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(57) ABSTRACT

A process for extracting Cs-137 from i) an acidic solution
obtained by dissolving an irradiated solid target comprising
uranium, ii) an acidic solution comprising uranium which has
previously been irradiated in a nuclear reactor, or iii) an acidic
solution comprising uranium which has been used as reactor
fuel in a homogeneous reactor, the acidic solution i), ii) or iii)
having been treated to harvest Mo-99, wherein the process
comprises contacting the treated acidic solution with an
adsorbent comprising ammonium molybdophosphate
(AMP). In an embodiment, the AMP is combined with an
organic or inorganic polymeric support, for example AMP
synthesised within hollow aluminosilicate microspheres
(AMP-C).
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EXTRACTION PROCESS

[0001] This invention relates to an extraction process. In
particular, though not exclusively, it relates to a process for
extracting Cs-137 from other materials present following
Mo-99 production from uranium in nuclear fission reactors.

[0002] Technetium-99m is the most widely used radio-
metal for medical diagnostic and therapeutic applications.
Tc-99m is prepared by decay of Mo-99 in so-called Tc-99m
generators. Such a generator typically comprises an aqueous
solution of Mo0-99 loaded onto an adsorbent (usually alu-
mina). Following decay ofthe M0-99 to Tc-99m, which has a
lower affinity for the alumina, the Tc-99m may be eluted,
typically using a saline solution. For the preparation of
Tc-99m generators, a high purity source 0of M0-99 is therefore
essential.

[0003] Inorder to obtain M0-99 of high specific activity, it
is commonly prepared by the neutron-induced fission of a
U-235 target. U-235 is typically present in a target form of
U-metal foil, or tubular constructs of U and Al. Alternatively,
the U may be in solution in an acidic medium (such as in
uranium solution targets, or as in the uranium solution used as
fuel in a homogeneous reactor). The fission reaction leads to
aproportion of the U-235 being converted to Mo-99, but also
leads to a number of impurities in the reactor output. These
impurities variously include Cs, Sr, Ru, Zr, Te, Ba, Al and
alkaline and alkaline earth metals.

[0004] When Mo-99 is produced from the irradiation of
solid or U-235 solution targets, or from U solution in a homo-
geneous reactor, the Mo-99 is harvested from the reactor
output, and the resulting liquid waste streams need to be
disposed of. In addition, when Mo-99 is produced from a
U-solution in a homogeneous reactor, the homogeneous solu-
tion may be recycled a number of times to the reactor after
Mo-99 extraction, prior to eventual disposal. The conven-
tional means for the disposal of the waste streams is solidifi-
cation followed by storage at a geological repository.

[0005] Most known processes for Mo-99 production
employ a purification regime involving alkaline dissolution
of'the irradiated target; the resultant solution is then subjected
to a series of chromatographic separations on various adsor-
bents to harvest the M0-99 (Sameh and Ache, 1987).

[0006] A numberofprocesses whichuse acid dissolution of
the irradiated U targets have also been developed. Chalk
River Nuclear Laboratories (Atomic Energy of Canada Lim-
ited) uses acid dissolution of tubular U-Al targets, and Mo-99
purification is carried out using an alumina adsorbent prior to
subsequent purification steps. The Modified Cintichem pro-
cess (carried out in BATAN, Indonesia), a process based on
the Cintichem process and developed at Argonne National
Laboratory, employs nitric acid dissolution of a U metal foil
target, followed by precipitation of Mo-99 with benzoin-
alpha-oxime.

[0007] Theuse ofhomogeneous reactors for the production
ot Mo-99 is far less common. An aqueous homogenous reac-
tor (AHR) was developed by the Nuclear Power Institute of
China (NPIC). This AHR uses UO,(NO;), or UO,SO, solu-
tion as the fuel and Mo-99 is extracted using one or two
inorganic exchange columns (Li et al., 2008).

