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ABSTRACT

The distribution of nitric acid and uranyl nitrate between
aqueous solution and 7.5 vol % tributyl phosphate in normal par-
affin diluent was measured at 23, 45, and 60°C. The data are
consistent with behavior expected from theory and with previously
published data. The data have been used to design a solvent ex-

traction flowsheet for recovery of enriched uranium.
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EQUILIBRIUM DISTRIBUTION OF URANYL NITRATE
BETWEEN NITRIC ACID AND 7.5 VOL % TBP

INTRODUCTION

This study was conducted to provide fundamental data for
designing a solvent extraction flowsheet for the recovery of
enriched uranium using 7.5 vol % tri-n-butyl phosphate (TBP) in
n-paraffin diluents. Although there have been many previous studies
of the distribution of uranium between various concentrations of TBP
and nitric acid or aluminum nitrate solutions, only one reports data
on 7.5 vol % TBP.' Since that study did not measure the effects of
TBP saturation on the distribution of uranium and nitric acid, a
study was initiated to provide this information over the practical
range of temperatures and concentrations and thereby to provide a
basis for the desired solvent extraction flowsheet for recovery of
enriched uranium.

Distribution measurements in 7.5 vol % TBP were obtained for
0.1M-4.5M nitric acid and 0.005M-1.0M uranium in the initial aqueous
phase at 23, 45, and 60°C.

RESULTS AND DISCUSSION

Extraction of uranium and nitric acid into TBP can be
represented by the following equations:?

N
H NOj3 TB = HNO;(TB 1
aq * o3aq + 2 Porg 3 ( P)zorg (1)
+ -
H NO TBP = (HNO,)TBP 2
aq T V0%, " org (HNO3) org (2)
27 4 2NO3_+ TBP = (HNO3),T 3
Ay Yaq org ( 3)2'IBPOrg (3)
U0y (Ho0)g. + 2NO3_ + 2T8P =
SEVRM R Yaq orgy
U0, (ND3) 2 (TBP), + 6H70 (4)
OT8& aq
Total acid in the organic phask is the sum of the amount in
the various species  and can be written as:

N0 ETBP) 5 |+ [(HNO3)TBP] » 2J (HNO 312 TBP] (5)
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Concentrations of acid and uranium in the organic phase depend on
the hydrogen ion, nitrate ion, and uranyl ion concentrations in
the aqueous phase. Nitrate ion, originating both from the ex-
tracted species and from inextractable metal salts such as alumi-
num nitrate, increases the concentrations of extractable species
in the organic phase by the law of mass action.’ The concentra-
tion of free TBP depends on the initial concentration in the
diluent and the concentrations of the extracted species. Uranyl
ion forms a stronger complex with TBP than does nitric acid, so
when the two species are competing for TBP, uranyl will be com-
plexed or can replace nitric acid in the organic phase.

The effects of nitric acid and uranyl nitrate on the extrac- :
tion of each other into 7.5 vol % TBP in n-paraffin diluent and
the effect of aluminum nitrate addition on the extraction of both
species are shown in Tables 1-5. Some of the data are plotted in
Figures 1-4. The organic uranium concentration increases rapidly
as the aqueous acid concentration is increased from 0.1 to 4M at
low (<0.0IM) aqueous uranium concentration (Figure 1). The organic
uranium concentration also increases rapidly with addition of uran-
ium in the aqueous phase until the organic phase is essentially
saturated with uranium and nitric acid (i.e., little free TBP is
left). The organic uranium concentration continues to increase
with increasing aqueous uranium concentration, but it increases
more slowly as nitric acid is replaced with uranium in the organic
phase., The relationships are shown by Figures 1 and 3 for 23°C
and Figures 2 and 4 for 45°C.

Temperature affects the extractions in a complex manner. The
equilibrium constant, k, of any reaction is related to temperature
(T} according to:

°
Ink =-£2 (6)
where
AG® = free energy
R = gas constant
T = temperature, °K

For uranium extraction in the absence of nitric acid, AG® does not
change with temperature in the range 5 to 40°C® and thus:

Y

'

In k "

—T2 . (7)

In Xk T

T 2 !

