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Abstract

A technology using supercritical carbon dioxide (SF-CO.) containing nitric acid
complexed with tri-n-butylphosphate (TBP) was developed to extract lanthanide
metals with enough selectivity and a large recovery rate as well as minimization
of waste amount from their oxides mixed with other elements. A future
objective of the development is an application of the technology to nuclear fuel
reprocessing and decontamination of radioactive wastes. We clarified
dissolution and extraction rates of lanthanides from powder and solid matrix
which contained lanthanide oxides such as Gd.Os, when they were contacted
with the organic solution of TBP complex with nitric acid. Furthermore,
chemical mechanism of the dissolution and extraction was studied. A selective
dissolution and extraction of lanthanides was demonstrated from their oxides
which were mixed with the other metal or metal oxides in the organic fluid and
supercritical carbon dioxide containing nitric acid complexed with TBP.
Solubility of TBP in SF-CO; was computed quantitatively with a molecular
simulation. Additionally, dissolution and extraction process was well modeled
to evaluate superficial rate constants.

This work was performed by Nagoya University and Japan Nuclear Cycle
Development Institute under the JNC cooperative research scheme on the
nuclear fuel cycle.

*

Nagoya University
** Recycle Process Technology Group, Advanced Fuel Recycle Technology
Division, Waste Management and Fuel Cycle Research Center, Tokai Works
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A% 0.0 K
v /k 7105 K
V@ [k -136.5 K
V@ [k 1584 K
PO,
L.J.
8.4.2
256 TBP 1 NPT
64 TBP
256 1 MCSP TBP
4 1 MCSP 4
3.6x S S
L.J.
Kirkwood
X 1.0 O 0.1 11 TBP
500 MCSP
10,000 MCSP TBP
323.15K 50 333.15K 60 9 MPa 24 MPa
323.15 K 9.0 MPa 186
MPa 333.15 K 8.3 MPa 18.9 MPa

8.3
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8.3

256
TBP 1
13
323.15K, 333.15 K
9 MPa 24 MPa
8.0 MPa 18.9 MPa

10,500 MCSP
L.J. 8.4
TBP K, 0 PO,
L.J.
8.4 L.J.
e/k 59.4 K
CH, ©
S 0.3905 nm
TBP =7k
88.1 K
CH3 2
S 0.3905 nm
elk | Lo53k
(3)
S 0.3910 nm
TBP 8.5
85 TBP
323.15K | 333.15K
2.73x 104 m3/mol
308.15 K (10 2.04 Pa | 5.10 Pa
8.4.3 PO,
PO, L.J.

9, 10.5, 12 MPa
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8.4.4

PO,

8.8

8.7

log,, y= AP +B 8.99
P MPa
323.15K 333.15K
323.15K 333.15K
L.J. PO4 L.J.
8.6
8.6 L.J.
s (nm)
0.60 0.65 0.70
50 0.49 150 1.05 |50 0.16
450] 60 0.56 |60 0.53 160 0.57
1.06 1.58 0.73
50 0.55 150 0.17 150 0.30
e/k (K)|500]60 0.54 |60 0.53 160 0.73
1.09 0.70 1.03
50 0.44 150 0.14 150 0.60
550} 60 0.52 |60 0.60 160 0.81
0.97 0.74 141
PO4 L.J. e/k=500K s =0.65nm
L.J. e/k=500K s =0.65nm TBP
323.15K 8.7 8.7 333.15K 8.8
8.7 TBP
TBP 8.8
333.15K TBP
8.8
1 1x 103
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10°

10

10

8.7

TBP 323.15K

94

(MPa) (MPa)
9.0 7.99 1.07E-03+ 1.98E-04
10.5 8.38 1.09E-02+ 2.42E-03
12.0 9.19 5.73E-02+ 1.27E-02
15.0 11.0 3.25E-01+ 6.27E-02
18.0 13.5 1.42E+00+ 2.97E-01
21.0 15.9 3.26E+00+ 6.20E-01
24.0 18.6 7.15E+00+ 1.34E+00
T T T
Q
e)
B Q i
Q
. ..
e @ m [
F S T=323.15 K
o MG
O
Q -
[ |
[ ]
| |
10 15 20
P MPa
8.7 TBP 323.15 K



8.8 TBP 333.15K

(MPa) (MPa)
9.0 8.27 1.63E-03+ 2.91E-04
10.5 9.23 3.73E-03+ 5.87E-04
12.0 10.0 3.12E-02+ 5.48E-03
15.0 11.8 2.34E-01+ 4.77E-02
18.0 14.0 8.36E-01+ 1.64E-01
21.0 16.3 3.54E+00+ 5.41E-01
24.0 18.9 7.95E+00+ 1.32E+00
T T Q
Q
oL _
107 Q ]
Q
— -.lll ."
. . T -
h-‘ :
He)
- ]
) :
10 ; E
oF T=333.15 K
~
) o MC
: |
10_4 D
10 15 20
P MPa

