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Why is °*Mo of any importance?

42 Mo 99 65.976 h)

1.357
0.921
p1.214 MeV'
v 740 keV 82.2%
12.3% . - .
Y776 keV B 997Tc most widely used radioisotope in
0.181— nuclear medicine
g 43 T¢ 99mM (6.007h) \ 443
0.141 —— 1} apt37i0e "o . .
; 7181 keV e 147 ket ® 30 million procedures worldwide per year
: 6.14% BYQ%
00 — 0.0
43 Tc 99 (2.110%2) - .
B about 3 million procedures in Germany
alone
hot nodule cold nodule
normal (upper right) (lower left)

Source: Universitétsklinikum Marburg und GieRen GmbH
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Mo-99/Tc-99m supply chain

Transport unit
with 4 storage
positions

Mo-99 thimble
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LEU-targets

Single compact
fuel assembly

Mo-89 changing unit

U-235 Purified Mo-99/Tc-99m
Targets (X} Mo-99 Generators
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Reactor Mo-99 Generator Hospitals,
Target Irradiation Processor Manufacturer Pharmacies

Source: FRM I/'TUM

To Cell
Ventilation

Charcoal
Charcoal

Irradiated target
UALx

1
Dissolver

Target filtrat.

supplier

waste tanks

background



center for
nuclear safety
and innovation

Fission products in LEU targets (19.75%, 209)

Nuclide vector after irradiation period of 180 h, 24 h after end of irradiation
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35.5 0.178
28.5 0.143
25.2 0.126
17.5 0.088
16.7 0.084
15.5 0.078
14.3 0.072
11.8 0.059
1.2 0.056
9.3 0.047
6.5 0.032
5.0 0.025
4.9 0.024
3.6 0.018
3.3 0.017
3.3 0.016
3.1 0.015
3.0 0.015
22 0.011

molybdenum uranium

mass [mg] | percentage | “ mass [mg] | percentage |
98.843

17.5 0.088

Alkaline dissolution process very efficient for HEU targets, BUT:

B significant increase in volume of intermediate level liquid waste (ILLW) for LEU
targets by up to 200%

m corresponding to 15,000 | ILLW/year per 10,000 6-day Ci/wk fission %Mo

Source: Lee et al.,Development of Industrial-Scale Fission Mo Production Process Using Low Enriched Uranium Target
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Fluorine radicals
from NF; plasma
Claddin, . Physical Chemical
separalign Fluorination '{Pf&se‘;aralion " separation MoO.*
Hydrolysis
HF He
Major volatile fluorides:
UF,,
MnF;, , . AsF;, | SeF,,
” | FeFs NiF, | CuF, | ZnF, | GaFs | GeF, | Brfs | Kr, KrF, MoFs,
MnF, CoF, AsFs | SeFs TeF6
!
, AgF, IFs, Xe,
RbF | SrF, | YFs | ZrF, MoF, | TcFs PdF, | “87 | cdF, | InF. | snf, | sbi. | Ter, TcF,
RuF; | RhF; AgF, IF; | XeF;4,6 PUF
CsF | BaF, | LaF; 6
IFs,
IF;
Lanthanoids | CeF, | PrF; | NdF; | PmF; | SmF; | EuF; | GdF; | TbF; | DyF; | HoF; | ErF;
Actinoids ThF, | PaF; UFs NpFs | PuFs | AmF; | CmF;
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Surrogate Fluorination

composition
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: (1) (1)
U/Mo nominal [wt%)] MS [wt%]
1.00 1.144 £ 0.201
0.50 0.546 £ 0.040
0.10 0.123 £ 0.004
fluorination 9
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= = Fluorine radicals

Surrogate Fluorination fomtihema
s:::a:r(:l?gn Fluorination '7'{ Dr:she\:ai:::ion [ 5;[;2:"3‘;:'“ MoO,>
Hydrolysis

ignition t + 02:20 min t + 14:10 min t + 36:30 min
Ar plasma Ar/NF; plasma ArINF, plasma Ar/NF, plasma

U+ 2 NF UF, + N,

fluorination 10
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Fluorine radicals

F - . ——
u rr t Iu rl tl n from NF, plasma
g Sgladdir.lg @ Physical. L Chemic.al MoO,>
paration pre-separation separation
Hydrolysis

' mw specific activity [Bq/g] | corr. activity [kBq]
: m 2707.0 £0.2 12.45 - 103 33.70 £ 0.01
—_— ——

fluorination 11
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Surrogate Fluorination

from NF; plasma

Cladding
separation

Fluorine radicals
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Chemical
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Mo0,>
Hydrolysis

mw specific activity [Bq/g] | corr. activity [kBq]

‘ BT 27070202

234mpg 13.93 +0.45
24Th 13.34 £+ 0.97

12.45 - 108

33.70 £ 0.01

2.56 - 10"°
8.57 - 10"

| nuclide | activity [kBa] | specific activity [Bqg]