The organic uranium concentration is directly proportional to the
equilibrium constant, . v that as tho temperature increases the
CTganilc uranium Conceii: hould decrense because the cquilibriun
constan:t decreascs,  Wioe e oaessi e added to the svstem, ot
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affects the magnitude of the organic uranium concentration through
the common ion effect and also the aqueous activity coefficients.
The organic uranium concentration still decreases with temperature
in the presence of nitric acid, but the magnitude of the decrease
is changed by the effect of nitric acid on activity coefficients
in the aqueous phase.

Nitric acid distribution in the absence of uranium is not
significantly affected by temperature.' Figures 3 and 4 show the
same nitric acid concentrations for 23 and 45°C, respectively,
when uranium concentrations are low. Adding uranium causes nitric
acid to be "salted out" of the organic phase or replaced by uranium.
Less uranium is in the organic phase at 45°C than at 23°C, and thus
more TBP Tan solvate nitric acid at the higher temperature. The
organic acid concentration therefore increases at 45°C relative to
23°C for the same aqueous acid concentration (see Figures 3 and 4
at log aqueous uranium concentration » -2),

The data are shown to be consistent with previously published
data' in Figure 5, where the log;, of uranium distribution coefficient,
Do/a» 1s plotted as a function of nitric acid in the aqueous phase
at two different temperatures. The uranium distribution coefficient

was obtained from:

D Yo | 8

o/a = Uy (8)
where Uy and U, are the concentrations of uranium in the organic
and aqueous phases, respectively. Total uranium in aqueous and

organic phases was <{0.03M and generally "0.01IM for the previous

work.! The lowest total uranium concentrations were used from the
data in Tables 2 and 3. At these uranium concentrations, salting
and saturation effects cause minor fluctuations in uranium distri-

bution coefficients.

The two sets of data agree well even though the temperatures at
which the different sets of data were taken vary somewhat. There
appears to be slightly more scatter in the present data.

The two sets of data have been combined and smoothed to serve
as a basis for design of a 7.5 vol % TBP solvent extraction flow-
sheet for recovery of enriched uranium, using computer programs
which simulate operation of a mixer-settler. s 10

EXPERIMENTAL DETAILS :

Tri-n-butyl phosphate (TBI'1 wis reagent grade.  the diluent
wds a mixture of neormal paraft: - o CLuY with an averase nelecular
welght of 191.27. . Uranvi nizao Srate o and voncer s vated nioeig

acid were reagent grade. +
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The 7.5 vol % TBP was washed to remove small traces of monobutyl
and dibutyl phosphate prior to equilibrations. Washing consisted of
equal-volume washes with 2.5% sodium carbonate, 0.1M nitric acid,
and 2.5% sodium carbonate followed by 4 to 5 equal-volume water
washes. TBP was centrifuged for 4 to 5 minutes to remove eXxcess
water. Analysis of a sample of washed TBP-diluent solution showed
7.51 vol % TBP. TBP was pre-equilibrated three times with equal-
volumes of nitric acid of the same molarity as nitric acid used to
make up the uranyl nitrate solutions. TBP was centrifuged again to
remove entrained acid.

|

l

Nitric acid solutions were made from 13,7M concentrated acid. '
Stoek solutions of uranyl nitrate-nitric acid were made from reagent-
grade concentrated nitric acid, uranyl nitrate hexahydrate, and dis-
tilled water.

Analyses of the solutions used are in Table 6. These stock
soluticns were used to prepare all intermediate solutions by
appropriate mixing or diluting.

For equilibrations with aluminum nitrate as the salting agent,
sclutions were prepared from analyzed uranyl nitrate (1.95M) and
aluminum nitrate (2.47M) solutions (Table 6) and reagent-grade con- .
centrated nitric acid as described above for nitric acid-uranyl
nitrate solutions.

Distribution measurements at room temperature (23°C #0.5°C)
were made as follows: Equal {(v5 ml) volumes of 7.5 vel % TBP and
of the desired uranyl nitrate-nitric acid sample were placed in a
15-ml centrifuge cone and stirred on a vortex stirrer for 1-2 minutes.
The phases were allowed to settle and centrifuged if necessary for
complete separation.

