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Molybdenum-99 (*’Mo, half-life = 66 h) is a parent radionu-
clide of a diagnostic nuclear isotope. It decays in technetium-
99m (*P™Tc, half-life = 6h), which is used in over 30
million procedures per year around the world. To meet
worldwide demand for **™Tc-radiopharmaceuticals, fresh
%Mo/ *™Tc must be delivered regularly to nuclear medical
centers, week after week. The risks of global *’Mo supply
disruptions increased significantly since 1995 and have been
experienced for different reasons. Since the last quarter of
2007, global Mo-99 supplies have been severely disrupted by
recurring operational problems at a handful of aging research
reactor (NRU Canada, HFR Netherlands, SAFARI-1 South
Africa, BR2 Belgium and OSIRIS France) and processing
facilities (MDS Nordion in Canada, Mallinckrodt in the
Netherlands, IRE in Belgium, and NTP in South Africa).
These few facilities are meeting the bulk of the worldwide
demand. With the aging of the *’Mo supply network, it is
necessary for world Mo-99 market to consider new reliable
supply sources. The present and future shortage of **™Tc or
its parent is a worldwide issue. A research reactor is only one
piece of the linear supply chain of *Mo/*™Tc that exists
today. In April 2010, the United States and 46 other countries
signed an agreement to phase out HEU for civilian uses to
reduce proliferation concerns. Now scientists and engineers
involved in ®’Mo production are working to determine how
to continue to make *Mo with (1) low-enriched uranium
(LEU, <20% ***U) or (2) other alternatives that do not require
fissioning of 2*°U. To overcome the shortage of various routes
of its production by accelerators and reactors generating high

and low specific activity Mo or *™Tc directly is being
researched.

Investigators were invited to contribute original research
articles as well as review articles to stimulate the continuing
efforts to understand the issues related to production of *’Mo
that is acceptable to end users and environmentalists. The
article selected for this special issue represent the rich and
many-faceted technical know-how that we have the pleasure
of sharing with our readers. We would like to thank the
authors for their excellent contributions and patience in
assisting us. Finally, the fundamental work of all reviewers on
these papers is also highly appreciated.

This special issue contains nine papers, where four papers
deal with the production of Mo using LEU targets in a
reactor. Two papers are on °°"Tc generators development and
its utilization. One paper deals with the production of *’Mo
and *™Tc using a cyclotron. An article on immobilization
of higher activity wastes from reactor production of **Mo is
also included in this issue. One paper deals with research and
development of chemical process, hot-cell infrastructure, and
commercial production of **Mo.

In the paper entitled “**"Tc Generator Development:
Up-to-date *™Tc recovery technologies for increasing the
effectiveness of *’Mo utilization” by V. S. Le (Australia)
presents a review on the *Mo sources available today and
on the *™Tc generators developed up to now for increasing
the effectiveness of Mo utilization. The latest results of
the endeavors in this field are also surveyed in regard to
the technical solution for overcoming the shortage of **Mo
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supply. The technical topics are grouped and discussed to
reflect the similarity in the technological process of each
group. The following topics are included in this review.

(i) High specific activity *’Mo (the issues for current
production, efforts for more effectiveutilization, the
%™ T generator based on high-specific activity * Mo,
and **™Tc concentration units)

(ii) Low specific activity %Mo (*’Mo production based on
neutron capture and accelerators” direct production
of *™Tc and the methods of increasing the specific
activity of ®Mo using the Szilard-Chalmersreaction
and a high power isotope separator.)

The entitled articles “Immobilisation of higher activity
wastes from nuclear reactor production of *’Mo” by M.
Stewart et al. (Australia) discusses progress in waste-form
development and processing to treat ANSTO’s intermediate-
level waste (ILW) streams arising from *’Mo production. The
various waste forms and the reason for the process option
chosen are reviewed. The options considered were cement-
based, glass, glass-ceramic, and ceramic waste forms.

The entitled paper “Evaluation of *’Mo and **"Tc pro-
ductions based on a high-performance cyclotron” by J. Esposito
et al. (Ttaly) describes possibilities to replace the current
reactor-based method with the accelerator ones. A feasibility
study was started in 2011 based on the new, high-beam-
current, high-energy cyclotron scheduled to be available in
the next coming years at Legnaro Laboratories (LNL). A
molybdenum metallic target, enriched to 99.05% '*Mo, has
been assumed, as it is currently available on the isotopes
market. A series of in-target quality parameters has thus been
calculated for both radionuclides at the End of Bombardment
(EOB), based on the maximum (i.e., 500 #A) proton-beam
output current. TENDL 2012 theoretical excitation functions,
extended up to (p,6n) (p,p5n) and (p,2p4n) levels, were used
to get a detailed map of the radionuclides expected. Results
point out that accelerator->’Mo is of limited interest for a
possible massive production, mainly because of in-target
specific activities, which are a factor of 10* lower than reactor
**Mo.

The article entitled “History and actual state of non-
HEU fission-based Mo-99 production with low-performance
research reactors” by S. Dittrich (Germany) discusses that 50
years ago, one of the worldwide first industrial production
processes able to produce fission-Mo-99 for medical use had
started at ZfK Rossendorf (now HZDR, Germany). On the
occasion of this anniversary, it is worth mentioning that
this original process (called LITEMOL now) together with
its target concept used at that time can be applied still.
LITEMOL can be adapted very easily to various research
reactors and applied at each site, which maybe still of interest
for very small-scale producers. Besides this original process,
two further and actually proven processes are suitable as
well and recommended for small-scale LEU fission Mo-99
production also.

