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Uranium silicide fuels proved over decades their exceptional qualification for the operation of higher flux material testing reactors
with LEU elements. The application of such fuels as target materials, particularly for the large scale fission Mo-99 producers,
offers an efficient and economical solution for the related facilities. The realization of such aim demands the introduction of a
suitable dissolution process for the applied U

3
Si
2
compound. Excellent results are achieved by the oxidizing dissolution of the

fuel meat in hydrofluoric acid at room temperature. The resulting solution is directly behind added to an over stoichiometric
amount of potassium hydroxide solution. Uranium and the bulk of fission products are precipitated together with the transuranium
compounds.The filtrate contains the molybdenum and the soluble fission product species. It is further treated similar to the in-full
scale proven UAl

𝑥
process. The generated off gas stream is handled also as experienced before after passing through KOH washing

solution.The generated alkaline fluoride containing waste solution is noncorrosive. Nevertheless fluoride can be selectively bonded
as in soluble CaF

2
by addition of a mixture of solid calcium hydroxide calcium carbonate to the sand cement mixture used for waste

solidification. The generated elevated amounts of LEU remnants can be recycled and retargeted. The related technology permits
the minimization of the generated fuel waste, saving environment, and improving processing economy.

1. Introduction

Particularly for the large scale producers, the conversion of
the production targets for fission Mo-99 presents a serious
challenge for keeping economical conditions for operating
their plants. The uranium enrichment dropping from ∼90%
to ∼19.8% demands modifications on process operation to
compensate for the resulting loss in output. Evaluations based
on keeping the production process proven since decades
unchanged and just increasing the amount of processed
targets are not realistic in general. The dominant reasons are
limitations on efficient irradiation positions in the available
research reactors plus drastically increased processing and
waste costs.

The idea of maintaining the current production process
[1–8] by increasing fuel densities of the targets exploiting
the progress in target technology from actually ∼1 gU/cm3

for highly enriched uranium (HEU) to approximately
2.6 gU/cm3 for low enriched uranium (LEU) targets can be
classified as a compromise. Such compromise is appropriate
for several small- and medium-scale facilities but not for
large scale producers of batch sizes in the average of 4000Ci
of Mo-99 at End of Production (EOP). When keeping the
same amount of targets, the predictable loss of produced
activity will be—under optimal conditions—more than 30%.
The described drawback can be prevented by applying LEU
targets of factor 5 higher fuel contents than the actual HEU-
based targets. Actually, that condition can be fulfilled by two
types of targets. One of them is made from U-metal foil
tightly enclosed in aluminum.The dissolution process related
to these targets is applying nitric acid, respectively, low basic
carbonate solution and anodic oxidation of uranium [9–11].
The other target is manufactured from uranium silicide fuel
cladded with aluminum, derived from the MTR type fuel



2 Science and Technology of Nuclear Installations

developed for research reactor core conversions. Dissolution
experiments of U

3
Si
2
in alkaline media by H

2
O
2
[12–15]

showed promising results on small scale productions which
could not be confirmed in larger scale. Main reason for that
lack of larger scale is the aggressive decomposition ofH

2
O
2
in

presence of the alloy. With respect to the experienced prob-
lem, the process presented below follows another concept.

The publication has focused on the processing of irra-
diated LEU targets of uranium silicide for the large scale
production of fission Mo-99. Silicide targets were favored
because of their proven and reliable operation as research
reactor fuels during decades and their commercial availability
on the world market. Moreover, the results achieved with the
presented dissolution process [15–20] favored that selection.
As the silicide compound is not attacked by caustic solution
applied for the target digestion, a selective dissolution process
for the remaining silicide meat had to be developed. Evident
condition was and still is that the new process steps are fitting
to the proven HEU-based production process operating with
UAl
𝑥
-Al targets fromHEU. Originally the up-to-date process

was developed and operated at KFK as an integral part
of a closed cycle. Figure 1 shows the scheme of the UAl

𝑥

production cycle.
The part of that process related to the Mo-99 separation

and the off-gas handling technology is actually operated at
theMallinckrodtMedical Facility at Petten,TheNetherlands.
Figure 2 shows a simplified scheme of the process operating at
Petten. It was established there by a licensing and know-how
transfer agreement contracted with KFK. The Petten facility
is producing approximately 25% of the world market which
is estimated to be 12,000 Ci 6 days precalibrated weekly. The
operation reliability and the environmental impact of this
installation are exceptional worldwidewith an average annual
release of 7.3 × 1011Bq of Xe-133. All data mentioned above
were investigated, respectively, determined by the CTBTO
and published by PNNL [21].

Already during the development and testing at KFK,
implementation of the silicide fuel and related modifications
of the original (UAl

𝑥
) process had to fit to the proven process

concept. At KFK, the investigation program was successfully
completed and the processmodifications were demonstrated,
with both fitting to a later scale of 1,000 6d-Ci Mo-99 at
EOP. Keeping the proven concept, the new process has been
integrated in a closed fuel cycle. That cycle was demon-
strated repeatedly. The Mo-99 separation process is started
by alkaline digestion of the irradiated silicide targets. The
remaining silicide residue is dissolved in hydrofluoric acid
under oxidizing conditions [22, 23].