8.8 TBP 333.15K
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8.4.5

1
4.26
TBP
\~/<:o2 ,\N/TBP
TBP
TBP
8.102
p
8.26
a
8.9
a
8.26

r < r oo,
o, TBP
r = = N, = 8.100
Yrep Ve + (1= Yrgp)Veo,
8.100
oo N =~NA=rg°;z 8.101
Oxvrep +(1- O)Vco, Vo,
8.100 l]coz, Urep
Ve \N/coZ
Vrep = @%Vco, 8.102
8.100
= = Ny ~— = NNA x 1 8.103
Yrep X@%co, +(1- Yigp)Veo,  Veo, (@- Dy +1
Yrep Uco,
0.8,0.4, -04, -0.8 323.15 K
333.15 K 8.10 8.9 8.10 a
Viep
@
TBP
TBP Xrep 1
TBP
Xrep
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8.25 TBP N

Xiep
TBP
TBP 1
TBP
TBP
TBP TBP
TBP
TBP PO, TBP
TBP 1 256
TBP 1/256=3.9x 103
1x 103
TBP
TBP
Widom Widom

Widom
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T T T g T
3
10°F % .
] ¢ . .
[ //‘

1072 ? |
S T=323.15K
'y
i § o MC .

[ |
[ )
_4 | |
10 10 15 20

8.9 TBP
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323.15K



g I I Q
Q
1005_ __
_ .
10_22_ _:
i ) __
m
4 T
10 10 | |
.
\7TBP: 0.8x \:/COZ
o VUrgp= 0.4% Vo,
—0— Vgp = -0.4x \7C02
\7TBP = -0.8x \7CO2
8.10 TBP s3315 K
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8.5 TBP

TBP TBP
1 TBP 2 TBP1 1 TBP2
®6) 1 TBP1 1 1TBP
85.1 TBP 8.5.2
8.5.3 854
851 TBP
8.11 1 1TBP 1 1TBP
TBP
1 1TBP 13
TBP 14
TBP 8.4 CS MOPAC pro”
MOPAC TBP PO,
0.617 nm PO,
1 1TBP TBP
3 8.98
TBP

00000

8.11 TBP
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8.5.2

TBP
323.15K 50 9MPa 15 MPa
7.8 MPa 11.1 MPa
8.9
8.9
256
TBP 1
14
323.15 K
9MPa 15 MPa
7.8 MPa 11.1 MPa
10,500 MCSP
L.J.
TBP K,
PO, L.J. TBP
K s =0.65nm L.J.
nm e/k 100K 300K
8.10 L.J. @®
e/k 59.4 K
CH:>
S 0.3905 nm
e/k 88.1 K
TBP CHs
S 0.3905 Nnm
e/k 500 K
PO,
S 0.65 nm
L I
S 0.3910 nm
TBP 1 1TBP
4.8 M TBP 2.4 M TBP
TBP TBP 2.4 MTBP
TBP 1.6 TBP
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8.10

0

e/k =500
s =05

0.72 48M

24 M



TBP 0.72/ 1+0.72 =0.418 4.8 M TBP
=0.616

TBP Vigprno,  24M  TBP
48M  TBP 16 1TBP
TBP 1/ TBP
y _ 1000
TBRANGs — TBP 1/ TBP
TBP Vigprno,  24M  TBP
cm3 48M  TBP 334.35 cm
TBP Vrgpmno, TBP
{/TBP

VTBP-HNO3 = XVHNO3 +(1' XVHNO3)VTBP
Xino, 1BP

24M 48M
2

299.40 = 0.418Vio, +(1- 0.418)Vrer
334.45 = 0.616Vino, + (1- 0.616)vrep
Vino, = 402.43 ¢ Vrgp= 225.40 cm?
1 1TBP 0.5 Vimo,

313.92 cmé= 3.14x 104 m3/mol
TBP

TBP
4.8 M TBP
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1.6 /(1+1.6)