The article entitled “Influence of the generator in-growth
time on the final radiochemical purity and stability of **"Tc
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radiopharmaceuticals” by L. Uccelli et al. (Italy) describes
both theoretical investigations and preliminary irradiations
tests on '"’Mo-enriched samples. The authors argue that
both the *®Tc/**™Tc ratio and the *™Tc specific activ-
ity will be different in accelerator-produced Tc than that
milked from generator, and this might affect radiopharma-
ceutical procedures. The aim of this work was the evalua-
tion of possible impacts of different **¢Tc/**™Tc isomeric
ratios on the preparation of different Tc-labeled pharma-
ceutical kits. A set of measurements with **"Tc, eluted
from a standard *’Mo/ *™Tc generator, was performed and
results on both radiochemical purity and stability studies
(following the standard Quality Control procedures) are
reported for a set of widely used pharmaceuticals (i.e.,
#MTe-Sestamibi, *"Tc-ECD, ™ Tc-MAG;, **™Tc-DTPA,
MT MDP, ¥™Tc-HMDP, *™Tc-nanocolloids, and *™Tc-
DMSA).

The entitled articles, the work of S. G. Govindarajan
etal. (USA), “Assembly and irradiation modeling of residual
stresses in low-enriched uranium foil-based annular targets for
molybdenum-99 production” considers a composite cylindri-
cal structure, with low-enriched uranium (LEU) foil enclosed
between two aluminum 6061-T6 cylinders. A recess is cut all
around the outer circumference of the inner tube to accom-
modate the LEU foil of open cross-section. To obtain perfect
contact at the interfaces of the foil and the tubes, an internal
pressure is applied to the inner tube, thereby plastically and
elastically deforming it. The residual stresses resulting from
the assembly process are used along with a thermal-stress
model to predict the stress margins in the cladding during
irradiation. The whole process was simulated as a steady-state
2-dimensional problem using the commercial finite element
code Abaqus FEA. The irradiation behavior of the annular
target has been presented and the effect of the assembly
residual stresses has been discussed.

The article entitled “The fission-based *’Mo production
process ROMOL-99 and its application to PINSTECH Islam-
abad” by R. Muenze et al. (Germany and Pakistan) presents
an innovative process for fission based *’Mo produc-
tion developed under Isotope Technologies Dresden (ITD)
GmbH (former Hans Wilischmiller GmbH (HWM), Branch
Office Dresden), and its functionality has been tested and
proved at the Pakistan Institute of Nuclear Science and
Technology (PINSTECH), Islamabad. Targets made from
uranium-aluminum alloy clad with aluminum were irradi-
ated in the core of Pakistan Research Reactor-1 (PARR-1).
More than 50 batches of fission * Mo have been produced that
meet the international purity/pharmacopoeia specifications
using this ROMOL-99 process. The process is based on
alkaline dissolution of the neutron-irradiated targets in the
presence of NaNO,, chemically extracting the *’Mo from
various fission products and purifying the product by column
chromatography.

In the article entitled “A solution-based approach for Mo-
99 production: Considerations for nitrate versus sulfate media”
A. J. Youker et al. (USA) describe how Argonne National
Laboratory is assisting two potential domestic suppliers of
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Mo-99 by examining the effects of a uranyl-nitrate versus a
uranyl-sulfate fuel or target solution compositions on Mo-
99 production. Uranyl-nitrate solutions are easier to prepare
and do not generate detectable amounts of peroxide upon
irradiation, but the effect of a high radiation field (radiolysis
of nitrate ion) can lead to a large increase in solution
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 con-
centrated uranyl nitrate or sulfate solution; however, different
approaches must be taken to prevent precipitation of uranium
and other fission products during Mo-99 production.

In the article entitled “Production cycle for large scale
fission Mo-99 separation by the processing of irradiated
LEU uranium silicide fuel element targets,” A.-H. A. Sameh
(Germany) describes experiments and related high-activity
demonstrations that highlight the advantage of uranium
silicide fuels as a target material for the production of fission
Mo-99. Silicide targets combine features predestinating them
as feed materials for a large-scale production of fission
nuclides when starting from LEU.

Mushtaq Ahmad
George Vandegrift
Pablo Cristini
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A review on the * Mo sources available today and on the **™Tc generators developed up to date for increasing the effectiveness of
**Mo utilisation is performed in the format of detailed description of the features and technical performance of the technological
groups of the ®Mo production and **™Tc recovery. The latest results of the endeavour in this field are also surveyed in regard of
the technical solution for overcoming the shortage of Mo supply. The technological topics are grouped and discussed in a way to
reflect the similarity in the technological process of each group. The following groups are included in this review which are high
specific activity ”Mo: the current issues of production, the efforts of more effective utilisation, and the high specific activity °*Mo-
based *™Tc generator and *™Tc concentration units; low specific activity * Mo: the * Mo production based on neutron capture and
accelerators and the direct production of *™Tc and the methods of increasing the specific activity of *’ Mo using Szilard-Chalmers
reaction and high electric power isotopic separator; up-to-date technologies of e recovery from low specific activity *Mo: the
solvent extraction-based *™Tc generator, the sublimation methods for Mo/ ™ Tc separation, the electrochemical method for
#MT¢ recovery, and the column chromatographic methods for **™Tc recovery. Besides the traditional **™Tc-generator systems,
the integrated *™Tc generator systems (*™Tc generator column combined with postelution purification/concentration unit) are
discussed with the format of process diagram and picture of real generator systems. These systems are the technetium selective
sorbent column-based generators, the high Mo-loading capacity column-based integrated **™Tc generator systems which include
the saline-eluted generator systems, and the nonsaline aqueous and organic solvent eluent-eluted generator systems using high
Mo-loading capacity molybdategel and recently developed sorbent columns. **™Tc concentration methods used in the ~*™Tc
recovery from low specific activity *’Mo are also discussed with detailed process diagrams which are surveyed in two groups
for ®™Tc concentration from the saline and nonsaline **"Tc-eluates. The evaluation methods for the performance of **™Tc-
recovery/concentration process and for the **™Tc-elution capability versus Mo-loading capacity of generator column produced
using low specific activity Mo source are briefly reported. Together with the theoretical aspects of **"Tc/*’Mo and sorbent
chemistry, these evaluation/assessment processes will be useful for any further development in the field of the **™Tc recovery
and ®Mo/ *™Tc generator production.

