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= National Commitment to
235U; 235 + n — 95Mo + 138Ba + 3n + 6 8 :7.8x107KJ/g

Coal ; C +0,— CO, : 33.9KJ/g Scientific Technology & I”ndustry
Fission energy is approximately two million times greater -From “Molecular Control "to
than chemical energy. “Atomic (Nucleus) Control 7

sTANDARD PWR ASSEMBLIES

FissION REACTIONS IN
(45,000 MWo/TU)

PLUTONIUM: A WORLD ENERGY RESOURCE

A

1gofPu 1to2tofoil
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
(Kuwast's annual output: about 100 000 000 t of oil)
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Potential radioactivity of actinides in the glasses from the standard Potential radioactivity of main fission products in the glasses from the standard
reprocessing of PWR type spent fuel (4.1% U, 40 GWdAHM) reprocessing of PWR type spent fuel (4.1% U, 40 GWdAHM)
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Actinide and Fission Product Partitioning and Transmutation-Status and Assessment Report, pp.196, OECD 1999. 6
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Uranyl nitrate:
Uranium concentration 1—2 M
Free HNO; > 1 M

Impurities :

Fe, Cr, Ni < 500 ppm

Boron equivalents < 8 ppm*

Fission products < 19 MBqg/kg U

o —activity (excluding uranium) < 250 kBq/kg U

Plutonium nitrate :
Plutonium concentration ~ 1 M
Free HNO; 2—10 M
Impurities : Metallic < 5000 ppm

Uranium < 5000 ppm

Boron equivalents < 10 ppm

Sulfate < 1000 ppm

Fission products (t;,, > 30 d) < 1.5 GBa/kg Pu**

241Am content (9 months after delivery to MOX-plant) < 5000 ppm

TRP

UO, powder
6FPnuclides=0.5 i Ci/gu
Non U a =15000dpm/gU
Metal (Fe,Ni,Cr) =500ppm
Boron equivalents < 8 ppm
Total impurity =2.25%/UO,

TRP

Pu(NO,), soln.
Pu=250g/I
6FPnuclides=50 y Ci/gPu
241Am=5000ppm

Metal (Fe,Ni,Cr,Ti,U)
=4000ppm

* The equivalent values are B 1.0, Cd 0.4, Gd 4.4, Fe 0.0007, etc. The amount measured for each of these elements

multiplied by the factor indicated must not be more than 8 ppm.

sk 9Zr-Nb < 185 MBg/kg Pu.

——
=S

=] ~ m =
BELETIZALDIREREHKIESE ()
(TBq)
s Half-life Sellafield® Purex™*
ource
(y) (TBq) (TBa/GW.,y)

°H airborne 12.33 222 4
liquid 1050 643

4c airborne 5730 41 20
liquid 0.54

85Kr airborne 10.72 26000 12300

0gyr 28.5 600 11

9Nb 0.0958 150

9%5Zr 0.175 150

MTe 2.13%x10° 180

106Ry 1.02 810 39

1291 airborne 157 %107 0.006
liquid 0.074 39

1311 airborne 0.022 0.0007
liquid 0.032

137Cs airborne 30.0 0.002
liquid 4090 13

144Ce 0.781 100

21py 144 1800

U 11000 (kg)

* Releases in 1978 only; 1.8 GWe produced from fuel reprocessed.
** Average for 3 plants normalized to 1985-1989; La Hague, France, Sellafield, UK, and Tokai—Mura, Japan.
(From NSCEAR 1993.)
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Salt-Process Corrosion Products
/_H
100 -
@ Analysis:LWR-HLLW
BRSH
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0.01 [ I neinemwnimis e EEEE
0.001 (] I nezismmE=EisEEEEEEE
P00 o AL L L S A
H+Li B NaAl SiCaCrFeNiZnSeSr Y Zr Mal'c RuRhPdTeCsBalLaCePrNdSmEu U Pu
Characterization

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

®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+ B : 1.5x10'°, T+ v : 7.0x10° Bq/ml)
(3% Fx23-YEET(GRR) ;1.05x10Bq(?2Rn)/ml. L3 - #E;R R ; 1.60x102Bg/ml)

SEEERLIBEERH
OFNETIRNDEEEZR. EH
o RBESILLFTEEL
 MHEBEREERNFICEIDIETY

TO0tRIEZICEAEL-EZHIELTIE,

o FEIMREISYFDERMETDIEHEE

o aMBETIUIREREFTOMBIRE

» Heavy OilD & i &PuEIRE

o ERSUVICKDITBBREZTDRERE

s BLRNILERERFKEBEDIA—IVIER

OMEEHNOH (GEHDEEEH1967.11.1612H . TRIATFHREE (I3
FI58FE5H) &KVY)

o AREETHETOERAEHR

. SMETHERERAREDES (Red Oil)

o AFUKHEBHED MK

o AIEAK

o FARI7ILNEE®I®D MK

o AVEREB/BHMSLOIVERH

o FILb=) LEFEDEFH(Red Oil)
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BT - Lo co
A3k x x (x) x (x) (x) x x

g
J—U AT ALY b * - g
ARNEE (RBAEX) x x x
TuiLiES % oo X * *

a (1) Flexible, i.e., able to meet varying requirements; (2) compact; (8) high degree of separation; (4) tractable wastes;
(5) operation at or near ambient temperature; (8) suited to high levels of radioactivity; (7) continuous operation feasible;
(8) suited to remote operation; (9) no major corrosion problems; (10) no fire or explosion hazard; and (11) demonstrated
on industrial scale.

b X denotes advantage; (X) denotes possible or limited advantage.

