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New actinide compounds containing honeycomb layer:

synthesis and characteristics
Yoshinori Haga
Advanced Science Research Center, JAEA

Acknowledgments: Tokyo Metro. Univ. intern program

Introduction

Actinide elements and compounds
Physical properties governed by 5f electrons
Valence instability
Localized or delocalized
Strongly correlated phenomena

Chemical and/or physical environment around 5f strongly
influences their behavior

Goal/dream: design and control physical properties

Actinide compound with layered structure
U2TeXis (T = Fe, Pd, Pt, X = Al, Si, Ga)
disorder revealed by X-ray diffraction
physical properties - doubt for disorder

Same structure also available in Rare Earths

Crystal structure revisited

Compounds found in An-(Ni,Pd,Pt)-X system (X-rich region)
* UPd2Al3, UNi2Alz heavy fermion antiferromagnetic superconductor
Binary : UAlz, UPds, UPts, etc.
AFM 115 compounds: UTGas
Heavy Fermion SC NpPdsAl2 and An/Ln analogues

A 1-2-103-5-19|2-6-15 | 2-6-15

I-1-5 | I-1-5 [ I-1-5 [2-6-15

2-6-15

® 2-6-15 structure: common for actinide and lanthanide compounds

atom
All 6h 05341 0.0681 1/4 0.37

site y z occ

A2 4f 1/3 2/3 00482 1

o Pd 4f 1/3 2/3 0.6079 1

EPMA composition [:3:8 A A3 de 0 0 01365 1
significant electron density (~9 e”/A3) near uranium. U 2% 13 23 14 067

- partially occupied Al
- too small U-"Al” distance
U is randomly replaced by Als.

Y. Haga et al. J. Phys. Soc. Jpn. 77 (2008) Suppl. A 365.

U2PdsAlis magnetization

incomplete antiferromagnetic order at ~20 K

anisotropic magnetic susceptibility

.
U s7(Al)y 33PdyAly
W =319 up/U, 0= -19 (H Il ) 300
U =333 /U, 0= 114 (H ll a)
2
g )
2 200 5
g 3
5 £
T2 =
= 100
0 . . 0
0 100 200 300
Temperature (K)
Pd2Al4(Al3)o33
= UyPdéAlis




U2PdsAlys specific heat

Second order phase transition, but broad feature
- signature of disordered structure
08

Uo7 Al 33PdrAlL

PN

° o

= [=a

: ‘
‘

CIT (3/K*U-mol)

e
o

T
L

00 L L
0 10 20 30

Temperature (K)
Uos7Pd2Al4(Al3)0.33
= UPdeAl s

Atomic arrangement in the basal plane

structure model for UzFesSiis

random structure model keeping

DKJOU °e UOUCS © UOO Oouoo on reasonable atomic distances and
6 2 OO OO s oOO 6 ooo O 5 C; ( stoichiometry
) OOO O OOO Oo ooo O OOO 0o U-U 3.956
QOO oo O o oo OOO o oo ( U_-Si‘ 2.883
0000000 OO Si-Si 2.30
O 070700~ Y2883 AC
Z S A230 A QOU 2 Question:

/o
o
Oo
:
G
O
Oo

Each uranium (or Si) has

0 O o O
o
()
o
Ege)
[Py
O
o
o o
@
o
P
2

o
0o O 2 quite different chemical environment
Yo 060 @0 0OQOOO  Issuchan arrangement energetically
Qu o sim stable ?
i

Fig. 3. Atomic configuration of U-Si(3) layer simulated using the
site occupancies listed in Table I. U atoms are percolated in the
plane.

. Noguchi et al., J. Phys. Soc. Jpn. 66 (1997) 2572

Atomic arrangement in the basal plane

Experi observed ge’ U-X structure

Atomic arrangement in the basal plane

A reasonable ordered U-X layer model having
lattice parameter o’ = V3a.

Keeps consistent site occupancy.
Such a layer structure actually exists in LnTsXe phase.

Atomic arrangement in the basal plane

T-X layer

Periodicity is different from U-X layer.

Atomic arrangement in the basal plane

U-X “mono layer” is stacked on the T-X buffer layer
Looks nice !

However, the next U-X layer (8 A apart) has (x1/3, £2/3, 0) displacement.
Therefore, the “actual” local symmetry is orthorhombic or lower.




Structure model

UzAl3

PtsAli2

Experimental signature of ordered structure

predicted reflections
from random model

g X-ray streak appearing at particular (h k /)
+ B - no streak at integer indices :
stack sequence is kept

- weak streak at (h/3, K/3, I) :
no periodicity along the c-axis

Structure model

oy
ST

[ 1~

[ois:
e "

Substitute to other
honeycomb (U2Si3) ?

Si: electron dope
Er increase ?
Uranium becomes
nonmagnetic ?

Uz2Al3

U2PtsAl12Sis = (U2Sis)(PtsAl12)
Really substituted ?

Synthesis

Arc-melt nominal mixture
EPMA

OK. Homogeneous Si distribution

XRD
Site occupancy ? —very small difference between Si and Al
Significant change in interatomic distances near honeycomb.

Magnetic susceptibility
Curie-Weiss conserved : Uranium remains magnetic
Magnetic ordering temperature is reduced

Other example ?
EuzPts(Al,Ga)1s (Mitsuda group 2019)
Possible valence change near Ga 20 %
Gd-system (Kanatzidis group 2002)

U2PtsAlis magnetic susceptibility

4 T T
° U,PteAl s polyerystal
200

3r o
E z
3 @ 8
g of Q’\% 2
o £
‘s % 100 %
= o -

1 %MWW

oeoR000000000000000
0 , ,
0 100 200 300

Temperature (K)

Magnetic phase transition at 26 K

U2PtsAl12Sis = (U2Sis)(PtsAl12)

magnetic susceptibility

Ll
|
— !
[ \ U,PteAl,5 polycrystal
g \ ]
2 ~ \
5 ~
o \\
: e
2, UsSisPtAl, o |
N —
0 . .
0 20 40

Temperature (K)

Very weak magnetic anomaly at 4.4 K

10




Summary and Outlook

2-6-15 structure
Previously reported as random atomic arrangements
X-ray diffraction detects streak signal
Consists from stacking of ordered layers shifting arbitrary
within the basal plane
- uranium nearest neighbor interaction is quite regular
- consistent with well-defined antiferromagnetic transition

Robustness of U-X layer

A possible playground for naturally occurring multi-layer
- substituting U-X layers ?
- insertion of more buffer layers ? (to kill U-X interlayer
coupling - pure 2D uranium)

U-X can be substituted by U-X’ (preliminary)
- leading to physical property modification

11



= —

[===}
N —

33 A SN EELY))

[ 5 AL EWBREARDBIREARED ST

ARV
RMBARFEER AW @HEER, 7™ Feb. 2020
77 EMIcHEITS
SRR BEE
U-Based Ferromagnetic
Superconductors
—MEaENEHHTERE—

BRTE KERBIHER
MBFE—HE EFETFVERARE
AEH FZ=

)
Kyoto Univ., Nagoya Univ. ASRC, Japan Atomic Agency, IMR, Tohoku Univ. 8‘-5

Kyoto Univ. (%) JLA.EA @

Y & ( ) J-Physics
‘;ﬁ\é"\ . g ; e J M ﬁ
sl PONC g :

M. Manago G. Nakamine S. Kitagawa H. Sakai Y. Tokunaga S. Kambe

Sample Preparatlon

Characterization, 3 o

Bulk measurements -
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2 RuSr,GdCu,04 (’96)

magnetic ordering  Tcyo(Ru) ~133 K,
Tn(Gd) ~22K
Tsc(Cu) ~16K,
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SC transition
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Superconductivity on the border of
itinerant-electron ferromagnetism
in UGe,

Nature ‘00
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Mesoporous silica nanoparticles (MSN)
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Figure 2. Tumor growth profile of the BI6-F10 melanoma tu-
mor bearing mice, subcutaneously injected with saline,
BPA-fructose (24 mg 1°B/kg), Pinacol-NP and PBA-NP (0.24
mg '9B/kg). (A) thermal neutron irradiated groups and (B)
non-irradiated control groups. (n = 6, * p < 0.05

® S/ TNAR

P Kt S ONH) 4’1‘ 7R(B,C)

JEREARRLY) (LDH)
Layered Double Hydroxide (LDH)

jon (A™)
LS .uv (OH) ;] [A".,,. m,01
Basal layer Interiaye

17




FHE T REA: RBRR

VB B BT LT 7R E BNCTORERTIRIC B W T,
e ¥ Ve HBOBSRT. RN TRELBEEESMCT S

ZEDEE,

BAD (2a-c)

- Drug delivery system

Fig. 1. Boron Carrier.
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Fig. 2. Boron-uptake test against cancer cells. . DOSimetry
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Targeted Therapy

(Radionuclide Therapy)

Radiation Therapy

Boron Neutron Capture Therapy

RORPETF A

FAV—T itk

High efficacy but regional For systemic and metastatic treatment

| Why o —particle?

modified form Elgqvist et al Front Oncol 2014
=> Alpha radiation provides very effective and selective cell kill

; TABLE 1
X eneraron. . . Overview of ratestments
Journal of Nuctear Medlicine, published on July 25, 2016 as doi:10.2967numed. 116176673 Pateri A P
Toororn [ p—
e Zolcronte Radatry o ymoh
225A¢.PSMA-617 for PSMA-Targeted «-Radiation Therapy of o mosass
Metastatic Castration-Resistant Prostate Cancer Docetwel 0ockdl  Lauprosin
Comusinlepibicnn Lovprrsips
- i, 150 mgfd
P Socetie (1 cyee)
Ercatamide Cabastas (10 cycs)
*2Ra (6 cycles)
Abiatoors rerpostion Gkt ot e
e
5 C ~ 3 < 3
v S -
: 4\ 8
s i S s B el -
{ ncroi “ncroun (@] sk e, e,
= ' v e e
-~ 3 A
13 v ES 4 . v
b . .
onte o015 aaors e e
PoAzargnl  PSA-GZemgmL  PSASodngm
Figure 3 “GaPSHA-11 PETICT-scans of paient B. In comparison to the
Figure 1: <Ga-PSMA-11 PETICT-scans of patient A. Pretherapeutc tumor || il umor spread (4), resaging afer 2 cyces o beta-emiting ™Lu-PSHA-
spread (A), restaging 2 ot sfer the i cycle of Ac-225-PSMASHT (3) [ | 617 presented progression (8), n comvas, retaging aer 2+ (C) and 3% (0)
and 2 month aferone acional consoldato therapy (C) oyle hoPSASTT