1. Introduction

The development of the original *™Tc generator was carried
out by Walter Tucker and Margaret Greens as part of
the isotope development program at Brookhaven National
Laboratory in 1958 [1]. I s currently used in 80-85% of
diagnostic imaging procedures in nuclear medicine world-
wide every year. This radioisotope is produced mainly from
the *™Tc generators via B-particle decay of its parent nuclide
%Mo. *Mo nuclide decays to *™Tc with an efficiency of

about 88.6% and the remaining 11.4% decays directly to **Tc.
A ®™Tc generator, or colloquially a “technetium cow;” is
a device used to extract the **™Tc-pertechnetate generated
from the radioactive decay of **Mo (T, 2 = 66.7h). As such,
it can be easily transported over long distances to radiophar-
macies where its decay product **™Tc (T, 2 = 6h)isextracted
for daily use. * Mo sources used in different **™Tc generators
are of variable specific activity (SA) depending on the pro-
duction methods applied. Based on the nuclear reaction data
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TaBLE 1: Current application of **™Tc for clinical SPECT imaging and activity dose requirement; (*) The injection activity dose (mCi **™Tc)
normally delivered in 1 mL solution of the **™Tc-based radiopharmaceutical [167].

Orean e Injection activity Orean ute Injection activity
& radiopharmaceutical dose () § radiopharmaceutical dose ()
Brain 9mTe.ECD 10-20 mCi PMTe-MAG3 5-15mCi
99mTe-ceretec (HmPAO) 10-2 mCi PmMTe-DTPA 5-15mCi
M Te-MAA 2-4mCi Kidney 9" Te-Gluceptate 5-15mCi
L .
g M Te-DTPA aerosol ?10 OTnC(;f?rrr:;,]; PMT-DMSA 2-5mCi
M Tc-Technegas 100-250 mCi/mL Skeleton M Te-MDP 10-20 mCi
Thyroid %M Te-pertechnetate 5-10 mCi #MTe-HDP 10-20 mCi
Liver PMTc-IDA 5-10 mCi PMTe-Sestamibi 10-30 mCi
»"Te-sulfur/albumine 5-15mCi Heart ®mTe_pyp 10-15 mCi
colloid
99m .
Te sulfur/.albumme 2-3mCi 99mTe Tetrofosmin 5-25mCi
Spleen colloid
#mTe-red blood cells 2-3mCi Tumour 99mTe-Sestamibi 15-20 mCi

available today, two types of >’ Mo sources of significantly dif-
ferent SA values (low and high SA) can be achieved using dif-
ferent *Mo production ways. Accordingly, **™Tc generators
using low or high SA *’Mo should be produced by suitable
technologies to make them acceptable for nuclear medicine
uses. The safe utilisation of the *™Tc generators is definitely
controlled by the quality factors required by the health
authorities. However, the acceptability of the **™Tc generator
to be used in nuclear diagnostic procedures, the effective
utilisation of **™Tc generator, and the quality of **™Tc-based
SPECT imaging diagnosis are controlled by the generator
operation/elution management, which is determined by the
#™Te concentration of the *™Tc eluate/solution. This also
means that the efficacy of the **™Tc generator used in nuclear
medicine depends on the **™Tc concentration of the solution
eluted from the generator, because the volume of a given
injection dose of *™Tc-based radiopharmaceutical is limited.
The current clinical applications of **™Tc are shown in Table 1.
As shown, the injection dose activity of **™Tc-based radio-
pharmaceutical delivered in 1mL solution is an important
factor in determining the efficacy of the *™Tc solution
produced from the generators. So it is clear that the *™Tc
concentration of the solution eluted from the generator is the
utmost important concern in the process of the generator
development, irrespectively using either fission-based high
specific activity Mo or any *’Mo source of low specific
activity. It is realised that a complete review on the *’Mo and
#MTe production/development may contribute and stimulate
the continuing efforts to understand the technological issues
and find out the ways to produce a medically acceptable
%Mo /*™Tc generator and to overcome the shortage/crisis of
% Mo/**™Tc supply. So this review is to give a complete survey
on the technological issues related to the production and
development of high and low specific activity Mo and to the
up-to-day *™Tc recovery technologies, which are carried out
in many laboratories, for increasing the effectiveness of **Mo

utilisation. The evaluation methods for the performance of
the *™Tc-recovery/concentration process and for the **™Tc-
elution capability versus Mo-loading capacity of the generator
column produced using (1,9)*’Mo (or any low specific
activity °’Mo source) are briefly reported. Together with the
theoretical aspects of **™Tc/*’Mo and sorbent chemistry,
these evaluation/assessment processes could be useful for any
further development in the field of the **™Tc recovery and
*Mo/**™Tc generator production. The achievements gath-
ered worldwide are extracted as the demonstrative examples
of today progress in the field of common interest as well.