¢ Hazards with some solvents, but not with TBP in a high-boiling, high flash—point diluent.
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Mass yield curve for the fission of 235U with thermal neutrons

(Choppin et al.,(1980)) 18




B/EFALT7AZJL(NRM ;Nuclear Rare Metals )
Definition as Rare Metals in Japan ; 47 elements, including 17 rare earth
Definition as Nuclear Rare Metals (tentative) ;31 elements in >10qg/t,
e.g.,excluding Noble gas, Halogen, Cd, Sn, Sh, Bk, Cf

'Groupll 1zl[3][al[5ell78[9] ol 1zl 4] 15] 16 I1 || 18 |
Perlod
FP Rare Artificical m Stable, Shon livedrLow Radi
I\.-'Ietal adioacﬁv ‘L.Radioactiv "zcca'l ~toxicity xuthsrmn:: He
2 Be Actinides[:[ ‘ B ” C " N l o ” F | Ne
[ 11 | 12_ 16 |[ 17 [ 18
3 |Na | | s |cl|Ar
19 20 25 G [ 30 kil 34 35 36
| 4 K Mn Zn| Ga e|_As Se ] Br| Kr
o8 TE7 O 21 Jazmas offad affas o a8 |[ 29 52 53 54
5 |rofsrhY 1z Nb Mo cel RuRhA Pd Cdlfinfsn|sb]Te Xe
*J56 & 57. || ?2 ?5 ?6 ?7 78 79 |[ 80| 81| 82 83 | 84
6 CsjBall © Pt [Au|Hg|| Ti |Pb| Bi | Po
87 BY. 104 105 105 10? ‘I(IB |‘IIJ£I
| 7 Fr || Ra || no3||
- 57T H|| 58 59 mjc1 @] 62 62 %] 64 65 jecm] 67 68 69 70 71
‘ Lanthanides ‘ La ||Ce Pr {Nd|Pm]sm]Eu]Gd Tb Dy| Ho | Er |[Tm| Yb H Lu
Actinid 89 || 90 91 92 83 94 95 i3 98 | 99 | 100 | 101 | 102 || 103
ctinides || ac | th | Pa | U |Np] Pufamlcm] ek cf | Es [Fm|Md|No|Lr|
SN =
& FERFEHBF (SFHFDONRMAERKE
FBR MOX, Inner core, 150GWd/t, cooled 5 years
100000
XeC Nd
m s
zr Mo Ru pg 1 ce [
10000 |- ] Ba [
rLa| | pr Sm
’l_‘c lih Te B ]
= Y l
3 000 | RO peCt s
= Pm| |EuGd
b =1l
§ Sb
100
B
] Nb In Tb Dy,
35 40 45 50 55 60 65
Atomic No. 20
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WSFZ“SiAR" &H D&

— o |SE D | BRKIFRE A F R F T | FBR{E A F A # &
& |5 2EE f
(ppm) | EHBHE(opm) [E£*1 (-) (ppm) e (=)
(12~ MAEFRDEFEIE, O TUGMKILD
Se 92) 50~98 1.4 140 7.1 20044 85 4 FE R 4E & T ¥ R38R A1
~8%FYETE
Mo | 140 4*:5;; 36 | 8966 | 84 |ELTLOALTRUMELES
(0.4~ FHEILTIIPGMEEE D 1EIFRES
Rh 0.6) 578~949 | 1,527 | 2,543 6,652 (AP O LN EHZT=8H. PGMFRLID
: 1/10EARTE
1,900~ NFED/—R-TA)Q - INSDI L
Pd |24~74 4.150 617 6,988 1426 Fraseyn
~ T4 ILS>RGalmony$lill, 3>
Ag [46~201| 102~251 1.4 715 5.8 Dikulushigit LI 0 4
(3.6~ AP OEFHEL, OPTUGMKIED
Te | gy |634~842 | 45 | 1840 | 113 |004FGREERMLTFHNAMBII
~8%KYETF

* AR OESERITH T HEAFREOSEROLE. FhENDOPRAEICTEE,
*2: EEFOEHE,. HFEHOEELEF. BHRATR - EBENERHBOMEROIMEDBL 2005] (FR1748
B ITH®IL,
21

¢ —RILBLFEFNIBBEDHEER;
Sustainable Governance(4 D DR -

mfiL  EERN. RIEEFEIEE. WEHE)
NoEZD

Geological factors

iminaratogical
barrier'

Amount of element available

Grade

2: Distibution of geochemically scarce
metals in the earth crust (Skinner, 1975)
Table 1: Specific greenhouse gas emissions and
aggregated environmental impacts of primary
metals production (source: ecoinvent 2.0)

Greenhouse  Environmental

Ecologicalfactors & iCamE ot e
paints / kg]
Major (base) metals
Aluminum (from plant) 12 0.78
Lead (at regional storage) 11 0.16
Zinc (al regional storage) 34 0.90
Miner (scarce) metals
Figure 3: Coupling of major and minor metals 2::"::;1?:;? 2] 1;.::0 1‘:,0
{Hﬂ'gem'keﬂ 8nd MeSkers- 2009) Indium (at regional sicrage) 160 33
Neodymium (neadymium oxide,
at regicnal slorage) 34 a2
P.Wager, et al., Sustainable Governance of Scarce Palladiim (&l raglonal sioage) 5900 5800
Metals, R “09 Twin World Congress (2009). Tantahie {ai rgkieeat sErge) G 0 9
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> Bq&ld? (B8EEH-1,3)

1%x10%0 Radioactivity
el Shutdown
Mo Xe La ~ @5 yrs. cooling
Br °® 00000, (3 o® 9000099 Ni @50 yrs. cooling
1107 7‘>.> sr Y Te [ X J l.n. Cs Ba .'
: ® o-
- * o 88 Yo °t noe .o
= S04 SN S SRR AR T R L)
g o D Lo oy e
a m K s L ! I Lo ! L4l Dy
[ / b / \ \ ! Eu'
? o w © e S | B " G
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&g vt b SR SO I G
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[ \\ ! Vo Yo I ice \Tb
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1% 105 T B R b 1 T LA 11 L
34 39 44 49 54 59 64
Atomic No.
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& KLRIINRM®D LL ST RERR B 1L
-FBRLANJL(BSS,NRPB) &9 TS ALARJL(CL) -

BRLARL: HASMIHRERF T 2ERRICHAACBEDLENDLO 0., HMETEE (ME) LRE NRPBR LK
FELANL (EERESHRIGET) BSSTEEEEL AL (IAEA)
DUNTUALARNACL.: TNETHEMENBELLTEESN TV L OZRSREBORI RN ST I LOTE

BLAIL, BRIA-BEA. LA %%, BSS>C.L.,

Recoverd Sr

LEHS ;
LEH2 N
LEH9 + — ¢
LEH6 1 —
LEH3 4+ —

LEHO0 + — -

Activity concentration (Bq g-1)

1.E-03 !