[0008] Caesium (Cs)is one of the key radioactive elements
present as a contaminant in the waste stream. The most com-
mon radioactive isotope of Cs is Cs-137; this is formed as a
fission product during irradiation of U. Cs-137 has a half-life
0130.07 years, This long-living isotope is a primary contribu-
tor to heat load and radiological dose in reactor waste mate-
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rials. Removal of Cs-137 from the liquid waste streams facili-
tates easier handling and storage of the bulk waste at the
repository. In addition, the accumulation of Cs-137 in cycled
homogeneous reactor solutions has been found to cause prob-
lems in subsequent Mo-99 extraction steps. Therefore,
removal of Cs-137 is an important step in the treatment of
reactor output streams once Mo-99 has been extracted there-
from.

[0009] Ammonium molybdophosphate (NH,);P(Mo;0,,)
4-3H,0 (AMP) is a yellow crystalline inorganic compound
that has been shown to be highly selective for Cs (Smit and
Van, 1958). Faubel and Ali (1986) demonstrated that AMP is
superior to other inorganic ion exchangers for removing Cs
from solutions having high acid and salt concentrations
(Faubel and Ali, 1986).

[0010] However, for AMP to be of any practical use for
large-scale treatment, it must be fixed with a binding agent,
substrate or support. Sebesta et al. (1997) developed a tech-
nique for combining AMP with an organic inert binding poly-
mer, polyacrylonitrile (PAN), to create a composite absorber.
A completely inorganic ion exchanger comprising AMP has
also been prepared by precipitating AMP inside refractory
aluminosilicate microspheres (AMP-C) (Tranter et al., 2009).
Both AMP-PAN and AMP-C have been shown to be effective
sorbents for the removal of Cs from Idaho National Engineer-
ing and Environmental Laboratory (INEEL) concentrated
acidic tank wastes (Todd and Romanovskiy, 2005). The
INEEL tank wastes comprise numerous components includ-
ing Cs, Mo, Ca, Al, Fe, Hg and Na.

[0011] Nevertheless, none of the prior art documents sug-
gests the use of an adsorbent comprising AMP for the extrac-
tion of Cs from a solution from which Mo has already been
harvested.

[0012] In accordance with a first aspect of the present
invention, there is provided a process for extracting Cs-137
from 1) an acidic solution obtained by dissolving an irradiated
solid target comprising uranium, ii) an acidic solution com-
prising uranium which has previously been irradiated in a
nuclear reactor, or iii) an acidic solution comprising uranium
which has been used as reactor fuel in a homogeneous reactor,
the acidic solution i), i1) or iii) having been treated to harvest
Mo-99, the process comprising contacting the treated acidic
solution with an adsorbent comprising AMP.

[0013] The acidic solution i) may be obtained by dissolving
an irradiated solid target comprising uranium in an acidic
medium or an alkaline medium. Preferably, the acidic solu-
tion 1) is obtained by dissolving an irradiated solid target
comprising uranium in an acidic medium. In cases where
alkaline dissolution of uranium targets is used, the resulting
solution is thereafter acidified. Such an acidification step may
take place before or after Mo-99 harvesting; if M0-99 har-
vesting is to be performed using, for example, zirconium-
containing adsorbents, acidification is performed prior to
Mo-99 harvesting.

[0014] In some embodiments, the process further com-
prises a step of harvesting Mo-99 from the solution i), ii) or
iii) prior to contacting said solution with the adsorbent com-
prising AMP. As mentioned above, if M0-99 harvesting is
performed using a solution i) obtained via acid dissolution of
solid targets, the solution i) will be acidic. If on the other hand,
Mo-99 harvesting is performed using a solution obtained via
alkaline dissolution of solid targets, the solution from which
Mo-99 is harvested will be alkaline, and needs to be acidified
prior to contact with the AMP adsorbent. It is necessary, or at
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least preferable, to carry out the removal of Cs using adsor-
bents comprising AMP from liquid waste streams obtained
from the production of Mo-99 once Mo0-99 has been har-
vested from the waste streams. Otherwise, the Mo component
present in the AMP material (i.e. cold Mo) may leach into and
contaminate the streams containing the desired Mo-99 prod-
uct. It will then be very difficult to separate the radioactive
Mo-99 from the cold Mo.