Duplicate samples of the two separated phases were then
analyzed for uranium, acid, and density. Distribution measure-
ments at 45°C and 60°C were made similarly to the distributions at
room temperature. A constant temperature bath was used to maintain
the temperature within £1.0°C. Samples were stirred for 1 to 2
minutes by an electric¢ hand stirrer and allowed to settle. The
aqueous and organic phases were then separated and analyzed,
~--  Uranium was determined cplorimetrically; acidity was determined
by acid-base titration. Uranyl ion was complexed with fluoride ion
to prevent interference during acidimetric titration. Organic uranium
was determined after it was stripped inte 0.5M sodium carborate
solution. The distribution dhta are summarized in Tables 1-5.

Each value is an average of duplicate equilibrations. At very low
(0. 0IM) uranium copcentrations, uranium was measured radiometrically
with 70 tracer. Uncertainties in @nalyscs of uranium, acid, and
density were estimeted at +3%, +5%, und +5% respectively.
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TABLE 1

Distribution of Nitric Acid and Uranyl Nitrate Between Aqueous
Phase and 7.5 vol % Tributyl Phosphate in n-Paraffin at 23°C

Agueous Phase Organic Phase
HNG M L02 (NO3)g,M - Density, g/ml HNO 3 M U0 (NOx) o, M Dematty, g/mi
0.114 0.91 1.29 0.004 0.115 c.Bl
0.108 0.42 1.14 0.003 0.077 0.80
0,105 0.21 1.07 0.002 0.036 0.79
0.103 0.073 1.03 0.001 0.0063 0.77
0.100 0.037 1.01 0.001 0.0021 0.77
0.100 0.0197 1.0 <0.001 0.00074 0.77
0.1000  ©0.0098 1,00 <0.001 0.00031 0.77
G.100 0.0050 1.00 <0.001] 0.00017 0.77
o.110t 2.1 x 107 - <0.001 5.3 x 10°¢ -
0.52 0.87 1,30 0.006 0.118 0.81
0.51 0.68 1.24 0.006 0.111 0.8
0.51 6.56 1.19 0.006 0.101 0.81
0.51 0. 41 1.15 0.007 0.091 Q.80
0.50 0.27 1.10 0.008 0.071 0.80
0.50 0.1492 1.08 0.008 0.056 0.79
0.50 0.114 1.05 0.009 0.036 0.78
0.50 0. 059 1.03 0.009 0.022 0.78
0.50 0.045 1.03 0.009 0.0150 0.78
0.50 0.0150 1.02 ©.009 0.0050 0.77
0.50 0.0076 1.02 0.009 0.0023 0.77
0.50 0.0046 1.02 0.009 0.00141 0.77
1.0l 0,55 1.24 0.011 0.110 0.81
1.04 0. 41 1.16 0.012 0.102 0.81
1.03 0. 26 1,12 0.014 0.087 0.80
1.04 0.180 1.09 0.017 0,075 0.80
1.02 0.095 1.06 0.020 0.055 0.79
1. 00 0.044 1.05 0.023 0,036 0.78
1.03 0.033 1.04 0.026 0.027 0.78
1.03 0. 021 1.04 0.029 0.0191 0.78
L. 04 g.0101 1.03 0.030 0.0105 0.78
Lt 0.0044 1.03 0,032 0.0055 0.77
095t 1,10 x 167" - 0.030 9.9 x 107% -
203 0. 60 1.28 0;015 0.120 0.81
S S 1,24 0.018 0.116 0.81
RIRERI i 119 0020 0.112 0.81
S o : 1.15 0.026 (Lgpd (.81