— — Sr-90
exemption level

----F----ecL.

P -

0 200

1LE+H5

0 400 600 800 1000
Cooling time(y)

Recoverd Ru

1LE+12
LEH09 |
LE+06 |
1.E+03 -

LEHO0 | — —

— — Ru-106
level

Activity concentration (Bq g-1)

1.E-03 +

40 60 80 100
Cooling time(y)

=
v

Activity concentration (Bq g

Activity concentration (Bq g-1)

1LE+HIS

LE+12

LE+09

r
| |
LEH06 4 1 0 1
1‘E+03--____T_T_:__
| | |
| | |

LEH00 +

LE-03

LE+15
1EH2

1.E+09

LEH06 |

LE+03 |

1.E+00

1.E-03

Recoverd Te

+ - — |—— Te99

exemption leve|

b

0

200 400 600 800 1000
Cooling time(y)

Recovered Rh

— — Rh-102

exemption level|

20 40 60 80 100

Cooling time(y)

<~C.L.

Activity concentration (Bq g-1)

Activity concentration (Bq g-1)

1LE+HS

1.E+12 4

1.E+06 4

LE+03 1

LE+00 +

1.E-03

Recoverd Pd

{— — Pd-107
exemption level

200 400 600 800 1000

1LE+I5

1.E+12 4

1.E+09 4

1.E+06 4

1.E+03 4

1.E+00 4

1.E-03

0
Cooling time(y)
R aNd
— = = Natural Nd

1 2 3 4 5
Cooling time(y)
24

12



& KRFINRMOD B (AR D FFRFE 1L

L. LOE-05 7 -
_ G LOE=08 |
E LG+ Z 10E-02 |
3 h =
Reo9Sh,
L e 10601 |
1 OEL, LOE02 & /k”.i“:.\
| 0BG P ) 5 ‘/Hll.:-'Bll..
i aa Hie LERs e e IIIEllll.n-,; ..... '.--;--m :rl}--ii: 1LOE+ 1 OE+04 1 0E+08
Time affer separation year) Timse after separation (vear)
e (¢)Pd
LOE+04
100
| OF 00 1 GE+0) LOE+I2 L3 LOE+04 L OE+05 L DE+DI LDE-02 LOE+ LOE 4 LOE+5
Time after separation (year) Time after separation (vear) 25
I v
ENRM DS EZ 1%
FBR MOX, Inner core, 150GWd/t, cooled 5 years
Ru, Rh ; Short-lived FP Cm, Cs-Ba, Sr-Y, Rh, Eu, Cf;
After 40 years stockpile, radio-activity of Ru will High Radiation & Exothermicity (e.qg.,
become at below than exemption level (BSS). >0.1W/g)
By element separation of Pd/Ru, stable Ru and 137Cs, as instead of 6°Co
pure 196pPd isotope will be obtained.
Mo, Dy, Er, Yb ; Stable FP
After 80 years stockpile, radio—.activity of Rh will Would be of great value. Higher order
become at below th_am exemption level (NRPB). isotopic abundance of FBR Mo would be
By element separation of Rh/Ru, stab!e pure beneficial for production of ©Mo(—9%mTc).
103Rh and 192Ru isotopes will be obtained.
Pd, Tc; Long_”\/ed FP Natural Mo(%); °°Mo:14.8, ®“M0:9.25, ®*M0:15.9,
Low radio-toxicity (e.g., Exemption Level - jEMO:m'G' ™M0:9.5, #M024.1, 1°M0:9.63
Z 4 JEAO3
931}(? 1%312%)88) Ma-98(S) / Mo-100(S)
1O7Pa:105(NRPB) S10E-03 I ™ Mo-95(5) Mo-97(5)
z T Mo-96(5)
La, Nd, Ru*, In*, Pr*, Gd*, Th* (*after ="' ]
50 years) ; Very low radio-active FP = i |
Less than 0.1Bg/g*. Note that radio-activity of a hot- o
spa water of Jachmov / Czech for cure is 10.5Bq
222Rn/ml. LOE-03
Seem to become hlghly strategic and important 10E+00  LOE+01 1LOE+02  1LOE+03 LOE+4  LOE+05
resources in the forefront industries. T'ime after separation (vear) 26
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. n e - .
SRR (BRI B RHEIRLD 7 B i
1)YIh&YILL-7Y)—TOER
BER-EEX7OoER
BEX T O+ X (BERETIE, ESXTOER(ZH—)
W)=V AN) —(ZREEYRBETOER)
2Q)MEDNTEN M (S, SEIR, SHE)ZE/K
BVERELTILREBRIZINZ 15 EE. hEHEBT S
4)BREFEIFEEFROF A (TEMBIRIELALY)
5) (BZTH-FIAD-HD) LLFPO BRI {A D BEIZ Pk T 5
B)AND B R UAZRABUIL TR RO M AIZ£BET 2hEXIE(HEHE. Te, Cstth) [2DLY
Tl E(TIF=F) DEEDRIERTHEET S

