than does addition of (1,4,1) or (1,3,1)
alone (see Table 7).

Acta Chem. Scand. 22 (1968) No. 3
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CONCLUSIONS ABOUT THE EXTRACTABLE URANYL COMPLEXES WITH
HDBP AND TOPO

Trioctylphosphine oxide, TOPO, which is more basic in character than tri-
butylphosphate was found previously 1° to form more stable complexes with
HDBP, eg. K;; = [HAB]og[HAJorg {[Blorg? in hexane was found to be
10488 for HDBP—TOPO, compared with 1029 for HDBP—TBP.

To study the effect of a more basic P=0 group on the formation of extract-
able uranyl mixed-ligand complex, the extraction of U(VI) from 0.10 M H,SO,
by HDBP into hexane or CCl, was studied in the presence of TOPO.

Hezxane. Fig. 6 shows the distribution of U(VI) between 0.10 M H,SO,
and hexane as a function of HA; O, = 0 (no TOPO present), 4.562 x 103 M,
5.472 X 102 M, and 0.100 M. The values of HA have been calculated assuming
HDBP—-TOPO species and equilibrium constants listed in Ref. 19. LETA-
GROP analysis of the distribution data indicates that the set of extractable
U(VI) complexes which gives the best value of the error-square sum U is the
combination (1,4,0) = UO,A,(HA),, (1,2,1) = UO,A,B, (1,2,2) = U0,A,B,
and (1,0,1) = UO0,S0,B, w1th equlhbrlum constants listed in Table 4. In
Table 8 the different possible sets of extractable uranyl species which minimize
the error-square sum U are summarized. The addition of (1,4,1), (1,3,1) to the
set of uranyl complexes mentioned above does not improve the value of the
error-square sum. Although the addition of (1,0,2) leads to a slightly better
U-value, the constant calculated for this species has a standard deviation
which exceeds the magnitude of the constant itself.

In Fig. 6 the lines are calculated assuming the extraction of the uranyl
species (1,4,0), (1,2,1), (1,2,2), and (1,0,1).

The results indicate that TOPO with a more basic character than TBP,
seems to promote the formation of extractable uranyl mixed-ligand complexes
of the substitution-type rather than the complexes of the addition-type, e.g.
(1,4,1) as was found previously with TBP. The substitution reaction may be
described by the following equilibrium reaction in the organic phase:

U0,A,(HA)y(org) + B(org) U0,A;B(org) + 2HA(org)

101K140 1K g2 = 10747
UO0,A,(HA)y(org) + 2B(org)===U0,A Bz(org) + 2HA(org)
K=

120K 149 7 Ka? = 10739

Fig. 7 shows the calculated uranium extraction curve, given as percentage
uranium extracted as a function of TOPO concentration in the organic phase
at different constant values of C,. Comparing the curves in Fig. 4 with those
in Fig. 7 one can see clearly the greater effect of TOPO compared with TBP
in causing synergism in uranium extraction by HDBP.

Carbon tetrachloride. The extraction of U(VI) by HDBP at the presence of
TOPO was also studied with carbon tetrachloride as the organic solvent.
In Fig. 8 the distribution of U(VI) between 0.10 M H,SO, and CCl, as a func-
tion of [HA] is given at C; = 0 (no TOPO present), 4.677 X 10™* M,
4.677 X 10 M, 2.932 X 102 M, and 5.865 X 102 M. A summary of the results
of LETAGROP analysis for different assumptions of possible sets of extractable
uranyl —HDBP—TOPO species is given in Table 9. The results of the calcula-

Acta Chem. Scand. 22 (1968) No. 3
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Fig. 7. Calculated curves for metal extrac-
tion in the system U(VI)—0.10 M
H,S0,—HDBP—-TOPO—hexane as a
function of TOPO concentration in hexane
and different constant values of C,. The
curves have been calculated assuming the
set of (HA),B, species in Table 5 of Ref. 19
and the extractable wuranyl species:
UO0,;A,(HA);, UO,A,B, UO,A,B,, and
U0,80,B and equilibrium constants given
in Table 4.
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Fig. 8. The distribution of U(VI) between
0.10 M H,SO, and carbon tetrachloride as
a function of [HA] at different constant
concentrations of TOPO in the organic
phase: 0 (Q), 4.677 X 10* M (@),
4.677 X 10°° M (@), 2.932 X 102 M (&),
5.865 x 102 M ([7]). The distribution data
are given in Tables 1 and 3. The curves
have been calculated assuming the set of
HDBP —TBP species in Table 5 of Ref. 19
and the extraction of uranyl species
UO0,A,(HA),, UO,A,(HA)B, UO,A,B,
UO0.A,B,, U0,80,B, and U0,S50,B; with
equilibrium constants listed in Table 4.

tions indicate that the available data can best be described by assuming the

extraction of the uranyl species (1,4,0) =

UO,A,(HA),, (1,3,1) — UO,A,(HA)B,

(1,2,1) = UO,A,B, (1,2,2) = U0,A,B,, and (1,0,1) = U0,S0,B. The addition
of the addition-type of uranyl species (1,4,1) or (1,0,2) does not improve the

" error-square sum U.

The results thus agree with those obtained before, namely that when
hexane was used as the organic solvent and under the extraction

conditions studied TOPO
uranyl —HDBP—TOPO species.

seems to prefer to form substitution-type

Acta Chem. Scand. 22 (1968) No. 3
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COMPARISON OF THE VARIOUS SYNERGISTIC EFFECTS OBSERVED

To compare the power in producing synergistic effects in metal extraction
of neutral extractants, like TBP and TOPO, one may define the synergistic
enchancement by the expression

Dyg
"= D+ Dy @)
in which Dag — Z[Uoz?taj(gzszﬁ_qu]om
= Zﬂlpq[HA]p[B]orgq (5)
Dy = woféé?f])z]mg = Buo[HAT* (6)
DB = Z[U{)[]zg(;:]?q]wg = zﬂIM(B]orgq (7)
Inserting (5), (6), and (7) into (4):
Zﬂ]P‘I[HA]p[B]orgq (8)

= BraoHAL & P10 Blors’

Given the values of f,, the value of # may be calculated for given values of
[HA] and [Blo. The synergistic effect caused by the different synergic
reagents may thus be compared from the values of # for given extraction condi-
tions, e.g. for maximum synergistic effect, or in the case when given species
(1,p,9) are predominantly extracted. In Table 10 the synergistic effect in the

Table 10. The synergistic effect in the extraction of U(VI) by HDBP in the presence of
TBP and TOPO for {HA] = 10 M and [B],g = 0.1 M.

Extraction system Extractable n = Dy
uranyl complexes Dy + Dy

U0+ —0.1 M H,80,—HDBP—TBP—hexane  (1,4,0), (1,4,1) 89
(1,3,1), (1,2,2)
(1,0,2)

V0,2t —0.1 M H,S0,— HDBP—TBP —CCl, (1,4,0), (1,4,1), (1,3,1) 9

UO,+ —0.1 M H,80,— HDBP —TOPO —hexane (1,4,0), (1,2,1), 1490
(1,2,2), (1,0,1)

U0+ —0.1 M H,80,—HDBP—TOPO—CCl,  (1,4,0), (1,3,1) 2580
(1,2,1), (1,2,2), (1,0,1)

extraction of uranium by HDBP in the presence of TBP and TOPO is com-
pared at [HA] =103 M and [Blog = 0.1 M.
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