072 1TBP

TBP

8.104
299.40

\~/HNO3
8.105

TBP

8.106

VTBP

TBP
TBP



8.5.3

8.11 8.13
8.11 TBP
e/k =100
(MPa) (MPa)
9.0 7.92| 7.86E-03+ 2.09E-03
10.5 8.30( 8.32E-02+ 1.93E-02
12.0 8.95| 4.32E-01+ 9.78E-02
13.5 9.90| 1.49E+00+ 3.18E-01
15.0 11.1| 3.47E+00+ 7.87E-01
8.12 TBP
e/k =200
(MPa) (MPa)
9.0 7.95( 1.30E-02+ 3.46E-03
10.5 8.37| 1.66E-01+ 4.03E-02
12.0 9.06| 1.23E+00+ 2.38E-01
13.5 9.90( 3.44E+00+ 8.34E-01
15.0 11.1| 8.12E+00+ 1.64E+00
8.13 TBP
e/k =300
(MPa) (MPa)
9.0 7.82| 2.26E-02+ 5.15E-03
10.5 8.28| 3.61E-01+ 1.07E-01
12.0 8.82| 1.89E+00+ 5.38E-01
135 9.76| 6.89E+00+ 1.51E+00
15.0 10.8| 1.42E+01+ 3.01E+00
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13.5 MPa

8.12
4.8 M TBP 10 MPa
| [
T=323.15 K
L
10°F ta
¢
¢
% MC
" . e /k =300 K
= . e /k =200 K
: ﬁ e /k =100 K
|
10 15
P MPa
8.12 TBP
854
8.12 TBP

el/k
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9.1
9.1.1
Vd_C: F(C’m - Cout)+ X,
dt
\V C
X Cin
C Caut
Cin O
X
©.1)
dC
vE - Fc+kam
adt
d_m = _Vd_C - FC’
dt dt
S
C m 0 mo
©3) t

C= kaTb (e-kS _ e—Ft/V)’
F - kSV
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Cout

TBP

(9.1)

(9.2)

(9.3)

(9.2)

(9.4)



t t2

I (t) = (jCth

i U
:rrbi d, (e—tz/q2 _ e‘H/qz)_ a, (e—tzlql_ e‘H/%)" (95)
1d:-Q; G, -9,
V 1
o " o_—
d. = Oy kS
9.1.2 k
(9.5)
S
S
Microsoft
EXCEL 1.3 mol ¢-1 TBP 7.6x 103
st 0.27 mol 1 TBP 4.3%x 103 2.5x 1038 st
9.1
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B 1.3 mol/-t TBP-HNO,
—B— 1.3 mol/* TBP-HNO,

B 0.27 mol/t TBP-HNO,
—&—0.27 mol/* TBP-HNO,

1.0x 103 7T " T T
0.8 1073 [ e I e s
0.6x 1073 fromrmero o e o — -

0.4x 1073 fromm e = e f, e -

0.2x 1073 | o fo S e -

100

91 Gd

9.2

1.3 mol /1 TBP 0.27
mol /-1 TBP 2 Gd
1.3 mol ¢ TBP 2
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TBP
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10

Nd.Os; TBP
Nd TBP
10 0.01 mol
Sr, Zr, Mo, Ru
TBP n-
Nd.Os: Sr, Zr, Mo, Ru

TBP

Nd 0.01 mol 60%

Nd, Sr, Zr, Mo, Ru

Gd:03

40
TBP 30%
60%
Pd
Sr, Zr, Mo, Ru Pd
Pd
Nd
Pd
Nd
2.4 M TBP

109

Nd

Nd

120

Nd



Gd.03

TBP
Gd0O3 Gd
TBP Gd
n_
Gd
TBP
Gd
TBP TBP
TBP TBP
TBP
TBP
10 MPa
10 MPa
TBP
Lennard-Jones
100 K 300 K
13.5 MPa
Gd0Os3 Gd
1.3 mol /1 TBP
mol ¢-1 TBP 2

Gd 1.3 mol ¢ TBP

110

Gd

2.4 M TBP

TBP

TBP

Kirkwood

o =0.5 nm
TBP

TBP

e /k

0.27
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2 2.1 2.7
Al 3
3.1 3.6 A2
A.l
[%]