1) BEDBERNENRM;

EEB8£# (Ru,Rh,Pd),Tc, Mo, Zr
W& TETFE(Y, La~DyET)
HCs, Sr
B79F =K (UMNSAM,CmET)
2) BT
B (TR EE) BIAREL (S) . /AU #IATRE(IXC) , BfEE (EE) B
HhHE (SX) (BEBREL O, fit

W (RIGLA 5 BE) L—HF—{E2E(LC). 27

® EESHERUTIFF I LD
(1) fihs8 A9 BARIZ AN % (CEE)

I/ BEARMICRSTHRIGEDFE — Power Supmiy
2 (HEL AgARCI a|

2/ 749F /A K/Cs/Sr/Other FPs
LD BED AT EE

3 ZRHIBREEMFHEEN DA
Ly

4 (EEREMEDIZE)IE
HMERFANES

5/ BEEDEETEEREE N
B= (1ZIF100%, ERILFEE
5. pp.9-10. FRI125F)

Catholytes ;

S-HLLW etc, for electrolytic
extraction runs

NaOH or Sea Water in the case
of H, production runs

Electrolytic Cell employs for Separation of RMFP from Simulated HLLW
and for Generation of Hydrogen by Electrolysis 28
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Dieposition yield (%)

CEE (2)

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

- in HNO; Media
2 @, vs NHE
= H ———1 \_
- - - Pd —0915
- i s P P Pd 091
Rel), Reld, 0768
¥ ahrs == 018
. > 2 10,/ Te” | 0736
# ¥ i : = '
= ™/ o ] el Re, 0 A ;
- - 7 i Ru+* Ra 046 >
L] 2 Ll
" L - Re0, Re 026
/ a S # 4 Ru' R U249 <
" _.'J, e i ‘.
= i w HH, ——0
A s 0y | Inters
P R0 b ot e ol o
s o o
¥ - B Mediator ."'I @
- 20 »0e ‘
K .

Time {min}

Separation of RAIFP from Simulated HLLW ;N0 Promoter

fitioms gl ,’N) Tsland State ™

Smeooth Pt . Cathode (Zew) . Anode (Sene) . Az AgCl

= ®Extension of CEE in HCI Media

CEE Q); £TFAAUE [CLHME{REMRDEZEVGERBER)
CEEDQRBIEIERICL>TELD;

1/ PADCEE%#IR — X:Ru. #;Tc*, /V;Re
2/ RADCEER — X;Ru.Re, Tc

3/ Re(Tc?) R URUIZIZCEEZN R L%y, Pd,RhE X 55

Reduction Ratio (%)

*OLFKRI £ FEHZET—2(EEER)

Run RMFP Pd Ru Rh Re Tc
1 Pd 97.8 - — - —
2 Ru = 17.6 = - —
3 Rh == - 90.2 - —
4 Re = - = 13.2 —
5 Tc — - — - 57.5
6 Pd-Ru >99 >99 — - —
7 Pd-Rh 99.1 - 98.9 - —
8 Pd-Re 99.1 — — 17.6 —
9 Ru-Rh = 99.2 93,5 - —
10 Ru-Re - 6.8 - 11.3 —
11 Rh-Re = - 92,2 41.6 —
12 Rh-Tc = - 299 - 99.7
13 Pd-Ru-Rh-Re(3.5:4:1:0.5) >99 83.3 >99 914 —
14 Pd-Ru-Rh-Tc(3.5:4:1:0.5) >99 86.9 >99 — 68.9

CEE Conditions; Electrodes; Smooth Pt , Cathode (2cm?) , Anode (8cm?) , RE; Ag/AgCl, Catholyte;

0.5M HCI, Temp.;50 °C, Ic; 2.5mA/cm? (1hr) = 75mA/cm? (2hr) — 100 mA/cm? (4hr)

30
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AA R BHOT RS EEER (IXC) R A% (SX)

Tertiary Pyridine Resin (TPR)

5“ JOC Hr

MIDOA

(Y. Sasaki, et.al., Chem. Lett. 36, 1394 (2007).

H, CH;
N R1\ /C‘\ CH
N— L2
N—C \ R1
1 2 2 2 1 /
[/ﬁ 'm ,% l/ | // R>
M LI T
N7 N7 NN
® Tc
E 3 L4 ® Re o
] F E=1
§Y g
8 5
5 ¢ E
= 102, ° 2
.g o ®
e ® o 0.IMMIDOA/ | m
L] \
n-dodecane
[ ]
‘ | .‘ 107" | .
10" 107! 0 10t 107 10° 10
[HCI] / mol/dm 3 [HNOZJmol/dm3 31

Distribution coefficinet, Ky

=
o

® 7HF=

FRUS 5=

NP

(1) 3#REV D BIE DE AR

e

U

N

L conc.HNO3:MeOH=7:3

=
(=}

Ce
Pr 1o}

Nd O ®
@]

=
o
]

