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Molybdenum-99 is the parent of Technetium-99m, which is used in nearly 80% of all nuclear medicine procedures. The medical
community has been plagued by Mo-99 shortages due to aging reactors, such as the NRU (National Research Universal) reactor in
Canada. There are currently no US producers of Mo-99, and NRU is scheduled for shutdown in 2016, which means that another
Mo-99 shortage is imminent unless a potential domestic Mo-99 producer fills the void. Argonne National Laboratory is assisting
two potential domestic suppliers of Mo-99 by examining the effects of a uranyl nitrate versus a uranyl sulfate target solution
configuration on Mo-99 production. Uranyl nitrate solutions are easier to prepare and do not generate detectable amounts of
peroxide upon irradiation, but a high radiation field can lead to a large increase in pH, which can lead to the precipitation of fission
products and uranyl hydroxides. Uranyl sulfate solutions are more difficult to prepare, and enough peroxide is generated during
irradiation to cause precipitation of uranyl peroxide, but this can be prevented by adding a catalyst to the solution. A titania sorbent
can be used to recover Mo-99 from a highly concentrated uranyl nitrate or uranyl sulfate solution; however, different approaches
must be taken to prevent precipitation during Mo-99 production.

1. Introduction

Argonne is assisting two potential domestic suppliers of
Molybdenum-99, and both plan to use a fissioning LEU solu-
tion as either uranyl nitrate or uranyl sulfate to produce Mo-
99. Babcock andWilcox Technical Services Group (BWTSG)
is developing an aqueous homogeneous reactor (AHR) for
Mo-99 production, which will utilize an LEU fuel (19.75% U-
235) as uranyl nitrate. Their system is referred to as MIPS
(Medical Isotope Production System) [1]. SHINE Medical
Technologies is developing Subcritical Hybrid Intense Neu-
tron Emitter (SHINE), which is an accelerator-driven process
that will use an LEU uranyl sulfate target solution for Mo-99
production [2, 3]. For these systems, Argonne has developed
a Mo-recovery process for either the irradiated uranyl sulfate
or uranyl nitrate solution using a titania sorbent [4–16].

Solution preparation is much easier for MIPS compared
to SHINE [13, 15]. The differences in procedures will be
discussed in more detail below.

Uranyl nitrate and uranyl sulfate solutions have been
irradiated at the Argonne 3MeV Van de Graaff accelerator to
study the effects of a high radiation field on solution chem-
istry, specifically related to pH changes, peroxide formation,
and molybdenum and iodine redox chemistry.The effect of a
high radiation field caused significant pH changes in a uranyl
nitrate solution, which resulted from the radiolysis of nitrate
to form a variety of reduced nitrogen species from nitrite to
NO
𝑥
gases and to ammonia [17]. Uranium and fission prod-

uct precipitation becomes a concern when the pH rises above
3 [1]. As a result, nitric acid will need to be added periodically
to the uranyl nitrate MIPS fuel solution during operation to
prevent large pH increases that may lead to the precipitation
of some fission products and eventually uranium.The pH of a
uranyl sulfate solution decreased postirradiation due to water
loss from radiolysis [18]. Uranyl peroxide precipitated during
irradiation of uranyl sulfate solutions that did not contain
catalysts. Ferrous and ferric sulfate, cupric sulfate, potassium
iodide, 304 stainless steel turnings, and Zr metal have been
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tested as potential catalysts for peroxide destruction during
irradiation of uranyl sulfate solutions [19].

Although molybdenum can be recovered from both
uranyl nitrate and uranyl sulfate solutions, the task is easier
from nitrate media. This is most easily seen by comparing
Mo(VI) partitioning between the solutions and the titania
sorbent [4, 8, 13–15, 20]. However, plant-scale separation
columns have been designed for both MIPS and SHINE
systems [8, 9, 12–15]. A general comparison of the two
recovery operations will be discussed below. New data to be
discussed in this paper are column experiments performed
using uranyl sulfate solutions spiked with tracer Mo-99 and
stable Mo added as sodium molybdate under a constant
radiation dose at the Van de Graaff [21]. Additionally, results
from Van de Graaff iodine speciation experiments in nitrate
and sulfate media will also be presented [21]. However, the
Van de Graaff iodine results do not agree with iodine results
obtained using dissolved, irradiated foils added as a spike to
a uranyl sulfate solution.

