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PLUTONIUM: A WORLD ENERGY RESOURCE
235U + n — %Mo + 138Ba + 3n + 6B : .7.8x107KJ/g

1000t {55 FRFARAF (=$910tPu) (X
2,000~2,5005tD R iH L
L=

h) - ERIEREVELDL] 1/412HHY !

A

1 g of Pu 1to 2 t of oil

1,000 t of recycled* spent fuel produce the same amount of
electricity as the combustion of 20 to 25 000 000 t of oil
(Kuwait’s annual output: about 100 000 000 t of oil)
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 Fukushima NPP
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B Natural fossil fuels (Oil, Gas), U ; 40-

80 years, Coal ; around 200vyears

YOO -Gl “RIIEEERIZE-T-. FAITHIC
5. BFIl& RITHEIRM TS, LHOLEASRITE
1-EREP(ZF B1A5" ( 0.Q-Trias/European Commission,
PL1.1 / ICENES2009, Ericeira, Portugal)

B Worldwide CO, issue (waste of Oil')

> Nuclear (FBR)
Renaissance in Europe,

Asia, etc
“REFAITPFEDE. RFFLDOE”

3.11 Catatrophe of

N Fukushima NPP in Japan

Urban Mine, Nuclear Ore
“ERskIL . "ERF AL

Natural gas
Coal
Uranium
PGM

Se

n
v

Rt T4

n 1nn 1|:n N

Juv VAV [VAV) LIV

EN
LIv

41

167

192
85 ‘

| 154

12

14

62

‘ 73 years, at 2005
45

1226

R/P Ratio (year) at 2004 on Estimated Available Time

850y.

B PGM ; ca.200y, Rare Earth (RE),

ca.90% of RE were from China

B Jbout 1% of national GDP will drop, if ca.
20% of those supply decreased.

B Rare Metal (Earth) strateqy will dominate the
national security at very countries as the
same as Eneryy.
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85U+ — 9Mo + 138Ba +3n + 6B :  7.8x107KJ/g
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FISSION YIELD (%)

0.01

0.001

REFBRIR. 2DDORNIERRD RS

=T T 1 T T T T T T T 1 T T ]
= BEMT2N 16200158 3
~ c NS EMEF RS U (BDFEGNE
~ F) . B-EETETEXKCIRD ]
Sr Zr Mo Cs -
. . Ce Nd |
— Se . Tc RuRh Pd Te | § Re Pt Au
TSN V/Z2 BR ARSI B NG
1 ] | 1 1 1 | 1 | 11 ] |

76 82 B& 94 100 106 112 118 124 130 136 142 148 154 160
MASS NUMBER

BT (T K B 2SUDRES) U
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Radioactivity (Bq/tHM)
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0—c,H, Plutonium, Uranium, Reduction, EXtraction
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TBP
tributylphosphate

M52 (U) . FILk= L (Pu) DEUR

UO,?*(aq) + 2NO; (aq) + 2TBP(org) ¢ UO,(NO,),-2TBP(org)
Pu#* + 4NO, + 2TBP(org) & Pu(NO,),*2TBP(org)

AM(NO,),iE &
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100

10 |

o
[
1

Concentration(g/l)

0.01 |

0.001

0.0001

CdAnalysis: LWR-HLLW
. B Simulated HLLW

H+Li BNaAl SiCaCrFeNiZnSe Sr Y Zr Molc RuRhPd Te CsBalLaCePrNdSmEu U Pu |

®U, Pu: =0.5%, MA (Am,Cm): ~ 100%, FP: >99.9%

L7 *2)L

®High conc. of Na and Corrosion Products, Trace of Organics (Degraded Solvent)

® Highly Oxidative ( HNO;: 2~3M )

®Highly Radioactive (e.g., T=a: 6.5x107, T=p: 1.5x10'%, T=y: 7.0x10° Bg/ml)

£%,Fxa-vYEETZ(ER);10.5Bq(Rn-222)/ml, LLZFL 1

% ;160.7Bq/ml
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Ru/Rh/Pd/Re in Solid Solution

No interaction

SEEA)IT R

D F B

=

*Electrodes; Smooth Pt . Cathode (2cm?) , Anode (8cm?) , Ag/AgCl

CEE Conditions

*Catholyte; 0.5MHCI
50 °C

*Ic: 2.5mA/cm? (1hr) = 75mA/cm? (2hr) = 100 mA/cm? (4hr)
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Sep.2 ; RMFP Separation by UPD-enhanced CEE