EuSrg = “Am
Lu v Gcl O Cm
o °

La J

| conc.HCI:MeOH=7:3 - Am
cm®

[
o
N

S
T

Eu
Lu Tm_ Ho @Gd
R E S YDY |

Sm Nd Pr ge La j

0.09 0.1
lonic radii / nm

Radiation Stability

HNO, vs. HCI
media

High Porous Silica
Carrier ¢60um

Separability
HNO, vs. HCI
media

N

Irradiation dose / MGy

Decomposition ratio
of exchange group / %

*HNO,; # TIZ,

DRERE (T
’f7J'J=|= EDHIIKEFT D

‘HCI b TI&, 2 BREUL. 1
FUEETEHEL TLA 4f
/5f TEDYVIMEDEEIC
&EFET 5,

32
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(2) 3XRE DU BRE D 7 B

Li(1)
r [ [a) Element
| na. || o 4
ol 2 |(valence
2 n.a.: not adsorbed
| Na(ly [ Mg(ll L L AI(IIT)
| na.|L na 0 6 12 n.a.
M HCI [
111 111 111
VK(I) kCa(II) | kTi(IV) VV(III) kCr(III Mn(ll kFe(III kCo(II) kNi(II) VCU(” an(II) kGa(III | Se(IV
n.a. n.a. n.a. n.a.
L . . - - - - i - = - 0o | L - -
L1 L1 L1 11l 11l L1 6& \l\ﬁ 111 L1l L1l L1l o
| Rb()| | Sr(n| | YAW| | Zr(vy | Nb(v}| Mo || Te(VIl)|Ru(iit) | Rl L{jil | Ag(h)| | cd@) | inn| | Sn(Iv) | Sb(vy |Teqv
M) i I N I
[ na || na || na| [ L . loo—0o foooy | Lc loo—o L tsooo | L L
L1l L1 111%%@1” [ L1 L1 T\ﬁ Ll B onﬁﬁ
| Cs(h|| Ba@l) | rare | | | Ta(V)| | Re(vil)| | | PNy | | Ph(I1)| | Bi(llT)
na. || na. | [parths Pooo I I L i
F - F F - - - - H - - = - oy ooy | |-
1 111 1 1 1 1 11l 111 1 111 1 1 11 11 111 111
Y0 PU(IV, La(llt) | Prain| [ Nd(1I) [ Gd(in
I I - I I - I I rare I I r r
L L L L L L L L earths |- N-a.||_na. || na|| na
[ [ L1l L1l Hx,ﬁ{ilux o/i/\J L1 L1 L1l L1l
HCI media
33
VAN I Bl 2 Nyl mixtured HNO, concentration / mol/dm®
(3) Am/Cm % B 1= 1+ 5 = HH i
MeOH = 60 vol% i 3
s min. ca. 20vol.%
’ Methanol Effect ‘ g of BMHNO, was
s I:> enough to cause
=
g sufficiently high
5 10° ] .
E extraction of Am
Enhance Complexation of | & and Cm.
Protonated Pyridine with
Anions by Dehydration 10 20 30 20
Volume percent of conc. HNO, / vol%
8M HNO;/ vol.%
190 __ 80 60 40 8M HNO,
25 CH30H;

° with 8M HNO,,
< o _ ? higher vol.% of
§ 10% A 2
d om . |8 ; :> methanol was
8 s 7 1 prefered to cause
2 . g sufficient
5 ° cm 7l extraction, with
i . higher SF between

. L5 ‘ Am and Cm.
0 ‘ 2‘0 ‘ 4‘0 ‘ éO 0 ‘ Zb ‘ 4‘0 ‘ 60
MeOH / vol.% MeOH vol.% 34
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Y (4) ERGFTEABHEERNTIT14T7 2 BERR
Evonaration / * “Joyg” MOX SF_(143.8 GWd/t,
Setfifcaon |4 SRR ) &
| 127g/30ml
v
_Re-Dissolution
(dilute HCI)
i b
Diluted HCI RMFP-free Utilization
Emen —*Pre- =»> Dissolver zsmd/l(zr i
; Separation ~ 22ton tockpile
S ofRMEP | PGRuIGe0) &
AR by IX —] Tc99-Product S B
al-rRinsing -
NaOH e tep
——_
(conc.HCl)
HCl 12M el — » Ln. FP(Cs137, etc) Waste | Lns, Cs
Sli(c!j:ljpl:))oned M - ' » HLLW
Tertiary Pyridine Resin | Se':l);ratlon _
ey R )
Step Il
v Re-Dissolution(HNOy) |
Addition of CH,OH <
3 ll—lllznoao:Me:SZ::% TOt‘al.
} > ﬁctlnlltles
HNO, +CH,OH ecyclin
HNO3 (Ealu:e I\;) Am /Cm y g
Slica- ted ;
T:r:téi‘af;‘l))?/?ird?ne Resin separatlon
Diluted 0.5M FINO, —— . DY IX J
y (Blute V) Step Il 35
(5) 7OT47RERIER
Inter Group (4f/5f) Separatiorl Intra Group (5f) Separation
[ ep 12M Hcl | 0.IMHCI 4 t cm Am ]
L et R 1k ]
i (Cs, Ln) Am+Cm I Pu 1 L 1
L | | + ]
L | 1 s s ]
z | ! 18 | ;
[%] + 4 C L 4
g 0.5f 1809 ]
£ - 1 E
£ r I ] L J
i I ] L i
0 L Y B 0 o
0 20 40 60 80 0 100 200
Effluent volume /em® Effluent volume / cfh
B Perfect Removal of 1%Ru and '%Sb
B Recovery Rate of 2!Am Product === possibly more than 99.9%
=>95% ( for Stepll + Steplil)
W DF for 22Am Product (MA/Ln Sptn.) =+« far more than 1~2x 103
=DF55Eu > 1.0 x 10°
B SF of 243Cm for 22!Am Product (Am/Cm Sptn.)
“SFemam > 2.2 x 103
W Purity of 22Am Product (Cm/Am) =+ far less than 1% (Ln/MA, ;. <5%,.., CEA)
*Ln(*44Ce+1%5Eu) / 21Am < 0.3 ppm
=24Cm / 21Am < 1 ppm
» ¥ FP(195RU+125Sb+137Cs) / 241Am < 1.8 ppm
W Purity of 243Cm Product (Am/Cm) ==+ possibly less than 1%
=241 Am/243Cm = 7.8 x 10° ppm 36
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€ LI LRURNADF YLD