2. High Specific Activity *’Mo: Current
Issues of Production and Efforts of More
Effective Utilisation

2.1. Production of High Specific Activity ** Mo. High SA *’Mo
is currently produced from the uranium fission. The fission
cross-section for thermal fission of **°U is of approximately
600 barns. 37 barns of this amount result in the probability of
a *Mo atom being created per each fission event. In essence,
each one hundred fission events yields about six atoms
of Mo (6.1% fission yield). Presently, global demand for
%™Tc is met primarily by producing high specific activity
(SA) Mo from nuclear fission of **U and using mainly
five government-owned and funded research reactors (NRU,
Canada; HFR, the Netherland; BR2, Belgium; Osiris, France;
Safari, South Africa). After neutron bombardment of solid
uranium targets in a heterogeneous research reactor, the
target is dissolved in a suitable solution and the high SA
*Mo is extracted, purified and packed in four industrial
facilities (MDS Nordion, Canada; Covidien, the Netherland;
IRE, Belgium; NTP, South Africa), and supplied to manu-
facturers of **™Tc generators around the world [2-12].
CNEA/INVAP (Argentina), ANSTO (Australia), Russia, and
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BATAN (Indonesia) also produce fission °Mo and total sup-
ply capacity of these facilities is about 5% of the global
demand of Mo [3]. The weekly demand of *’Mo is reported
to be approximately 12000 Ci at the time of reference (6-day
Ci). This is equivalent to 69300 Ci at the end of bombardment
(EOB). All five of the major production reactors use highly
enriched uranium (HEU) targets with the isotope 35y
enriched to as much as 93% to produce *’Mo (except Safari
1 in South Africa which uses 45% HEU). As mandated by
the US Congress, non-HEU technologies for **Mo and **™Tc
production should be used as a Global Initiative to Combat
Nuclear Terrorism (GICNT) [13, 14]. The *Mo production
plans for conversion of HEU to low enriched uranium (LEU)
based technology, using heterogeneous research reactors,
achieved a major milestone in years 2002-2010 and cur-
rently the production of high SA **Mo from LEU targets is
routinely performed in Argentina (from 2002), in Australia
(from 2009), and in South Africa (from 2010). CNEA/
NVAP (Argentina) is a pioneer in the conversion of HEU to
LEU by starting LEU-based *’Mo production in 2002 after
decommissioning of HEU technology which has been oper-
ated 17 years ago [15,16]. INVAP also demonstrated the matu-
rity of LEU technology via technology transfer to ANSTO
for a modest industrial scale manufacture of a capacity of
300-500 6-day curies per batch. With an announcement
last year on a great expansion of production capacity of
LEU-based facility being started in 2016 in Australia [17],
ANSTO and CNEA/INVAP will become the first organisa-
tions confirming the sustained commercial large-scale pro-
duction of **Mo based on LEU technology. High SA **Mo
is of approximately 50,000Ci *’Mo/g of total Mo at
EOB (The OPAL reactor, Australia, thermal neutron flux:
9.10" n/cm?sec™"), irrespectively using either HEU or LEU-
based fission technologies. With the effort in maintaining the
supply of high SA *’Mo, several alternative non-HEU tech-
nologies are being developed. Fission of U to produce ** Mo
is also performed using homogeneous (solution) nuclear reac-
tor and °’Mo recovery system, so-called Medical Isotope Pro-
duction System (MIPS) [18]. The reactor fuel solution in the
form of an LEU-based nitrate or sulphate salt dissolved in
water and acid is also the target material for Mo production.
In essence, the reactor would be operated for the time
required for the buildup of *’Mo in the fuel solution. At the
end of reactor operation, the fuel solution pumped through
the 99Mo-recovery columns, such as Termoxid 52, Termoxid
5M, titana, PZC sorbent, and alumina, which preferentially
sorbs molybdenum [19, 20]. The *’Mo is then recovered by
eluting the recovery column and subsequently purified by one
or more purification steps. It is estimated that a 200 kW MIPS
is capable of producing about 10,000 Ci of *’Mo at the end of
bombardment (five-day irradiation) [2,18, 21]. The possibility
of using the high power linear accelerator-driven proton (150-
500 MeV proton with up to 2mA of beam current, ~10'
particles/s) to generate high intensities of thermal-energy
neutrons for the fission of > U in metallic LEU foil targets has
been proposed [2, 22]. This accelerator can produce an order
of magnitude more secondary neutrons inside the target from

fission. The low energy accelerator (300keV deuteron with
50 mA of beam current)-based neutron production via the
D,T reaction for the fission of ***U in LEU solution tar-
gets has been reported [2]. The fission of >*°U for the *’Mo
production can be performed with neutrons generated from
the >2.224 MeV photon-induced breakup of D,O in a sub-
critical LEU solution target. Accelerator-driven photon-fis-
sion Z2U(y,f) ®Mo is also proposed as an approach to pro-
duce high SA *’Mo using natural uranium target [2, 23-25].

Under the consultation for the fission Mo plant in
ANSTO, the author of this review paper has proposed a
project of ‘Automated modular process for LEU-based produc-
tion of fission *° Mo” [26]. The consent of the Chief Executive
Officer of ANSTO is a positive signal that might get scientists
ahead of the game with next generation (cheaper, better, and
faster) Mo-99 plant design. The aim of this project is to
provide the integrated facility, composed of automated com-
pact high technology modules, to establish medium-scale
production capability in different nuclear centres running
small reactors around the world. In essence, this project is to
decentralize the *’Mo production/supply and the radioactive
waste treatment burden in the large facilities and to bring
*Mo production closer to users (**™Tc generator manufac-
turers) to minimize the decay *Mo loss. The modular tech-
nology-based production is standardized for the secure oper-
ation sustainable with the supply of replaceable standard-
ized modules/components for both *’Mo processing and
radioactive waste treatment. The above-mentioned objectives
are in combination to solve basically the *’Mo undersupply
problem or crisis by increasing the numbers of smaller **Mo
processing facilities in hundreds of nuclear centres owning
%Mo production-capable reactors in the world and to reduce
the cost of Mo for patient use. The brief of the modular
*Mo technology is the following. Currently, three main
medical radioisotopes °* Mo, >, and '**Xe are routinely pro-
duced from uranium fission. So, it is conceivable to say
that the fission uranium based medical isotope production
facility is composed of 6 main technological modules: target
digestion module, *’Mo separation module, "*'T separation
module, **Xe separation module, uranium recovery module,
and waste treatment modules (gas, solid, and liquid waste
modules). For Mo production alone, the numbers of main
modules can be reduced to 4, comprising main module for
uranium target digestion; main module for *’Mo separation;
main module for uranium recovery; main module for waste
treatment (gas, solid, and liquid waste modules).