[0015] The step of Mo-99 extraction can be carried out
using any Mo purification methods known in the art, such as
the approach of Sameh and Ache mentioned above. Other Mo
purification methods include, but are not limited to, extraction
using an adsorbent comprising hydrated titanium dioxide and
zirconium hydroxide, e.g. for M0-99 extraction from a homo-
geneous reactor as disclosed in U.S. Pat. No. 6,337,055.
Other methods include the use of zirconium-containing sor-
bents, such as those containing zirconium oxide, zirconium
hydroxide, zirconium alkoxide, zirconium halide and/or zir-
conium oxide halide, e.g. for M0-99 extraction from solutions
obtained by acid dissolution of U targets, irradiated acidic U
solutions or from a homogeneous reactor solution, as
described in co-pending GB application number 1013142.3.
Certain zirconium-containing adsorbents, such as those
based on zirconium oxide, halide and alkoxide components,
are described in U.S. Pat. No. 5,681,974, JP 10030027, KR
20060017047 and JP 2004150977.

[0016] Once Mo-99 is removed from the reactor output
streams, the resulting waste streams may be acidic or basic
(depending on the Mo-99 extraction technique). When
Mo-99 is harvested using an alkaline-based separation pro-
cess, e.g. using the method described in the above-referenced
document of Sameh and Ache, an additional step of acidifi-
cation needs to be carried out. The process of Cs-137 extrac-
tion according to the present invention takes place using
acidic solutions.

[0017] In the process of the present invention, the AMP
may be combined with an organic or inorganic polymeric
support. Preferably, the AMP is combined with an inorganic
polymeric support, such as aluminosilicate. More preferably,
the AMP is synthesised on the surface of aluminosilicate, and
even more preferably the AMP is synthesised within hollow
aluminosilicate microspheres (AMP-C). The material
AMP-C may be prepared according to the method described
by Tranter et al. (2009). In particular embodiments, the
AMP-C may contain from 10-50 wt % of AMP, such as 10-30
wt %, or 15-25 wt %, more preferably 20-25 wt %.

[0018] In certain embodiments of the first aspect in which
Mo-99 production is carried out in an AHR, the Cs-137-
depleted waste solution (i.e., after having been contacted with
the adsorbent comprising AMP) is returned to the homoge-
neous reactor. As mentioned above, the accumulation of
Cs-137 in the homogeneous reactor solution causes problems
for the subsequent purification of M0-99. Therefore, the pro-
cess according to the first aspect of the present invention is
particularly useful in the context of Mo-99 production in a
homogeneous reactor.

[0019] Similarly, when Mo-99 production is carried out in
a nuclear reactor in which a solution comprising uranium is
irradiated, the Cs-137-depleted waste solution may be
returned to the nuclear reactor.

[0020] For the purpose of the present invention, the term
“Cs-137-depleted solution” refers to a solution which has
undergone the Cs-137 extraction process according to the first
aspect of the present invention. Such a Cs-137-depleted solu-
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tion contains a lesser amount of Cs-137 than a solution,
subjected to the same irradiation (and dissolution, as neces-
sary) procedures, and which has not undergone the Cs-137
extraction process. Preferably, the Cs-137-depleted solution
contains only 90% or less, 80% or less, 70% or less, 60% or
less, or 50% or less of the amount of Cs-137 contained in the
solution prior to AMP treatment; in preferred embodiments,
the Cs-137-depleted solution contains 40% or less, 30% or
less, 20% or less, 10% or less, 5% or less, or 1% or less of the
Cs-137 contained in the solution prior to AMP treatment.

