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A process for the production of no-carrier added °’Mo

The present invention relates to a process for the

production of no-carrier added ’Mo.

According to the current practice, Mo with high
specific radiocactivity is produced by fission of fissile
actinide targets (%3%Uy, 2°°y, #°Pu etc), mostly using 23577

wherein “’Mo is one of the fission products of high vield (ca.

!

6%) . However, next to this ’Mo a range of other further

-

fission products are produced as well. The consequence of

this production route is that the production requires han-

dling of nuclear fuel, wherein ’Mo has to be isolated and

purified from the other fission products. Furthermore, the
prior art process involves a final storage of the co-produced
additional fission products. This total implicates that only
few production sites of Mo exist with the required produc-
tion licenses. In turn, this makes that the world-production

of ’Mo-"""Tc generators (used in medical radio-imaging) 1s

based on only a very few sites, whereln any problem in one of

the current sites 1mmediately endangers the continuity of the

necessary supply.

Now the present invention aims to provide a process

for the production of Mo of high specific radioactivity,
wherelin the above-mentioned disadvantages are removed.

The present 1nvention enables the production of no-
carrier added ?’Mo by neutron activation of ?°Mo, thereby

gy

achieving specific radiocactivity which allows the use of such

produced Mo as a favorable option (alternative) for the “’Mo

production by means of the fission of #°°U. This high specific

radioactivity is obtained according to the invention by

taking advantage of the recoil of the ’Mo nuclei upon the
capture of neutrons by the “°Mo containing nuclei. The men-

tioned recoiled nuclel are no longer chemically bound to the

target matrix and thus allow for specific separation.

Accordingly the present invention relates to a

process for the production of no-carrier added “Mo of high

$ g~ 0 » ] » " ' 98 1
specific radioactivity, characterized in that an Mo contain-

ing chemical compound is bombarded with neutrons and the
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resulting Mo radioactivity which is incorporated in said
compound 1s separated.

It has been surprisingly found that by bombarding
Mo containing chemical compound with neutrons, Mo with high

specific radiocactivity may be obtained without the disadvan-

“*U. Obviously, next to Mo

tages of the prior art fission of
no additional fission products are formed.
There are two options for the process for the pre-

sent 1nvention.

According to the first option, said °°Mo radiocactiv-

ity, incorporated in said compound, 1s a) transferred into a

99

ligquid in which only the produced “"Mo dissolves, or b) trans-

ferred into a liguid in which said compound has a high solu-

bility which liguid 1s mixed with a second liguid wherein
sald compound does not dissolve and the "]loose" “’Mo nuclei

are transferred into sailid second liguid phase.

Thus, after bombarding the Mo containing chemical
compound with neutrons the produced °’Mo radiocactivity incor-

porated in said compound 1is transferred into a liquid in

Mo dissolves or into a first liquid

which only the produced
having a high solubility for said compound having °Mo radio-
activity.

Said first liguid 1s mixed with a second liguid,
wherein the "loose" °’Mo nucleli are transferred by extraction
into a second ligquid phase, wherein the compound does not

dissolve.

Preferred “°Mo containing compounds are molybde-
num (0 ) hexacarbonyl[ (Mo (CO),.] and molybdenum(VI)dioxo-
dioxinate[CH, (O) -NC.H,) ],-MoO,.
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following molvbdenum compounds may be used.

Cycloheptatrienemolybdenum(0)tricarbonyl [ (C;Hg)Mo(CO)s],
d. purple cryst. powder (Across Organics) ;
Molybdenum(0)hexacarbonyl [ (Mo(CO)¢], white, crystalline
powder (Across Organics) ;

Methylcyclopentadienylmolybdenum(I)tricarbonyl, dimer [ (CHs) -

(CsHs) ]12,-Mo, (CO)6 d. purple, crystalline powder (Across Organ-

ics);
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Propylcyclopentadienylmolybdenum(I)tricarbonyl, dimer

| CH3CH,3CH,) ~ (Cs5Hs) 1 o-Mo, (CO )¢ d. brown, crystall. Powder (Across
Organics) ;

Cyclopentadienylimolvbdenum(II) tricarbonyl dimer [ (CsHs) -

Mo (CO)3]2, d. purple cryst. powder (Across Organics) ;
Pentamethyvlcyclopentadienyl-molyvybdenum(V) dicarbonyl dimer

[ (CH3)5-(CsHs) -Mo (CO)12], olive-green crystalline powder;
Molybdenum(VI)dioxo-Bis (acetylacetonato) [ (CH;COCH=C (0O-