Actinium-225 is NOT approved in Japan +

‘ Promising Alpha-emitting Radionuclides

. . . Energyay, g€ave. | Main Production
Radionuclide | Half-life Route

149Tp 4.12h 3.968 26.7 Cyclotron
Yoo 2mat 7.21h 5.867 48.1 Cyclotron
Jr 212pp/212Bj 60.6 m 6.050 50.4 228Th-generator
Y 2Th 18.7d 5.883 48.3 22TAc-generator
Jr  22Ra 11.4d 5.667 456  27Ac-generator
* aAc 100d 5787 474 ggenerator
Yo 213Bj 456 m 5.846 47.8 225Ac-generator
230y 20.8d 5.864 48.0 Cyclotron
226Th 30.6m 6.308 53.8 230-generator

Y¢Clinically relevant alpha emitters to date

(Not approved in Japan except for %*Ra )

‘ Target and projectile for production of alpha emitters

209p; “He 21 pp
SLi 211Rn
stable(z01<10%) 7 211Rn
e 25Ra ,225¢
226 n (thermal) 227pc, 28T, 229Th
Ra sy 2oRa A
160V p (low) Zp
d 225Ac
e #Th
20Th n (fast) 2297
7.54x10%y p (low) 229pg_, 29T 230pg_, 230
3He 2301
231 n (fast) 230p,_,230(
Pa‘ p (low) 230
3276x 10y 4 oo
e (high) 21t 2R, 22Ra, %2°Ac, 27Th, 29pa—230y
22nh p (low) 20pg_,290| 29p_,229Th
140x10%y p (high) 2117t 2Ry 29Rg, 254, 27Th, 20Pg 20y
d 20py_, 20|y, 229py_,229Th
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‘Cross section of 21TAt and 210At

Excitation function for
the 209Bj(a,2n)?11At reaction

Excitation function for o
the 299Bi(a,3n)?1°At reaction

1200
= 1800 =
E;=20.72MeV E\=28.61MeV
1000 o 19a0Kely o
g ] ! D a0 | o e
‘c 800 = o 1985 Lambrochts
5 ] 5 1200 ;1o Rtin:
2 S 2 o 1852 Rattan.:
H el 8 1000 | = f99éSinah-
o 600 & = 2005 Hormannes
8 ] 8 soo| — Pades
S [}
O 400- 600
1 400
200-
] 200
0 0 : |
20 0 40 50 60 0 o 10 2 =
Energy (MeV) Energy (MeV)

210At is generated from 29MeV or more.
How much 219At radioactivity is acceptable? Is it
determined by the relative value of 2''At or the
absolute amount of 2'°At?

211At is not generated below 20MeV.
Even if Bi is irradiated with a beam of 20 MeV or less,
it just generates heat.
— What s the optimal Bi thickness?

Optimal energy range of incident alpha particle E,: 20MeV<E <29MeV

FUKUSHIMA
T MEDICAL Advanced Clinical B
UNIVERSITY Research Center

‘ Astatine-211: a promising a-emitter

100000

10000
stable B
Decay scheme of 211At g 100

o
«  Belongs to Halogen series of the periodic table.

o its half-life is long enough for

Channel
Gamma spectrum of Z11At

to make an

n,
Alpha spectrum of *1At \‘@4 ® the o-particles energy of
1200 WA X 5.9 and 7.4 MeV emitted
Jop S Vg from 211 A% Po is

S » suitable for the treatment.

400 ® the X-rays emitted from

zug 211Po can be used for

0 counting and suitable to
& diagnostic imaging.

600 800 1000 1200 1400 1600 1800 2000
Channel

d radiophar It

o its half-life is suitable for deposit an effective dose in vivo when the At labelled peptide or

immunoconjugate used.

FUKUSHIMA  Advanced Clinical
DICAL
UNIVERSITY Research Center

g

Production facilities of
a-emitter in Japan

SapBOrO s,
o

@ 2'"At (*"'Rn) production facilities (6 places)
@ 227Th, 223Rg,
225Ac production facilities (3 places) .

@ User facilities including production
(more than 13 places)
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@ Tohoku Univ.

@ Fukus ¥
d.
e JAEA@Tokai
South Kore: L 2 ‘/_L
Daequ,, 2 Tohoku Univ. Oarai branch
Goangls O ausan Japan
| ki = o RN Toychama
Hioshina ,: Nagoyn £ NIRS, QST
1 RN, e Kyoto University
2 Kirighota i L Reactor
i
S s

Fomnrs iy

Fukushima Medical University ﬁ O 3

of health, medical care and welfare of

And to

to the

velfare of humanity through advances made

P FUcsis - Advanced Clinial
UNIVERSITY Research Center
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‘ Fukushima Global Medical Science Center

Fukushima Global Medical Genter has been established in order 1o follow both mental and physical health o the peopls in Fukushima and to support safely
and secuity from modical care standpoint after the sarthquake and nuclear accident.

arly diagnosis and advanced medical care, development of
medical squipment and test the novel diagnostic and therapeuic radiopharmacauticals that wil synthesize in our facility with ons location and one sirsich

concept, we would of

are three Centers and two Departments under Fukushima Global Medical Cent;

Radiston Medical Science Center for Deprtment of Trining and Human
Fukushima 5
P T ... JEYTepe——
Fousims, e follw boh mertsl 313 s who Sopport the Nl of i the pecpe
ot estof o e people i Fkims Fokutima v s e,

Advanced Cinical Researeh Canter
E econeracin of el s cis i vt

Overview of Fukushima Qlobal Medical Science Center

andchidren sndemergeney medcl ervics

Medical- Industria Transiationai
4 Researeh Canter
Creste (R
et e e g s

o ke ol 3¢ the Brdge Between s
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Community3nd sl W

‘ Advance Clinical Research Center

Here is one of the main places for the study of

targeted radionuclide therapy in Japan, where we
do the translational research and their
applications.

clinical

R yard for 1311 therapy
can B

il
PET/MRI

ey - Treatment for thyroid cancer

« Radionuclide therapy with new

Anima PET/CT

Cyclotron

INEMPBPET/SPECT/CT

BERBVERIERAMABNERAE A

'UK;E:”,‘\"LM Advanced Clinical
UNIVERSITY Research Center
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 Middle sized cyclotron; MP-30 «@e 2umitome

- fi——— 17 S y / Energy 15-30 MeV (Valuable)
. | e = Proton [Current 100 pA

1-131(B- emitter) Energy 8-15 MeV (Valuable)
. Deuteron
37.0 GBq: @ [Current 50 pA
o Energy 32 MeV.
22:21GBq:1@ Alpha [Current 30 pA
7.4GBg: @ ® ® —_ lon Source External(PIG:a+Multi-cups:P,D)
3.7GBq: D@ ® ©®© Port 1
R i Max. Targets Depend on Requirement
Power 150 kW
~ [Room W6.0xD5.5xH3.6
Non shield [\eight 60ton
PIG fon source Multi-cusp ion source
FUKUSHI;
MED‘CAT‘A Advanced Clinical "
UNIVERSITY Research Center

’ Astatine-211 production at FMU

Date 2018.6.27 Thick target yield of 211At  EStimated production yield of #At

at TTY = 30.7 MBg/pAh

Irrad. Cond.  18.2pA x 11min = 12.001mC 60 (s 2000
. o Kmetal. (2014)
Time of EOB  18:03:21 = | e Nagueal (o) 1800
< 50 @ Satoetal. (2017) 1600
. . 3 @ Groppi et al. (2005)
Bi thickness ~ 88um T | e vemmecta Goos) 5
2 o lobedactal. (005) £ 1400
Activity@EOB 46.5MB q (Expected: 50.9MBq) 540 | pemtemetal auon) =
Production yield: 91.4% 2 o Roschetal. 1985) /" s 1200
T 30 ® Thswork e g
- g 2
30 um Al degrader & 30 . £ 1000
e = . T 820,
X 2 800
£20 ° k:
= . o S 600
3
14
< 400
10 ry —10uA
200 —15uA
0 —20uA
1 0 E,,,g‘“AtFZB.SMeV
— 25 26 27 8 29 30 31 0 60 120 180 240
Before irradiation After irradiation Energy [MeV] Irradiation time{min]
FUKUSHIMA ini There deposit no 2''At radioactivity -
ey Advanced Clinical onthe Al degrader. E:/EK[;J%HXL\AA Advanced Clinical y
UNIVERSITY Research Center UNIVERSITY Research Center

’ Astatine-211 production records ’ Pretargeting RIT
from 2017 to date(9/30)

Back and Jacobsson, J Nucl Med. 2010 Oct;51(10):1616-2
1400 Problem of RIT an S| e T
— S «The maximum human tumor concentration "
1200 o S ep ® L . ;
= o ° ° of monoclonal antibodies (mAb) is achieved
£ 1000 @ o | G - in 1day, and several days are required for
Y Sminirad. g @ @@ @ °® o oo reduction of ulnlocallzed radioactive mAbs
Q2 800 LR ] i to tumor and kidneys.
®
> *Long biological half-life of RI imposes a
S 600 e oo o ° - e .
= ° [ high radiation burden on normal tissue
3 P oo during circulation in blood vessel, and short “.
3 400 N ¥ -
I ° ° physical half-life of RI almost decay during
« wmm» o0 o e o
200 ° the process of tumor localization.
°
° °
° °
0® e e % “ L, ] hd ) . - ) _
© OV NN OO Hd A AN NN N OO NN~ ® Pretargeting RIT consists of a separation of the delivery of labeling agent and
N O A N A I S NN L ) . ;
S S S % S S % S % SddddogY o 99 g the pharmacokinetics of mAbs. When the tumor tissue is already conjugated by
3 3 I I I I I 22222222275 Ab and shi fast cl it i ible to deli latively high radiati
S QX Q Q@ Q@R RRRS S DS S DD g g9 mAb and show a fast clearance, it is possible to deliver relatively high radiation
- O O O O O O O © © © O N N &N N N &N N N N O d t t
SSS8RIVRIRISRIRSN & oses to tumor.
FUKUSHIMA  Advanced Clinical FUKUSHIMA  Advanced Clinical
@ﬁ“&?‘&%v Research Center 7 @muvﬁyrv Research Center =
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tep1:mAb with avidin (1-3days)
Step2:chase (1-3hours)
Step3:biotin with RI
pharmacokinetics

Blood mAb

(non-
rasdioactive)
Tumor mAb
(non-
/ rasdioactive)

