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ABSTRACT. Uranium (VI) was extracted from dilute aqueous solutions of uranyl nitrate with
acetylacetone and tri-#-butyl phosphate in n-dodecane, Synergistic effect was observed with the
mixed reagents above pH 1. The species extracted are the 1:2:1 and the 1:2:2 uranyl-AA-TBP
complexes. The extraction constants for these reactions have been determined.

INTRODUCTION

Acetylacetone(HAA) is a simple S—diketone.
A weak acid with pKa=8.2!, HAA has long
been used

metals. 2 It is quite soluble in water and its

as a chelating agent for many

distribation coefficient is E=5. 95 for benzene/
water system.® Because of its solubility in
water, HAA has not been so widely used as,
e. g., thenoyltrifluoroacetone in solvent extrac-
tion studies of metals. In the present study,
the synergistic extraction of uranium(VI) with
tributyl phosphate (TBP)-HAA mixed ex-
tractants has been detrmined.

EXPERIMENTAL

HAA and TBP were both G.R. grade and
dodecane was technical grade from Benz Ltd.,
West Germany. Uranyl nitrate was prepared by
reacting UQ; powder with nitric acid, followed

by crystallization of the salt as UQ,(NOs),
-6H0. HAA and TBP were dissolved in do-
decane and uranyl nitrate in water. Equal
volumes of organic and aqueous phases were
equilibrated in 100 m! separatory funnels by
vigorous shaking for several minutes. Equili-
brium temperature was 25°C or ambient. pH
measurements were made by using a Corning
Model 130 pH meter. The concentrations of
uranium were determined by the method of
Davies and Gray.* For analysis the uranium
in the organic phase was reextracted using 0.1
M HNO, solutions.

RESULTS AND DISCUSSION

Uranyl Nitrate/HAA-TBP System. Neither
HAA nor TBP extracts appreciable amounts of
UO.?* if used separately but, when the two
are mixed, a synergistic enhancement of extrac-
tion is observed (Fig. 1). Solutions of HAA-
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Fiz. 1. Extraction of 6.0X1073M uranyl nitrate with equal volumes of HAA-TBP mixtures_in dodecane.

Equilibrium pH is 1. 8.

TBP mixed extractants with a total concentra-
tion of 20 % (V/V) in dodecane but varying
ratios of the two were used as the organic
phase. The distribution of uranium between
the organic and the aqueous phases at equili-
brium was plotted as a function of the con-
centration ratios of the two extractants.

When 6.0X1073 M uranyl nitrate solution is
extracted with 20 % HAA in dodecane, the
distribution coefficient is very small (E=0. 04).
Twenty percent TBP solution also gives a
negligible distribution coeflicient (E=0.01) in
extracting the same uranyl solution. Thus,
under the present egperimental conditions,
neither HAA nor TBP solution alone can ex-
tract uranium from aqueous solutions. However,
the HAA-TBP mixed solutions resulted in large
increase of the distribution coefficient. The
value of E reaches its maximum (2.9) at about
HAA: TBP=12.5:7.5 (V/V). On molar basis,
this is about HAA: TBP=4:1. Thus, maxi-
muwn extraction is obtained when the molar
ratio of HAA/TBP is4:1 initially in the organic

phase. TBP is practically insoluble in water
but some HAA goes into aqueous phase. There-
fore, the actual ratio of the two in the organic
phase is less than 4:1 and the species extracted
may be shown as UQ:(AA)«TBP with £2>0.5.
This mized complex would be more hydrophokic
than the species formed from each extractant
alone.

Urany! ion generally has coordination number
6. The AA~ anion formed from HAA by acid
dissociation exists in enolate form and coor-
dinates as bidentate, The remaining coordina-
tion positions are all or partly filled with TBP.
Organic  coordination-unsaturated (hydrated)
complexs are rather hydrophilic. When such
complexes become more coordination-saturated
by, e g., forming TBP adduct, they become
more hydrophobic and, therefore, more soluble
(extractable) in organic solvents. Batzar® et
al, reported the formula UQ;(AA), TBP{z=
1) for this complex obtained under somewhat
different conditions.

Compositions of the Extracted Species in
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Organic Phase.
involved in the extraction of uranium(VI)
with HAA-TBP mixed reagents may be
represented as -

The distribution equilibria

U0s,,2*+2HAA,,, +2TBP,,,
==UQO,(AA)zTBP,, +2H,* (1)
0,(AA [Ht)2
v e S
= E-[H",? 3
(HAAJo *[TBP]orp=

logE=logK.,+2log[HAA],,,

+2log[TBP],,,+2pH (4)

If pH and HAA concentration are kept con-
stant, linear relationship would be obtained
between logE and log[TBP].

Table 1 shows the variation of E with the

initial TBP concentrations in the organic phase,

The equilibrium pH was 1.8.

When logE was plotted against log[TBP],
an approximately straight line with a slope
about 1.5 was obtained. This is an indication
that both the 1:2:1 and the 1:2:2 uranyl-AA-~
TBP mixed complexes are formed in the organic
phase. The following reactions take place in the
extraction process.

U0, +2HAA+TBP=—=UO,(AA),TBP+2H*

()
UQ* +2HAA+2TBP

Table 1. Uranium distribution coeffcient E as a func-
tion of TBP concentration, The initial concentrations
of HAA and uranyl nitrate are 0.50 M and 0. 011 M,
respectively (pH=1. 8).