JCH3) ]2,-Mo0O, , white, cristalline powder (Sigma Aldrich, USA).
Molvbdenum(VI)dioxo-dioxinate [ (C4H3(0)-NCsH3) ]2-Mo0O,, orange-

vellow cristalline powder, was synthesized according to the

method as described 1n Vogel et.al. [xxx].
Molvbdenum(IV)disulfide [MoS,;] , d. grey powder, 325 Mesh
(Across Organics) ;

Molybdenum disilicide [MoSi;], d. grey powder, 325 Mesh (Alfa

Aesar GmbH, Karlsruhe, Germany) ;

Molyvybdenum nanoparticles (~ 100 nm), d. grey powder, (Johnson
& Matthey, USA)

Potassium molybdenum(VI)-hexacyanoferrate [KMo[Fe'''(CN)¢], d.

brown, crystalline powder was synthesized according to the

method as described by Sebesta et. al. [vy]

Preferred first liguid 1s an organic solvent di-

chloromethane (CH,Cl,), whereas the second preferred liguid 1is

an aqueous phase of different pH (2-12) prepared in 50 mM

g

ammonium acetate buffer.

Other suitable first liquids are chloroform (CHsCl),
benzene (CgHg), toluene (CH3-CgHs) .
Other suitable second liguids are agueous solutions

of acidic solution HC1l (0.05 M), alkaline solution NaOH (0.05

la

Nas3

M), chelating solutions Naj. trate (0.05 M),

-l-:g el e ke Wl Wt ke N’ e e S -I-VMA

&

nDnTA (0. 085 M)
b \U.V-—-’ -I--I-;’

= S S 9

oxidizing solution H-O0, (0.02 M) in HC1l (0.05 M), reducing
solution (NaHSO; (0.05 M), saline solution NaCl (0.9% w/w) ,
neutral buffer solution NHs;Ac (0.05 M ; pH 7.3).

According to a second optional wvariant of claim 1,a

Mo containing compound is transferred into an irradiation
contailner containing 1) a ligquid in which only the produced

Mo disgssolves, or 2) a liguid in which the compound dis-

solves, as well as the liguid (non-mixable with the first

liguid) in which the Mo dissolves and the compound doeg not

PCT/NL2009/050301
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dissolve, the container is, under continuous shaking, irradi-

ated with neutrons 1n an external neutron beam, resulting in

- : 99 ' -
transfer of the recoiled Mo on-line from one to another

ligquid phase.

gpu—

Also by using of this wvariant, the disadvantages of

il

the prior art fission process are removed.
It 1s noted that the present process i1is new and not

obvious over the current technigques, because the current

techniques did not significantly increase the molybdenum

specific radioactivity due to non-sulited Mo-compounds and/or

non-suited extraction protocols. The prior art technique

235
(

predominantly by fission of nuclear fuel U) was until now

used worldwide for large-scaled production of no-carrier
added Mo with the disadvantages as mentioned herein before.

It is noted that the recoil-production of °’Mo leads

to ’"Mo with the required high specific radioactivity without

the otherwise obligatory processing of nuclear fuel accompa-
nied by the disadvantages as mentioned before.

Furthermore, it 1s noted that currently there are no

production options other than by the fission-produced Mo

which lead to comparable specific radioactivity. Because for

the fission-produced Mo, production facilities should proc-

ess nuclear fuel and only a small number of facilities world-

wide have the reguired licenses as mentioned before. The

proposed production by recoil-?Mo from neutron irradiation of

enriched °°Mo targets implies that many more facilities world-

P

wide could start up the production of high radioactivity Mo .

P

Although the principle of the recoil (Szilard-

Chalmer reactions 1s known, 1t is surprising that by using

S )
the right

[ | 1 |
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v 0of a neutron beam of adeguate den-

such asgs the availabili

sity ""Mo of high specific radiocactivity may be obtained by

the 1nvention. Therefore, the present process is not only

new, but also inventive over the current Mo producing tech-

nigue.

Further, there are no disadvantages of the present

process apart from the necessary entrance to a neutron source

coupled to a radiochemical infrastructure.

Further to the process options according to claims 2
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and 6, 1t 1s remarked that according to claim 2 the bombard-

—

ment of the “°Mo chemical compound with neutrons occurs in the

reactor, whereas according to option disclosing claim 6 the
bombardment occurs outside the reactor in a neutron beam.

It is noted that the present process i1s not limited

to the production of °Mo but it may be used for other prod-

ucts which at the moment are mainly produced through the 2357

fission process.