[0021] In a preferred embodiment of the first aspect, the
process further comprises a step of removing Mo, leached
from the AMP (i.e. cold Mo), from the Cs-137-depleted solu-
tion prior to its return to the homogeneous reactor or the
nuclear reactor in which a solution comprising uranium is
irradiated. This additional step ensures that cold Mo leached
from the AMP does not contaminate the radioactive Mo-99
produced in the homogeneous reactor or by the irradiation of
U-solution targets.

[0022] The step of removing cold Mo from the Cs-137-
depleted solutions can be carried out using any suitable
known method for extracting Mo-99, such as those men-
tioned above. Preferably, the method comprises contacting
the said Cs-137-depleted solution with a zirconium-contain-
ing sorbent. For example, the sorbents commercially avail-
able from Thermoxid Scientific & Production Co. (Zorech-
nyi, Russian Federation), marketed as Radsorb and Isosorb
(both based on TiO,/ZrOH), and described in U.S. Pat. No.
6,337,055, may be used.

[0023] In accordance with a second aspect of the present
invention, there is provided an apparatus for carrying out the
process of the first aspect, the apparatus comprising a vessel
containing an adsorbent for the extraction of Mo-99, and a
vessel containing an adsorbent comprising AMP and
arranged in downstream fluid communication with the vessel
containing the adsorbent for extraction of Mo-99.

[0024] Following the irradiation of solid or U-235 solution
targets, or from U solution in a homogeneous reactor, the
resulting solution containing Mo-99 and other fission prod-
ucts, such as Cs-137, may be removed from the reactor and
transferred to a facility to harvest M0-99 using an apparatus
according to the second aspect of the present invention. The
solution containing M0-99 and impurities may be transferred
via suction under-pressure to a vessel containing an adsorbent
for the extraction of M0-99 and arranged upstream and in
fluid communication with a vessel containing an adsorbent
comprising AMP, such that the Mo-99-harvested solution is
treated to extract Cs-137.

[0025] In some embodiments, the apparatus further com-
prises a nuclear reactor, in which a solution comprising ura-
nium may be irradiated for the production of Mo-99, or more
preferably a homogeneous reactor (e.g. an aqueous homoge-
neous reactor), which uses a solution comprising uranium as
reactor fuel for the production of Mo-99, wherein the reactor
has a valve at its outlet, the vessel containing an adsorbent for
the extraction of Mo-99 is arranged in downstream fluid com-
munication with the valve, and the vessel containing an adsor-
bent comprising AMP is arranged in downstream fluid com-
munication with the valve and in downstream fluid
communication with the vessel containing an adsorbent for
the extraction of M0-99. Such an arrangement not only allows
the production (irradiation) and harvesting of Mo0-99 as well
as the treatment of the liquid waste streams to take place in the
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same facility, but also makes it possible for the Cs-137-de-
pleted solution to be returned to the reactor.

[0026] In such embodiments, the vessel containing an
adsorbent comprising AMP may be in downstream fluid com-
munication with the valve both directly and via the vessel
containing an adsorbent for the extraction of M0-99. Accord-
ingly, when the valve is in a first position, the vessel contain-
ing an adsorbent comprising AMP is in direct downstream
fluid communication with the valve, and when the valve is in
a second position, the vessel containing an adsorbent com-
prising AMP is in downstream fluid communication with the
valve via the vessel containing an adsorbent for the extraction
of Mo-99.

[0027] During use of the apparatus according to these
embodiments, when the valve is in the first position, the vessel
containing an adsorbent comprising AMP is in direct down-
stream fluid communication with the valve, such that the
reactor solution flows directly from the reactor to the vessel
containing the AMP adsorbent, which may then be returned to
the reactor. When the valve is switched to the second position,
the reactor solution flows from the reactor to the vessel con-
taining an adsorbent for the extraction of Mo-99, and subse-
quently to the vessel containing an adsorbent comprising
AMP, the output of which may ultimately be returned to the
reactor.

[0028] In certain embodiments of the second aspect, the
apparatus further comprises a vessel containing an adsorbent
for removing Mo, leached from the AMP (i.e. cold Mo), in
downstream fluid communication with the vessel containing
an adsorbent comprising AMP.