Tumor
radioactivity

Blood radioactivity

%doselg

Step 2:chas

Step 1:mAb with
avidin
active) 3 L3

Days

Step 3:biotin with
RI

o

W F mAb with avidin

| @ Chase

X Biotin with RI

hd
In human body

2 At-Pretargeting approach fot
advanced colorectal cancer

Sugiyama et al,, Cupid and Psyche system for the diagnosis and treatment of advanced cancer. Proc. Jpn. Acad., Ser. B 95 (2019) p. 602-611

PR 7
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e Advanced Clinical i m ’I;{ 2
UNIVERSITY Research Center (_' THE UK HRS 06 ToRMD
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Cupid - Psyche system R o
’ D e e BEAT

~next generation of pretargeting~

Psyche = biotin deribatives

e Lk

1
L~y T 4 Y SEC LB ERNE

3
£
i

B Cupid = streptavidin mutant

Sugiyama et al., Cupid and Psyche system for the diagnosis and treatment of advanced cancer. Proc. Jpn. Acad., Ser. B 95 (2019) p. 602-611
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225Ac-DOTA-E[c(RGDfK)], D &R

#5Ac: 500 KBq
M Ammonium acetate (pH6): 5 uL.
DOTA-E[c(RGDfK)],: 0.1 mg

95°C, 60 min
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Therapeutic efficacy of 225Ac-DOTA-
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[< /sy s¢ Preclinical Evaluation of the a-Particle
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Generator Nuclide 225Ac for
Somatostatin Receptor Radiotherapy of Neuroendocrine Tumors
(Clin. Cancer Res., 14(11); 3555-61, 2008)

AR42J (rat acinar pancreatic cell line) bearing mice

BALB/c mice P
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3.11

Ian Farnan (Cambridge University)

['Science of Debris: importance of fundamental research |

EURACEOMI

Tt s i rgon At gl VR il

High-resolution NMR of highly radioactive solids:
Applications in radiation damage.

lan Farnan

Department of Earth Sciences & Cambridge Nuclear Energy Centre

Actinide Science Meetina. Kumatori. 7th Februarv 2020

‘Debris Science’

Two types of debris TMI type and Chernobyl type

TMI 2 type U/ZrO2 solid solution + Fe etc

VO 42(06)0;

CEA Vulcan facility

‘Debris Science’

Effects of radiation damage in zircon

Chernobyl type (U/Zr)O2 +SiO2 +Ca0 +Al203 +Fe

(UIZr)O;

Glass matrix

(U/Zr)SiOs

2r-U-0 —§
<

/
(2r,L)si04
X

.é, U0, with zr

Density

Lattice parameters

Zircon ‘single crystals’

Swelling of both crystalline and amorphous
fractions of zircon with increasing a-dose

RSITY OF

Z /EF
“§” CAMBRIDG

Alpha radiation damage

Alpha recoil in zircon (ZrSiOa)

298i MASNMR

42 x10% alg

1.0x 10% o/g

T T e
. E3 0 5 an g 50
orn

Alpha radiation damage

g2+ 4.5-55MeV

-decay process

Results of Ballistic Monte Carlo Code:

recoil

"4

70-100 keV

Flight of a-particle causes ionisations and stopping
leads to 100-200 atomic displacements.

Recoil of heavy daughter nucleus causes ~1000
atomic displacements

35 UNIVERSITY OF

AMBRIDGE
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NMR measurement of radiation damage

NMR measurement of radiation damage

Attribution of amorphous and crystalline intensity

29Si MASNMR annealed 500 ‘C, 1 hour

Defects in crystalline fraction
annealed out

Area ratio of peaks is identical,
despite change in width of
crystalline peak

/ unannealed

Absolute quantification of radiation damage

} Direct Damage: f, = 1 - exp[-N4D,]

o
@

e
ES

Ny = 830 + 50 Si atoms/a

e
9

-4
°

For ZrSiOa: 6 atoms pfu
6 x 830 = 4980 + 300 total atoms
displaced per alpha decay

sx10”

o 1 2 3 4
o particles per Si atom

fraction Si in amorphous phase

recall, ballistic Monte Carlo code predicts 1000-1500 total atoms displaced

NMR measurement of radiation damage in highly

NMR measurement of radiation damage in highly
radioactive materials

Radiological MASNMR

Containment in CMX 7.5 mm Pencil rotor + inserts

need to prevent dispersion of
radioactive contamination in
event of rotor crash

no powder - cored ceramic

= PTFE secondary containment )
Sampl hard - soft - hard triple

i e core containment

= AIN primary containment

= Pencil rotor

separate safety protocol in
event of loss of spin-rate
= reading (alarmed)

Pu containing zircon (PNNL) 29Si MASNMR (3.5 kHz) Pu containing zircons

5.5 GBq

10 wt% 238Pu

t,,=87.7years D)

42x10 alg
5 wt% 29Pu
t,,= 24,100 years @
82x10%ag T T T T 1
[ 50 -100 150 -200
ppm

CPMG echo trains, 64 echoes, 1000s delay, 24 scans, 51.6 mg and
75.1 mg samples, 6 hours 40 min acquisition

NMR measurement of radiation damage in highly
radioactive materials

NMR measurement of radiation damage in highly

radioactive materials

239Pu radiation damage (t12 = 24,100 years)

1.0
0.8
Natural zircon
(570 million years) 0.6
)
o4
9% 255P i
10 wt% 29Pu zircon 02 10 wt% 239Pu zircon
TR e\ e e 0.0

T T T T T 1 5
o 1 2 3 4 5x10
o particles per Si atom

damage created by 23°Pu is similar to 238U despite a
dose rate difference of ~ 1.9 x 108

60 -70 80 -90 -100-110 Ppm Farnan, Cho, Weber Nature (2007)

Partitioning of damage between daughter recoil and alpha particle

cdacay process He?t

.
i

a - particle damage without recoil

/

noo\ / 4He2+
«

7Li 10B (n, a) reaction
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NMR measurement of radiation damage in highly

radioactive materials

NMR measurement of radiation damage in highly
radioactive materials

Boron-doped zircon

W B N T ZrSi04 with 0.3 Wt% Bra HIPed at 1500 “C.
£ Glassy borosilicate phase formed on interior of
pores.

Irradiated at HiFAR reactor in flux of thermal
neutrons for 1, 10 & 28 days at <150°C

Impurities were activated and samples not
released for several years - 28 days sample had
a dose rate of 1000 pSv/hr

10B (n, a) reaction

a-particle range 31 7Li calibration with spodumene 1

(LiAISi206)

I
N\

TLi signal intensity
N

Scatter (um)

Depth (um)

NMR measurement of radiation damage in highly
radioactive materials

NMR measurement of radiation damage in highly
radioactive materials

10B (n, a) reaction

7Li MASNMR 28 day zircon
sample - direct detection of the 7Li calibration with spodumene |
10B(n,a) nuclear reaction (LiAISi20e) /{
22 //
| e
| ,,
|
2
E 1 /
l 2o~
f (
s )
s A e 06 20 o o6 )

0 ° 2 «
chermical shift (pprm)

298 MASNMR in 7.5 mm rotor multiple containment (Cambridge)

1 day
10 days

Amorphous racton (S atoms)

28 days '

2 3 s s 5
Cumulaiive Gose (x 10° alpha-eventsiS)

43 Si atoms displaced for 7Li + a

90 95 -100

NMR measurement of radiation damage in highly
radioactive materials
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29S| MASNMR ZrSiO4 in 7.5 mm rotor multiple containment (Cambridge)

a + recoil 7.0 x 108 /g

No recoil 749x 10'8x /g

-50 -100

ppm =150

Partitioning: 5000 atoms /recoil + a, 100 atoms/a (without recoil)
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Debris Preparation Fluorination Analysis
(Mixing the component powders, (~500°C)
sintering at ~1600°C in He) Gas === U, Pu, Fe, Zr amounts

7L —> Solid

=== U, Py, Fe, Zr amounts

mol%) =

4(9): UO;+Z10,+PuO, (~49+~49+~2 mol 67+~30+~3 Wi%)

5(10): UO,+Zr0,+Fe+PuO, (~33+~33+~33+~2 mol%) = (~59+~26+~12+~3 Wi%)
(PuO, amount should be enough for the analysis after fluorination.)

13 wi%)
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Inner reactor

After Fluorination

Before Fluorination
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GROUP

Meeting for Actinoid Research Working of
Institute for Integrated Radiation and Nuclear Science
2020.2.7 at Kyoto University(Kumatori)

Study on reduction of disposal load of
High-Level Waste(HLW)

Koichi Kakinoki

Advanced Nuclear Plant & Fuel Cycle Engineering Dept.
Nuclear Energy Systems Division

Mitsubishi Heavy Industries, Ltd.

for this meeting,
other purpose, and do not transmitor disclose oulside this meeting

e R R —

Contents
1. Background

miTsuBiSHI

4
o BUTSUBIS

2. Study method for disposal load of HLW

(Examination of Model Using Mitsubishi Quantity Evaluation *1)

3. Examples of studies on reducing the disposal

load of HLW

(Calculation of the number of vitrified waste and radioactive toxicity using

Mitsubishi Quantitative E
(1) Input

valuation *1)

(2) Examples and Considerations of Reducing the Disposal Load

4. Summary

*1: MISA = MITSUBISHI SCENARIO ANALYSIS (uitsubishi Quantity Evaluation)

> Aprogram developed by Mitsubishi Heavy Industries, Ltd., to model nuclear
power facilities (Nuclear power plants, Reprocessing plants, etc.), calculate
the balance of physical quantity information within and between facilities, and

calculate the HLW disposal load

1. Background EN-T ]

Review of Future Rep! Plants ing the Repr Plant
@ Reprocessing of spent fuels for light water reactor, for plutonium thermal use and for FBR
@ Construction of facility development plans

- Facilities Development Plan [When, What kind of facilities, and How large will they be?]

- Reprocessing plans at the facility [What are the plans for reprocessing fuel?]

- Process patterns [What process systems do you adopt?]

- Concept of the plant [What will the Facilitie concept look like?]
@ Ability to respond to changes in the supply and demand balance of plutonium due to
environmental changes
@ Flexibility, Stability, and Economy of the development plan itself

Environmental changes

(Following the Fukushima Daiichi Nuclear Power Plant Accident)

®1n the utilization of nuclear power systems, it is important to consider a fuel cycle system that
takes into consideration the disposal of high-level radioactive waste in addition to improving the
safety of power plants.

®1In order to improve the feasibility of disposal of high-level radioactive waste, reduction of the

disposal load (Volume reduction and toxicity) is an important issue.

=A case study was conducted on the recovery time, quantity, and degree of reduction in the
disposal load of minor actinides(MA), which contribute significantly to the disposal load

2. Study method for disposal load of HLW

sy

‘Content of physical quantity
of the study model

Information within and between facilties

Source of nuclides

Nuclear power plant.