2. Materials and Methods

2.1. Materials. Depleted-uranium metal plates were used to
prepare uranyl nitrate and uranyl sulfate solutions.The plates
were approximately 2 × 2 with a width of 1/8 and a mass
of ∼150 g. Concentrated nitric acid and sulfuric acid were
obtained from Sigma-Aldrich, and dilutions were made to
prepare solutions with different acid concentrations required
for the various steps in the uranyl-salt solution-preparation
processes. Pure titania sorbents (Sachtopore Normal Phase—
110 and 40micron particle size) were obtained fromZirchrom
Separations, Inc. Sodium molybdate was obtained from
Sigma-Aldrich, and Mo-99 was milked from a Lantheus
spent Tc-99m generator. 30% hydrogen peroxide was used as
received from Sigma-Aldrich. A 3MeVVan de Graaff (VDG)
accelerator was used to generate a radiation field.

2.2. Methods. Uranyl nitrate solutions were prepared by
dissolving uranium-metal plates in 8M nitric acid using a
reaction kettle, equipped with a heating mantle, kettle cover,
and reflux condenser.The uranyl nitrate solutionwas brought
to dryness several times to drive off excess nitric acid and
redissolved in a mixture of nitric acid and water until a final
pH of 1.0 was reached at the desired uranium concentra-
tion.

Two different avenues have been investigated for the pre-
paration of uranyl sulfate. In the first method of preparation,
uranium metal is converted to uranyl nitrate, and heat and
sulfuric acid are added to drive off nitrate and form uranyl
sulfate. Sulfuric acid (1–18M) is added directly to the uranyl
nitrate solid to prepare uranyl sulfate. A rotary evaporator
with a water-cooled condenser kept under constant vacuum
is used to facilitate conversion from nitrate to sulfate. An oil
bath is used to heat the solution to drive off nitric acid and
thus to convert the salt to uranyl sulfate. The second method
of preparation involves oxidizing U metal to U

3
O
8
, forming

uranyl peroxide, and redissolving it in dilute sulfuric acid.
Uraniummetal is oxidized in a furnace at a temperature near

720∘C for full conversion and usually takes about 24 h for a
single metal plate (∼150 g). Approximately 5mL of 30%H

2
O
2

per gram of U
3
O
8
and a stoichiometric amount of H

2
SO
4
are

added to the U
3
O
8
with heat. Complete conversion to uranyl

peroxide occurs in about 40 minutes for a 50 g-U batch, and
the solid product is redissolved in dilute sulfuric acid with
heat. Complete dissolution of a 50 g-U batch takes about 1
hour.

Uranium solutions and titania columns were irradiated
for 1 hour using the Van de Graaff as a radiation source.
Each uranium solution was passed through a titania column
over a period of 2 hours, while under a constant radiation
dose, uranium solution and titania column were both in the
radiation field. Column sizes and experimental parameters
are direct downscale designs of the plant-scale designs gener-
ated byVersatile Reaction Separation (VERSE) for the SHINE
process. The purpose of these experiments was to determine
whether a radiation dose of approximately 70 kRad/h caused
a change in Mo redox chemistry. After the target solution
was loaded onto the column, it was washed with acid and
water, and Mo-99 was recovered using 0.1M NaOH heated
to 70∘C. Column wash and strip steps were not performed in
a radiation field.

Column experiments were performed under a constant
radiation dose using a FluidMetering Inc. (FMI) pump and a
stainless steel column at the Van de Graaff. Subsequent wash
and Mo elution steps were carried out using an ÄKTA liquid
chromatography system. Column and solution temperatures
were kept at 80∘C except for the Mo strip solution, which was
kept at 70∘C. Feed solutionwas loaded in the upflowdirection
to concentrate Mo at the base of the column and in the case
of irradiated solutions, to prevent entrapment of fission gases
that may potentially generate channels in the column. The
column was washed with acid (0.1–1M) and then water. Mo
was eluted using 0.1MNaOHheated to 70∘C, and a finalwater
wash was performed.