U otracer used.
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TABLE 1

continued

Aqueous Phage

Organic Phase

HNO3,M  UO2(NO3)2,M

7.02 0.076

1.96 0.030

7.02 g.020

1.98 0.0119

2.16 0.0055

2.11 0.0025

2_;16t 4.8 x 107°

2.85 8.54

2.91 0.38

3.0 0.24

3.1 0.148

3.1 0,067

31 0.024

3.0 0.0143

3.1 0.0083

3.0 0. 0033

3.1 0.00162

2.9t 3.6 x 107°

4.2 0,39

4.2 0.24

4.2 0.152 -

4.1 0.067

4.1 0.021

4.1 0.0132

4.1 0.0070

4.3 §.0030

3.8" 2.7 x 107°

4.5 0.39

4.4 0.147

4.3 0.0193
S 0. 0066

4.4 0. 0078

451 24 ox 07

t 2

Density, g/ml

1.09
1.08
1.07
1.07
1.07
1.06

1.26
1.22
1.18
1,15
1.12
1.12
1.10
1.10
1.10
1.10

1.26
1.21
1.18
1.16
1.14
1.14
.13
i.13

1.27
1.1%
1.15
114

HRO 3, M

0.042
0.058
0,064
0.074
0.096
0.098

0.105

G.022
0.028
Q.038
0.042
0.062
0.092

0.106

0.122
0.142
0.152

3,150

0.032
0.040
0.05¢
0.072
0.110
0.125
0.150
§.370

0.200

0,040
0.0060
0.130
0. 160
0.185

UGz (NO3)2,M  Density, g/ml
0.084 0.80
0.051 0.7%
0. 040 0.79
0.028 0.78
0.0152 0.79
0.0079 0.78
1.63 x 107" -
G.118 0.B1
0.114 0.8l
0.108 0.81
0.099 0.80
0.088 0.80
0.060 0.80
©.045 0.79
0.032 0.78
0.0158 0.78
0.0087 0.78
1.87 x 187" -
0,109 0.81
0.103 0.81
0.097 0.B0
0.082 0.80
0.058 0.79
0.047 0.79
0.032 0.79
0,018 0.78
.90 x 107" -
0.116 0.81
0.103 0.81
0.059 0.79
0.0306 0.79
0, D80 0.78
1.8 x 07" -
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w




Y e b

AT

e R R

S S LRI B

e 2 2 L

TABLE 2

Distribution of Nitric Acid and Uranyl Nitrate Between Aqueous
Phase and 7.5 vol % Tributyl Phosphate in n-Paraffin at 45°C

Aqueous Phase Organiec Phase
HNO3,M U0 (NO3)2,M  Density, g/ml HNO 3, M U0, (N03J2,M Density, g/mi
0116 0.84 1.28 0.003  0.109 0.81
0.106  0.42 1.14 0.002  0.067 0.79
0,105 0.22 1.07 0.002  0.026 0.78 {
5104 0.072 1.02 0.001  0.0034 0.77 ‘
0.101  0.038 1.01 0.002  0.00118 0.77
0.100  0.0189 1.01 <0.001  0.00046 0.77
0.101  0.0091 1.00 <0.001  0.00019 0.77
0.096  0.0048 1.00 <0.001  0.00011 0.77
.52 0.7 1.28 0.006  ©.106 .81
0.50 0.55 1.19 0.008 0,093 0.80
0.50 0.42 1.15 0.009  0.084 0.80
0.50 0.28 1.1 0.009  0.060 0.79
0.50 0.20 1.08 0.009  0.044 0.79
0.50 0.120 1.06 0.009  0.024 0.78
-0.49 0.065 1.03 0.012  0.0153 0.78
0.49 0.050 1.03 0.010  0.0118 0.77
0.50 0.0172 1.02 0.0i0  ©0.0033 0.77
0.51 0.0084 1.92 0.010  0.00162 0.77
0.50 0. 0050 1.02 0.008  0.00096 0.77
1.03 0.70 1.26 0.014 0,109 0.81
1,03 0.55 W 0.016  0.101 0.81
1.03 0.42 1.17 0.017  0.093 0.80
1.03 0.28 1.12 0.019  0.077 0.80
1.03 0.185 1.09 0.020  0.063 0.79
1.03 0.109 1.7 0.023  0.044 0.79
1.02 0.054 1.05 0.026  0.026 0.78
1.01 0. 040 1.04 0.026  0.020 0.78
1.02 0.026 1.04 0.027  0.0143 0.78
1.02 0.0125 1.04 0.028  0.0074 0.77
1.02 0.0062 1.03 0.030  0.0038 0.77
1.0%—— 0.0037 1.03 0,830 0.0022 0.77
2.04 0.69 1.29 0.023  0.112 0.81
2,03 0.54 1,24 0‘p26 0,110 0.8!
2.0z 0. 40 1.0 0.028  0.104 0.8t
200 Q.26 HARSY .03 Q. a0 ., 80
I o6 . - Q.00 0081 BRe
4.
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TABLE 2