Nuclide generation by combustion of
loaded fuel

Physical Interim storage facility

Decay of nuclides in spent fuel

quantity Reprocessing plant
information

U, Pu and MA decay during storage

High-level waste storage
facility

Decay of nuciides in vitrified waste

ORIGEN2 code.

Each facility

Material balance calculation

Al nuclides covered by ORIGEN2 code

Calculate HLW | High-Level waste
Disposal Loads | storage and disposal
(Evaluation) | facilities

Generation of vitrified waste, disposal site
area, radioactivity (potential hazard)

Decay of nuclides in vitrified waste] U, Pu and MA decay during storage

Vitrified waste
informataion

* Quantity

- Disposal site area
- Potential hazard

Vitrified waste:

Recovered
Uand Pu

‘Spent fuel

Uranium fuel
Nuclide

generation by
combustion of
loaded fuel

Decay of nuclides
in spent fuel

Study model

Mass balance calculation for all
nuclides handled by ORIGEN2

HLW disposal load is calculated from th

power plants and

3. Examples of studies on reducing the disposal load of HLW
(1)Input(1/2)
- Power generation plan and Reprocessing plan -

[ Ttem Condition

Evaluation period 1966 to 2300 years

Power generation scale 39GWe (Nuclear power generations for 24% of total annual power generation)

“Reached 39GWe around 2030

- Replacement of existing light-water reactors to maintain power generation
capacity

- Plutonium thermal use is introduced depending on the amount of supply
from RRP.

Construction of light-water
reactors

Introduction of FBR - 0.5GWe/year since 2050(Introduction of 1 plant per 1.5 GWe in 3 years)

Introduction of second

Teprocessing plant 2050 (Since then, it has been constructed every 40 years.)

U, Pu, MA (MA recovery rate: 0, 70, 90, 99, 99.9%, started in 2050)

Target nuclides to be
vered

- 0
Power generation pian|

Reprocessing plan

Capacity (GW)

3. Examples of studies on reducing the disposal load of HLW

(DInput(2/2) rsumist
- Waste Disposal -
w0
Ttem Condition

Oxide content Current base: 13.7 wt% *, Parameters: 15, 20, 40 wt%
Huw
(vitrfied waste) Calorific value limit | 2.3 kW/unit

Storage period 50 year

Disposal method

Hard rock type rock mass, vertically placed

Disposal site Disposal site

specification

Based on 2000 reports.

vitrified waste.)

(The disposal hole pitch is adjusted so that the surface temperature of the
buffer material is 100°C or less in accordance with the calorific value of the

P disposal hole +

(So

urce:
‘Second Report of Ressarch and Development of Geological Disposal

Geological
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3. Examples of studies on reducing the disposal load of HLW

(2)Example and Consideration of Reduction of Disposal Load (1/3) S mrsumist
-Reduction of the Number of Vitrified wastes -
14E+05 (| —+—MA recoveny70% [ ———
— 90%
— 99%

136405 {| —~— 28B8% ‘
2 = = = Low burnup e (~ 2055 yers)
B AAbout 13%
N
4 12E+05
- T
a 4
S )

11E+06 L

32E/04 Fe========================%

olo/=y

2035 2055 2075 2095 2115 2135
MA recovery year
A High-bumup U ful tc. |
> Estimated number of vitrified waste (2001 - 2150 years) for each MA recovery rate in the MA recovery year
(2035, 2045 ...)

» Scenarios that reduce by about 13% are
"70% MA rec ccommercialized in 2055 = 99% MA recovery commercialized in 2075"
MA recovery earlier (year) than to improve MA

3. Examples of studies on reducing the disposal load of HLW

(2)Example and Consideration of Reduction of Disposal Load (2/3) ENC e
~Reduction of Radioactivity Toxicity (Sv) -
4E+2

AAbout 28%

3E+12

100 years, radiotoxicity
Less reduction (Am 241,243)

100 years, radiotoxicity
1/10 reduction (Sr; Cs)

produced by 2150 [Sv]
N
m
e
N
Breakdown
(MA recovery rate of 70%)

Radiotoxicity of vitrified waste

OE00 5035 2045 2055 2075 2095 2115 2150 | e |14
M 0

IA recovery year ga24)

IE

Fuel tobe Low-bumup
U fuel

D

coraz asel o
> Estimation of radioactivity (2001 - 2150 years) of vitrified waste by MA recovery rate in the first year of MA
recovery (2035, 2045 ...)

» MA dominates radioactivity in vitrified waste after 100 years**
1 : Criteria for inheritable control methods/system maintenance
> The scenario for reducing it by about 28% is "MA recovery rate of 70% in 2055 = 90% in 2075
It is more effective to commercialize MA recovery earlier (year) than to improve MA
recovery rate (%).

© 2020 MTSUBISHI HEAVY NOUSTRES, LTD. A Rits R, A Proprry

3. Examples of studies on reducing the disposal load of HLW
(2)Example and Consideration of Reduction of Disposal Load (2/3)
-Reduction of radioactive toxicity (year) -

A mmmusisty

10 e 25000
5
. 0

111

S
> Py g 20000
G 99% =
g o
3 S 15000
L2 oo hagi'}
© S T N i e B
8 £ S1oo00
w5 0001 35 \
2 £3
B 00001 £ 55000
E B4
22
000001 o
o e 1 10r 10e 108 0o 70 e e e

Age after geological disposal

Radioactivity toxicity after completion of geological disposal
(The object is the glass solidified waste which recovered MA. Standardization with MA recovery rate of 0%)

MA recovery rate [%]

Reduction of radiotoxicity (To the level of nature U)
-Reduction of MA recovery rate by about 15000 years even at 70%
Gradually decreased as MA recovery increased from 70%

4. Summary RN 7]

» From the viewpoint of recovery time and quantity of
minor actinides (MA), an example of HLW disposal
load is introduced.

» From the viewpoint of reducing the number of
vitrified wastes and radioactivity (Sv), it is more

effective to commercialize MA recovery earlier

(year) than to improve MA recovery rate (%).

» It is important for development to set appropriate

goals in time to meet the requirements.

RIS, LTD. 4 R

MOVE THE WORLD FORW>RD

MITSUBISHI
INDUSTRIES
GROUP
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R

Present status of the study on energy conversion into electricity using
actinides in radioactive wastes

Keniji Yoshii and Tsuyoshi Yaita

Materials Sciences Research Center
Japan Atomic Energy Agency (JAEA)

Nuclear wastes as energy resources

@ SR

Nuclear wastes

Heat
Spent fuels A
Vitrified wastes | -,

Radiation

-Long lifetime: longer than 50 years
-Continuous energy emission
+CO, emission free

e

Energy resource

Research thus far

Mainly on a and B particles
4 a: Thermoelectrics
B: Thermoelectrics and direct energy conversion

4G battery )
Bristol (2016)

Paper™~ Al Pb

Space use

Radioisotope thermoelectric generator
(RTG) e-h pair

creation

((@) Research plan of JAEA m’SR

Energy recovery of heat and radiation

Ve

e
heat Heat recovery ‘ Gammavoltaics

Spent fuels JAEA Tokai JAEA Harima
Spintronics ~ radiation sic,
Vitrified wastes PYYsFes0r, CdTe...

T. Yoshida et al.,

radiation | k ychida et al. J. Appl. Phys Nucl. Sci. Eng. 150, 362 (2006) and

111, 103803 (2012). soon,

Various research resources of JAEA

MSRC Tokai MSRC Harima

complementary
roles

i BL22XU, 23SU

Light elements

Heavy elements, real time observations
C, O and so on

Cd, Te...

(@@) Gammavoltaics: Elements in nuclear wastes

R EAFBETNILLARRUFE
]
U_G000MN/1 7ML

SR

K2 BLAIBERPOTIF/AE
R

: c
v | e | 3z '
zr | ivew | saedo | ane an
we | amecs | aseo | rmes [
L B Sk @ Gamma rays
7| 2w 100 as .
wr | suece i as 137Cs: 660keV
Po | imta ey as
241Am: 60keV

so | osec ey i m: €
& | Jmew Voot ' “55 237N0: 30K
| 2 s i - . eV
o | i e ! B P
@ | 2meor Lozl '
T S3E@ 10950 a8 R
| areee e o e
% | Toew e o ot o
o | G Gz i e
B | 2ar o i
G | reew aeza i
G | oz Tt | 2 i

15E e | e |1
v | swem e | smea |1

jre Vs |z |1 aoray
s | ivew e | Terw |1 ATiE
& | 2w e | zew |1
Gi | e o | 1aEw |1
T | zeem smre | zzece | 1
o | Zwico S | 1meee | 1
| S ot | twe | oos
i 3 3 . . . .
P e e e o e http://www.rist.or.jp/atomica/data/dat_detail.php?
o | s st | 2 |1 i -
i || 225 i | e | g Title_No=07-02-01-01
FAmmE= Zortn [ e

CRERHRO0 LA 7w

(@ Gammavoltaics: Energy conversion using SiC 1 R

Silicon carbide (SiC)
Tolerant to radiation: space usage
Without hazardous elements

- Sample: QST Takasaki
Ni(80 nm)/SiC Schottky diode
(n-type single-crystalline SiC;
1.7mm2, t=0.37mm)

- Energy conversion measurement
SPring-8 BL22XU: 60 keV, 30keV (24'Am,2¥’Np): 10912 photons/s/mm?
X-ray apparatus: 8keV(Cu Ko):10%%photons/s

radiation

Source meter Keithley 2400
The same as measurements for
solar batteries.

Ni/SiC

Energy conversion

K. Yoshii, T. Yaita et al., Meeting of Atomic Energy Society of Japan (2019)

Commercially available Si battery

@ SR

Measurement on low-cost Si solar battery

Amorphous Si solar battery (¥200)
0.5V 250mA : about 2-3 dollars (20mm x 100mm)
Goldmaster & Everstep Development Limited

0.000025
6.0x10°
8 keV . 60 keV
0.000020 4.0x10° ™
Z 0000015, 2 20107
B H
2 0.000010 g X
(3 0.38 W 3 -2.0x10°
0.000005 v 4.0x10° \
o 6.0x10° hY
U000 002 004 006 008 0z 1 00 01 02
Voltage (V) Volage (V)

-Low output voltages:Band gap of Si, 1.1eV; 3.3 eV for SiC
-No detectable electrical power for 60 keV: Transparent
== SiC is more suitable.
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(@ Waste heat recovery: Spintronics n’;SR

Nuclear waste: 500-1000kg

. Heat: 2000 W
(., B particles)

Vitrified waste

Spin Seebeck effect (SSE)
Pt layer

K. Uchida et al. J. Appl. Phys.
111, 103903 (2012),

‘emperature
Radiation: 500W gradient

Magnetic field Spin current

Photoemission spectroscopy

ISR

Collaboration with Kyoto Univ.