The experimental setup formeasuring radiolytic-gas gen-
eration and peroxide formation with/without the presence
of catalysts was designed with two interconnected systems—
the process loop and the sampling manifold. The process
loop is a closed loop of stainless steel tubing that consists
of a quartz target vessel for the sample, the electron beam,
and a peristaltic pump. The target sample is inserted into a
holder directly in the accelerator electron-beam path. The
holder is attached to a recirculating pump and water bath to
provide continuous cooling of the sample.The electron beam
impinges on the cooling water and quartz tube in the setup.
The 3.0MeV Van de Graaff accelerator electron beam emits
electrons and some X-rays, which interact with the sample.
The sample tube has an inlet and outlet valve to recirculate
headspace gases throughout the process loop. The sampling
manifold is connected to the process loop by a bellows valve.
The sampling manifold consists of a capacitance monometer,
vacuum pump, and two analytical instruments connected
by stainless steel tubing and a series of valves used to
either evacuate, measure pressure, or analyze the gaseous
constituents in the manifold. The gases are analyzed using a
SRI-8610C gas chromatograph with a Thermal Conductivity
Detector (TCD) and a Helium Ionization Detector (HID).
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Separation is achievedwith a 13Xmolecular sieve column and
a Haysep-d column.

A 2mL test solution is placed in a quartz sample tube.
The sample tube is connected to the process loop in the beam
path. The system is then evacuated and purged with helium
several times to remove atmospheric gases. The process loop
is pressurized to 800 torr with Ultra High Purity (UHP)
helium.

The 3.0MeV electron beam is set to 20𝜇A, and the sample
is irradiated for approximately five hours. At 30-minute
intervals, a sample of the headspace gas is withdrawn into the
evacuated “SamplingManifold” for analysis.The gas removed
is replaced with helium to keep a constant pressure in the
system. Prior to these experiments, oxalic-acid dosimetrywas
performed to determine the approximate dose deposited into
the sample [22].

Uranyl sulfate and uranyl nitrate solutions were tested
at various concentrations. The pH of the solutions was
measured at the end of irradiation. Several known catalysts
for the autodestruction of hydrogen peroxide were also tested
to determine if each one was a suitable option for peroxide
destruction in sulfate solutions.

3. Results and Discussion

3.1. Solution Preparation. Preparation of uranyl nitrate is
straightforward because uranium metal can be dissolved
directly in nitric acid. Adjustment of pH is relatively easy to
do for a uranyl nitrate solution because excess nitrate can be
removed by evaporation of nitric acid or by calcining uranyl
nitrate to produce oxide. On the other hand, uranium metal
cannot be dissolved directly in sulfuric acid without the addi-
tion of an oxidizing agent [13, 15, 16, 23, 24]. As a result, addi-
tional steps are required for the preparation of uranyl sulfate.
Two methods are currently being examined for the prepara-
tion of uranyl sulfate: (1) calcine U metal to UO

3
/U
3
O
8
and

dissolve it in amixture of H
2
O
2
andH

2
SO
4
with heat, (2) dis-

solve U metal in HNO
3
, use a calcination process to convert

uranyl nitrate to UO
3
, and dissolve UO

3
in H
2
SO
4
[13, 23–

27]. Uranyl nitrate is more attractive than uranyl sulfate in
terms of solution preparation; however, uranyl sulfate is the
better choice in terms of neutron economy and pH stability
[1–3, 28–31]. Changes in pH observed upon irradiation at the
Van de Graaff for uranyl sulfate, and uranyl nitrate solutions
are discussed inmore detail in the gas analysis results section.

Because conversion of a uranyl nitrate solution to a
uranyl sulfate solution using a rotary evaporator showed that
approximately 1–5% nitrate remains in the final uranyl sulfate
solution, we recommend thermal oxidation of uraniummetal
followed by dissolution directly of the uranium oxide in a
mixture of hydrogen peroxide and sulfuric acid with heat.

3.2. Mo Recovery: Nitrate versus Sulfate Media. Batch-study
results show that Mo adsorbs better on a titania sorbent in a
nitrate media than in sulfate media [13, 20]. Sulfate competes
more strongly with molybdenum for adsorption sites than
nitrate. For example, batch studies were performed in sodium
nitrate and sulfate solutions, with anion concentrations rep-
resenting what would be present in a 150 g-U/L solution of

Table 1: Distribution ratios forMo in the presence of sodium sulfate
and sodium nitrate solutions.

Initial Mo (M) 𝐾
𝑑
, Mo (mL/g)

0.63M Na2SO4
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Figure 1: Amount of Mo adsorbed per gram of sorbent versus the
amount in solution in the presence of solutions containing 150 g-U/L
uranyl nitrate and 150 g-U/L uranyl sulfate.

each one. With Mo concentrations in the range expected for
MIPS and SHINE (10−5–10−6M), the 𝐾

𝑑
, which is defined

as the ratio of Mo adsorbed on the sorbent (mol/g) to the
concentration of Mo in solution (mol/L), values for Mo in
the presence of sodium nitrate are 1.7–2.2 times larger than in
the presence of sodium sulfate (Table 1). Similar batch studies
were performed in the presence of 150 g-U/L uranyl nitrate
and uranyl sulfate solutions. Figure 1 shows a direct compari-
son between the amount ofMo adsorbed per gram of sorbent
versus the amount in solution in the presence of uranyl nitrate
and uranyl sulfate solutions, and results indicate that more
Mo is adsorbed in the presence of a uranyl nitrate solution,
especially as the Mo concentration increases.