The process of the invention is also suitable for
1321, 1374

p—

: 132
the production of Vg -> 90Y; 1Ry -> 103mRu; Pre ->

4

S

Ba, —> a.

The invention will be further explained by means of

the followlng examples.

EXPERIMENTAL approach 1

Szilard Chalmers reaction:

Example 1. Irradiation of the molyvbdenum complexes
20 — 1500 mg of Mo(0)hexacarbonyl and Mo (VI)dioxo-

dioxinate were sealed in a polvethylene capsule, and irradi-

ated via the pneumatic facility in the Hoger Onderwijs Reac-

tor of Delft University of Technology, having a neutron

fluence rate of 5.0x10™ cm™“.s " for a suitable length of time

(15 minutes to 5 hours). Some of the irradiations were also
carried out in the in-core radiation facility, which has a

considerable higher fluence rate (2.4x10" cm™?.s™'), but a

different neutron fluence rate profile (ratio of thermal to

fast neutron fluence rates) compared to pneumatic facility.

In the case of short irradiations (15 - 30 minutes), the

| [ -
AavatraiAan ~F+ 99Mr\ wac ~avvriad ~ikr 1T h aftrar thae
Gl de A G W N\ U0 L - vV GA NS b e N Ny N’ LA L - | WL I L Napt

1
= SN e N B ) = A 8 e wle

b |
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B
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A LA wdin

(b

end of irradiation, while in the case of longer irradiations,

the separation was carried out 2 hours after the end ot

irradiation so as to allow the decay of shorter '°'Mo and 10lpe

with shorter half lives.

Example 2. Liquid-Liquid extraction of organomolybdenum

targets

After irradiation the target was dissolved in 50ml

P
prew

purified organic ligquid (dichloromethane (CH;Cl;), chloro-
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form (CH3Cl), benzene (CgHg)., toluene (CH3-Cg¢Hs)). 2.0 ml

aligquots from the stock solution were contacted with equal

g
p—

volumes of agueous phase of different pH (2 - 12), prepared

in 50mM ammonium acetate buffer. The pH of the buffer solu-

5 tions was maintained by adding dilute acetic acid or ammonia
solutions. Further, the following aqueous solutions were
used: acidic solution HC1 (0.05 M), alkaline solution NaOH
(0.05 M), chelating solutions NaEDTA (0.05 M), Nascitrate
(0.05 M), oxidizing solution H;0, (0.02 M) in HC1 (0.05 M),

10 reducing solution (NaHSO; (0.05 M), saline solution NaCl
(0.9% w/w), neutral buffer solution NHsAc (0.05 M ; pH 7.3).

Experiments were also carried out with MilliQ water as aque-

ous phase. Kinetic studies on the solvent extraction of

molybdenum from the organic solution into ammonium acetate.

15 Experiments were also carried out with MilliQ water as aque-

ous phase. Kinetic studies on the solvent extraction of Mo
from dichloromethane into ammonium acetate buffer solution
were carried out to optimize the time of equilibration for
subsequent studiles. In this experiment the samples were

20 removed from the roller-bed at different time intervals

ranging from 5 minutes to one hour. It was observed that the

extraction vield of Mo reached a constant value after 15

minutes, while that of total molybdenum increased up to 30

minutes of shaking time. Thus the highest enrichment factor

25 was obtained for a shaking time of 15 minutes. In view of
this the subsequent extractions were carried out with a
shaking time of 15 minutes (Tomar et.al. ,2008). After shak-

ing the solutions for 15 minutes, the samples were centri-

fuged at 3000rpm (Jouan) for 5 minutes to obtain clear sepa-

a)
-

ration of phases. Subsequently 1.0 mlL aliguots from the

agueous laver were taken for measurement otf the Mo radioac-

p—

tivity by gamma counting as well as determination of total

v

molvbdenum concentration. In the case of the dichloromethane

}

stock solution, 0.2 mL aliguots (n 3) were first treated

35 with agua regia (3x 1.0 mL concentrated HCl, plus 1x 1.0 mL

concentrated HNO;) which after gamma counting were diluted up

to 10mL for determination of total Mo content (ICP-0ES).
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Example 3. Analysis

The Mo radiocactivities of the organic phase, the

aqueous phases and the dichloromethane-Mo stock solution were

measured as follows:

The gamma-ray spectrometric measurement was carried

out using a shielded well type NaI(Tl) counter coupled to a

2048 multichannel pulse height analyzer (Wallac). The peak at

140 keV due to °"™Pc was used as an indication for the radio-

activity of ’Mo. Counting of the samples was carried out 24
hours after the radiochemical separation so as to obtain

egulilibrium between e and ?’Mo. The net peak area of 140

it

keV was obtained by linear subtraction of Compton background.