Each main module in this description is composed of
several different functional modules. As an example, the
main module for *Mo separation incorporates 7 functional
modules, such as five ion exchange resin/sorption func-
tional modules and two solution delivery functional modules
(radioactive and nonradioactive).

A pictorial description of the structure of one main
module which is capable of incorporating five functional
modules (below illustrated with two functional modules as
examples) is shown in Figure 1.
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FIGURE 1: Conceptual diagram of the modular technology of fission-"’Mo recovery [26].

The operation of this main module is automated and
computerized. The integrated fluid flow and radioactivity
monitoring system using photo and/or radiation diode
sensors provides the feedback information for safe and
reliable process control. The in-cell maintenance based on
the replacement of failed functional module is completed
quickly ensuring continuous production run. Advantages of
this facility setup are the following: compact system with
controllable and reliable process; less space required that
minimizes the cost of the facility (one double-compartment
hot cell for whole process); minimal maintenance work
required that due to highly standardized modular integration;
high automation capability; low cost production of *’Mo
making this modular technology feasible for small nuclear
research centres in many countries of the world; centralizing
the module supply and maintenance giving high security
and sustainability of production to small producers with
few resources; high capability of the network-based **Mo
production/supply to overcome any global *’Mo crisis.

The W impurity in massive LEU targets is still challenging
the quality of Mo obtained from different *Mo recovery
processes, because the WO, ions and radioactive impurity
(1%Re) generated from neutron-activated W cause serious
problems in the **™Tc generator manufacture and in the use
of *™Tc-pertechnetate solution, respectively. The effort to

remove W impurity from the **Mo solution produced from
LEU target is being performed as shown in Figure 2 [27].

2.2. High Specific Activity Fission *’ Mo-Based **" Tc Genera-
tors and Concentrators. 'The isolation of *’Mo from uranium
fission typically generates * Mo with a specific activity greater
than >10,000 Ci/g at the six-day-Ci reference time (specific
activity of carrier-free Mo is 474,464.0 Ci/g [28]). This
SA value permits extraction of the *™Tc daughter nuclide
using chromatographic alumina column [1, 29-35]. Today,
most commercial **™Tc generators are designed by taking
advantage of much stronger retaining of the MoO,*~ anions
compared with the TcO, ™ anions on acidic alumina sorbent.
Although the adsorption capacity of the alumina for MoO,*~
anions is low (<10 mg Mo/g), the very low content of Mo in
the high SA *’Mo solution (0.1 mg Mo per Ci *’Mo), which
is loaded on a typical column containing 2-3 g of alumina
for a 4 Ci activity generator, ensures a minimal %Mo break-
through in the medically useful **™Tc-pertechnetate solution
extracted from the generator system. When the *’Mo decays
it forms pertechnetate (**™TcO,”) which is easily eluted
with saline solution from the alumina column resulting an
injectable saline solution containing the *™Tc in the form of
sodium-pertechnetate. The most stable form of the radionu-
clide **™Tc in aqueous solution is the tetraoxopertechnetate
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FIGURE 2: W/Mo adsorption and separation using alumina column: (a) weight distribution coefficients of WO,>” and MoO,”” ions on alumina
versus acidity of H,SO, solution; (b) elution profile of WO,*~ and MoO,* ions (column: 1g alumina; eluent: 6 M H,SO, for MoO,*” elution
and 1M NH,OH for WO,*" stripping; loading solution: 8 mg Mo + 10 mg W) [27].

anion. The most important requirement for the design of an
alumina column-based **™Tc recovery system is that it must
exhibit both a high elution efficiency (typically >85%) and
minimal Mo breakthrough (<0.015%) [36, 37]. The gener-
ators are sold on the world market with different sizes from
200 mCi to 4000 mCi and the elution of *™Tc is performed
with 5-10 mL normal saline. Fission *Mo-based *° Mo/*’™Tc
generators commercially available in the US are of the activity
range between 0.2 Ciand 4.0 Ci at the six-day curies reference
time and in ANSTO (Australia) between 0.45Ci to 3.2 Ci.
The cost-effective utilisation of a **Mo/**™Tc generator and
the quality of **™Tc based single photon emission computed
tomography (SPECT) imaging diagnoses is controlled by the
generator operation/elution management. The primary factor
pertaining to the nuclear medicine diagnostic scans’ quality
is the concentration of *™Tc obtained from the **Mo/*™Tc
generator elution, which is expressed as activity per mL. The
injection dose activity of **™Tc-based radiopharmaceuticals
delivered in 1mL solution (*™Tc-concentration, mCi/mL)
is an important factor in determining the useful life time
of the *™Tc generators and the quality of *™Tc based
SPECT imaging diagnosis as well. Generally, a **™Tc eluate is
produced from the *Mo/**™Tc generator in fixed volume and
the concentration of the ™ Tc in the eluted solution decreases
with the life time of the **Mo/**™Tc generator due to the
radioactive decay of the parent nuclide *’Mo. Consequently,
the useful life time of the generator is also a function of
available *™Tc concentration of the eluate. If we consider
that the value 10-20 mCi of **™Tc per mL is used as a limit
of the medically useful *™Tc solution, the assessment of the
9MTe generator utilisation effectiveness shows the following:

wasted residual activity of a used generator of 2 Ci activity
eluted with 10 mL saline is 5-10% of its total activity, while
smaller generators of 500 mCi activity waste up to 20-
40%. In case of the concentrator used to increase the **™Tc
concentration of the eluate eluted from these generators, all
the activity of the generator will efficiently be exploited. So,
the radioisotope concentrator device should be developed
to increase the concentration and quality of injectable **™Tc
eluates and consequently the generator life time or the
effectiveness of the generator utilisation. Some concentra-
tion methods have been developed for increasing *™Tc
concentration of the saline eluate for extension of the life
time of the fission->’Mo-based **™Tc generators [38-44]. All
these methods used a chloride-removing column containing
Ag+ ions, which couple with a pertechnetate-concentrating
sorbent column such as alumina, Bonelut-SAX, QMA, and
multifunctional sorbent. Alternative concentration methods
have also been developed. The alternatives are based on
the elution of the alumina column of the generator with
a nonchloride aqueous eluent (such as ammonium-acetate
solution and less-chloride acetic acid solution) or with a
nonchloride organic eluent (such as tributylammonium-
bromide and acetone solvent). **™Tc-pertechnetate of this
eluate is concentrated using a sorbent column (concentra-
tion column) or an organic solvent evaporator, respectively.
Then *™Tc-pertechnetate is recovered in a small volume of
normal saline for medical use [45-60]. These methods have
significantly increased the life time of the generators. The
use of nonchloride eluent in replacement of saline normally
used in a commercial generator may not be preferable due to
legal issues of the amended registration requirement. Unfor-
tunately, no concentrator device prototypes developed based
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FIGURE 3: Radioisotope concentrator ULTRALUTE (patent-pending) and Effectiveness of #mTe/*Mo utilisation: (a) kinetics of radioactive
decay/**™ Tc-activity buildup in the generator eluted with an early elution regime (A: * Mo-activity; B: *™Tc-activity buildup from beginning;
C: ¥™Te-activity growth after first elution; D: *™Tc-activity growth/eluted at 6-hour elutions; E: *™Tc-SA in the system of **™ Tc-radioactivity
buildup from beginning) [58]; (b) effectiveness of “early” elution regime for increasing **™Tc-elution yield of the generator compared with
that normally eluted at the time point of maximal **™Tc-buildup (square is experimental and dashed line is theoretical calculation result)
[58]; (c) ULTRALUTE concentrator device [41, 61]; (d) ULTRALUTE concentrator device inline-coupled with a 9m e generator.

on the developed methods are commercially available up to
date. Recently, Cyclopharm Ltd. (Australia) in cooperation
with Medisotec (Australia) has developed a Pmre /188Re
concentrator device ULTRALUTE [40-42] using a new sor-
bent as a concentrator column coupled with the saline-eluted
commercial generator. This device (Figures 3(c) and 3(d)) is
a sterile multielution cartridge which is operated/eluted by
evacuated-vial through disposable sterile filters to increase
the **™Tc concentration of the saline eluate of aged commer-
cial *™Tc generators. The increase in #™Te concentration
in the eluate enhances the utilisation of **™Tc in Techne-
gas generator-based lung perfusion (100-250 mCi/mL) and
other SPECT (20-30 mCi/mL) imaging studies. The *™Tc-
pertechnetate of the generator eluate was concentrated more
than 10-fold with a *™Tc recovery yield of >85% using
this radioisotope concentrator device. Five repeated elutions
were successfully performed with each cartridge. So, each

cartridge can be effectively used for one week in daily
hospital environment for radiopharmaceutical formulation.
The useful lifetime of the **™Tc generator was significantly
extended depending on the activity of the generator as shown
in Table 2. The *’Mo impurity detectable in the **™Tc solution
directly eluted from Gentech generator was totally elimi-
nated by this radioisotope concentrator device and ultrapure,
concentrated *™ Tc-pertechnetate solution was achieved. The
concentrated *™Tc solution is well suited to labeling in
vivo kits and to loading the crucibles of Technegas aerosol
generator for V/Q SPECT imaging. The useful life time of
the ®*™Tc generator (Table 2) was significantly extended from
10 to 20 days for the generators of 300-3000 mCi activity,
respectively. This means that about 20% of the generator
activity is saved by extending the life time of the generator.
Besides that about 20% of the generator *™Tc-activity can be
saved as a result of the extension of ™ Tc-generator life time,



Science and Technology of Nuclear Installations

the use of radioisotope concentrator for the optimization of
generator elution to increasing the **™Tc-activity yield and
the effectiveness of °* Mo utilization was reported by Le (2013)
[58, 61]. This fact is shown as follows. *™Tc continuously
decays to **Tc during his buildup from the decay of >’ Mo. This
process not only reduces the *™Tc-activity production yield
of the generator (i.e. a large quantity of **™Tc activity wasted
during **™Tc activity buildup results in a lower **™ Tc-activity
production yield of the generator, so it is noneconomically
exploited), but also makes the specific activity (SA) of 9ome
continuously decreased. The low SA may cause the labelling
quality of **™Tc eluate degraded. This means that the elutions
of the generator at a shorter build-up time of daughter
nuclide will result in a higher accumulative daughter-activity
production yield (more effectiveness of **™Tc/*’Mo activity
utilisation) and a better labelling quality of the generator
eluate. Accumulative production yield is the sum of all the
yields achieved in each early elution performed before the
maximal build-up time. However, each early **™Tc-elution at
shorter build-up time (“early” elution) will result in a lower
#MTc-elution yield and thus yields an eluate of lower **™Tc-
concentration because ™ Tc is eluted from the generator in
fixed eluent volume. These facts show that a high labelling
quality solution of clinically sufficient **™Tc concentration
could be achieved if the generator eluate obtained at an “early”
elution is further concentrated by a certified radioisotope
concentrator device.