3.3. Plant-Scale Column Designs. Batch data and small-scale
column data for Mo adsorption in the presence of uranyl
sulfate and uranyl nitrate solutions using a pure titania
sorbent have been collected at Argonne and input into the
VERSE simulator, which was developed by Dr. Wang at
PurdueUniversity [32]. VERSE takes data obtained in a batch
mode and small-scale column setting to design a column
for a large-scale separation process. Plant-scale columns have
been designed for the MIPS (uranyl nitrate) and SHINE
(uranyl sulfate) systems. Based on the batch data shown
above, the Mo-recovery column is going to be larger for the
SHINE systemdue to competition from sulfate. Table 2 shows
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Table 2: Plant-scale columndesigns forMIPS and SHINEusing 110-
𝜇m Sachtopore sorbent.

Solution Inner diameter (cm) Length
(cm)

Column
volume (L)

Uranyl nitrate 12 9.7 1.1
Uranyl sulfate 12 13 1.5

the plant-scale column designs for both processes, which
assume a uranium concentration between 100 and 150 g-U/L,
a feed solution volume of 200–250 L, aMo concentration near
10−5M, and a 2-hour loading time. The plant-scale column
design for SHINE is about 25% larger than for MIPS, which
means slightly larger waste volumes.

3.4. Column Experiments and Mo Redox Chemistry. Mo oxi-
dation state is a critical aspect of the separation and recovery
process. Separation and recovery of Mo from a uranyl nitrate
or uranyl sulfate solution assume that Mo is present as
Mo(VI). However, the radiation environment surrounding
these solutions is highly reducing and may alter Mo’s oxi-
dation state [1, 20, 27]. The likelihood for a change in Mo
redox chemistry is much greater in a uranyl sulfate solution
because nitrate is an oxidant, and if Mo were reduced, nitrate
has the capacity to reoxidize it to Mo(VI). If Mo(VI) was
reduced to Mo(V), it can be present as a cationic species,
Mo
2
O
4

2+, which will not adsorb on the Mo-recovery column
[1, 9, 20, 27, 33, 34]. Because both MIPS and SHINE will
be recycling their fuel/target solutions, adding an oxidant is
not trivial. The redox potential for Mo(VI)/Mo(V) at pH =
0 is 0.50V [33], but to what extent, in which system(s), and
under what conditions will Mo reduction take place remains
uncertain. Column experiments were initiated using the Van
de Graaff as a source of constant radiation for uranyl sulfate
solutions. Future experiments will use a linac as a constant
source of radiation, and fission products will be generated.

Uranyl sulfate solutions were irradiated at the Van de
Graaff under a constant radiation dose and passed through
a titania column. Previous batch-study results where uranyl
nitrate and uranyl sulfate solutions were irradiated at the Van
de Graaff showed inconclusive results using sulfate solutions,
but there was no observed reduction in Mo adsorption or
recovery from nitrate solutions [20]. This is most likely due
to the oxidizing behavior of nitrate. As a result, column
experiments performed under a constant radiation dose were
only performed using uranyl sulfate solutions. The focus of
the constant-irradiation-column experiments shifted toward
a sulfate media because it is a nonoxidizing environment in
the absence of a radiation field. Mo oxidation state is more
likely to change in a sulfate system than in a nitrate system.
However, at solution dose rates of roughly 700Gy/h, no
changes inMo redox chemistry were observed.Mo recoveries
still ranged from 90 to 100%, and less than 1% Mo was
found in the effluent stream, which suggests that Mo(VI)
did not reduce to Mo(IV) or Mo(V) when exposed to dose
rates in the 700Gy/h range [21]. Table 3 shows the results
from the column experiments performed under constant
dose at the Van de Graaff. Errors associated with the gamma

counting results for Mo-99 are ±7%, which explains why the
total amount of Mo in all solutions does not sum 100%. In
experiments where 1MH

2
SO
4
was used to wash the column,

11–15% Mo prematurely eluted during the acid and water
washes because at lower pH values, Mo speciation changes
from primarily a monoprotonated species, HMoO

4

− [35], at
pH 1 to a cationic species that does not adsorb as well on a
titania sorbent.