®Basis of CEE (Catalytic Electrolytic Extraction) utilizing UPD (Under Potential Deposition)

Deposition yield (%)
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a0

8o |
o |
0 |
5u:
40 |
30 |
20:
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Pd

Te

Rh é

2

\— Pd*/Pd —

R 5

G Vs
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Rﬁr“ Rh

1cO,/TcOy
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Ru*"/Ru —

||

ReO,Re —
Ru?"/Ru**

HYH, —

. NHE
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Reduction ratio / %

100

90

80

70

60

Electro-deposition of NRM in S-HLLW;
HClvs. HNO; media

[ 0.5M HNO:S:

________________________________________________________________________ HLLW |___

B 0.5MHcl-s-

il

Fe Cr Ni Rb Cs Sr Ba Zr Mo Re Ru Rh Pd Ag Cd Sn Se Te Y La Ce Pr Nd Sm Eu Gd

Electrolysis; Catholyte: 50cm3, 50°C, Cathode: Pt ., 2cm?, Ic: 2.5mA/cm?(1hr)—75(2hr)—100(4hr),
ICP Atomic Emission Spectrometry
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Distribution coefficinet, K
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Active Experiment Flow-sheet using R Irradiated Fuel

Evaporation /

HNO. - =P Sofidication |9 * “Joyg” MOx SF _(143.8 GWd/,
3 2.23x10%(n/cm?)(E=0.1MeV))
1:279/30ml
_Re-Dissolution
(dilute HCI)
A I A 4 @
Diluted HCI RMFP-free Dissolver Catalytic E Utilization !
(Elute I) Pre- =P solution Electrolytic | and/or i
. Extraction ! i :
Gelated Tertiary ___Separatlon of RMFP :__S_t_:?_?_l_(_l_)_l_l__e_ ________ !
Pyridine Resin of RMFP PtG(Ru106,etc) &
by IX —s| Tc99-Product
AlkallRinsing y Step I-B
a
Step I-A Re-Dissolution
(conc.HCI)
HCl e
12M HCl RE, Cs
(Elute 1) — MA | RE, FP(Cs137, etc) Waste CHLTW
Slica-supported S ti ’ MA A
Tertiary Pyridine Resin | beli)a(ra ion T —_——
i y
Ped 0. MHC | U. Pu. Np-Product )
Step |l
\/ Re-Dissolution (HNO;)
Addition of CH;OH =t !
4 HNO, Me=2:3 . Total !
l > l%ctlnlldes i
HNO, +CH,OH =p| Cm-P  Recycling
(Elute IV) m- I'Oduct g
HNO3 Slica-supported F-- g:l :lalgtri‘on
Tertiary Pyridine Resin P
Diluted 0.5M ANO, ——» PY IX =$ Am-Product |
4 (Elute V) 23

Step I



Hot Experiment Results

Inter Group (4f/5f) Separation | Intra Group (5f) Separation
[ Fp _12M Hol | 0.1M HCl 1 Cm Am .
1L (CS.RE) Am+Cm : Pu b ]
_ | i 4
_ | 4 = i
2z r | 1B -
5 osf | ]g0° ]
< - | 1= il
I ! i .
- l i -
0 e 1 /] 1 O 1 ll 1 1 1 1 1 1 1
0 20 40 60 80 100 200

Effluent volume /cm

B Perfect Removal of 1%Ru and 125Sb

B Recovery Rate of 21Am Product
*>95% ( for Stepll + Steplll)

B DF for24'Am Product (MA/RE Sptn.)
-DF155Eu > 1.0 x 105

B SF of 243Cm for 2Am Product (Am/Cm Sptn.)
*SFemam > 2.2 X 103

B Impurities of 24'Am Product
*RE('44Ce+15%Eu) / 24"Am < 0.3 ppm
-243Cm [ 241Am < 1 ppm
YFP(1°6Ru+125Sb+137Cs) / 24'Am < 1.8 ppm

B Impurities of 23Cm Product (Am/Cm)
=241 Am/243Cm = 7.8 x 103 ppm

Effluent volume / cnt

 possibly more than 99.9%

« far more than 1~2 x 103

» far less than 1%

- possibly less than 1%
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Models