2. Considerations on Processing Operation

2.1. Uranium Silicide as Target Compound

(i) Processing of irradiated silicide fuels permits the
adaptation ofmajor parts of the original HEU process
for the production of fission Mo-99 from irradiated
UAl
𝑥
targets. The selection of U

3
Si
2
as the fuel com-

pound for the LEU targets had the same background
as had the choice of UAl

𝑥
as the fuel compound for

the HEU fuel. Both selected target types presented
just the adaptation of the type of research reactor
fuel throughout applied for the relatedU-enrichment,
resulting in UAl

𝑥
-based targets for HEU and U

3
Si
2

based for LEU.
(ii) Since some decades, silicide-based fuel elements are

presenting the standard nuclear fuels for high and
medium flux material test reactors (MTRs). That fuel
combines high fuel density with high thermal and
dimensional stability and provides operations safety
up to burn up of around 80% [15, 17, 19].

(iii) Already the regularly applied standard uranium den-
sity of U

3
Si
2
fuel of 4.8 gU/cm3 permits full compen-

sation of the uranium content originating from the
conversion from HEU to LEU, for fuel elements as
well as for irradiation targets.

(iv) Claddingmaterial and dimensions of theU
3
Si
2
-based

LEU targets are very similar to the processed UAl
𝑥
-

based HEU targets. That fact prevents expensive
modifications of the proven hardware devices used for
carrying out the reactor irradiations and handling the
production targets in hot cells.

(v) The potential of silicide fuels enables the production
of fuel elements and irradiation targets of even higher
U-densities, up to 5.8 gU/cm3. Such fuels were pro-
duced from the same named compound andwere also
successfully irradiated to average burn-ups of above
50% without any deviation in their dimensional and
thermal stability [18–20]. The potential for higher U-
loading is of relevance with respect to future recycling
of the uranium from spent targets and retargeting of
the purified fissionable material.

(vi) From economic point of view, recycling and retarget-
ing are essential, particularly for large scale producers.

2.2. Evaluations of Dissolution Process. The dissolution of
the short-time cooled irradiated targets presents a sensitive
operation step regarding the high inventory of volatile and
radio-toxic fission nuclides contained in the fuel matrix
(meat). Operational safety and public acceptance concerns
demand the minimization of the potential contamination as
well as hazards from emissions of volatile fission products
into the environment. Most efficient precaution measure
is the implementation of advanced processing and off-gas
handling technologies. Both measures are interacting with
each other. Essential precondition for the minimized release
of iodine is the exclusion of any acidic operation as long as
iodine activity is in the system. Another concern is related
to elevated releases of the isotopes Xe-133 and Xe-135 to
the environment. The most efficient and economical way of
handling those issues is applying a combination of advanced
process operation technology and efficient xenon retention,
respectively, delay on charcoal columns. For safety reasons,
any application of charcoal filters is strictly prohibiting the
presence of nitrogen oxide in the off-gas stream. Thus,
any dissolution of irradiated fuel in nitric acid would be
most critical as nitric acid is always accompanied by NO

2
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permanently generated during such operation by radiation
degradation of HNO

3
.

The described drawbacks are major reasons for a strong
preference for the alkaline processing starting by the alkaline
digestion of the target. The digestion is fully sufficient to get
themolybdenum into solution as it is attacking the aluminide
compound. Subsequently the silicide is dissolved by an
oxidizing acid treatment at room temperature. The selected
solvent HF is proved to be efficient as well as excellent to
handle by using related proven materials inside the hot cell
such as Hastelloy. Hastelloy has been applied for the produc-
tion of hundreds of tons of HF per year by chemical industry.
The described drawbacks of applying HNO

3
accompanied

by its degradation products are prevented by the KFK-
developed processing system. As HF is one of the most
resistant chemicals, it is not decomposing by radiation and it
is excellent to be washed out of the off-gas stream by passing
through a solution of KOH. The dissolution process is
carried out at room temperature within 60 minutes. In the
subsequent purification process the acidic solution has not to
be handled as it is converted to alkaline after the dissolution
step. Fluoride anions in the alkaline solution are neither
corrosive nor disturbing the following purification of the
product stream. Further, fluoride anions in the alkalinemedia
are not disturbing the Mo-retention on the anion exchanger
AG1 (see Figures 1 and 2). Nitrates as added by some
producers to the digesting solution are the blocking highly
efficient and economical purification systems such as AG1
and Chelex-100. To prevent hydrogen formation during the
alkaline digestion step of the aluminum alloy of the target
cladding and the UAl

𝑥
meat, in some processes, nitrate is

added.The alternative hydrogen oxidation towater on copper
oxide as applied at KFK never created any problem with
all users. For the described reasons all large scale producers
including the Petten facility never added nitrate to the caustic
solution. A final aspect of the KFK designed and developed
processing is related to the waste treatment. For the silicide
process the alkaline waste stream is solidified in cement
similar to the comparable UAl

𝑥
process. In case of the silicide

dissolution, the fluoride content in the alkaline solution is—
with solid mixture of Ca(OH)

2
and CaCO

3
added to the

cement—forming insoluble CaF
2
.