No [min] Nd O SrO Pd Z O MoO RuO

Nd Sr Pd Z Mo Ru

0 0 0.00 0.00 | 0.00 0.00 0.00 0.00

1 2 49.14 0.67 | 0.13 0.01 0.13 0.00

2 4 56.34 0.87 | 0.10 0.01 0.10 0.00

3 7 60.07 1.08 | 0.07 0.01 0.07 0.00

4 10 61.38 1.15 | 0.07 0.01 0.07 0.00

5 15 60.63 1.23 | 0.07 0.01 0.07 0.00

6 20 55.63 1.31 | 0.06 0.01 0.06 0.00

7 30 62.78 1.48 | 0.07 0.01 0.07 0.00

A.2
[%]
No. Nd O -SrO | Nd O -Pd |[Nd O -ZrOz|Nd O -MoO [Nd O -RuO
[min] Nd Sr Nd Pd Nd | Z Nd Mo Nd Ru
0 0 0.00 [0.00| 0.00 |0.00| 0.00 |0.00| 0.00 |0.00| 0.00 |0.00
1 2 41.28 13.90 | 3599 | 0.72| 37.45(0.04 | 59.15 | 0.01 | 50.02 | 0.00
2 4 42.26 | 4.57 | 38.95 | 0.68 | 40.03 [ 0.05 | 63.32 | 0.02 | 60.24 | 0.00
3 7 40.45 | 5.41 | 40.66 | 0.66 | 36.38 | 0.04 | 60.26 | 0.03 | 40.01 | 0.00
4 10 4191 |4.70| 39.28|0.91| 37.84 | 0.03 | 59.59 | 0.01 | 48.50 | 0.00
5 15 37.24 | 4.76 | 39.09 | 0.55| 37.78 | 0.05 | 63.37 | 0.02 | 40.43 | 0.00
6 20 3477 | 454 | 39.42 | 0.40| 37.20 | 0.04 | 61.18 | 0.04 | 38.88 | 0.00
7 30 32.44 1440 | 40.85 | 0.68 | 35.47 | 0.04 | 60.94 | 0.02 | 45.87 | 0.00
4 4.2
4.15 A3
5 51 5.12 A4
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A.3

Nd O SroO Pd
No. [min] Nd Sr Pd

[%] (ml) [%] (ml) [%] (ml)
1 15 0.01 0.14 0.01 0.39 0.00 0.09
2 30 0.09 0.29 0.05 1.90 0.00 0.31
3 45 0.84 0.59 0.27 8.23 0.02 1.49
4 60 18.06 11.18 0.52 14.82 0.05 3.92
5 75 33.37 20.70 0.74 21.48 0.08 6.35
6 90 44,59 29.13 0.95 28.26 0.15 9.12
7 105 54.76 38.41 1.10 34.94 0.24 11.89
8 120 66.30 46.83 1.26 41.63 0.35 14.97

CO, [min/I] 2.53 2.12 0.45
Z O MoO RuO
No. [min] Zr Mo Ru

[%] (ml) [%] (ml) [%] (ml)
1 15 0.00 0.08 0.00 0.06 0.00 0.52
2 30 0.00 1.59 0.00 1.52 0.00 1.77
3 45 0.00 7.28 0.00 8.74 0.00 3.67
4 60 0.00 13.16 0.01 15.47 0.00 6.22
5 75 0.00 19.34 0.01 22.83 0.00 9.21
6 90 0.01 25.79 0.01 30.77 0.00 12.30
7 105 0.01 32.47 0.01 37.62 0.00 15.31
8 120 0.01 38.63 0.02 44,38 0.00 18.04

Co; [min/I] 1.91 3.00 1.29
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A.4

Nd O -SrO Nd O -Pd
No. [min] Nd Sr Nd Pd
[%] [%] (ml) [%] [%] (ml)
1 15 0.07 0.00 0.08 0.05 0.00 0.10
2 30 1.08 0.01 0.44 1.21 0.00 0.83
3 45 9.39 0.22 6.75 11.58 0.01 6.25
4 60 18.02 0.52 13.82 23.67 0.03 12.13
5 75 26.65 0.94 21.05 36.61 0.03 19.08
6 90 33.70 1.08 28.18 52.94 0.04 28.20
7 105 39.59 1.38 35.33 63.16 0.12 36.07
8 120 45,67 1.75 42,57 70.59 0.13 43,59
CcO, [min/1] 2.81 2.20
Nd O -ZrO: Nd O -MoO
No. [min] Nd zr Nd Mo
[%] [%] (ml) [%] [%] (ml)
1 15 0.04 0.00 0.10 0.04 0.00 0.08
2 30 0.82 0.00 0.64 0.39 0.00 0.30
3 45 4.24 0.00 2.89 1.31 0.00 0.95
4 60 7.11 0.00 4.94 2.60 0.00 1.82
5 75 10.80 0.00 7.60 4.09 0.00 2.88
6 90 19.96 0.01 12.78 7.37 0.00 4.65
7 105 35.61 0.02 20.62 13.18 0.01 7.65
8 120 50.87 0.02 28.98 18.69 0.01 10.45
CO; [min/1] 3.14 1.79
Nd O -RuO
No. [min] Nd Ru
[%] [%] (ml)
1 15 0.08 0.00 0.10
2 30 1.80 0.00 1.00
3 45 4.60 0.00 2.58
4 60 7.58 0.00 4.45
5 75 10.72 0.00 6.70
6 90 20.12 0.00 11.53
7 105 37.60 0.00 19.60
8 120 50.26 0.00 26.10
CO, [min/I] 2.47
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