@ NH & Cs* 10 ve T s
oQ b° e |
Uptake of Cs*
in simulated HLLW & | J
]
o 40 J
=]
2M HNO,,0.98M 20 ]
NaNO,, 28 Metal
Elements o j , .
0 1 2 3
ki 9 Time/h
Structure of AMP((NH,),M0,,0,,P) in SG(D) Time dependency on uptake of Cs*
’ 11 10*
S {‘—"\fi']-'m' €00 Coo * CLD-HALG
hy Piats B CLD-GAALG
[;\f_',:oj Co0 CO0 Co0 Untake of Si2
ptake of Srz+
Lo/ o, (I:,u, (l:,ua in HNO,

D18C6-based CLD /c{.c/cﬁo?o\w
S

/ Shell material 10
of GAALG (Microcapsule) 0.01 0.1 1 10
530 pm [HNO,| /M
Structure of CLD-GAALG

Acid dependency on uptake of Sr2+ 37

7 LAY ERE (Rb, Cs)D BMIIAD BERAZE

ISTC Collaboration with IP, Armenian Academy of Science (2002-2004)

T IA=TRF HREF (PWR)

Laser-chemical Isotope (**Rb) ] 2
Separation - Mechanism

1:"RbD, Fa2+F 123 [
& "RbD, F=3+F =234
3:"RbD, F=2+F =123
4 "RbD, F=1+F =012

, A,

$5Rb +hv (780nm) — %Rb* (5P, ,)
$5Rb* + H, — Rb + H,*
$5Rb* + H,* — RbH + H

2%Rb* + H, — %Rb + “RbH + H I, LA

Frequency, 500 MHz/div, 38




& L—H—1bZi%E (LCIS) (2K B858RbMD B A 57 B

1 RRAES (A —FL—Y—, 2;Rb(Cs) /L. 3: AT (4 —F.6:%
HEIANVLTALYAIL

Desk-top LCIS Equipments

8SRbH
Deposits at
the Cell
Window

Item Figure

Rb vapor density 5X10"atom/em’
Hz density (converted STorr
into pressure)
Cell temperature 220~240C
Laser power, 50mW,
Irradiation time 30min~2.5hour
8 . 72% (Before exp.)

Rb ratio 98.4% (After two exps.)
87 . 28% (Before exp.)

Rb ratio 1.6% (After two exps.)

Y /(1-Y)
X [(1-X)

{

Head Separation
Factor was 2.99
(1st), and 23.9

(2nd)

39

ENRMDFRGBEDRAEH )

-1 L Pk ol b’%i?éﬂ%ﬂ@bﬂ_&( TNBETLEEX GFICRI OFEBEFMGE(BNWL—25x b3(8H)

FTERD B\ TTREEED B B HBHCED | B B H |+ FITOE%HE (e ton) BB bt *e—Y—2(x10%)
R 1 N (Z-br g) 25000MWD.~ t ©IBE CS/tEREIMND | 104 MWDDHE
Kr=—85 FEERFRES, HORAR 104 0.5 4 17 1,700

Sr—oo0 MR, PR 28 0.9 5 411 822 8.7
Te—99 WA, bt 21x10% - -\ 628 628

R TR, WS I URMBHE = = - 337 674

Ru I3%x b U ICERMEHR # & (+I¥Ru—~106> 1,707 354

Pd IR, WA L OIEAER &= = - - 976 244

Xe 5 EREREA - = = - 3987 1,196

Cs—137 | mon. HAMB 30 0.4 2 950 950 123
Ce—144|mE, FHRE 0.78 25.6 241 260

Pm—1 47| M, S 2.6 0.3 3 133 i 335

U —238 | mWwHE 4.5x10° - 8.9x10°% L]

U —236| Np—2 37088 2.4 x1 07 - 3277 36,070

Np—237| Pu—238oms 2.2x10° - 316 %320

Am—241 | #mBR(Cm—2 4 2Oy ) 458 0.1 56 2,800

Cm— 242 MBF(EELTPu—238&25) 16308 120 23 3,450

Am—243 Cm—24 4Oy 7,650 - 87 39,120

Cm—244 2 B 176 EX- 22 . 19800

Pu—238 m o 90 0.5 6 - 3,450

Pu—2 39! masuswmat 2.4x10% - 5453 - 49,100

FPu—240 #MAMw(Pu—2410H) 6.8x1 07 - 1,517 7,585

Pu—241 | BZARKEWRAN—241 GFA) 13 - 1,412 24,000

Pu—242 Am—24 30880 {:{BXID' - 386 15050

I

#=2 RBEKSHLRIOZAe—-FA

B VA | @WTERD ERo&R GMoRTES
Microwatts Pu-238 LROA=2 )=t =, | kNa; BHE,
HEEFHAR i-F 3.
100 ~ L000mW | Pu=238,| MIETOHE, =, RIBWOER S,
Sr=80, F=FaMANE, amn, Exn
Pm=147 KTRB
10 ~ 200watts | Sr=90 man, =g, Bfa,
H:llﬁ, ~dsomamPRN, | GNH, E48
LEES L L
PNCT-7099(1970) 1~ 10 KW Co=t60, MEOXRAR, FEET TS
BNWL-25(1965) Sr-ne, AREELNE, TTY
Ce=144 EnAS

40
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@O 7IZHF598r B U238pud F B

90Sr Battery (KRI 238Py pacemaker (KRI)

23,000Ci Sr 150W
ca.150mgPu0,

241Am(n, ¥ ?2Am( B 7)—=22Cm( @ )—=2*Pu

B7A—E2507% LR AR TR

41

O ANIRHR. TIRFVL(Tc-99) DFIA
TA)H
1/ NASADOW/TcEERAFETOD T H(1964)
TCOWADEEF 5, Re&kYBNS, DRIV OUEEDHE
2/ z i, BHE. SRBEEE. dEEIFINR. TcE€a/ILOEFHAIZER,

av7
1/ B-emission ZFIfA ¥ REWTCEM (1978-
1983, O.Balakhovsky)

2/ B-SourcesZF AT D IRHKD X ERERFES
5% (1983 - 1993, K. Bukov)