Back to the dissolution part of the processing, both the
digestion of the target and the subsequent HF-dissolution
step are operated in a Hastelloy dissolver. The filtration unit
connected to the dissolver is also made from Hastelloy. The
Mo-separation process is started by the alkaline digestion of
the aluminum cladding (preferably “AlMg1”) together with
Al-matrix of the meat, the fueled part of the target, in
6M KOH. Aluminum and the fission products located at
the surface of the insoluble silicide particles are dissolved.
These are mainly cesium, strontium, iodine, molybdenum,
and small contaminations of other fission products such as
lanthanides, ruthenium, and zirconium. The off-gas of the
alkaline digestion contains hydrogen generated by the alu-
minum dissolution to aluminate and the magnesium con-
version to the hydroxide together with approx. 10% of the
noble gas activity. The major radioactivity of the gas stream
is originating from Xe-133 and Xe-135. The noble gases

leave the dissolver together with the hydrogen at its upper
end, driven by helium or nitrogen gas which is constantly
metered into the dissolver. Hydrogen is oxidized to water via
a copper oxide “oven.”That oven is a heated device containing
CuO. The formed water steam is condensed in a related
device. Xenon is collected together with the driving gas in
preevacuated stainless steel tanks and pumped into a xenon
delay section later on passing cooled deep bed carbon filters
on its way. The described operation, which is similar to the
UAl
𝑥
digestion, is schematically presented in Figure 3.

The filtrate of the alkaline digestion contains approx. 10%
of the Mo-99 generated by fission together with the related
soluble fission-generated nuclides. To collect the included
Mo-activity the filtrate is undergoing the same purification
procedure as the molybdenum bulk later on. Therefore the
filtrate is fed through a floating silver oxide column where
iodine is retained. Figure 4 is showing a simplified scheme of
the iodine separation on this advanced system. The named
column is located above a stainless steel (SS) device provided
with a filtration and collecting unit.The column is connected
with the device below by an SS-valve. That valve to the vessel
is closed during feeding the process solution. After ending
loading of the iodine containing solution the valve to the
vessel is opened. The floating silver oxide is washed into the
vessel. The collected silver oxide is reduced to silver by a
solution of H

2
O
2
. The previously retained iodine remains

loaded over silver metal as silver iodide. It can be stored for
safe iodine decay or further used for the separation of I-131
on commercial base.

The passing through solution which contains the Mo-
activity is loaded on the strongly basic anion exchanger
AG1. The operation step described in the previous section
is repeated with the alkaline bulk resulting from the silicide
dissolution. The Mo-bulk is also fed through the same
AG1 column after completion of the above described iodine
separation step on silver oxide.The eluate of AG1 contains the
combined two Mo-streams. In order to improve the purifi-
cation efficiency and to reduce the amount of higher active
solid waste, the AG1 operation is split into two AG1 columns
connected and acting behind each other. The first AG1 is
made of stainless steel and the second being a larger column
is of propylene (PP). As experienced, contaminants (on top
of all iodine) and soluble ruthenate compounds reduced to
ruthenium dioxide on the organic resin are retained at the
entering side on the first column. Molybdenum is moved
by the alkaline process solution and the following washing
KOH solution through the first column to the second and
larger column connected behind. After disconnecting of the
first column being loaded with contaminants, the elution
of molybdenum from that second column is initiated. With
respect to the minimization of higher active waste, the small
column is made of stainless steel to permit long-term radi-
ation resistant storage of the tightly enclosed contaminants.
The larger column behind is of PP. It is cheaper to purchase
and far more economical to treat as waste. The experience
achieved with this modification is highly positive from all
sides. The same concept is applied by the final AG1 system
(see Figure 2) as the potential contamination hazard is very
low. Here the entering small column is of PP already.
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2.3. Dissolution of Silicide Meat in HF/H
2
O
2
. The silicide

particles of the meat remaining on the sinter metal filter are
dissolved in ∼6M HF under catalyzed oxidation conditions
[23]. The oxidation agent is hydrogen peroxide. Suitable
catalytic agents are KI, KBr, and KCl or higher oxidation
states of halogen compounds such as hypochlorite, hypo-
bromite, or KIO

3
. The dissolution is carried out at ∼20∘C.

The oxidation agent is needed to oxidize the primary formed

insoluble layer of UF
4
to soluble UO

2
F
2
. The oxidation with

H
2
O
2
in absence of the catalyzing agent is inefficient because

a major amount of the H
2
O
2
is just decomposed without

significant impact. Fully different is the situation in presence
of the mentioned halide compounds. All these compounds
are oxidized by H

2
O
2
which acts as strong oxidizing agent in

acidic solutions.The following formula and the related redox
potentials underline the oxidation efficiency of hydrogen
peroxide in acidic media.