0 Bain PWR Spent Fuel (5-Year Cooling after Discharge)
=» FP Ba : Radioactive due to Ba-133 (10.52 y)
» |sotope Fraction : Ba-138 (Stable) : ~ 80%

O To Easily Evaluate the Neutronic Feasibility Depending on XS(o) and Flux(®)
®» Development of Excel Program to Solve the “Bateman Equations”
=» By Using “Exponential Matrix”

®» Based on the Burnup Chain for La Production from Ba

Ce-130 Ce-131 Ce-132 Ce-133 Ce-134 | Ce136 u Ce-137
117.69 h 59 oh 313764
i 11,69 d
................................................................ ? .:"!?.!‘...-...-...f-f‘f.f’.‘..-...-....1.?.?..'3-..-......3.5.3.’.".--...-..J?P.?.?‘.E?.f)" ...1..‘.’:'.‘.’.‘.-
7 12.75d
' —— m—-—m—-— Ba-134 —F—bm—h— Ba-137 & 133-138 = Ba-130
:11.50 d 110.52y A | :
£2.06y Ipa1x10°y H13.16d 13007y  i3adzm ;9.27n'; £1.06 m
o e B B R
52921m issed 16.48d ) )
i 5 24d f9.14h fsa2m ,14.03 m  i3968s  i13.60s

Xe- 130 - (- 131 o Xe-132 o2 Xe-133 [ Xe-134 [0 & Xe-135 o2 Xe-136 2 Xe-137 Xe-138 Xe-139 Xe-140
- Stable - Radloactive Ne Data 29
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0 Simple Path to La-139 (Stable)

E=0.0253 eV [=05MeV E=14 MeV

14h (Thermal Neutron) (Fast Neutron) (Fusion Neutron)
1382 (0 y) ¥Ba——a (1) 10 ‘ ‘
Cr o “Ba(14h) - "La(Stable)

- Small Capture XS (o) of Ba-138

"Ba (Stable)

=)
= |
: s : i
- Smallest in Thermal & Fast = A / “Ba (Stable)| | Ei
Q ~ } A T
5 w0 \ i‘l
1 174 S il |
Ma(ny) Wa—Ce (2) © Qi N
S g 5 10
{lﬁ E}iﬁt‘] % ) 137Ba (Stable) N
- Large Capture XS (o) ofLa-139 © ' 1S ' X
10° 2
.ys . 10" i ol 1 youl ||
1 Competition of production (1) and 10" 10" 107 107 10" 10" 100 100 100 10° 100 10° 10
consumption (2) Neutron Energy [eV]

=» Neutronic Feasibility on (1) > (2) ?
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[ Production Rate of La at Thermal Energy with Different Neutron Flux

®» Maximum Achievable Production Rate : < 3.5%

(Even though at Much Higher Neutron Flux than Typical)

=» Due to Much Larger 6.0
Capture XS of La-139 - ¢=1.0E+14 n/em’s
50 — ¢=1.0E+15 n/em*-s |
(0,=8.94Db) ———  $=5.0E+15 n/om’s
< | - = ¢ ¢=10E+16 n/cm’-s
: = 40 eoee ¢=10E+7 n/em>s |
U Relatively Small Capture 3
XS of La-139 to Ba-138 °é 310 1 =
Required !!! %
'§ 2.0
&
=]
= 91
0.0 — : I - ....9..._Q_l_uh_-_._._._._._.l_

0 1 Z 3 4 5

Irradiation Time [Years]
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0 Resonance of Ba-138 in Higher Energy compared with La-139

0 Neuron Spectrum
of FBR MONJU

» E > 10 keV
:82~91%
» E > 100 keV
: 40 ~ 56 %

O Proper Moderation
of Neutrons in
Blanket

®» Focusing on
10 ~ 100 keV

» May Provide a
Higher
Production Rate
of La-139

E=0.0253 eV E=0.5MeV E=14 MeV
(Thermal Neutron) (Fast N?utron) (Fusion ll\leutron)
0
10 E (
i3 s “Ba(14h) -+ "La(Stable)
E
— 1 41
= L E '"Ba (Stable) l
= ot g ’
- E_/ "Ba(Stable) ] T
c R |
= 102 R S i E 1 i
Q § ! NE
ﬁ 1 I‘é % i 1r,i
5 10 = |
e 10° i ’| F
O R
8 10-1 i ? 55
= E s ]
*g. N: “"Ba (Stable)
U 10_ E 138 i ‘
: E Ba (Stable)
10 N
\J
10'4 E_me_uml_t_umm_L ||
100 10 107 107 10" 10° 100 100 100 100 100 10° 10