3/ BERIMFIF (1960-1975, Kuzina)

4/ FEHHIF) (1975 - 1987, S.Bagaev,
S.Kryutchkov, K.German)

5/ Tc f#E (1975 - 2000, G. Pirogova)

BR
e oty 1/ BEIFIFABIREMSELL.
based on p-emission of 2/ FKFH ERRIEF| A O ZEEAIA(JAEA, 2002-), ZDfih

O EABALIE R A ZEB%A (JAEA, 2008-)

42
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(1) FPO\o D8, SSURIRHEU(0%)/AIE
SOH TR, BIEAOMoEHEET S (Y
O k'S543%) ., 300TBg/gl_E DIRETEED
BU5E, $9100GBa/g ((BFALO,) DT AV —T

CIRL—EA—DREIENER, —FBOAAY onTeEBE AN REHEER)  ToDBEAR AL HA. BEONRBEH, BEIC

RMBREEITIODRIMILABE

(2) IEHESMo D T HR 5T
9%8Mo(n, 7)Mo
OMo (B, ¥ )(T ,,=66h)(86%)—%mTc(y)
(T ,,=6h) (14%) —%Tc( T ,,=2x10%y)
CORIETES HMoD LLIETREIZIEL, ER YT

3 : Gatchina T iR #E%®MoO, 2 B8 5t . KRI / St.PetersburgT
MB5T % D°MoO,Z iF kA f# . MEK(Methylethylketone)%
LRI EYTcO, EE S B, DF> 106,
EEEIEKTHEEBE. TEDLEMITER, RFhr
B9 2 (FREF R4 ~ SR = B + R B 1)

99mTC

.OF (0Bul,

FOXTF Y LEEDHI o

H, "o (0Bu),
0P (0Buly

. Possible sirucrare of TeQ,~-TBP extraction comples.
S Y (6h) D v REFIALTEMR.
1964 HNLERIE,
Te-9smEEFBIE (1h8)

LR L] L]

B0 RF LR LeFH ST — (RHM- W - Bl
o BEE | PRERIERN

R B ESRTY S RAFL Y YFHS T4 (1) RAA=D
®iaoqr PFHT T — (R - R

13/ ZH WERN (TR - W
FAYNI-R, PALHTEINIR LRFHITL— (R

TA2E ek LRFMITL— (RR)
IFLYITILFI7ES FHMEDTA| ¥ 2F 4570 — (BB - BilE)
FlanT b it RIEBA (FR)

alr e ] YuFHTT 4~ (W)

TAFAMY (R A2 bRUVRED | L2FHI T~ (FR-WR -
), mERTRE
43

20074128148 3%5cETRA
http:/ www.yomiuri.cojp/i
OYT8T00797.htm

E

9mTcO, [3FE R DILERI
BRICEBRTEDIRM.
BAEIEMo(B, 1)
(7 ,=66h)EEBHEBA, £
BERAREKTMob o iE
(HIZNFLTZEBTAY
=TTz RL—4),

AFFORFIFFL TR EEIESBHETRIC

RATHAN TS ORFHEL. M AP FELOMBTHELEL

BETAI—

RLELEDIRDTFRTFHLHOF L3V MIZHLFRE. EVIT
ICHHEERMHLTI00 258, #RO¥SDEERESHTLS.

HHEMFHREBREI ;611ﬁozs_wmi'c§2mt0‘wﬂ

rﬁﬁ't fBibISBLAERT:, hH 5 i) 8
SUERETR, § B208Mi

DR OBRBEBLTRERL:

g MEOTI2F I LENIEMRATENICIE®ES, oo 03
ARIEMETEM, TOATF 2 LBBOY BNAL 7SS R ATFE
. EREELTUOELERZEN, A FrcERLTIE.

BIZEnIE, S :r'mtl &Y. RET I‘!S\miﬁl‘i’\‘?ﬁw h!

HEXELROELENRIEIITFIRFILENITHREIC XM ELEL
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BRI IEBLTVWS
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S HTHNRM D KR ELEMIETES, 7LD KD ER

o 160
<
) Pd-Rh-Ru-Re
<140
>
>
8
~ 120
1 ® Pd-Rh50ppm
" ° Pd-Rh100ppm
$ 100 Te50-Rh50ppm | |© pg-Rn300ppm
8 Ru-Rh50ppm @] Re~Rh100ppm ® Ru-Rh50ppm
° Re—-Rh300ppm O Ru-Rh100ppm
> Ru-Rh300 P | PP
IO % Y i PPM ™ Pd-Rh300ppm Ru-Rh300ppm
e ® Re-Rh50)
4 Re~Rh50ppm o Ru-Rn100 ppm R:—Rhiogzr:m
o
S [ Re-Rh300ppm
g 60 Pt ® Tc50-Rh50ppn}
g Pd-Rh100ppm Pd-Rh-Ru-Re
o Pt

£ 40
e
5
[¢)
Qo
g 2 © Pd-Rh50ppm
s
@
3 |

0

-1.25 -1.2 -1.15 -1.1 -1.05 -1 -0.95

Initial Hydrogen Evolution Potential / V vs.Ag/AgCl

U BR&YLESHTEIO
EHEABVNCEEDR)

2/ -1.05VASKRFEERLD
[RABLEEZLOND,

3/ 25t R TIELTe-Rh RV
Re-Rh MEHEAELY, Te
RURelFZTHRTIIPdR
VRUDR B L2 HATHEME
HEL,

4/ Pd-Rh%RTl, RERE
FHEMNENIFEFEME
KT %, LHLAEMS, Pl
EEICHFSLEN

5/ EMHXEITERERNE Y
RUDATHEMEAELY

6/ HEREEIR LY HIEREETR
DTc(EE?)DEHELS
W(—5EERTIVLED
Y)