@

Collaborative works among Hot Labs.

Hot Lab. JAEA-Harima
Kyoto Univ. etc. / SPring-8
[ VY= yFER U-XAFS, p-HAXPES, CT, STXM

@00,

o v~ ] HE

l
sio,

< a
Elemental & Electronic structure

I LYYF,
Lt ]

Simulated Debris

@® ®
[ T ,\3 E T Optimization of sample preparation _
s g revic) e e
&9 <° Fels = XMCD STXM
3 AT=10K S AT=10K z /& ) &
10 PEmNG | S HEmyVG Z e BL22XU Basic Research &
20 0 20 200 20 2 [PsamviG Practical analyses for R
HO9 H©9) 3 Metallic Fe in Pt Radioactive materials. GB mi;;’:g oA
Tolerance against gamma rays E [Pam)YIG Py QXAFS ARPES
Energy conversion from nuclear waste Z [ Hot Lab. RI Laboratory@SPring-8
Appl.Phys.Lett. 109, 243902 (2016). Binding Energy (V)
M. Kobata et al., JPS Conf. Proc. 30, 011192 (2020).
. Ocn Ocn
(@) Summary and future studies mISR ((@)) mISR
1. Gammavoltaics using semiconductors
- Dark current measurement co"aborators
Nearly an ideal diode
Electrical power of 0.1-1uW/cm? Gammavoltaics
arsieal Y JAEA Spring-8
Efficiencies less than %
Radiation monitor, rather than energy resource? T. Fukuda, H. Tanida, T. Kobayashi, H. Shiwaku
Eficioncy should bo y JAEA Tokai
- Efficiency should be increased. .
Heavy elements J. Kamiya, Y Iwamoto
Stacking of thin films QST Takasaki

T. Yoshida et al., ATOMOZ, 48, 37 (2006)

2. Spitronics: Fe/YIG films
-Tolerant against gamma rays

- Electronic state observation using synchrotron radiation

- Energy conversion of radiation damaged samples
(in progress)

T. Makino, Y. Yamazaki, T. Ohshima

Spintronics: JAEA Tokai
J. Teda, K. Harii, S. Okayasu, E. Saitoh
T. Kikkawa, T. Hioki (Tohoku Univ.)
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Proposal of transmutation systems in a fusion reactor
to reduce high level radioactive waste by minimized
modification to the latest design

RAEKRF ARFRIFMAFH
RETEHR

1. Introduction

1.1 Severe problems on fusion reactor development

Controlled fusion reaction will be s
achieved by the ITER project.

g

Demo design is not fixed due to
remaining engineering issues

1) the divertor system loaded by extremely high heat flux
= fusion power might be reduced.
2) maintenance of components loaded by neutrons

Even after the Demo construction, , ,

IEEVISREECCen | Scaling up

The power increase brings more severe heat

[1] https://wwuwiiter.org/ load to the divertor. 2

1. Introduction

1.2 Significance of fusion R&D

Fusion R&D needs huge funds with small collateral.
= An anxiety arises that no one will support the further R&D.

We must show
investment to the fusion R&D is meaningful and inevitable.

How can we add to the fusion reactor
the inherent and attractive functionality
(near future collateral)
with small changes in the present fusion ?
(bright future goal to have energy source )

As one of the options,
Transmutation of minor actinides (MA) and fission product
generated from nuclear power plants.

1. Introduction

1.3 Closed nuclear fuel cycle [2]

Conventional cycle

Power generation

New additional cycle

Transmutation cycle
Fusion P2

<€
reactor

Blanket material
production

Long-lived
FP

Fuel

production Reprocessing

production

Other FP I_> Storage (detoxified soon)

We don’t need “Geological disposal”

[2] H. Hashizume et al., presented at the 27th International Toki Conference, November 19-22, 2018 Toki, Japan. 4

1. Introduction

1.4 The concepts of this study

Today’s topic A
Minor actinides transmutation [4]
> Solid fuels (Oxides or Nitrides)

» Underneath the null points
Large neutron load
and small heat load

» Very limited region

e 4=0[deg|

Outer vertcal ield coll

Minimization of the influences on the
latest design

J

(Fission products transmutation \
» Liquid fuels

(dissolved in molten salts)

Inner verical fiod coil
HC2-arm1
Holica col #2
Hez-arm2
Major radius 1.6 m Y
Fig. The helical fusion reactor FFHR-d1
and its poloidal cross section®!

> Very limited region in the blanket

Evaluation of the 133Cs transmutation!®!

(3] A. Sagara et al,, Fusion Eng. Des. 89 (2014) 2114, Development of the molten salts for
[4] Y. Furudate, H. Shishido et al., Prog. Nucl. Energy 103 (208) 28.

iali ion!6l
(5] . Kitasaka, H. Shishido et al., Fusion Eng. Des., submitted. \ specialized transmutation J
[6] . Kitasaka, H. Shishido et al., to be presented at the 28th International Toki Conference, 2019.

2. Objective

Purposes of this study are

1) to show how effective the transmutation by fusion
system is in terms of minor actinides and fission
products

2) to show how attractive the scenario to introduce
fusion systems is in case of Japan.
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3. Transmutation of MA

3. Transmutation of MA
3.2 Simulation conditions

3.1 MA loading position into FFHR-d1

. . . 41031
Fig. Helical fusion reactor FFHR-d1! Fig. Poloidal cross section

Minor actinide (MA) loading position Fig. Toroidal cross section

« Sufficient neutron flux with relatively lower heat flux
* Easy removal of MA from the reactor in the event of a severe accident
* Less influence on the existing design

3] A. Sagara et al., Fusion Engineering and Design 89 (2014) 2114-2120. 7

Simple rectangular region assuming the blanket system in FFHR-d1
Fusion power output : 1 GWy,
Coolant for MA loading position : Water, Flibe, Flinabe, PbBi, PbLi

Composition of MA : PWR UO, fuel (45 GWd/tHM, 5 year cooling)

Table Composition of MA nitrite fuel (wt.%)

10
wNp  MAm 23Am 5N '60 Loney
26.0 17.0 7.0 50.0 Neutron source
% 60 N First wall
Z| B VA + Coolant

60 Flibe (breeder)

i

e : Shielding
Neutron transport & burn-up simulation 70 T teriar
Programs: MVP-2.0 & MVP-BURN
Cross section library: JENDL-4.0 Ry Perfect

e (cm)

Zl>—>x Fig. Simulation geometry 8

absorber

3. Transmutation of MA

3.3 Simulation results

£0.990 E
s =
g g
Eo.980 5
> &
2 3
80970 | =
Y c
E IS
£0.960 | —e—FLiNaBe, 5
< PbLi D

—e—PbBi z

0950 /
o 500 1000 1500 2000 2500 3000 10 2

Operation period [day]
10° 10" 102 10° 10* 10° 10° 10"
Energy (eV)
Fig. Energy spectrum

Fig. Normalized atomic density of MAs

In the case of water coolant,
MAs were exceedingly depleted,
MAs were transmuted into the fissile nuclides.

3. Transmutation of MA

3.3 Simulation results

0.030
In the case of water coolant,

Toozs the most generated nuclides was 238Pu.
goow Np237 — Np238 — Pu238
Zoo1s (ny) B~ decay
3 (2.1 days)
©0.010
£
Zooos

The rather moderate transmuting MA
in a fusion reactor,
that is, with a low fission reaction rate.

0.000!
0 500 1000 1500 2000 2500 3000
Operation period [day]
Fig. Mass of 238Pu normalized by
the initial mass of MAs Neither large neutron wall loading

nor removal of large heat are required.

How about 238pu?
238Py may be available in a fast reactor or light water reactors.
Its feasibility in a fast reactor evaluated by simple simulations

has be done.
10

4. MA inventory scenario in Japan!l

4.1 Simulation conditions

Table Simulation programs and cross section library

Quantitative evaluation of the depletion

o Neutron transport code MVP2.0
amounts of MAs and construction of MAs
. S Burn-up code MVP-BURN
reduction scenario in Japan.
Cross section data library JENDL4.O
s contain
structure material
— |
Void (500)

A Nitride, Water (1)
-

Reflector (10)

[

FLiNaBe (50-1)

-
B.C(60)

500! 1400
(em)
Fig. Toroidal section of the helical reactor FFHR-d1
[3] A. Sagara et al,, Fusion Engineering and Design, 89, 9-10 (2014) 2114-2120 11
[4] Y. Furudate, H. Shishido et al., Prog. Nucl. Energy 103 (208) 28.

Fig. Calculation geometry

4. MA inventory scenario in Japan

4.1 Simulation conditions

Table Simulation conditions

Fusion output 1
(6w) .
30
MA amount 50 " .
(ton) All regions contain
MaA fuel type Nitride 10 vol.% structure material
Density 143 _
(g/cm?) (MA:13.5,N:0.8) Void (500)

B
MA composition PWR UO, fuel itri Fafer
45 GWd/tHM, 5 year cooling MA Nitride, Water ()
Excepting Cm244 -Reﬂecm (10)

Table Simulation parameters aBe (50-1)

Toroidal range of 18,36 E 0

loading position © (°) ,C (60)

Loading thickness ¢ (cm) 3-20

Reflector material Graphite

Density (g/cm?) 226

Reflector material Lead

Density (g/cm?) 110

Reflector materil None Fig. Poloidal cross section of loading position
{FLinate) (case of 10 cm) arranging the neutron reflector; ,
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4. MA inventory scenario in Japan

4.2 Burn-up simulation results

4. MA inventory scenario in Japan
4.2 Burn-up simulation results

Table Results of the burn-up simulation

Loaded MA [ton] 80 \ 40 \ 20
Fusion power [MW] 1,000
Thickness of MA [cm] 10 20 10 20 10 20
Volume ratio of MA [vol.%] 46.8 234 234 11.7 11.7 5.9
Fission power[MW] 590 280 190 120 80 60

Heat generation rate

in fuellW/cm?] 119 58 79 48 67 45
In reactor core [W/cm?] 55.7 136 185 5.4 7.8 27
Support factor [-] 283 226 13.8 12.8 83 8.5