pontinued
Aqueous_Phase
HRO o, U0 (WOs)2.M Bera ity g/ml
2.00 0.087 1.09
2.02 0.038 1,08
2.01 0.027 1.07
2.00 0.0169 1.07
2.00 0.0072 1,06
2.00 0.0033 1.06
2,00 0.00173 1.06
2.8 . 0.5 1.27
2.9 0. 40 1.22
2.9 0.26 1.18
3.0 0.159 1.15
3.0 0.078 1.12
3.0 0.031 1.110
3.0 0.0621 1.10
3.0 0.0052 1.10
3.0 0.0025 1.10
3.0 ¢.00137 1.10
4.2 0.39 1.26
4.2 0.25 1.21
4.2 0.162 1.18
4.1 0.075 1.16
4.1 0.028 1.15
4.1 0.0193 1.14
4.1 0.0112 1.13
4.1 0.0048 1.13
4,0 0.0022 1.13
4.0 0.00109 1.13
4.5 0. 40 1.27
4.4 0.153 1.19
e 0.028 1.15
4.3 0. 0108 1.14
4.2 0.0045 1.14
4.2 0.0021 1.14
4.2 0.00105 1.14

Organic Phase

HNO3,M

0.049
0.066
0.073
0.078
0.086

-0.089

D.0SD

0.033
0.039
0.048
0.058
0.078
0.098
0.118
0.143
0.154
0.156

0.048
0.057
G.066
0.093
0.128
0.146
0.164
0.181
0.198
0.20

6.05
0.08
0.14
0.18
0.20
0.20
.20

t.

U0z (KO3) 2, M Dengity, g?ml

0.063
0.044
0.035
0.023
0.0125
0,0063
0.0032

0.112
0.105
0.098
0.089
0.071
0.051
0.038
0.0158
0.0076
0.0038

0.105
0.100
0.090
0.074
0.052
0,041
0.029
0.0156
0.0081
0.0042

0,105
0.090
0.050
0,029
0.0148
0.0077
D.0038

0.79
0.79
0.79
0.78
0.78
0.78
0,78

0.81
0.81
0.8
0.80
0.30
0.79
0.79
0.78
0.78
0.78

0.81
0.80
0.80
0.80
0.79
0.79
0.79
0.78
0.78
0.78

0.81
6.80
0.79
0.78
0.78
0.78
0.78

R
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TABLE 3

Distribution of Nitric Acid
Phase and 7.5 vol ¥ Tributy

and Urany! Nitrate Between Aqueous
1 Phosphate in_n-Paraffin at 60°C

weous Fhage

B0, M UD;(W0a)2,H  Density, gimi
0,105  0.87 1.29
0.105  0.44 1.14
0,103  0.22 1.07
0.103  0.0% 1.02
0.104  0.039 1.01°
0.100  0.020 1.01
0.162  0.0095 1.00
6,100 D.DDSD 1.60
4.6 0.42 1.27
4.5 0.166 1.20
4.4 0.035 1.15
4.3 0.0153 1.14
4.3 0.0065 1.14
4.3 0.0031% 1.14
4.4 0.00158 1,14
remr s e et

HRO3, M

0.0038

0.0021

13

0.0011

0.00048
0.00043
0.00054
0.00080
0. DOOSS

0.071
0.093
0.156
0,181
0.20
0.21
0.22

xmtc Phage
U0, (NDs) 2, M Density, gﬂnt
0.101 0.81
0.057 0.79
0.021 0.78
0.0026 0.77
0.00069 0.77
0.00024 0.77
0.00008 0.77
0.00001 8.77
0. 098 0.80
.082 0.80
0.044 0.79
0.025 0.78
0.0143 0.78
0.0075 0,78
0.0052 0.78
4.

)




TABLE 4

Distribution of Wi
solutions and 7.5

tric Acid and
vol % Tributy

Uranyl Nitrate
1 Phosphate in 1

Between A1{NG, ),
-pParaffin at 23°C

Agueous Phase

AL(NO:) 3,  HWOs, M
0.51 T 5.3
0.56 4.3
0.56 3.2
0.56 2.1
0.54 1.08
0.55 0.55
1.06 3.8
1.05 2.7
1.07 1.61
1.12 0.57
1.62 2.2
1.61 1.16
1,62 0.62
1.61t 1.01
1,62% 0.97
1.62% 1.04
1.61 1.07
1.60 1.10
1.62 1.13
1.60 1.11
2.1 0,64

PR

233 gyacer used.