7/ ATTATH RARIE D SEME AR
IFALEB(FERVAS
2)FEE5, FEEED2
fER2E, ATBKOEMRET

Catalytic ability of RMFP deposit electrodes

on electrolytic H, production

BRERGAER

8/ ATTHT i RASE LR E L
BRAKMTH T, KRREED
EL(E ERRDOBERE
MNELUNEVD (RIGERA
INELY) 45

& HTHNRM O KR EEMIETE S ATEKDOER

0.0

I
o
N

Initial Hydrogen Evolution Potential / V vs Ag/AgCl
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*] Pd:Ru:Rh:Re = 1:1:1:1 *2 Pd:Ru:Rh:Re = 3.5:4:1:1;Pd/(Ru+Rh+Re)=1.6 Block Addition of Pd**
*3 Pd:Ru:Rh:Re = 3.5:4:1:1 ;Pd/(Ru+Rh+Re)=1.6 Divided Addition of Pd**

Initial Hydrogen Evolution Potentials
on Various RMFP deposit Pt Electrodes 46
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Cs-137; ¥ E-BREAMSHRIR. JEiEREACo-60 SRR
Sr-90, Cs-137. Ce-144, Pu-238(GEFHIZEREI AIR) . Pm-147, Am-
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Tel30 4,490 6.40E+02 71.4|radioactivd 2.4x10?' LLFP 2.09E+0
1] U234 61,800 6.94E101 radioactivd.454x10°
Az 02 20.16
Au 10 1,455
Ru
Rh__| Natural
Pd 580
Pt 12 2.756 10
i 28.000[1.126.514/ct 40
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518) FP+Rh — RIZERL NJLLLT (804F)
AHNBEETRABEICESRERGALERE (F=f2L. Ru-99, Ru-102[£=0.1¢/t)
{512) FP-Ru/Pd%> Bt — Pd-106(s)
{513) FP-Rh/Ru%Z> B — Rh—103(s) 29$/g, Ru-102(s) 20,410$/g
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4/ ¥IELHFIA
5110) Tc-99 — & FERu-100~102
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TR R AL D U35 B FE BB

Trinitarian Research on Separation, Transmutation and Utilization
(S&T,U) of Nuclides and Elements, Based on FBR Fuel Cycle. A
Copernican Revolution on Fuel Cycle Strategy.

Reduction of Volume and Toxicity of Rad. Wastes.

* Within a few hundred years, let the radiotoxic inventory decrease to the

level of natural U tons corresponding to 1t of vitrified HLLW.
Multi-functional and Compact Reprocessing Process and Plant.

* Separate all actinides, LLFP(13°Cs,etc), MLFP (137Cs,0Sr) and prioritized
NRM (light PGM, Tc, Mo and Ln, etc). Target S.F. are not uniformly, as 90-
99.9% .

* Direct and deep separation of all actinides into 3-4 groups, U+Pu+Np, Am

and Cm from the spent fuel.

* High purity for NRM in utilization, low DF allowed for An in burning.

* Hydrometallurgical Separation; Adopt Soft processes and Salt-free reagents
for suppressing the secondary rad. wastes.

= Allow hydrochloric acid media as well, for the sharp separation.

Challenge Isotope Separation of LLFP (135Cs, etc) and NRM.

Contribute to Improve Existing Reprocessing and Vitrification Processes.
53

Radiotoxicity (Sv)

@ Adv.-ORIENT Cycle® B AZNE ; EL A4 (Sv) DK R
Provided, 1 t HLLW(FBR) = 60 t Natural U
FBR Spent Fuel Inner Core : 150GWd/t, Cooled Syears

1.E+10
o« NoSpm. 4,90% Spin.
L.LE+08 _An 99% Sptn.
-
1.E+06 [ -
.\'atul‘tll Ut \ \\
LE<04 [ h
Natural U tons Adv.ORIENT Cycle; \
Corresponding to 1t Sptn. 99.9% of
| Er0a | of Vitrified HLLW  An (U,Pu,Np,Am,Cm),
' - 99% of MLFP and RMFP, Lo
and 90% of Ln, etc. An 99.9% Sptn.
1.E+00 ' : : : : : '

1.LE-01 1L.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07
Year (y) 54
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BVision and Strategy; One Conclusion

Through Adv.-ORIENT Cycle,

B Products; Energy and Nuclear Rare Metals (*actinides are consumed in
the cycle)

(s years (at the reprocessing); Pd, Tc¢ (long-lived, but low radio toxicity)\
Mo, Dy (non radioactive), La, Nd
(<0.1Bq/g)
Cm, Cs, Sr (highly exothermic)
~50) years (after stockpile);  Ru (below than exemption (BSS) level),
In, Pr, Gd, Tb (<0.1Bq/g)
\~100 years (after stockpile); Rh (below than exemption (NRPB) level)J

B Wastes; Around 100 years, the radiotoxic inventory will decrease to the level of
natural U tons corresponding to 1t of vitrified HLLW.

, will be realized. Low Greenhouse Gas Emission
Technology (KgCO,-Eq/Kg) seems to be Key. s
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A ERGIEIRILE—DEFELLELICI1EBEBRILLTARIILEFEE . BlEL
TW%, FREABREE REYM CTIIHCAIER ELTRADRETH D,
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[CIREBEREREN) OERNBETH S,
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HhR L =0
H-3 2.6E05 1L.7TE-QOS5
C-14 5.6E-04 : 5.6E-04
Cl-36 5.5E-03 82E-04
Ca-—41 3 SE-(3 33E-04
Mn-54 1.7TE-03 TIE-D4
Fe-55 BOE-E 1L.eE-D4
Co-60 4. 1E-D02 TOE-03
™i-59 3 6E- 5 4E-05
MNi-63 B 4E-D4 1.5E-04
Zn-65 S0E-03 3 9E-03
SS90 3401 3.6E-02
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I-129 4.TE-02 TAE-O2
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