Additional isotopes of concern for both processes were
added to the target solutions prior to irradiation to gain a
better understanding of their redox chemistry and speciation,
which may help deduce where certain isotopes will end up
postirradiation and post-Mo-99 recovery. Isotopes that were
added to the target solution preirradiation included I-131
and Pu-239. Previous experiments with irradiated solutions
showed that iodine contaminates the Mo-99 product prior
to entry into the purification process. Iodine contamination
in the Mo-99 product partially comes from decay of several
Te isotopes, Te adsorbs, and Mo on a titania sorbent [9]. The
distribution of isotopes during the separation and recovery
processes is important for waste classification purposes. A
clearer understanding of which fission products will be
recycled to the target solution and which fission products will
enter the purification process is needed. Modifications were
made to the LEU Modified Cintichem purification process
to account for the large amount of iodine, which has been
found to coelute with the Mo-99 product [5, 13, 36]. An
additional evaporation step using nitric acid was added to
promote volatilization and capture of the iodine.

The current steps in the Cintichem process are capable of
removing iodine and iodide but not iodate. Iodine speciation
experiments at the Van de Graaff performed with uranyl
nitrate and uranyl sulfate solutions suggested that all iodine
species independent of starting species (iodine, iodide, and
iodate were all tested, and isotopic equilibration was initiated
with an I-131 spike) were reduced to iodide when exposed to
low LET (linear energy transfer) particles [21]. These results
are somewhatmisleading because it is well known that iodine
volatilizes in acidic solution and will most likely appear
in multiple places during Mo-99 production, separation,
recovery, and purification processes.

Column experiments were performed using a Pu-239
spike (added as Pu(IV)) to understand its behavior in the
Mo-recovery process. More than half of the Pu-239 remained
adsorbed on the column during the Mo-separation and
recovery processes from an irradiated uranyl sulfate solution.
Previous batch studies using a uranyl nitrate solution showed
that Pu does adsorb on a titania sorbent [15]. Several options
are viable for Pu removal from titania, but what, if any
options are pursued to remove the Pu, will be dependent
on the producer’s needs. Results from column experiments
performed using uranyl sulfate solutions and batch-contact
studies performed using uranyl nitrate solutions suggest that
a significant amount of Puwill remain adsorbed on the titania
sorbent during the Mo separation and recovery process.

3.5. Gas Analysis Results and pH Changes from Van de
Graaff Experiments. Initially, sodium nitrate and sodium
sulfate solutions were irradiated using the Van de Graaff as
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Table 3: Results for Van de Graaff column experiments.

Solution dose rate (Gy/h) Column dose rate (Gy/h) % Mo in effluent % Mo in washes % Mo in strip Acid wash (M)
640 160 0.9 0.3 100 0.5
740 180 0.7 15 92 1
680 160 0.6 11 100 1
690 170 0.2 2 95 0.5

a radiation source [18]. Gases produced during irradiation
were analyzed, and final pHmeasurements were taken postir-
radiation. After sodium salt irradiations were completed,
a set of uranyl nitrate and uranyl sulfate solutions were
irradiated at theVan deGraaff tomeasure gases produced and
changes in pH. Postirradiated uranium solutions were also
examined closely for possible precipitates. Production levels
for hydrogen and oxygen gases as a function of radiation dose
have been plotted. pH changes are much more significant in
nitratemedia and can lead to precipitation of fission products
and uranium in the absence of a continuous feed of nitric
acid. In sulfate media, pH changes are not that significant,
but peroxide formation leads to the precipitation of uranyl
peroxide if a catalyst to destroy peroxide is not added to the
solution prior to irradiation [19].