Redox potentials of H
2
O
2
and related catalysing com-

pounds used for the oxidation of UIV to UVI and its solution
in hydrofluoric acid:

U4+ + 2H
2
O  UO

2

2+
+ 4H+ + 2e + 0.338V

H
2
O
2
+ 2H+ + 2e  2H

2
O + 1.77V

Cl− +H
2
O  HClO +H+ + 2e + 1.50V

Br− +H
2
O  HBrO +H+ + 2e + 1.33V

I +H
2
O  HIO +H+ + 2e + 0.99V

(1)

The oxidized halogen compounds oxidize efficiently UF4 to
soluble UO

2
F
2
following the chemical formula:

UF
4
+HIO → UO

2
F
2
+HI + 2HF (2)

The complete dissolution formula for the silicide alloy is

U
3
Si
2
+ 18HF + 6H

2
O
2
→ 3UO

2
F
2
+ 2H
2
SiF
6
+ 6H
2

(3)

Following the formula, 18 moles of HF is needed for the
dissolution of 768.5 g of the alloy. A full scale production
of about 4,000Ci at EOP demands around 200 g of 19.75%



6 Science and Technology of Nuclear Installations

enriched U
3
Si
2
, assuming similar irradiation conditions as

applied for an equivalent amount of HEU, 93% enriched.
The dissolution of the HEU-related amount demands far less
hydrofluoric acid.

The dissolution of the silicide is completed within ∼60
minutes. The solution is pressed through the sinter metal
filter and fed in to an over stoichiometric amount of ∼8M
KOH solution. The KOH excess is adjusted to a final total
molarity of ∼3MKOH. Uranium is precipitated as potassium
uranate together with the insoluble hydroxides and oxide
hydrates of the related fission products and higher actinides.
The alkaline filtrate contains all in the fuel still remaining
Mo-99 activity. This amount presents 90% of the in total by
fission generated Mo-99 activity. The solution also contains
the related soluble fission products iodine, cesium, partially
strontium, and contaminants of further fission products,
mainly ruthenium and antimony.

The above described HF treatment is operated in Hastel-
loy devices. Also the acidic filtrate is fed through a Hastelloy
pipe in to the precipitation vessel, below the surface of the
KOH solution. All tubes used for feeding the acidic solution
are treated behind with alkaline solution. All operations
under alkaline conditions are carried out in stainless steel
devices.

The uranium precipitate is boiled for 20 minutes to
insure the decomposition of the formed soluble peroxide
compounds of uranium. The Mo-containing filtrate is fed
through the floating silver oxide column as described before
(see Figure 4). The filtrate of the formed Ag/AgI

−
precipitate

is fed through the same AG1 column which the first 10% of
generated Mo had been loaded on. The described operation
and the specific treatment of the dissolver exhaust gases both
during the HF operation [23] are schematically presented in
Figure 5.

2.4. Elution of the AG1 Column. The loaded AG1 is washed
by minimal 3-column volumes of 3M KOH to ensure
efficient replacement of the fluoride anions. The resin bed
is emptied from residual amounts of the KOH solution by
passing air through. The elution is initiated by a solution of
1M NaOH and 2M NaNO

3
. The solution is fed from the

bottom to the top of the column to achieve optimal contact
between eluent and resin. The introduction of nitric acid and
nitrate ensures excellent elution yields for this operation.The
positive influence of nitrate on the Mo-elution from AG1
turns to the negative for the subsequent purification step on
Chelex-100. Thereto molybdenum is loaded on Chelex-100
from a reducing and complex forming media. Nitrate must
be avoided in the whole system by loading of the cationic
molybdenum compounds on a stationary phase, followed by
washing out the NO

3

−/HNO
3
.

2.5. Mo-Loading on Hydrated MnO
2
and Dissolution of the

Loaded Matrix. The eluate of the AG1 column is acidified by
HNO

3
to a final acidity of∼1molar.The adjustedMo-solution

is fed through a column of hydrated MnO
2
. Molybdenum is

retained as cationic molybdenyl compound on the inorganic
exchanger. The Mo-loaded stationary phase is washed with

a solution containing ∼0.01M K
2
SO
4
. The amount of the

washing solution is adjusted such that the passing through
solution is free of nitrate. The addition of K

2
SO
4
is needed to

stabilize the lattice of the MnO
2
matrix by the larger potassi-

um cation.
The introduction of the MnO

2
column offers additional

benefits on top off all the concentration of molybdenum and
compact feed for the following purification step.The purified
product is released from the column, free of losses by a unique
operation [24].Thereto the loadedmatrix is directly dissolved
in the feeding solution prior to the subsequent purification
step on Chelex-100.The resulting solution consists of sulfuric
acid, thiocyanate, sodium sulfite, and potassium iodide. The
final molarity of the major compound is ∼2MH

2
SO
4.
Under

these conditions the molybdenum is reduced and forms the
extremely stable anionic complex [Mo(SCN)

6
]−3. The Mo-

complex is retained on Chelex-100 with a distribution coef-
ficient of about 5 × 104. In absence of the exchanger, Mo-
compounds of different oxidation stages below 6 are formed.
In presence of the exchanger the equilibrium is moved to the
complex of the highest negative charge. This compound is
the red [Mo(SCN)

6
]−3 complex. Higher Mo-oxidation stages

have lower specific electrical charges. When the preferred
compound is retained on the matrix, the dynamic equilib-
rium is moving in the described direction.

2.6. Purification on Chelex-100 Column. The purification of
molybdenum on Chelex-100 offers outstanding decontami-
nation efficiency [25].