Transmuted MA/year in a fusion reactor

* =
support factor Generated MA/year from a 1GWe PWR

Table Power density in primal fission reactors
BWR /PWR CANDU Calder Hall /AGR

Average power density

w/em?] 51/95 12

0.5/2.8
13

Table Results of the burn-up simulation

Loaded MA [ton] 80 \ 40 \ 20
Fusion power [MW] 1,000
Heat generation rate
in fuellW/cm?] 119 58 79 48 67 45
In reactor core [W/cm3] 55.7 13.6 18.5 5.4 7.8 2.7
Support factor [-] 283 226 13.8 12.8 83 8.5

Table Comparison of support factors between fusion reactors and ADS

Under construction Next system

Name Main parameter Main parameter Support
factor
A0S MYRRHA Protonbeam ~ __12.5times . Proton beam
(Belgium) 2.4 MW 30 MW 10
Fusion ITER Fusion power 2-3.6times . Fusion power
reactor  (France) 500 MW 1000-1800 MW 22-40

4. MA inventory scenario in Japan

4.3 Conditions for the MA inventory scenario

4. MA inventory scenario in Japan
4.4 MA inventory scenario results

4 N\
M Reoperation of LWRs 200
* NPPs occupy 20% of total 180 — MAin SNF
electricity (114 GWe) in 2030 Z 160 )
« After 2040, 20% — 31.5% R
T
890 kgMA/year 3 100
£
. . 3
W Operation of reprocessing plants g 6
Reprocessing capacity § ;g
800tU/year from 2020 0
1600tU/year from 2040 1950 2000 2050 2100 2150 2200
AD
‘ Fig. MA in the spent fuels accumulation
MA accumulates approx. 50 ton in 2050
\

Operation assumption 180 | = = Without Transmutation .
Total ’
160
B = 140 Unrecovered .
AD. Reactor operation f I Recovered S
~ 1 reactor £ 100 Loaded P
20502070 (1 GW fusion output) 5 g0 ‘A D g
2 react H E 524
reactors 60
~ <
2070~ 2090 (1 26W) E ”i
- 2 reactors 20 A=
2090 2.36W) o

1950 2000 2050 2100 2150 2200 2250

Fig. MA transmutation scenario in Japan

assuming the operation of fusion reactor from 2050
MA amount loaded in fusion reactor
keeps 50 ton by reloading every year

Effective transmutation of MA is possible utilizing fusion reactor

5. Summary
By introducing small changes in the present DEMO design

» Effective transmutation of MA is possible utilizing fusion reactor,
that is, a total fusion output of 5 GWth is enough to reduce MA in
Japan.

»  Fusion system is very attractive to solve the most important
problem “how to close nuclear fuel cycle”.

17

6. Future work

» Specification of the transmutation system design
We have begun to study this from the viewpoint of
thermohydraulics and neutronics.

» Consideration of the total balance in the fuel cycle
The scenario presented today is quite optimistic.
Independent transmutation system not requiring separation process
is necessary.

» Realization of the transmutation targets
Fuels are solid or liquid?
There are few data regarding the mixture of MA oxides.
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6. Future work

> Realization of the transmutation targets
Fuels are solid or liquid?

Solid fuels

There are few data regarding the mixture of MA oxides.
Stability? Phase diagram?

Liquid fuels

Liquid fuels are preferable if we converge the waste to Pu-238.
It is easy to control the irradiation and separation.
Fluorides, or other molten salts?

19
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Development of relativistic electron correlation
program for heavy-element molecules

Minori Abe [ ER7E B
BHALEE

Tokyo Metropolitan University, Department of Chemistry
minoria@tmu.ac.jp

I

1. HEXERIEFIEZCONT

2. ETFEBEEMRICONT
3. tExERAEFREEOR BB (TIH, TI, BIODF)

7O

1. HEARERIEFILZCONT

X R EF NFDEE

EEE EF1 FLLHTER 2
CEFTEO 9 (v~ RS TR
E—)zha— 2
E=cpime |, 5 Gy | gy =Hes ey

L= DR ENENNEEHCBRERE

PP +miet = (ca P+ ﬁmcz)2
INEBETHULGA e, fEIFT

Paul Dirac a,:(go' c(;] B:(; 7‘)1]
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|
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1EFRAS Dirac/\I) FZ7VDITHIRIR
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1zAY-Fi

255

v T C, G s 0 C, C; 3
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Xt EmiEDIELR HxtEmADIESE
DA% Diracik DA% Diracik

@25 533 8L5% (X2C, 10TC, IODKH, ZORA, Breit Pauli...)
» AEUKRTFE (2R iE)
hEDEHO
AR5 EEIZF R CFRAE MEVETEIA M EHREO
« AEVIEIRTF (SF)iR (17 3%)
QFEHER NI =TV

+ M ERAOAE $NFRT Y %) L(RECP)
(BXEDIERX /R TIOT S LED LEE TOK)

@2/ 533 48L5% (X2C, 10TC, IODKH, ZORA, Breit Pauli...)

- AEUREEE 2B %)
IO

4F 7 EEFERUBE BV EIAMEREO
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770 777 2
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/2] Experimental value for U(ll)-U(IV) system: 2.7%, see Refs. (16, [17]. [b] Experimental value for U(V)-U(VI) system: 324%, gbe Refs. (2], [18].
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5 Adsorption and desorption of cesium ions using clay minerals
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International Nuclear Information System (INIS)

The International Nuclear Information System (INIS) hosts one of
the world's largest collections of published information on the
peaceful uses of nuclear science and technology. INIS is a unique
and valuable information resource, offering global coverage of
nuclear literature.

It covers all areas of IAEA’s activities, including nuclear engineering and
technology, nuclear safety and radiation protection, safeguards and non-
proliferation, applications of nuclear and isotope techniques, nuclear and
high energy physics, nuclear and radiation chemistry, nuclear applications in
life sciences, legal aspects, and environmental and economic aspects of
nuclear and non-nuclear energy sources.
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¢ Méssbauer Spectroscopy:
Suitable & Attractive for Actinides Research

¢ Specific for Massbauer Active Nucleus
» 2’Np Mossbauer : High Resolution & Sensitivity
both to Magnetic & Quadrupole Interaction

o 23810 Mossbauer : Moderate sensitivity to
Quadrupole (& Magnetic) Interaction

43Np (1908)? 43Tc

usNh (2016)
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Decay scheme of 241Am
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Electric quadrupole splitting and magnetic splitting of 22’Np

23INp Mossbauer spectrascopy for Coordination
compounds

23INp Mossbauer isomer shifts are spread out from
+40 to -80 mm/s relative to NpAl, and clearly
correlated with the oxidation state.

Correlation between the isomer shifts and
coordination number has been found.

The mean Np-O bond distance has a relation with
the Isomer shift values and e2qQ values.

*The actinide elements display a much greater range of oxidation state than the
lanthanides, particular in the early part of series.

*Most complexes of actinide elements in oxidation states higher than +4 contain
the actinyl ions AnO,™(n=12)

*Np(VD)O,** Coordination compounds are similar to U(VI)O,?* Coordination
compounds in crystallograhically chemistry.

*Np(VI): 51, U(VI): 5
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Apparatus for 2Np absorber of Np compound

Maossbauer mesurement

Np(1V)

5 /mms’ NaNpNbTiO;

Np(V).CN=8 NpO:00CC,Hs+4H,0-2 Ko Npo Fyy

K(NpO)CO; =1 NpO,
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Np(VD), CN= CsNpO, KaNR: Ba)M\J:O,
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Isomer shifts of neptunium compounds

Red : measured in JAERT

Inorganic Chemistry

X-ray Diffraction, Méssbauer Spectroscopy, Magnetic Susceptibility,
and Specific Heat Investigations of Na;NpOs and NasNpOg
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zirconium phosphate, a member of the NZP
family: crystal structure, thermal behaviour
and Méssbauer spectroscopy studies
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Journal of Radioanalytical and Nuclear Chemisiry, Vol. 239, No. 2 (1999) 319-323

Synthesis of neptunyl(VI) hydroxides and their 23’Np Mgssbauer spectra

Four types of neptunyl(VI) hydroxides have been synthesized by chemical oxidation of Np(IV) instead of ozone oxidation of Np(V) which caused
the partial oxidation to the heptavalent state. NpO,(OH); (1) and NpO,(OH), H,0 (orthorhombic type) (II) have been obtained by adding pyridine
to the solution at 373K and 343K, respectively. NpO,(OH), H,0 (hexagonal type) (ITI) and NpO,(OH), xH,0 yNH; (x+y
prepared by using LIOH and NH,OH , respectively. The four materials have been characterized by X-ray powder diffraction patterns,
thermogravimetric analysis and 2*"Np Méssbauer spectra. The 2*’Np Méssbauer spectrum of (I) measured first time as anhydrous neptunyl(VI)
hydroxide (8=-46.2 mmvs, ¢24Q = 193 mm/s and 1 = 0.16 at 4.8K) has more distinct five-line Mossbauer pattern than those of (1), (III) and (IV).
The Massbauer spectra for (1), (IT) and (IV) are slightly different from each other. The structural information has been obtained from these data.

T. Saito,! J. Wang,! T. Kitazawa,! M. Takahashi,! M. Takeda,! M. Nakada, T. Nakamoto,2

N. M. Masaki,? T. Yamashita,2 M. Saeki?

! Department of Chemistry. Faculty of Science, Toho University, Funabashi, Chiba 274, Japan
2 Advanced Science Research Center, Atomic Energy Research Institute, Tokai, Ibaraki 319-11, Japan

(Received April 8, 1998)
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Fig. 2. INp Mdssbauer spectra for NpO(OH); () at 4.8 K and
NpO,(OH,)-H,0 (orthorhombic type) (ID) at {l K
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Structural Characterization of Neptunyl(VI) Trinitrato Complexes:
M[NpO.(NO;);] (M H," and K*)

Junhu Wang, Takafumi Kitazawa,” Masami Nakada,” Toshiyuki Yamashita,” and Masuo Takeda™

Department of Chemistry, Faculty of Science, Toho University, Miyama 2-2-1, Funabashi, Chiba 274-8510

Materials Science, Tokai Research E: Japan At

Tokai-mura, Naka-gun, Ibaraki 319-1195

ic Energy Research Institute, 24 Shirane,

(Received May 16, 2001)

p Massbaver spectra of two mplun)I(Vh wrinitrato complexes, MINpO:(NOs)s] (M = NH, 1 and K 2) were
measured at 4.5 K, 10 K and 30 K, respectively. The spectra show magnetic hyperfine splittings similar to the spectrum

of Rb[NpO(NO )] 3 already reported. Since the SQUID data of 1 indicate that 1 is paramagnetic from 2 K 10 room
temperature, the magnetic due to slow p: relaxation. Tand2
Were refined by the Rietveld analysis, and the mean Np-O bond distances of 1 and 2 have been obtained. Almost the
same Np-O bond distances of 1, 2 and 3 exhibit about the same & values. This is consistent with the linear relationship
between the & values and the mean Np-O bond di for the neptunyl( P

25;

Bull. Chem. Soc. Jpn..75,No. 2(2002) 25!