(5.44 +0.18) - 10-13
(1.56 £ 0.11) - 108

-> significant amount (42 %) of non-volatile decay
products stays behind

fluorination

12
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" ] = Fluorine radicals
from NF; plasma
Photodissociation et
Claddin L Physical Chemical N
separaliogn Fluorination pre—se‘::aration 1| separation x MoO.?
Hydrolysis
2UF, —%¥ » 2UF +F,
2MoF, UV , 2 MoF; +F,
10 }. 5 N fluorescence
N excitation
09} E / spectrum
0.3 e f
SN ast
\ M o F6 \ 08 L 1 reciprocal reaction
0.25 } of induction
| time
\ E 07 ; _,’h! E
0.2 ” hasd i 1
] S oel i it
5 T P 4
-] \ 3 b Y uvvIS
B 0.15 R -E osr [ " spectrum
A e A %
X} 5 £ ;
0.1 T oaf Y :
N UF o P i
\ 6 g3 i i 4
0.05 g 03 ! ! slow
\/ i ! reaction
0.2 r__l ll
0 + ,l’
280 300 320 340 360 380 400 420 oak /
wavelength [nm]
360 370 380 3%0 400 410 420 430
wavelength [nm]
chemical UMo separation 14
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" ] = Fluorine radicals
from NF; plasma
Photodissociation et
Claddin L Physical Chemical N
separaliogn Fluorination pre—se‘::aration 1| separation x MoO.?
Hydrolysis
395 nm
2UF, 32y 2 UF +F,
2 MoF, % 2 MoF, +F,
10 }. 5 N fluorescence
N excitation
09} E / spectrum
0.3 e f
SN ast
\ M o F6 \ 08 L 1 reciprocal reaction
0.25 } of induction
| time
\ .E 07 i .-"‘!E
0.2 i + H 1
] S oel i it
5 T P 4
-] \ 3 b Y uvvIS
B 0.15 R -E osr [ " spectrum
A e A %
X} 5 N ;
0.1 T oaf Y :
N UF o P i
\ 6 g3 i i 4
0.05 g 03 ! ! slow
\/ i ! reaction
0.2 r__l ll
0 + ,l’
280 300 320 340 360 380 400 420 oak /
wavelength [nm]
360 370 380 3%0 400 410 420 430
wavelength [nm]
chemical UMo separation 15
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Chemical separation with gaseous CO (R. Stene)

2UF, 32y JUF +F,

395 nm
—_—

2 UF, + CO 2 UF, + COF,

UF¢/MoF; mixture UF;/MoF; mixture

Source: Reductive photo-chemical sparation of the hexafluorides of uranium and molybdenum
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Fluorine radicals

Chemical separation with gaseous CO (R. Stene) ot e

- Physical Chemical
N Fluorination ysical — emica Mo0,>
separation pre-separation separation
Hydrolysis

]

2UF, 32y JUF +F,

395 nm
—_—

2 UF, + CO 2 UF, + COF,

-
Mo side U side
U ma1 | nd

133.2 39.3

[ Mo [mg] | 915 29.14 0.16
40.7 100 0.4

-> very good separation

but:
total irradiation time 48 h

UF¢/MoF; mixture UF;/MoF; mixture

Source: Stene et al., ive pl ion of the i of uranium and molybdenum

chemical UMo separation 17
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Fluorine radicals
from NF; plasma

Phase diagram of CO
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chemical UMo separation
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Fluorine radicals

Chemical separation with liquid CO it
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chemical UMo separation 19
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Fluorine radicals
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Chemical separation with supercritical CO
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B P, =230bar (SF=4)

B tested with Ar at 80 bar for 6 h @

- Physical Chemical
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@

B Irradiation for 60 minutes

chemical UMo separation
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Fluorine radicals

Chemical separation with supercritical CO ottt
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solid solid after irradiation end of irradiation
UF¢/MoF, UF¢/MoF, with for 7 minutes after 60 minutes
supercritical CO

chemical UMo separation 22
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Chemical separation with supercritical CO

Cladding
separation

Fluorine radicals

from NF; plasma

Fluorination

LN2 outlet

LNZ inlet

Physical
pre-separation

]

Chemical
separation

Mo0,>
Hydrolysis

UFg/MoFs

chemical UMo separation

23



center for
nuclear safety
and innovation

Relative Intensity (%)

Relative Intensity (%)
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Chemical separation with supercritical CO
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Chemical separation with supercritical CO i o
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Fluorine radicals

Chemical separation with supercritical CO ottt

(Iaddlr.lg Fluorination Physlcal. . (hemlc.al Mo0,*
separation pre-separation separation
Hydrolysis

mixture before | storage container | high-pressure container

@ ®

(Mo side) (U side)

26.8+0.3 2.99 £ 0.60 20.96 + 0.63 |

LN2 outlet

75+03 | 7.35:0.06 0.08 +0.06 e
WAl 21907 71217 04+03
U: 99.6%
‘ ‘ Mo: 0.4%
Mo recovery U recovery ©)
98.0% 78.2%
- good separation/ U: 29.8%
optimization necessary Mo: 71.2%

chemical UMo separation 26
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IWUDGIDWIR Q#WDUJ HWVH#WIHK R OOP HU,

F)uter aluminium tube fdggly]
interlayer (~10um)

uranium foil (~130um) p hdw

interlayer (~10pum) fagg s
inner aluminum tube
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