3.6. Uranyl Nitrate Solutions. Irradiation of sodium nitrate
and uranyl nitrate solutions at the Van de Graaff caused
significant increases in pH postirradiation. As the nitrate
concentration increased, the pH increasedmore significantly.
The pH of a uranyl nitrate solution containing ∼80 g-U/L
did not change considerably postirradiation; however, as the
concentration increased to 128 g-U/L, a final pH reading of
1.84 was measured (initial pH of 1.0). From previous experi-
ments with irradiated uranyl nitrate solutions, fission prod-
ucts began to precipitate at a pH near 1.7 [35]. As the nitrate
concentration increased even more (0.74M and 0.95M), the
pH increased to ∼2.2, which becomes a concern for uranium
precipitation which occurs around a pH of 3.0 [1]. In similar
irradiations with sodium nitrate solutions, the pH reached
as high as 10.1 after a dose of 2.3𝐸 + 08Gy was applied to a
solution containing 2.52M NO

3

− [18].
The total production of hydrogen and oxygen was fairly

consistent for uranyl nitrate solutions containing 128–226 g-
U/L. A H

2
/O
2
ratio between 1.2 and 1.4 was observed for the

samples containing higher concentrations of uranyl nitrate,
which correlates well with the increases in pH. For the
solution containing roughly 80 g-U/L, the H

2
to O
2
ratio is

much closer to 2 with a value of 1.75, which agrees with the
fact that the pHdidnot change. Sodiumnitrate solutionswere
also irradiated at the Van de Graaff (data not shown), and
results were consistent with what was observed for uranyl
nitrate solution irradiations. As the nitrate concentration
increases for both sodium and uranyl nitrate solutions, the
H
2
/O
2
ratio decreases. This is most likely due to ammonia

formation, which increases as nitrate increases and can
reduce the amount of H

2
produced. These data for uranyl

nitrate solutions are shown in Table 4 and Figures 2, 3, and 4.
Table 5 shows the detection of N

2
O and NO during the

irradiation of uranyl nitrate solutions at the Van de Graaff. In
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solutions at the Van de Graaff.

Table 5, ND indicates that the analytewas not detected during
the experiment. The table shows the number of 𝜇moles
detected at each sampling time (𝑡). These data are displayed
in this fashion because the concentration of each analyte was
below the lowest calibration standard utilized, even though
peaks were still detected, and the NO

𝑥
compounds are very

reactive. NO reacts with oxygen to form NO
2
, which is a

brown toxic gas. It also can react in the presence of oxygen
and water to form nitrous acid, HNO

2
. Considering the

reactive nature of the NO
𝑥
species, it was decided that the

best way to report the data are as total 𝜇moles detected at
time (𝑡) instead of total accumulated 𝜇moles. N

2
O is only

detected as a true peak (based on calibration standard) in the
samples containing larger amounts of nitrate (175 g-U/L and
226 g-U/L).

3.7. Uranyl Sulfate Solutions. Table 6 shows the experimental
data for the irradiation of uranyl sulfate solutions using the
Van de Graaff accelerator as a source of radiation. Figures 5
and 6 show the total 𝜇moles of each analyte (either hydrogen
or oxygen) versus accumulated dose (Gy) during each five-
hour experiment.TheH

2
/O
2
ratios are presented in Figure 7.

Uranyl peroxide precipitated during irradiation of uranyl
sulfate solutions at the Van de Graaff accelerator. Density
measurements were performed on the post-irradiated solu-
tions after the precipitate was filtered to determine the
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Table 4: Experimental data obtained from the irradiation of uranyl nitrate solutions at the Van de Graaff.

Uranium
concentration
(g-U/L)

Energy
deposited (Gy) Initial pH Final pH Total 𝜇moles

H2 produced
Total 𝜇moles
O2 produced

𝐺 value H2
(H2/100 eV)

𝐺 value O2
(O2/100 eV)

H2 to O2
ratio

76 2.32𝐸 + 08 1.0 1.02 1240 710 0.025 0.015 1.75
128 2.33𝐸 + 08 1.0 1.84 690 490 0.014 0.010 1.41
175 2.32𝐸 + 08 1.0 2.21 650 520 0.013 0.011 1.24
226 2.05𝐸 + 08 1.0 2.09 650 550 0.015 0.013 1.17

Table 5: N2O and NO in 𝜇moles measured at sampling time for irradiated uranyl nitrate solutions.

Sampling time (min) 76 g-U/L 128 g-U/L 175 g-U/L 226 g-U/L
N2O NO N2O NO N2O NO N2O NO

30 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
60 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
90 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
120 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 1.52 <0.5
150 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 3.05 <0.5
180 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 3.96 <0.5
210 <0.5 <0.5 <0.5 <0.5 1.32 <0.5 4.17 <0.5
240 <0.5 <0.5 <0.5 <0.5 2.84 <0.5 2.64 <0.5
270 <0.5 <0.5 <0.5 <0.5 2.24 <0.5 3.35 <0.5
300 <0.5 <0.5 <0.5 <0.5 2.03 <0.5 N.D. N.D.
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175g-U/L uranyl nitrate
226 g-U/L uranyl nitrate
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approximate amount of uranium that had precipitated. Ura-
nium concentrations decreased by ∼22–36 g-U/L for postir-
radiated uranyl sulfate solutions. Those data are shown in
Table 6. Precipitated uranium can be redissolved by destruc-
tion of peroxide at elevated temperatures.