This fact is underlined by the extremely high distribution
coefficient for molybdenum thiocyanate compound on the
resin of around 5 × 104, while the distribution coefficients of
the related fission products species are in the average of 1 [4].
Most relevant for this part of operation are contaminations of
lanthanides, ruthenium, and zirconium.The realized separa-
tion factors for the mentioned contaminations are ∼104.

2.7. Final Chromatographic Purification on AG1 Column. The
following operation is introduced as a preparatory step for
the sublimation of MoVI oxide.The sublimation presents the
ultimate purification of the product from organic and inor-
ganic impurities.

Organic impurities are originating from flexible connect-
ing tubes and applied organic exchangers. Such impurities
present potential reducing agents and are the cause for lower
elution yields of technetium from the generators at a later
stage.

Inorganic impurity traces of iron, nickel, cobalt, and
chromium are brought in the product solution by applied
metallic hardware components.The presence of such impuri-
ties in the final product is themajor reason for elevated break-
through of molybdenum during loading and elution of the
Tc-generator columns. Such phenomenon can be explained
by the instability of the related cations under low acidic
loading and almost neutral pH-values during elution of the
generators. The formed colloids in the solution adjusted for
generator loading retain the molybdenum compounds on
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their surface and pass, loadedwithmolybdenum, through the
generator column.

The gradual thermal treatment of the dried product of up
to ∼1,000∘C at which the sublimation is completed decom-
poses the organic compounds and converts the inorganic
impurities to the insoluble and chemically resistant so-called
highly burned oxides.The oxides remain in the crucible while
molybdenum oxide is sublimated. The resulting product
shows excellent behavior during transportation of the bulk
solution to the users and on the generators.

The sublimation step demands the preseparation of the
major bulk of the cations, mainly of sodium from the Mo-
containing solution. The presence of sodium in the Mo-
solution would lead to the formation of mixed oxides with
molybdenum. The volatilization of MoVI-oxide from such
compound demands for higher temperatures than salt-free
systems. The purification of the Mo-solution is achieved by
loading of molybdenum on an AG1 column. The stationary
phase is washed by feeding of the sufficient amount of water
through its resin bed.

The molybdenum elution is carried out by slow metering
of highly pure 2–4M HNO

3
through the column.

2.8. Sublimation of MoVI-Oxide and Final Product Prepara-
tion. The nitric eluate is filled into a platinum/iridium cru-
cible and evaporated to dryness. The operation is carried out
in controlled ventilated quartz equipment. The acid vapor is
driven out of the evaporation equipment by a metered nitro-
gen gas stream.Thegas stream is directly fed throughwashing
devices to prevent the contamination of the cell environment
with acid and nitrogen oxide. After completed evaporation
the crucible with the included dried MoVI-nitrate is placed
in the quartz sublimation device. The complete unite is then
placed into the sublimation oven. The temperature in the

oven is gradually increased up to ∼1,000∘C. The sublimated
Mo-oxide is collected in the quartz condenser above the
crucible. The sublimation device is taken out of the oven for
cooling in cell atmosphere. After a cooling time of ∼15min
the condensed Mo-oxide is dissolved in ammonia solution.

TheMo-solution is transferred into a round bottom flask.
After adding a mixture of sodium hydroxide and sodium
nitrate as calculated for the amount of final product, the
ammonia is trapped out by smooth boiling. Both compounds
are added to the final product solution to stabilize the
molybdate in the high active solution and to prevent the pre-
cipitation of Mo-compounds of lower oxidation level, mainly
consisting of hydrated MoO

2
. The addition of nitrate is also

recommended to reduce the amount of hydrogen generated
by radiation degradation of water in the product flask. The
nitrate anions act as a radical catcher for hydrogen radicals,
forming nitrite anions and water.

2.9. Recycling of Uranium from the Spent Fuel Residue. The
uranium recycling process is initiated by dissolution and
purification of the uranium stored in the collecting sinter
metal filters. Those filters carry about 98% of the initially
irradiated uranium as alkali uranate together with the
insoluble fission products and the transuranium elements.
The U-decontamination is carried out after an approximate
cooling time of 6 months. During this period U-237 and the
shorter living fission products have decayed. The remaining
radiation dose of the residue is mainly caused by the fission
product nuclides ruthenium, zirconium, niobium, and the
lanthanides. The residue includes also the generated pluto-
nium as oxide/oxide hydrate. The dissolution concept aims
for the selective dissolution of uraniumby keeping the bulk of
the activity carriers and particularly plutonium in the residue.
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According to those considerations, a suitable process
was developed and demonstrated at KFK [26]. The process
is based on the basic dissolution of uranium by forma-
tion of the soluble anionic uranyl-tricarbonate complex
[UO
2
(CO
3
)
3
]−4. The dissolution is carried out in hydrogen

carbonate, carbonate, or mixed solutions of both. Hydrogen
peroxide is added to the solution for the oxidation of U-
species of lower oxidation stages potentially formed by radi-
ation. The dissolution is carried out at temperatures between
20 and 40∘C. Figure 6 shows the dissolution behavior of
ammonium diuranate as a function of CO

3

−2 concentration.
Figure 6 delivers the maximum uranium solubility of this

system being at 48 gU/L. For practical operation conditions
a U-solubility of 40 gU/L should be considered. The limited
solubility of uranium in theHCO

3

−/CO
3

−2 is by far overcom-
pensated by the achieved advantages, which are as follows.