(%)

v/mms?

Fig. 5. 'Np Méssbaver spectra for the neptunyl(V1) trinitra-

to complex, KINpO:(NO:)] 2at 45 K, 10K and 30 K.

Table 4. *’Np Méssbauer Parameters for the Neptunyl(VI)
“Trinitrato Complexes, MINpO:(NOs)s] (M = NH,* 1, K"
2and Rb' 3) at Various Temperature

Complex &mms ' e'qQmms ' Hg/T TK
—36.2(3) 2402) 2012) 45

NH(NpOANO;)s1 1 —36.5(1) 243(1)  288(1) 10
-3672)  285(1)  2880) 30

2412) 2892) 45

KINpO(NOs)s] 2 243(1)  288(1) 10
204(1)  288(3) 30

2432 91(2) 45

RB[NpO(NO;):I** 3 —363(2) 245(2)  288(1) 10
—3613)  247(3)  288(2) 30

Relative 0 NpALat 42 K. **Stone and Pillnger reported
”‘\p Massbauer parameters at 4.2 K: § = —38(3)mms ',
€%qQ = 248(6)mm s, Hyr = 529(5)mm s ' (I mm s~ "
5.62 > 10° T, assuming 1, m. for *'Np) in Refer-
ence 10. The Hey value 333(3) T calculated from the data of
Ref. 10 was reported in the review of Ref. 1. This value may
be obtained by using the different magnetic moment for the
ground state of Z'Np Méssbaver transition (1, = 3.14
nm.)."® Our recalculation of the Heg for 3 by using i, = 2.8
nm. gave the value of 297 T.
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Y s Emission Méssbauer spectra of the title

compound measured below 80 K consist
of three components ascribed to two
Fe(1l) high-spin states and one Fe(lll) low-
spin state. It was concluded that a part of
R the Fe(ll) high-spin species converts to an
s Fe(lll) high-spin species above 210K,
based on the comparison of the results
with temperature-depending spin-
crossover transition of the isomorphous
[Fe(py),Ni(CN),].

Figure 1. Emisson Mossbae
o(py)NHCN). Solid lines indicae the reslsof Ieas-
quures iting using o Lovenczia e shupe.
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Conversion of the Valence States of Fe Atoms Produced in *’Co-labelled
[Co(pyridine),Ni(CN),]

‘Takuma Sato,* Fumitoshi Ambe, Takafumi Kitazawat_HiratoshiSano | and Masuo Takeda™
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T Department of Chemistry, Faculty of Science, Toho University, Miyama, Funabashi, Chiba 274
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Fe(II)HS1: This component has Mossbauer parameters (&
and AEq) at 296 K and 210 K very similar to those observed in
the absorption Mossbauer spectra of [Fe(py),Ni(CN)4] measured
at 298 K (& = 1.06, AEq = 0.86 mm/s) and 210 K (8 = 1.13,
AEqg = 1.08 mm/s). It is reasonable to conclude that the
produced 57Fe atoms of this component are located in the original
coordination environment above 210 K. Following the
interpretation of Giitlich et al. 57Fe atoms are assumed to be
trapped in the excited electronic state (ST) by the NIESST effect
at low temperatures.
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Preparation and Moessbauer spectroscopic study of 4-
cyanopyridine coordinated neptunyl complex

Nakada, Masami (Japan Atomic Energy Agency, Advanced Science
Research Center, Tokai, Ibaraki (Japan)), Nakamura, Akio (Japan
Atomic Energy Agency, Advanced Science Research Center, Tokai
Ibaraki (Japan)); Komagine, .. (Toho Univ., Tokyo (Japan)); Takaha

M. (Toho Univ., Tokyo (Japan)); Kitazawa, 1. (Toho Univ., Tokyo (Japan));
Takeda, M. (Toho Univ., Tokyo (Japan))

META

Abstract

[en] We have studied chemical and physical properties of Np compound using
BTNp Moessbaer spectioscopy. Recently, pyridine and bipyridine
coordinated neptunyl complexes were synthesized and measured by 7Np
Moessbauer In the present work, coordinated
neptunyl complex was synthesized and measured by 'Np Moessbauer
spectroscopy. 4-Cyanopyridine coordinated uranyl complex was synthesized
for confirming a synthetic method. This complex was measured by X-fay
diffraction. A coordination number of U atom was 7. 4-Cyanopyridine
coordinated neptunyl complex was synthesized according to the uranyl
complex synthetic method. X"Np Moessbauer spectrum of the neptuny!
‘complex was measured at low temperature. We observed the spectrum with
16 absorption fines at 10 K. (author)

T

Hyperfine Interact (2005) 166:417—423
DOI 10.1007/s10751-006-9302-9

Relationship between 237Np Mossbauer parameters and
bond di in nitrogen i

Takeshi Kawasaki & Takafumi Kitazawa & Tatsuru Nishimura &
Masami Nakada &Masakatsu Saeki

Temp GSUNpAL) €40 Hy/T t/ns
/K /mms! /mms!
40 -39.6 190 220 0235

30 -39.6(5) 189(4) 220 093)
20 -39.5(3) 191(2) 220 21)

1 39902)  193@2) 2201) -

of [NpO, 1

1. Np0,CO;4

2. a-NpO,(OH),

3. NaNpOy(C,H,0)s 262 Np(V)
4.Np0,(NO,)6H,0 ;35

5.Np0,C,0,43H,0 e

6. B-NpO,(OH), 21. 24 9

7. BaNpO,

8. K;NpO, 21. NpO,(CH,0HCOO)H,0

9. B-Na,NpO, INpOy(acacypyl - 22. (NpO,);(CsH4(COO),)*4H,0
| 23. NpO,(HCOO)-H,0

24. (NPO,);(CH,(CO0),)-4H,0
25. (NPO,)(NO3)*5H,0 -1
26. (NPO,)(NO3)*5H,0 -2

27. NH;NpO,(HCOO),+H,0

!
NpO.COR3ILO 5|

E¥ I np(viy

165 17 175 18 185 19

Np=0/ A : mesured in JAERI

red :
Plot of 5 against Np=0 bond distance for the neptunyl compounds
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Table 11 The sclected bond lengths and angle of [UOx(acacpy]

Bond lengihs Crysal data

17701) A

23650) A

23450) A

N(1) 2600) A
(1)-U-0(1) 17830)




[NpO,(acac),py] [UOx(acac),py]

* sk

Crystal system  orthorhombic  orthorhombic  orthorhombic

Space group Fdd2 Fdd2(#2) Fdd2(#2)
a(R) 29.617(5) 29.702(4) 11.432(3)
b(A) 11.406(2) 11.4332) 29.708(5)
c(A) 10595(4) 10.593(2) 10.598(4)

V(A% 3579(2) 3597.3(10) 3599(1)

M=0 av.(A) 178 1.83 1.77

M-N (A) 2.56(3) 2.47(1) 2.602(3)
0=M=0 () 176.5(19) 173.5(8) 178.3(2)

*N. W. Alcock et al. Acta Cryst., C43, 1476-1480. (1987).

#*N.W. Alcock et al. J. Chem. Soc., Dalton Trans. 679-681.(1984).

Takeshi Kawasaki & Takafumi Kitazawa & Tatsuru Nishimura & Masami Nakada &Masakatsu Saeki
Hyperfine Interact (2005) 166:417-423

It is well known that the mean Np—O bond distance of
the neptunium compounds is shorter by 0.01 A° than
that of analogous uranium compounds. The good
agreement in the 2>’Np-Mossbauer parameters and the
Np-O distance has indicated that the reported
analogous [UO,(acac),py] structure may have some
inaccuracies. Therefore, we have redetermined the
crystal structure of [UO,(acac),py]. The U-O bond
distance we have obtained is reasonable

Crysal Duta
complex. Selected Bond Lengths and Angles
Empircal formula Bond Lengths (A)
Formula weight - - =
. U=0y U103 17710)
Crystal system Triclinic Ul1-06 1.780(3)
Space roup i U-Oene ul-01 23373)
alk S.1380(6) Ul1-02 2.354(3)
biA 110876 U103 2343(3)
clA 1155439) U1-04 2337(2)
‘/; . " wxmx UN UI-NIL 2.660(3)
o . ) Bond Angles ()
/ vin 2842 0,=0=0,/ 05-U1-06 177.07(11)
z 2 Oucec-U-Oucac 01-U1-02 70.81(10)
o/ g em? 2038 01-U1-03 78.55(10)
o/ s 03-U1-04 70.8009)
Fioo0) 56 02-U1-04 139.58(10)
e s o Ousc-U-N 02-UI-NI 70.8209)
Daa s et 458210/ 230 O4ULNI __ 69.63(9)
GoF o 1057
REWR2U> 200) 00231,00566
Fig. Crystal structure of [UO(acac),(4-cyano-py)] 0.0259,00578
1703, 0631
-30 1. Np0,CO,
[NpO(acac),(4-CNpy)] 2. a-NpO,(OH),
- 1 3. NaNpO,(C,H,0,);
10005 4.NpO,(NO,)*6H,0
5.Np0,C,0,°3H,0
- 6. B-NpO,(OH),
b 3 7. BaNpO,
2 10000 Pl 20 \d 8. K,NpO,
> .45 6 9. B-Na,NpO,
§ o * * 10. [NpOy(acac),py]
= a9ss d 5
750 \@\
99.90 55
M &
velocity (mms”) -60
1.65 1.7 1.75 1.8 1.85 1.9

Fig. 23’Np Mossbauer spectrum of [NpO,(acac),(4-cyano-py)] at 10 K

Np=0 (A)

Fig. 1 Plot of isomer shift (5) vs Np=0 bond distance for the neptunyl(Vl) compounds.
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Summary-1

The neptunium(VI) ion in I is coordinated by six oxygen atoms and the one

nitrogen atom of 4-cyanopyridine in the same way of the Uranium(VI) ion in Il.

237Np Mossbauer spectrum of the neptunyl(ll) complex | has been measured
at 10K, with observation for the 16 absorption lines due to the magnetic
interactions. The isomer shift value obtained for I is -39.4(5) mm/s, which falls
in the range for the Np(VI) oxidation state.
The relationship between the isomer shift and Np—O bond distance of the
neptunyl group for oxygen coordination compounds is in good agreement with
the crystal structure of I.
The U-O distances of [UO,(acac),(4-cyano-py)] Il are reasonable, being
associated with the 23’Np Mossbauer parameters liked to the Np-O bond
distances.