U0z 0035) 2,

0.100
0.096
0.093
0.093
g.09%
0.104

0.004
¢.090
0. 0086
0.087

0.088
0.081
0.078

7.6 x 10°°
1.47 x 107"
g.4 x 207"
0.00181
§.0044
0.0095
0.038

0.075

M Denatiiy, g/t

1.27
1.24
1.21
1.18
1.14
1.13

1.30
1.27
1.24
1.20

0.32
1.29
1.26

1.26
1.26
1.27
1.27
1.27
1.27
1.28

1.35

Organic_Phase
oy, M 02 {NO2 )2, M mnaity. g/mi }

0.08
0.07
0.08
0.04
0.02
0.01

0.07
0G5
0.04
0.02

0.05
0.03
8.02

0.19
D.18
0.1%
0.12
0.09
0.07
0.04

0.02

0.094
0.096
0,099
0.097
0.093
0.088

0.101
0.107
0.110
0.111

0.109
0.114
0.122

5.7 x 107}
0.0104
Q.03
0.060
0.074
0.091
0.125

2.125

0.80
0.80
0.80
0.80

. 0.80

0.80

0.81
0.8}
0.81
0.81

a.81
0.81
0.81

0.78
0.78
0.79
0.79
Q.30
0.80
0.81

0.8}
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TABLE 5

Distribution of Nitric Acid and Uranyl Nitrate
Solutions and 7.5 vol % Tributyl Phosphate In n

Between Al(NO,);
-Paraffin at 45°C

Aquecus Phase Organic Phase
AL(NGs)3, M EEG3, M U0, (NCala, M Demsity, g/bl ENOsy, M U0z (NO3)2, M Denaity, g/ml
0.51 5.2 0.110 1.28 0.10% 0.080 0.80
0.56 4.2 G. 106 1.25- 0.088 0.085 0.80
¢.56 3.2 n.104 1.21 0,070 G.088 5. 30
0.56 2.1 0.100 1.138 0.056 8.086 0.80
0.54 1.00 0.107 1.15 0,029 0.086 0.80
0.55 0.52 0.110 1.13 0.0i6 0.08C 0,80
1.06 3.7 0.102 1.30 0.082 0.090 0.80
1.06 2.6 0.099 1.27 0.064 0.083 D.80
1.07 1.66 0.090 1.24 0.045 0.096 0.80
1.12 0.57 Q.035 1.20 0.019 0.102 0.80
1.62 2.2 0.091 1.33 Q.058 0,100 0.81
1.61 1.16 0.083 1.30 ¢.036 0.106 0.81
1.62 0.63 0.077 1.28 0.021 0.109 0.81
1.61 0.96 0.00013 1.26 0.20 0.0052 0,78
1.62 0.98 0.00025 1.26 0.19 0.0094 0.78
1.62 1.05 0.,00151 1,27 0.14 0,037 0.79
1.62 1.10 0.0035% 1.27 0.12 0.055 0.79
1.60 1.10 0.0073% 1.27 a.09 0. D69 0.80
1.62 1.14 0.0109 1.27 6.07 0.078 0.80
1.60 1.17 0.043 1.28 .04 0.101 0.81
2.1 0.66 0.073 1.35 0.026 0.114 0,81
4.
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TABLE &

Analyses of Stock Solutions

Stock Solutions

0.1M HNO,
¢.5M HNOj
1.0M HNO,
2.0M HNO:
.OM HNO3
.0M HNO3
.5M HNOs
.1M HNO,
5M HNO3
HNOQ 3
.OM HNOy
.OM HNOs
LOM HNO 3
.SM HNOy

(%]

P S A - -

1.0M UQ2(NO3)2
1.0M UQz(NO3)2
1,0M U0z2(NOa)2
0.8M UG, (NO3)2
0.65M U0z (NO3),
0.50M U02{N03) 2
0.50M UO0:(NO3)2

N0 3
Molarity
0.097
. 0.50
1.0
2.0
3.0
4.0
4.5
0.13
0.53
0.98
2.1
2.8
4.0
4.6

[T

V0 {N0s) 2
Molarity

0.98
1.01
1.01
0.81
0.67
Q.52
0.51

B i
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