A general method described in previous work of V.
S. Le and M. K. Le [58] was applied for evaluation of
the effectiveness of “early” elution regime in comparison
with a single elution performed at maximal build-up time
point of the radionuclide generators. For this evaluation, the
daughter nuclide-yield ratio (R,) is set up and calculated
based on quotient of the total of daughter nuclide-elution
yields (3,27 Ayg,) eluted in all i elutions (E; is the index for
the ith elution) divided by the maximal daughter nuclide-
yield or daughter nuclide-activity (A j.x)) Which could be
eluted from the generator at maximal build-up time ty,,:
R, = Y00 A/ A dovax)-

Starting from the basic equation of radioactivity buildup/
yield (A,;) of a daughter nuclide and the maximal build-
up time (t,,) for attaining the maximal activity buildup of
daughter nuclide radioactivity growth-in in a given radio-
nuclide generator system, the equation for calculation of
daughter nuclide-yield ratio (R,) was derived as follows [58]:

i=n x=i-1[ —A -xt -A,ty -A -tb)
S Ay T [ (e e
y (e‘AP'tMax _ e—Ad-tMax) '

Ad(Max)

@)

(The subscripts p and d in the above equations denote the
parent and daughter radionuclides, resp.).

As an example, the details of the case of *™Tc/*’Mo
generator system are briefly described as follows:
numbers of radioactive **Mo nuclides:

Nuo = Nomo X e Mt (2)

Radioactivity of **™Tc nuclides in the generator:

Atcoom = Me-gom X Nomo X b

X < /\MO > X (e—/\Mo't _ e_ATc—99m't) ,
/\Tc-99m - AMO

3)

the maximal build-up time (at which the maximal **™Tc-
activity buildup/yield in *’Mo/**™Tc generator system is
available):

" _ [ln (ATc-99m/)‘Mo-99)] (4)
Max (ATC—99m - AM0—99)

Numbers of Tc atoms at build-up time:

NTC = NTC-99 + NTc—99m

(5)
_/\'Mo'
= Nomo — Nmo :NO,MOX(I -e t)~

Specific activity of carrier-included **™Tc in the *™Tc gener-

ator system or M Te-eluate is calculated using (3) and (5) as
follows:

SA Tc-99m

_ ATC-99m
NT

C

/XTC»99m .b- (e_Aklo't _ e_ATc—99m't)

" 06144 % 107 X (Mregom/Mae) — 1) X (1 — e Hwot)

(Ci/mol).
(6)

#MTc-Yield Ratio (R,) Calculation for Multiple “Early” Elu-
tion Regime. The R, value is calculated based on quotient of
the total **™Tc-elution yields eluted (or **™Tc-activity pro-
duced/used for scans) in all i elution numbers (E; is the index
for the ith elution) divided by the maximal **™Tc-activity
(A 1c.99m(Max)) Which would be eluted from the generator at
maximal build-up time t,,.

The total **™Tc-elution yields eluted in all i elutions are
the sum of *™Tc-radioactivities at a different elution number
i (A 9om(gi))- This amount is described as follows:

i=n i=n
Z ATc—99m(E,-) = Atc.gom X Z NTc—99m(E,-)

i=1 i=1

x=i-1

— § Ao Xty
- ATC—99m [NO,MO xXe ? X b
x=0

% ( /\Mo >
/XTC»99m - AMO
X (e_/\Mo'tb _ e_/\Tc-99m'tb) ] .

@)
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TaBLE 2: Performance of ™ Tc radioisotope concentrator device ULTRALUTE (effect of concentrator on generator useful life) [41, 61].

Generator activity,

Generator useful life for SPECT imaging, days

Generator useful life for lung imaging with Technegas, days

mCi (GBq) Without concentrator ~ Postelution concentrator Without concentrator Postelution concentrator
100 (3.7) 1 6 0 1
300 (11.1) 4 10 0 4
500 (18.5) 6 12 0 6
1000 (37.0) 9 15 1 9
3000 (111.0) 14 20 4 14

The maximal **™Tc-activity buildup/yield in **Mo/*™Tc
generator system is described using (3) and (4) as follows:

A
_ Mo
ATc-99m(Max) - /\Tc-99m X NO,Mo x b x (A
Tc-99m —

"M°> ®)

% (e*/\Mo'tMax _ e*/\Tc-99m'tMax) .
99mTc—yield ratio (Ry) is derived from (7) and (8) as follows:

R = z;?llATc-%m(Ei)
7T A somMan)
Tc-99m(Max)

Zﬁ:i;l [e*/\Mo'x'fb > (e*/\Mo‘tb _ efATc—‘)Qm'tb):I

)

>

(eiAMo TMax — eiATc-ng'tMax)

where b is the *™Tc-branch decay factor of PMo(b = 0.875);
i is the number of the early elutions needed for a practical
schedule of SPECT scans. The build-up time (t;,) for each
elution is determined as t;, = (f)/1); X is the number of the
elutions which have been performed before starting a **™Tc-
build-up process for each consecutive elution. At this starting
time point no residual Tc atoms left in the generator from a
preceding elution are assumed (i.e., *™ Tc-elution yield of the
preceding elution is assumed 100%).