The counting time was adjusted so as to obtain at least 10000
counts under the 140 keV peak.

The total molybdenum concentration 1n the agueous
samples as well as the agua regia destructed dichloromethane

stock solutions were measured using Inductively Coupled

Plasma Optical Emission Spectrometer (Perkin Elmer ICP-OES
4300DV). The emission lines at 202.031 nm, 203.845 nm and

204.597 nm were used for the measurement of molybdenum con-

centration. The instrument was calibrated for Molybdenum

using a ICP-OES standard solution (Merck, Ultrapure 1.000 g

Mo.L '), which was suitably diluted to obtain standard solu-

tions in the range of 0.05 to 2.5 Uug.mL ™ Mo.
The specific radioactivity of ’Mo (expressed in

cpm/mg total Mo) in the agueous phase and the stock solution

was obtained from the ratio of the gamma activity and total

Mo concentration. The enrichment factor was calculated as the

ratio of specific activity of Mo in the separated agueous

wiin s SN P’

EXPERIMENTAL approach 2

Example 4
This experimental approach i1s based on the same
chemical principles as the first approach. However, the

ligquid-liquid extraction is now performed simultaneously with

the neutron bombardment. After completion of the i1rradia-

tion/liguid-liguid extraction, the entire solution 1is proc-

PCT/NL2009/050301. . - .
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essed 1n the same way as described in the above.

In this approach, benzene or toluene are the pre-
ferred phases for dissolution of the Mo compound since irra-
diation of dichloromethane or chloroform results in produc-

5 tion of a very high and unpractical °°Cl radiocactivity besides

intense high energy prompt gamma-radiation during the irra-

diation.
The advantage of the neutron beam irradiation 1s

that the compound 1s exposed to a considerable smaller asso-

10 ciated gamma-ray dose than during the irradiation ‘in’ the

reactor. The gamma-radiation (resulting from the fission
processes 1n the reactor) has, to some extent, a reverse
effect to the recoil process (described as ‘annealing’).

Another advantage i1s that also compounds may be considered

15 risky for reactor irradiation because of possible chemical

e

decomposition and formation of gaseous compounds which 1is

unwanted for safety considerations. Such effects are almost

negligible during beam irradiation and impose risks of a

considerable smaller extent.
20 A disadvantage of the neutron beam i1rradiation 1is

the lower neutron intensity'and therefore the lower °°Mo
yvield.
Examples 1, 2 and 3 relate to option according to

claim 2 and example 4 relates to option according to claim 6.

25 Tt should be noted that the i1nvention 1s not limited

to the above-mentioned disclosure, examples or the claims.
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CLAIMS

g—

l. A process for the production of no-carrier added

“Mo of high specific radioactivity, characterized in that an
Mo containing chemical compound is bombarded with neutrons
and the resulting Mo radioactivity which is incorporated in

5 said compound 1s separated.

2. The process of claim 1, characterized in that

said Mo radiocactivity, incorporated in said compound, is

transferred a) into a liquid in which only the produced “’Mo

dissolves, or b) transferred into a first liguid, 1in which

10 said compound has a high solubility which liguid is mixed

with a second ligquid wherein said compound does not dissolve
and the "loose" Mo nuclei are transferred into said second
ligquid phase and removed.
3. The process of claim 1 or 2, characterized in
15 that said Mo containing chemical compound is molybde-
num (0) hexacarbonyl [ (Mo (CO),.] or molybdenum(VI)dioxo-
dioxinate[C,H, (0) -NC.H,) ],-MoO, .

4. The process of claims 1-3, characterized 1in that

sald first liguid 1s dichloromethane.

_

20 5. The process of claims 1-3, characterized in that

the second ligquid i1s an agueous phase of different pH (2-12)

ph—

prepared in 50 mM ammonium acetate buffer.

6. The process of claims 1 and 3-5, characterized in

that a non-dissolvable Mo containing compound is transferred
25 1into an ilrradiation container 1) containing the liguid in

which only the produced Mo dissolves, or 2) containing both

the ligquid in which the compound does dissolve, as well as

the liguid in which only the Mo dissolves, the container is,

under continuous shaking, irradiated with neutrons 1in an

30 external neutron beam, resulting in transfer of the recoiled

Mo on-line from one to another ligquid phase.

p——

7. The process of claim 6, characterized in that the

98 | | i ‘ | o} 1 i ‘
Mo containing chemical compound 1s as defined in claim 3.
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