[TBP], M E
0-046 0.20
0.091 0.57

0.19 1.8
0.36 4.8
0.72 11.2
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==UQ:(AA),(TBP),+2H* ®

For simplicity, the subscripts aq and org are
omitted. The extraction constants for these
reactions are expressed as

- [UO:(AA),TBPJ[H*}?
K= [COP AT @
K =[U0«.>(AA:22{TBP);»][H+]2 ®
2,ex [Uozz-r] HAA:P[TBP:P
Some HAA passes into the aqueous phase and

may form uranyl-AA complexes. The distribu-
tion coefficient E is then given by

E=LUQ:;(AA),(TBP)]+[UO,(AA),(TBP),]
(UG ]+[UO,AATT+[UO0;(AA),]

)

From eqs. 7, 8 and9

E=]:HAA]2 {KL ex[TBP] +K2, ex [TBP] 2} (10)
[(H*2{1+ 8. [AA"] + B,[AA]E

where B8, and f; are the cumulative forma-
tion constants of the uranyl-AA complexes,

Assuming that Rydberg’s value* of E for
HAA applies here and taking the protonation
and the uranyl complex formation constants of
acetylacetone!, and using the initial reaction
conditions and the equilibrium pH, the acetyl-
acetonate ion concentration in the agueous
phase was estimated. The values of the extrac-
tion constants were determined graphically us-
ing eqg. 10. In Fig.2, the intercept and slope
are 2.8 and 38, respectively; from these,
K a=1.0x10"% and K,.,=1.3X10"1. The
deviation of the high points from the straight
line in Fig.2 is probably caused by poly-
merization of TBP in high TBP concentrations,
Dimerization of TBP occurs to a considerable
extent in n-hexane.®

From eqs.7 and 8 and these values of the
extraction constants, K=[UQ,(AA),(TBP),]/
[UQ:(AA),TBP]/[TBP]=K; ../Ky,s=13. The
following examples illustrate the significance
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of these results. When the initial TBP con-
centration is 0. 077 M, 32 % of total uranium
is extracted and the organic phase contains
equal amount of the 1:2:1 and the 1:2:2 U-AA-
TBP complexes. If the initial TBP concentra-
tion is . 13M, half of the uranium is extracted
and the 1:2:2/1:2:1 complex ratio is 1.7. If
the initial TBP concentration is 0.50 M, 88 %
of uranium is extracted and the 1:2:2/1:2:1
ratio is 6.5. Thus, increasing TBP concentra-
tion produces more of the higher complex and
increases the extraction,

Effect of Acidity on the Extraction. Figs,
3 and 4 show the effect of acidity on the ex-
traction, The initial concentration ratios of the
two reagents in the organic phase approximately
correspond to the maximum in Fig.1. This
organic solution was egquilibrated with the
aqueous phase where the initial uranyl nitrate
concentration was Q. 041 M(Fig. 3). Nitric acid
was used for the high acidity region. In Fig.
4, the initial concentration ratio of the two
reagents in the organic phase remains un-
changed but the concentration levels are higher,
The resulting logE vs. pH curves exhibit three
different regions(A,B, and C in Figs. 3 and
4) depending on the pH.

Region A (TBP region): In this region the
nitric acid concentration increases as one goes
left. In such high acidity, the weak acid HAA
remains unionized even in the presence of com-
plexing metal ions. HAA does not react with
uranyl ion and therefore does not participate
in the extraction process. In this region, the
extraction proceeds according to the reaction”

U0 +2N0y~ 4+ 2TBP=—=—=UQ,(NQ,) 2TBP
Here the hydrogen ion concentration is
practically equal to the nitrate ion concentra-
tion and the ideal slope of the ascending part
of the curve is -2. The leveling-off of the
curve on going further to the left is caused by
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Fig. 2. Variation of E/[TBP] with [TBP]. The
data in Table 1 were used.
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Fig. 3. Effect of acidity on extraction. The initial
concentrations are: HAA, 0.100 M; TBP, 0.027M;
and uranyl nitrate, 0. 041 M. The acidity was controlled
by HNO; and. NaQH.

the competition of HNQ; with UQ,?* ion for
TBP molecules or by the formation of the
unextractable complex HUQO;(NQ,)4. 8

Region B (Chelate-synergistic region): The
pH was adjusted with NaOH in this region.
Acid dissociation of HAA molecules takes place
more readily as the pH is raised. A chelate
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Fig. 4. Effect of pH on extraction. The initial concentrations are: uranyl nitrate, 0.048 3 for curve 1,70.047
M for curve 2; TBP, 0.100M; and HAA, 0.400 M. pH adjusted with NaOH and HNO,.

species UQ,(AA), is produced. The TBP
molecules form adducts with this coordination-
unsaturated species. As a result, the extrac
table mixed complexes are formed.

If the concentrations of the two reagents
are kept constant, the logE »s. pH plot will
give a straight line with a slope of 2 (Eq. 4).
Figs. 3 and 4 show that this ideal situation is
approached in this region. This limiting slope
of the ascending part of the plot shows that
two molecules of HAA participate in the ex-
traction as indicated above. The influences of
regions A and B cause a minimum E region
around pH 1.

Region C (Anionic-hydrolytic region): As
the pH is further incrcased, anioni¢c complexes
such as UQO»(AA),(OH)~ are formed in the
aqueous phase. Such complexes are unextract-
able and the E value decreases with pH.
Thus, the regions B and C create a maximum
maximum amount of

E  region, where
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UO,(AA); is produced and these form the
TBP adducts which are extracted.
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