Summary-2

+Strong correlation is found between Np=0 distance and isomer shift, & of
neptunyl(VI) compounds.

D‘} The 5f electron density in Np atom increases as the Np=0O
distance decreases. An s electron density at the nucleus
decreases as the Np=0 distance decreases.

+The & value of [NpO(acac),4-CN-py] is more positive than oxygen
coordinated compounds with CN=7 such as NpO,C,04+3H,0".

This is considered to be due to the increased electron donation
from the nitrogen atom to the Np 5f orbital compared to the
oxygen atom, to lead to the increase of shielding effect to 6s
electron and thus decrease of total s electron density at the Np
nucleus.

*J. Wang, T. Kitazawa, M. Nakada, T. Yamashita, M. Takeda, J. Nucl. Sci. Technol, Suppl., 3, 429-432
(2002),
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Functional structure and
adsorptivity to metal ions of
monoamide resins for selective
separation of uranium(VI) species

Masanobu Nogami

Department of Electric and Electronic Engineering, Kindai University,
Osaka, Japan

Background to develop resins with
selectivity to U(VI) in acidic HNO, media (1)
Preferable method to separate U(VI) from other metal ions

Large scale : Solvent extraction

Typical chelating resins developed for

Amidoxime resins

_
C
N

U(VI) uptake

Resins with phosphono groups

Tannin

E(OH)z
o

Polymerization

Resins with protic functional groups cannot be used in aci HNO; media

®

Background to develop resins with
selectivity for U(VI) in acidic HNO, media (2)

o}
R< L
- N@
hydrocarbon group N-cyclohexyl-2-pyrrolidone (NCP)

monoamides
Precipitant for U(VI) in
Extractants for tetravalent and HNO, media

hexavalent actinide ions from

Background to develop resins with
selectivity for U(VI) in acidic HNO; media (3)

Monoamide compounds in nuclear back-end

Decrease in generation of secondary
wastes would be possible because they
consist only of CHON atoms.

They have a carbonyl oxygen atom which
has a strong interaction with actinide (IV)
and (VI) species.

HNO, media in solvent
extraction systems

UO,2* + 2NOy + 2NCP
—>  UO,(NO;),(NCP), 4

Monoamide extractants selectively extract

U(VI) and Pu(lV) in a¢

HNO; media.

Complex of monoamide

Similar adsorptivity is expected for resins. extractant and U(VI)

Background to develop resins with
selectivity for U(VI) in acidic HNO; media (4)

Small number of earlier studies for resins for recovering U(VI)
» TBP-impregnated adsorbent
» Monoamide adsorbent (Mitsubishi Nuclear Fuel Co., Ltd.)

Moncamide

Proposed chemical structure of U
extracting agent developed by
ishi Nuclear Fuel Co., Ltd

Preferable resins :
The polymer network and the functional group are chemically bonded.
Phosphorus is not included in the component from the aspect of CHON

% L

Our method for
synthesizing resins

Coating of polymers
on porous silica

Different from resins
where silica and
organic functional
groups are "
chemically bonded é
(See right side) w7

=

MSPhII MSPhIIT MSPhIV

Scheme 1

U sorpion from

Materials, 180, 22 (2013)

Microporous Mes
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Synthesis of monoamide resins
- 1 step reaction (polymerization)

Evacuation into vacuum |

1 ]

[‘Addition of raw oil (monoamide monomer, |
| DVB, pore producing solvents) into flask
Porous silica = O D

4 kinds of liquid

(monomer, etc.) ———
Stepwise polymerization
from R.T. up to 90°C in total 18h

L 5

Wash of product with acetone
| (Removal of pore producing solvents)

L !

[ wash with water |

i _Synthetic scheme
4 kinds of liquid + Synthetic scheme

a§€ Synthesis of monoamide resins
- 2 step reaction -

Pore producing
solvents
—
CH,CI
18hr

mip-chloromethyistyrene  m/p-DVB
(CMs)

120°C, 66hr

oH NaH, DMF o
W > W
CH,-C-N-CH, CHy-C-N-CH,

120°C
N-methylacetamide

Synthetic scheme of Silica-MVBAA

Adsorptivity of silica-supported
monoamide resins to U(VI) in HNO; (1

N-methyl-N-(vinylbenzyl)acetamide
(MVBAA)

Dependence of concentration of HNO, on
adsorption of U(VI) onto Silica-supported
monoamide resins

([U(VI)],; = 10mM, 1wet-g resin / 10cm? sol.,
98K, 1h, K, values were calculated by
xcluding weight of silica.)

mi, Uranium: Compounds, Isotopes and Applications.
Techniques of Uranium from Other Metal fons, NOV/

Adsorptivity of silica-supported
monoamide resins to U(VI) in HNO; (2)

® VBAP is non-adsorptive.

® K, values of MVBAA, VBPP, VMAA are low.
Coordination of carbonyl oxygen atoms to U(VI)
was difficult, because cyclic structures containing
nitrogen atom generates steric hinderance.

s Complex of monoamide
extractant and U(VI)

M. Nogami, et al . Nucl. Ch
DMAA VP MVBAA VBAP VBPP VMAA |'M.Nogamietal. . Radioanal. Nucl Chem., 273, 37 (2007)

[2IM. Nogami, et al., Prog. Nucl. Energy, 50, 462 (2008).

3’% Adsorption mechanism of monoamide
resins to U(VI)
1637cm-
s | |
<
E i Silica support
E
2
e
= 15956m1 0 928cm! (U=Olpond)
2000 1500 | 1000 500
1400cm* (free nitrate)
Wavenumber / cm!

1500cm (nitrate when coordinated to UO,2) Hy

IR spectra of Silica-DMAA before

and after adsorption of U(V1) Probable adsorption mechanism of U(VI)

(a) before adsorption, (b) after adsorption on Silica-DMAA resins

Selectivity of silica-supported monoamide
resins to U(IV)/U(VI)

[HNO,1 1M [HNO,J 1M [HNO /M

Dependence of concentration of HNO on adsorption of U(V1) and U(IV)
onto Silica-supported monoamide resins from HNOj solutions

([UV)],, = 10mM, 1wet-g resin / 10cm? sol., 1h, 298K).

The very low affinity of Silica-MVBAA resin to U(VI) is expected to result from the restriction of
the coordination of oxygen atoms of monoamides to UO,* cations by the polymer network
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Adsorptivity of silica-supported monoamide

resins to other metal ions

~ Chain-type ~ Cyclic-type
S

i ) N_O
YO o adsorplion of FPions S Adsorption of some FP ions
vP)

oz @
| P 13
—>—RelVID 2]
o Mol 2]

uv) 2]

cdbooxxedrem

2 4
[HNO]

[2IM. Nogami, et al., Prog. Nucl. Energy, 50, 462 (2008).
[1]M. Nogami, et al., J. Radioanal. Nucl, Cher., 273, 37 (2007). [3]S. Nakamura, et al., ANUP2016, Sendai, Japan, P-07 (2016).

a§€ Adsorptivity of commercially-available PVPP

Polyvinylpolypyrrolidone
(PVPP)
-

o Re(vil)
- UV)

Cross-linked form of water-soluble
polyvinylpyrrolidone (PVP)

Dependency of concentration of HNO, on adsorption of various metal ions onto PVPP
(M}, = 0.831~10mM, 0.1~2g PVPP / 4~24cm? sol., R.T, 30 h)

Only Pd(ll) and Re(VIl) are weakly adsorbed onto PVPP and the other

major FP ions are non-adsorptive.

= U(VI) is expected to be separated from major FP ions by normal
column operations using PVPP.

jami, et al., J. Radioanal. Nucl. Chem., 283, 541 (2010).

Adsorption rate of PVPP for U(VI)

Jea DMAR() Croseinkage 4%
macroporous

ool
| Sica oman) Grossinkage 8%,

U(VI) uptake / mmol/dry-g

2 4 6 8 10
Contact time / min

Adsorption of U(VI) onto Silica-DMAA resins from 3M

60 120 180 240
HNO, as a function of time

Contact time / min
(U] = 10mM, 10 wet-g resin / 200cm? sol., 298K)

([U(VD)] = 5mM, 0.4g PVPP / 20cm? sol., R.T.)

—

Cc=0
N-cH,
<‘:H3
N,N-dimethylacrylamide
(DMAA)

%Qg Adsorptivity of neat PVPP for Pd(ll)

E “*]

Pd(ll) uptake / mmolig

B TR 01M  3M 6M HNO,
Contact time / h
PVPP after adsorption of Pd(ll)
Plots of Pd(ll) uptake onto PVPP vs. time

([Pd(11)],; = 1.89mM, 2g PVPP / 24cm? sol., R.T.)

v Adsorption rates of PVPP for Pd(ll) are much slower than those for U(VI).
v Pd(ll) may have been reduced to Pd(0) by contact with PVP!

M. Nogami, et al., J. Radioanal. Nucl. Chem., 283,

S Reduction of Pd(ll) by PVP

Water-soluble PVP
m often used to obtain stable dispersions of metal
nanoparticles, especially of Au, Ag, and platinum group

(i) PVP has a strong reduction effect on free metal ions
e.g., Ag* in AgNO;, and shows much weaker effect
on metal complex ions, e.g., AuCl* in HAuCl,.

(i) The formation rate of M° by the reduction of M™ by PVP
greatly differs depending on the kind of metal.

Strong donor of the N and O atoms in the polar group of PVP
-

Driving force of the reduction

(CH}'C‘N)V- (cn;-cln)“ D (cnern)“
7l

C.Kan, etal., J. Mater. Res., 20, 320 (2005),

Conclusion

Adsorptivity of monoamide resins to U(VI) in
acidic HNO; media greatly differs depending on
chemical structures of monoamide.

i 1
In general, adsorptivity of long-chain type

monoamide resins is inferior to that of short-
chain type.
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Thank you
for your kind

attention.
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How can KURNS attract young students?e

Medical?

Actinide physics and chemistry?2
Decommissioning?

“Innovation of nuclear engineering?

Summary

/

Advanced Science Research Center/JAEA .
What is the advantage of KURNS

S. Kambe I ]
comparing to other labs. e.g. IMR/Oarai,?
Fundamental Physics | N A
and Chemistry Nuc(eor engineering
Precise but too detail leisil S lICTIE RTpIE] (S
and fakes too long fime sometime not correct enough

\

Japan lacks talent who
can bridge both
advantages
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Ian Farnan Cambridge University Earth and Nuclear Materials
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Fig. 6.1: KEGWF LA Fig. 6.2: JAEA 5% 7540
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