The pH values for the postirradiated uranyl sulfate solu-
tions decreased, which is due to the formation of uranyl
peroxide and loss of H

2
O from radiolysis. Sodium sulfate
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Figure 4: Hydrogen to oxygen ratios measured for uranyl nitrate
solutions during irradiation tests at the Van de Graaff.

solutions were also irradiated at the Van de Graaff, but
no precipitates were observed because sodium peroxide is
soluble; however, the pH values of the postirradiated sodium
sulfate solutions decreased as well.

The production of hydrogen and oxygen was high for all
of the uranyl sulfate irradiation experiments. These data are
consistent with results obtained from irradiation of sodium
sulfate solutions at the Van de Graaff (data not shown),
where H

2
/O
2
ratios increased as the concentration of sulfate

increased. The ratio of H
2
: O
2
was at or slightly above 2 : 1,
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Table 6: Experimental data obtained from the irradiation of uranyl sulfate solutions at the Van de Graaff.

Initial
uranium
conc.
(g-U/L)

Energy
deposited

(Gy)

Final
uranium
conc.

(g-U/L)

Initial pH Final pH
Total
𝜇moles H2
produced

Total
𝜇moles O2
produced

𝐺 value H2
(H2/100 eV)

𝐺 value O2
(O2/100 eV)

H2 to O2
ratio

88 1.71𝐸 + 08 63.5 1 0.64 2972 1446 0.082 0.0399 2.05
138 2.29𝐸 + 08 116 1 0.63 1320 634 0.0278 0.0134 2.08
298 2.03𝐸 + 08 262 1 0.58 1092 459 0.0259 0.0109 2.38

Table 7: Experimental data obtained from the irradiation of uranyl sulfate solutions in the presence of potential peroxide catalysts at the Van
de Graaff.

Catalyst Uranium
concentration (g-U/L)

Energy
deposited (Gy)

Did sample
precipitate

Total 𝜇moles
H2 produced

Total 𝜇moles
O2 produced

H2 to O2 ratio

Cu(II), 62.5mg-Cu/L 126 2.20𝐸 + 08 No 410 290 1.42
KI, 9.94mg-I/L 126 2.28𝐸 + 08 No 210 150 1.40
Fe(III), 0.96 mg-Fe/L 126 2.28𝐸 + 08 No 570 370 1.53
304 stainless steel 126 2.24𝐸 + 08 No 260 220 1.17
Zirconium 298 2.32𝐸 + 08 Yes 1110 460 2.42
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Dose (Gy)
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Figure 5: Hydrogen evolution measured during irradiation of
UO
2
SO
4
solutions at the Van de Graaff.

favoring production of hydrogen as sulfate increased in
sodium and uranyl sulfate solutions. Despite the fact that the
H
2
/O
2
ratio is close to 2.0 (theoretical value for water) for

the 88 g-U/L uranyl sulfate sample, peroxide was still being
formed because the pH decreased and a precipitate formed.

3.8. Catalytic Destruction of Peroxide in Uranyl Sulfate Solu-
tions. To prevent precipitation of uranyl peroxide, a catalyst
must be added to the uranyl sulfate solution prior to irra-
diation to decrease the steady-state concentration of radio-
lytically generated hydrogen peroxide. Fe(II) added as FeSO

4

has been shown to accomplish this at concentrations as low
as 1 ppm. In order to expand the available options for use in

0

500

1000
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O
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m
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)

0E + 000 5E + 007 1E + 008 1.5E + 008 2E + 008 2.5E + 008

88 g-U/L uranyl sulfate
138g-U/L uranyl sulfate
298g-U/L uranyl sulfate

Figure 6: Oxygen evolution measured during irradiation of
UO
2
SO
4
solutions at the Van de Graaff.

the SHINE system, other salts were tested because of their
known ability to catalyze destruction of H

2
O
2
. Experiments

were performed using aqueous solutions of copper(II) sulfate,
potassium iodide, and iron(III) sulfate [37]. Potential target
solution vessel materials, 304 stainless steel and zirconium
ASME 658, were also tested. The stainless steel and Zr were
added as solid turnings to 2mL of ∼130 g-U/L uranyl sulfate
solution.