Neutron Energy [eV]
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Results and

Discussions

L Production Rate of La at Resonance Energy of Ba-139
®» |In the Same Neutron Irradiation Condition of MONJU Blanket
» Changing Only Capture XS of Ba-139 to Resonance-Average XS

= 60.0
(07 027 b) - e000 0000 00,s,,
40.0 ..e.o ....000096..
M M g 200 .=.. e 2 _:
Q Higher Feasibility T ke, N b L
. o s 1
=» Proper Moderation of E S / .
' B0 gt
Neutrons in Blanket E " : -~
®» Higher Neutron Flux than _;:’ ok ! ¢=1.0E+14 n/cm’-s
1.0x10"® n/cm2-sec 2 ! = ¢=10E+15n/om’s |
Dc; : / —  ¢=150E+15n/cm"-s
* HBEMK-11%F>3.05x101° = 1.0 by | = =+ $=10E+16n/cm’s
n/cmZ2-sec V eeee ¢=10E+17 n/cm’-s
» | arger Production Rate 0.0 b : i . ! !

of La-139 Expected g . 2 3 4 5

Irradiation Time [Years]|
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Ba/La? it - 7o

D0 I—TIVERARBANMESNTVOERAFVDERZEARLLEBETHETRIDKISICEY, §&La,
BaD 5Bt 1= 13 THLK REAA VDR BICISANAFTED

9391-7h | 12-Crown-4 14-Crown-4 15-Crown->5 18-Crown-6 21-Crown-17
(AR (~1.2A) (1.2~15A) (1.7~2.2A) (2.6~3.2A) (3.4~4.3A)
Fe3+Ni2+ Co?* Mn%
VIeWla B T128) "(1.33)" (148) T160)
Ti** V3
NeVa i " (126 " (1.48)

3+, 3+ 4+ 4+
Ma & Lu™ Yb Th G

" (1.86) 1.88) (202) (212) 2.20) (2.30)

Mgi* Ca* @
Ta (130 "1.98) T2.26) "2.70)
Li* Na* Rb* cs'
La ik 1.20) (190) \ "(2.96) (334)
:::l:::":::l:::/ l::::l:::::::
(A)l 1.0 ]'1.5 2.0 | | 3.0 3.5 4.0
cu?® cu' Ag' Au’
Ib & (1.44) (192) (252) (2.74)
Zn®* Hg' cd* He?"
Ib ﬁ (1.48) (152) (1.94) (2.20)
A% TI*
mb i (100) (288)
Bi%* PbZ*
VaVb E (1.92) (2.40)
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Sr distribution ratio

Table. The maximum extraction caonstant value of nitrates of
metals from the nitric acid solutions by DB18C6 ans DC18C#6
solutions in chloroform

100

Sri*+ 2N0+ DCIECH «» 5AN0, )2 DCISCE

Ag.: [SrE+] = 0.01 maol/L
Org.: [DC18CE] = 0.05mal/L in CH,CI.

0.01 +—
0.01

0.1 1
[H"] (mol/L)
DC18CeMSra itk ICx 3 SHEE MERTFE

10

A Ext\@ction constant value
Ion Radius, r,
DB18C6 DC1806\\1G: :[l.-"‘-n-"-.a
T g
BaZ* 1.35 <0.001 27 o o !
+ L
2+ 41 419 /0 NNA 0 .a-l}-d-r""
St - b - < 14 | Dicycrohexano-18-crown-6-ether
La®* 1.15 <0.001 0.6 % 3 (DC18CE)
Pu* 0.17 2223 phar’
2
DBC18:0 7 DX CIEmERE LT = 014
H 1 | 4g.: 1 mol/L HMO; (simulated HAW)
E Org.: [DCT18CE]) = 0.01mol/L in l::H_Et_':IE
) Mo Rh Ru 2Zr ¥ Sm Eu Nd Ce Ag S Ba Cs
Ref. Elements
DCT18CeMaSnERTE
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Advanced Optimization by Recycling Instructive Elements Cycle

Spent fuel
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