[0029] The adsorbents used in the second aspect for the
extraction of Mo-99 or cold Mo, and the adsorbent compris-
ing AMP for the extraction of Cs-137, may be any of the
adsorbents mentioned for the first aspect.

[0030] In preferred embodiments of the second aspect of
the present invention, at least one of the vessels containing
Mo-99 adsorbent and AMP is a column having an inlet and an
outlet. Preferably, both vessels are of this type. In certain
embodiments, the vessel containing an adsorbent for cold Mo
may also be a column having an inlet and an outlet.

[0031] The adsorbent for extraction of Mo-99 or cold Mo
and the adsorbent comprising AMP for extraction of Cs-137
according to the second aspect of the invention can be any
suitable adsorbent known in the art, and examples of such
adsorbents are mentioned in relation to the first aspect. Pref-
erably, the adsorbent for extraction of M0-99 or cold Mo is a
zirconium/titania-containing adsorbent, such as Radsorb or
Isosorb.

[0032] In accordance with the present invention, once the
adsorbent comprising AMP is loaded with Cs-137, for
example to such a degree that its Cs adsorption capacity is
significantly impaired, the adsorbent can be replaced. In this
way, the Cs-137 extracted from the waste solution is con-
tained in a small and compact solid form which is cheaper and
easier to handle than prior art waste streams containing
Cs-137 in solution.

[0033] The invention will now be described in more detail
by way of example only, and with reference to the appended
FIG. 1, which shows a schematic diagram of an exemplary
process of the invention.

[0034] The invention provides for the decontamination of
an acid stream obtained from i) the dissolution of high
enriched or low enriched U-targets (dispersed or non dis-
persed/U-metal foil), ii) the irradiation of a high enriched or
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low enriched U-solution in nuclear reactors, or iii) a high
enriched or low enriched U-solution used as fuel in a homo-
geneous reactor, the acid stream having been treated to extract
Mo-99, by removing Cs-137 using an adsorbent comprising
AMP. The invention leads to liquid waste streams with small
or negligible amounts of Cs-137 and a compact solid form of
Cs-137, both of which are cheaper and easier to handle than
the untreated liquid waste streams.

EXAMPLE 1

Urany! Solution Irradiation Process

[0035] An amount of uranyl nitrate solution, with a given
concentration of U, for instance 150 g/L, is irradiated in a
nuclear reactor (see Path 1 of FIG. 1). The final solution,
which contains Mo0-99 among other isotopes, is conducted
through a column, which retains Mo-99 with traces of U and
other fission products (FIG. 1—“Mo0-99 extraction™). The
column is then washed with a solution of 0.1M HNO; with a
volume corresponding to eight column bed volumes. This
enables almost all U retained in the column to be washed out
so that the adsorbed Mo-99 can be harvested in subsequent
purification steps. The U-containing loading solution exiting
from the Mo-99 extraction column, and the rinsing solutions
used in this column, are then treated to extract Cs-137 by
flowing them through another column comprising an AMP-C
sorbent using an appropriate flow rate to obtain a balance
between process time and Cs-137 extraction efficiency. The
Cs-137-depleted waste solution is then passed through a col-
umn comprising a zirconium/titania-containing sorbent to
capture any cold Mo leached from the AMP-C sorbent. As
will be appreciated by those skilled in the art, the two columns
for extraction of Cs-137 and cold Mo may be combined in a
single column having two separate compartments. The result-
ing solution is then recycled to the reactor and re-irradiated to
produce further Mo-99.