(i) Efficient decontamination of the uranium stream
already by the dissolution process, in contradiction to
the common fuel dissolution in nitric acid in which
the uranium and nearly the whole contaminants are
dissolved. The realized decontamination factors for
uranium in the hydrogen-carbonate/carbonate sys-
tem are in the average of 100.The high separation effi-
ciency also includes the decontamination from the
generated transuranium elements neptunium and
plutonium. Both are retained in the residue when the
basic solution is boiled for 30 minutes.

(ii) Safe processing conditions, such as carbonate solu-
tions being absolutely noncorrosive and requiring
uncomplicated off-gas treatment measures only.

(iii) Quick and economical predecontamination of the
uranium stream on compact, radiation resistant inor-
ganic adsorbers.

2.10. Chromatographic Decontamination of the Uranium Tri-
carbonate Stream. In spite of the high decontamination of
uranium by the carbonate dissolution, fission product car-
bonate ions are codissolved. Possibilities for their pre-sepa-
ration on selective, radiation-resistant inorganic exchangers
[26] were experimentally investigated. Static distribution
experiments of the relevant fission nuclide ions on inor-
ganic exchangers showed promising separation options for
carbonate media. The preselected exchangers were further
tested under dynamic conditions in absence—and later on
also in presence—of uranium in the solution.Thedetermined
retention efficiencies of the relevant fission nuclides on the
investigated exchangers are composed in Table 1. The reten-
tion efficiencies of the related fission products on the different
columns are expressed in % of the original activity in the
solution.

The data above show the efficiency of several inorganic
exchangers for the separation of the investigated fission
products in this system. Regarding these data, ruthenium is
not completely retained on the related exchangers only. The
successful adaptation of these promising systems under real
process conditions depends on further information such as

Table 1: Dynamic retention behavior of fission product traces on
inorganic exchanger columns: loading solution: 10mL, washing
solution: 15mL, total HCO

3

−/CO
3

−2content: 1M, column diameter:
9.7mm, bed volume: 5.5mL, adsorber weight: 5 g, loading speed:
30 cv/h.

Fiss. Prod. Ce Cs Ru Sb Sr Zr
Al2O3 100 60 94 38 100 0
MnO2 100 7 82 100 100 100
SnO2 95 0 6 0 100 63
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Figure 6: Dissolution of ammonium diuranate at varying CO
3

−2

concentrations.

the specific retention capacity of each nuclide in presence of
uranium under real operation conditions.

Figure 7 shows the corresponding data for cerium on
MnO
2
as the stationary phase, Ce-141 being added as an

indicator. The figure shows the high efficiency of hydrated
MnO
2
as a matrix for the chromatic separation of cerium

from hydrogen-carbonate/carbonate containing solutions.
Comparable data were achieved for the other fission

nuclides. All except ruthenium could be separated at one step
on MnO

2
columns. The deviating behavior of ruthenium is

related to its ability to form varying complexes simultane-
ously. Even in presence of an adsorber retaining the preferred
complex, the equilibrium adjustment is too slowly.

Interesting is the observed increase of the fission product
retention in presence of uranium.Themost probable explana-
tion for this behavior is the decrease in concentration of free
HCO
3

−/CO
3

−2 ions caused by the complex formation with
uranium. Higher HCO

3

−/CO
3

−2 concentrations lead to the
formation of negative charged fission product ions which are
not retained on the adsorber.The reduced retention efficiency
of ruthenium is also improved by the presence of uranium
in the system but still remains lower than of all nuclides
tested for the data of Table 1.Therefore additional purification
steps are needed for the complete decontamination of the
process stream from the rest activity of ruthenium remaining
in the solution. The deviating behavior of ruthenium is also
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Figure 7: Breakthrough of cerium during the loading and washing
on hydrated MnO

2
column from hydrogen-carbonate/carbonate

containing solution: HCO
3

−/CO
3

−2, ratio: 95/5, total molarity: 1M,
cerium-concentration: 1mg/L, U-concentration: 35 g/L, column
inner diameter: 9.7mm, bed volume: 5.5 mL, adsorber weight: 5.5 g
MnO

2
, and loading speed: 30 cv/h. Ce-141 was added to the loading

solution as a radioactive indicator.
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Figure 8: U-loading on Bio-Rex5 U 1: 3 HCO
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experienced in different systems, for example, nitric acid. In
the latter, 21 species of ruthenium were determined, anionic,
neutral, and cationic. The latter is a reason too that the
complete separation of ruthenium demands a series of steps.