Table 7 and Figures 8–10 show experimental data for the
irradiation of uranyl sulfate solutions containing the poten-
tial H

2
O
2
destruction catalysts discussed above. Each sample

contained a different catalyst at the concentration shown.
Figures 8 and 9 show the total 𝜇moles of each analyte



8 Science and Technology of Nuclear Installations

50 100 150 200 250 300
2

2.05

2.1

2.15

2.2

2.25

2.3

2.35

2.4

Uranium concentration (g-U/L)

H
2
/O

2
ra

tio

Figure 7: Hydrogen to oxygen ratios measured for UO
2
SO
4
solu-

tions during irradiation tests at the Van de Graaff.
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Figure 8: Hydrogen evolution measured during irradiation of
126 g-U/L UO

2
SO
4
solutions in the presence of potential peroxide

catalysts at the Van de Graaff.

(either hydrogen or oxygen) versus accumulated dose (Gy)
at sampling time during each five-hour experiment. Figure 10
presents the H

2
-to-O

2
ratios versus dose for the data. Com-

paring Tables 6 and 7, it is evident that the addition of
a peroxide catalyst reduces the overall gas production and
changes the H

2
-to-O

2
ratio from ∼2 : 1 to ∼1.4 : 1.

Zr metal was not effective at preventing precipitation of
uranyl peroxide, so if the target solution vessel for SHINE
is made of Zr, an additional catalyst would most likely be
required to accelerate peroxide destruction. Irradiated uranyl
sulfate solutions containing Zrmetal exhibited similar behav-
ior to the irradiated uranyl sulfate solutionswhere uranyl per-
oxide precipitated. High volumes of hydrogen and oxygen
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Figure 9: Oxygen evolution measured during irradiation of 126 g-
U/L UO

2
SO
4
solutions in the presence of potential peroxide cata-

lysts at the Van de Graaff.
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Figure 10: Hydrogen to oxygen ratios measured during irradiation
of 126 g-U/LUO

2
SO
4
solutions in the presence of potential peroxide

catalysts at the Van de Graaff.

were generated, and H
2
-to-O

2
ratios greater than 2 were

observed.
The solution containing 304 stainless steel turnings

showed no evidence of precipitation, but the exact mecha-
nism of destruction is unknown. It may be a surface effect or
through dissolution of reactive ions. The 304 stainless steel
test showed low overall gas production and a low H

2
: O
2

ratio. The H
2
: O
2
ratio was 1.17, which is the lowest ratio

observed for any of the uranyl sulfate solutions irradiated
with effective catalysts, but the ratio is similar to uranyl nitrate
solutions containing higher concentrations of U (175 g-U/L
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and 226 g-U/L, see Table 4) that were irradiated at the Van de
Graaff.

Irradiations with the metal salt catalysts (copper sulfate,
potassium iodide, and ferric sulfate) were also effective at
preventing precipitation of uranyl peroxide. All of the salt
catalysts reduced the overall gas production and reduced the
H
2
-to-O

2
ratios to values below 2, but the ratios were still

larger than the ratio of 1.17 observed for the uranyl sulfate
solution containing the 304 stainless steel turnings.

4. Conclusions

Uranyl nitrate solutions are easier to prepare than uranyl
sulfate solutions, but large pH increases are observed upon
irradiation. A continuous feed of nitric acid is required to
prevent precipitation of uranium and fission products during
irradiation. Uranyl sulfate solutions are more difficult to
prepare, but large pH increases are not observed upon irra-
diation. However, a catalyst is required to promote peroxide
destruction and prevent precipitation of uranyl peroxide.

Mo recovery is a slightly easier from nitrate media com-
pared to sulfatemedia.This is due to the fact that sulfate com-
petes more strongly with molybdenum for titania adsorp-
tion sites than nitrate. A plant-scale Mo recovery column
would be about 25% larger for a uranyl sulfate solution com-
pared to a uranyl nitrate solution. From a neutronics stand-
point, uranyl sulfate is preferred due to the fact that nitrogen
absorbs thermal neutrons, which creates a loss of neutrons,
and decreases the overall reactivity. There are advantages
and disadvantages associated with both uranyl salts, but Mo-
99 separation and recovery using a titania sorbent followed
by Mo-99 purification using the LEU-Modified Cintichem
process are feasible using a uranyl sulfate or uranyl nitrate
target solution.
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