EXAMPLE 2

Homogeneous Reactor

[0036] Uranyl nitrate (UO,(NO;),) solution follows the
same procedure as described in U.S. Pat. No. 5,596,611 to
harvest Mo-99 (FIG. 1 —“Mo0-99 extraction™). The Mo-99-
harvested solution, together with the rinsing solutions con-
taining U, are then purified by employing the above described
procedure (see Path 2 of FIG. 1). Since the homogeneous
reactor solution has a much greater volume than that obtained
from irradiation of U solution targets in a nuclear reactor, the
amount of sorbents are adjusted, as well as the solution flow
rate to maintain the appropriate contact time and extraction
efficiency.
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1. A process for extracting Cs-137 from i) an acidic solu-
tion obtained by dissolving an irradiated solid target compris-
ing uranium, ii) an acidic solution comprising uranium which
has previously been irradiated in a nuclear reactor, or iii) an
acidic solution comprising uranium which has been used as
reactor fuel in a homogeneous reactor, the acidic solution 1),
ii) or iii) having been treated to harvest Mo-99, the process
comprising contacting the treated acidic solution with an
adsorbent comprising ammonium molybdophosphate
(AMP).

2. A process according to claim 1, wherein the acidic solu-
tion 1) is obtained by dissolving an irradiated solid target
comprising uranium in an acidic medium.

3. A process according to claim 1, wherein the AMP is
combined with an organic or inorganic polymeric support.

4. A process according to claim 3, wherein the AMP com-
bined with an inorganic polymeric support is AMP synthe-
sised within hollow aluminosilicate microspheres (AMP-C).

5. A process according to claim 1, wherein the process
further comprises a step of harvesting Mo-99 from the solu-
tion 1), ii) or iii) prior to contacting said solution with the
adsorbent.

6. A process according to claim 1 wherein Cs-137 is
extracted from an acidic solution comprising uranium which
has previously been irradiated in a nuclear reactor, wherein,
after having been contacted with the adsorbent comprising
AMP, the resulting Cs-137-depleted solution is returned to
the nuclear reactor.

7. A process according to claim 1 wherein Cs-137 is
extracted from an acidic solution comprising uranium which
has been used as reactor fuel in a homogeneous reactor,
wherein, after having been contacted with the adsorbent com-
prising AMP, the resulting Cs-137-depleted solution is
returned to the homogeneous reactor.

8. A process according to claim 6, wherein the process
further comprises a step of removing Mo, leached from the
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AMP, from the Cs-137-depleted solution prior to its return to
be irradiated in the nuclear reactor, or prior to its return to the
homogeneous reactor.

9. A process according to claim 8, wherein the step of
removing Mo, leached from the AMP, from the Cs-137-de-
pleted solution comprises contacting said Cs-137-depleted
solution with a zirconium-containing sorbent, such as a zir-
coniuny/titania-based sorbent.

10. An apparatus for carrying out the process of claim 1, the
apparatus comprising a vessel containing an adsorbent for the
extraction of Mo-99, and a vessel containing an adsorbent
comprising AMP and arranged in downstream fluid commu-
nication with the vessel containing the adsorbent for extrac-
tion of Mo-99.

11. An apparatus according to claim 10, further comprising
a nuclear reactor, in which a solution comprising uranium
may be irradiated for the production of Mo-99, wherein the
nuclear reactor has a valve at its outlet, the vessel containing
an adsorbent for the extraction of Mo-99 is arranged in down-
stream fluid communication with the valve, and the vessel
containing an adsorbent comprising AMP is arranged in
downstream fluid communication with the valve and in down-
stream fluid communication with the vessel containing an
adsorbent for the extraction of Mo-99

12. An apparatus according to claim 10, further comprising
a homogeneous reactor, which uses a solution comprising
uranium as reactor fuel for the production of M0-99, wherein
the homogeneous reactor has a valve at its outlet, the vessel
containing an adsorbent for the extraction of Mo-99 is
arranged in downstream fluid communication with the valve,
and the vessel containing an adsorbent comprising AMP is
arranged in downstream fluid communication with the valve
and in downstream fluid communication with the vessel con-
taining an adsorbent for the extraction of Mo-99.

13. An apparatus according to claim 10, the apparatus
further comprising a vessel containing an adsorbent for
removing Mo, leached from the AMP, in downstream fluid
communication with the vessel containing an adsorbent com-
prising AMP.