2.11. Uranium Concentration and Final Purification. The
decontaminated fuel solution still has to undergo a final
purification process in which the alkaline salt content and
the still remaining fission product nuclides are separated.
Under such conditions best results are achieved by the
proven PUREX-process [27, 28]. Uranium is extracted from
nitric acid solution in tributyl phosphate. Optimal extraction
conditions are obtained by the extraction of uranium from
approximately 3M HNO

3
in an organic phase containing

30 vol% TBP in kerosine. The liquid/liquid extraction system
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Figure 9: U-elution with 4M HNO
3
.
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Figure 10: Decontamination of uranium from fission product spe-
cies on TBP loaded SM-7 column.

is the best solution formiddle to large scale batches and can be
operated continuously. The situation is different for the recy-
cling of the U-batches needed for Mo-99 production targets.
Batch sizes of 1,000 g are optimal to be operated in laboratory
scale. The most practical operation is achieved by using the
solid-bed extraction technique [29, 30]. It is based on the
extraction ofUO

2
(NO
3
)
2
dissolved in nitric acid in undiluted

TBP. TBP is loaded on a macroporous nonpolar matrix of
polystyrene-divinyl benzene such as Bio-Beads SM-2 and
SM-4 (Bio-Rad, Richmond, VA, USA) or on the intermediate
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Figure 11: Side view of the fuel rectangle.

Figure 12: Surface view of the fuel rectangle.

polar acrylic ester matrix SM-7 (Bio-Rad). The described
technique combines the high decontamination efficiency of
the TBP/HNO

3
system with the simple handling of chro-

matographic operations. Favored operation conditions for
the solid bed extraction are achieved from feed solutions of
higher U-concentrations. Under such conditions the extrac-
tion of contaminants such as ruthenium and zirconium is
efficiently reduced. As previously described, the U-solubility
in carbonate solutions is limited to 45 gU/L. Optimal decon-
tamination of uranium on TBP loaded solid-bed columns is
achieved at U-concentrations in the average of 200 g/L. Such
conditions are realized most practical by loading of the U-
tricarbonate species on the intermediate basic exchanger Bio-
Rex5 (Bio-Rad) which permits the loading of approx. 300 g
of uranium on 1 kg of the resin. The elution is carried out
by 4M HNO

3
from the bottom to the top of the column

to prevent overpressure formation by the released CO
2
. The

eluent acid concentration also presents the optimal loading
HNO

3
molarity for the solid-bed extraction. Figure 8 shows

the U-loading on Bio-Rex5 from the carbonate solution.
Figure 9 shows the U-elution with 4M HNO

3
from the Bio-

Rex5. The elution with 4M HNO
3
considers acid losses by

adsorption during elution of the exchanger, resulting in an
approximate HNO

3
molarity of 3 in the U-eluate presenting

the optimal molarity for the solid-bed extraction.
Subsequently the U-containing nitric acid solution is

fed through the TBP loaded solid-bed column. Uranium
is extracted under the optimized loading conditions as a
sharp yellow band on the stationary phase while the fission
products leave the column at the upper end.Afterwashing the
stationary phasewith 3MHNO

3
, uranium is eluted by 0.02M

HNO
3
. Figure 10 shows typical solid-bed extraction curves

Figure 13: Preparation of the uranium silicide target plate.

for uranium and potentially accompanying fission products
on a TBP loaded SM7 column.

Uranium is precipitated by ammonium hydroxide. The
ammonium diuranate precipitate is centrifuged, dried, and
finally calcined at 800∘C to U

3
O
8
.

2.12. Preparation of the Uranium Silicide Alloy. The uranium
oxide is transferred to a nickel crucible and converted to UF

4

by treatment with a gas mixture of hydrogen and hydrogen
fluoride in argon atmosphere at 650∘C. The reaction is
performed in a nickel oven. The UF

4
-powder is transferred

to KUF
5
by melting the tetrafluoride with the stoichiometric

amount of potassium fluoride in the same oven at 850∘C.The
conversion to KUF

5
is carried out in argon atmosphere in

a graphite crucible. The product is powdered and added in
small portions to a melting electrolysis bath of a salt mixture
of 50 weight%NaCl and KCl in which the graphite crucible is
acting as anode. A molybdenum sheet is used as the cathode.
The process is carried out in argon atmosphere at 800∘C.The
U-loaded cathode is replaced frequently and washed after
subsequent coolingwith ethyl-alcohol containing fewpercent
of water and cold water to dissolve the uranium accompa-
nying salt in an ultrasonic bath. The described procedure
is carried out in argon atmosphere. The dried U-powder is
finally melted in argon atmosphere under low pressure with
silicon to U

3
Si
2
. The melting procedure is carried out in a

high-frequency oven at 1,850∘C.

2.13. Fuel Targeting. The alloy is transferred into a glove box
line in which the U

3
Si
2
is grounded in a hard metal swinging

mill. All following operations up to the fuel meat encapsula-
tion are carried out in argon atmosphere. The milled alloy is
sieved. Only particles with grain sizes below 40 micrometers
were mixed with aluminum powder of the same particle size.
Aliquots of this mixture are pressed to rectangles which will
present the meat zone in the final plate. Figures 11 and 12
show photographs of formed rectangles from 2 directions.
Figure 13 shows the target preparation steps starting by the
formed rectangle.
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Figure 15: Irradiated silicide-based fuel targets prior to starting the
dissolution process at KFK.

Each rectangle (meat) is placed into a suitable frame of
an aluminum-magnesium alloy, for example, AlMg1. Then
the combined frame + meat is covered on both sides with
plates of the same alloy. The package is riveted together and
stepwise rolled to the final thickness. Before each rolling
step the fuel package is heated up to 400–450∘C before each
rolling step. The fuel zone is marked under an X-ray screen.
After cutting to the final shape, surface treatment completes
the manufacturing. Figure 13 depicts the parts and steps of
target manufacturing.Themanufacturing technology follows
related experiences at KFK [31, 32].

Figure 16: Dissolution cell and the applied hardware devices for
process operation at KFK.

2.14. Target Irradiation and Processing. Hundreds of targets
were produced from natural uranium in order to develop and
verify production technique and fulfillment of the required
quality standards. The target qualification standards were
identical to those of regular MTR-fuel elements qualification
standards.

Fuel densities were varying between 1.5 and 5.0 gU/cm3.
Natural uranium targets were also used for the development
and cold testing of the new silicide treatment process. The
uranium precipitates generated by cold testing have been
recycled. The prepared silicide fuel was applied for the
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Figure 17: Fission Mo-99 production flow sheets for irradiated UAl
𝑥
and U
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Si
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fueled targets.

preparation of new targets again and had to undergo the
fuel qualification needed for irradiation.The qualified targets
were again dissolved without being irradiated. The material
was repeatedly recycled and processed.

The achieved experience was applied for the preparation
of those LEU targets foreseen for irradiation and hot process
demonstration.Theproduced LEU targets comprised varying
densities up to 5.0 gU/cm3. The U-densities of all irradiated
targets were 3 gU/cm3. The uranium enrichment of the
targets was 19.75%. It was adjusted by blending of recycled
HEU fuel of 91% enrichment with natural uranium. The
blending was carried out by adding of a solution of uranyl
nitrate of the natural uranium to a part of the uranium eluate
of the TBP solid-bed column at the end of purification cycle.
The mixture was precipitated as ammonium diuranate and
further treated up to metal as described.

The silicide production cycle of Figure 14 was completed
by demonstration tests at KFK, operated at 1,000 Ci of Mo-
99 at EOP. Figure 15 shows 5 of the used irradiated silicide
fuel targets prior to starting the dissolution process. Figure 16
shows the applied dissolution cell and major components
of the hardware devices applied for the hot demonstration
operations.

The hot experiments with U
3
Si
2
-based targets showed,

except the dissolution and the related off-gas handling oper-
ations, no difference to the processing of the UAl

𝑥
-based

fuels. The latter were frequently operated on similar scale
for over 100 production runs. The dissolution tests of the
silicide targets showed no difference in solubility between
irradiated and nonirradiated silicide nor with fuel densities
varying from 1.5 to 5.0 gU/cm3.The achieved results were not
surprising, as in extensive cold dissolution experiments pure

silicide grains of several millimeters diameter were smoothly
dissolved in the developed system.

3. Conclusions

The described experiments and related high-active demon-
strations underlined the advantage of uranium silicide fuels
as an outstanding target material for the production of fission
Mo-99. Silicide targets combine remarkable features predes-
tinating them as starting up materials for the large scale pro-
duction of fission nuclides when starting from LEU. Among
others these features are as follows.

(i) The full compensation of the enrichment drop from
HEU to LEU in the production targets.

(ii) Long term proven excellent behavior in irradiation
as MTR-fuel, which simplifies their acceptance in all
involved research reactors supplementary.

(iii) Qualification on large scale and to high burn-ups as
nuclear fuels up to uranium densities of 5.8 gU/cm3
which even permits outstanding recycling potential
for the generated spent fuel.

(iv) Reliable and reproducible production quality, which
can be easily supervised with view to settled stan-
dards.

(v) Contamination and off-gas free handling before start-
ing up the chemical process regarding the fact that no
mechanical target dismantling is needed.

The demonstrated process for the production of fission
Mo-99 and the integrated fuel cycle, both as described, is



Science and Technology of Nuclear Installations 13

designed for the long-term large scale operation. Relevant
features are as follows.

(i) Complete separation of the nuclear fuel from theMo-
stream, already at the beginning of the separation
process, combinedwith the quantitative retention and
the safe enclosure of the nuclear fuel together with the
bulk of fission products.

(ii) Exceptional low environmental impact comparable to
thatUAl

𝑥
process operating on full scale at Petten,The

Netherlands.
(iii) Uncomplicated and economical to handle, noncorro-

sive, and nuclear fuel free alkaline waste.
(iv) Reliable immobilization of the fluoride content in

the alkaline waste by formation of calcium fluoride
during solidification, CaF

2
being a mineral “fluorite”

of very low solubility.
(v) Efficiently reduced nuclear waste amounts by recy-

cling and retargeting of the spent fuel.
(vi) Shorter operation times for the silicide fuel in com-

parison to the processing of similar fuel amounts
of UAl

𝑥
. Figure 17 shows the operations needed for

both fuel target types and demonstrates the related
processing schemes for UAl

𝑥
and U

3
Si
2
. In case of

the UAl
𝑥
processing, the needed final treatment for

safe spent fuel enclosure as diuranate is an additional
operation but integral part of the silicide processing
already.
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