The results of the evaluation (Figures 3(a) and 3(b)) based
on (3), (6), and (9) show that the 99mTc-activity production
yield of the generator eluted with an early elution regime of
build-up/elution time <6 hours increases by a factor >2 and
the *™Tc specific activity values of the eluates are remained
higher than 160 Ci/umol.

Obviously, the radioisotope concentrator not only may
have positive impact on the extension of useful life time of
the generators, but also is capable to increase both the *™Tc-
activity production yield of the generator/effectiveness of
%M /% Mo utilisation and the specific activity by performing
the early elutions of the generator at any time before maximal
buildup of *™Tc.

With the utilization of **™Tc concentrator device which
gives a final ™ Tc-solution of 1.0 mL volume, the exper-
imental results obtained from a 525mCi generator, as an
example, confirmed that the concentration and the yield of
#™T¢ solution eluted with a 6-hour elution regime is much
better than that obtained from the elution regime performed
at the maximal build-up time (22.86 hours). Within first 6
days of elution, **™Tc-concentration of the generator eluates

is in the range 200-44 mCi/mL and total **™ Tc-activity eluted
is 1715.7 mCi for a 6-hour elution regime (including the zero
day elution) while the concentration of 83-18.2 mCi/mL and
the total activity of 1015.1mCi are for the elution regime
performed at the maximal build-up time, respectively [58,
61]. The effectiveness of this early elution mode was also
confirmed experimentally in the prior-of-art of ®*Ga/®Ge
generator [62-64].

3. Low Specific Activity *’Mo: Current Issues
of Production and Prospects

*Mo/*™Tc generators can be produced using low specific
activity *Mo. Some technologies for producing low SA **Mo
have been established. Unfortunately, several alternatives
are not yet commercially proven or still require further
development. Presently, no nuclear reaction-based nonfission
method creates a ° Mo source of reasonably high or moderate
specific activity. The reason is that the cross-section of all
these types of nuclear reactions, which are performed by both
the nuclear reactor and accelerator facility, is low ranging
from several hundreds of millibarns to <11.6 barns, compared
with *Mo-effective fission cross-section (37 barns) of 2°U-
fission used in the production of high SA **Mo as mentioned
above. As shown below, SA of nonfission *Mo produced
from nuclear reactor and accelerator facilities is in a range of
1-10 Ci/g Mo. To produce the **™Tc generators of the same
activity size (1-4 Ci) as in case of high SA *Mo mentioned
above, the *™Tc recovery system capable for processing Mo-
target of several grams weight should be available, even
though the enriched **Mo and/or ' Mo targets are used
instead of natural Mo target [2].

3.1. Mo Production Based on Reactor Neutron Capture.
Neutron capture-based Mo production is a viable and
proven technology established in the years 1960s. There are
thirty-five isotopes of molybdenum known today. Of seven
naturally occurring isotopes with atomic masses of 92, 94,
95, 96, 97, 98, and 100, six isotopes are stable with atomic
masses from 92 to 98. '®Mo is the only naturally occurring
radioactive isotope with a half-life of approximately 8.0E18
years, which decays double beta into "*Ru. All radioactive
isotopes of molybdenum decay into isotopes of Nb, Tc, and
Ru. Mo, **Mo, and °Mo (with natural abundance 24.1%,
9.25%, and 9.6%, resp.) are the most common isotopes used in
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the targetry for production of two important medical isotopes
%M e and **Te.

High SA %Mo cannot be produced via (n,y) reaction
using Mo targets because the thermal neutron cross-section
for the (n,y) reaction of %Mo is relatively small at about
0.13 barn, a factor of almost 300 times less than that of the
254 fission cross-section. In this respect, irradiation of Mo
targets in an epithermal neutron flux could be economically
advantageous with respect to producing higher SA **Mo. The
epithermal neutron capture cross-section of **Mo is about
11.6 barn. The assessment of reaction yield and SA of the Mo
targets irradiated with reactor neutrons [28, 65] shows that
the irradiation time needed to reach a maximum yield and
maximum SA in Mo targets is too long, while the improve-
ment in reaction yield/SA is insignificant due to the low cross-
section of **Mo(#, y)*’Mo reactions. Neutron capture-based
*Mo production with an 8-day irradiation in a reactor of
1.0E14n - cm™ - sec”! thermal neutron flux gives a *’Mo
product of low SA as evaluated at EOB as follows: ~1.6 Ci
*’Mo/g of natural isotopic abundance molybdenum and/or
6 Ci Mol/g of 98%-enriched **Mo target. These values show
a factor of 10* times less than that of fission-produced high SA
*Mo as mentioned above. The loose-packed MoO; powder
(density of > 2.5 g/cm?), pressed/sintered Mo metal powder
(density of < 9.75 g/cm®), and granulated Mo metal can be
used as a target material. High-density pressed/sintered **Mo
metal targets are also commercially available for the targetry.
MoO; powder can be easily dissolved in sodium hydroxide.
Molybdenum metallic targets can be dissolved in alkaline
hydrogen peroxide or electrochemically. The metal form
takes more time to dissolve than the MoO; powder form.
However, the advantage of using Mo metal target is that larger
weight of Mo can be irradiated in its designated irradiation
position in both the research and power nuclear reactors
[66, 67]. The neutron flux depression in the MoO; target
may cause decreasing in °’Mo production yield when a large
target is used [68-70]. The production capacities of 230 6-
day Ci/week and 1000 6-day Ci/week are estimated for the
irradiation with JMTR research reactor in Oarai and with a
power reactor BWR of Hitachi-GE Nuclear Energy, Ltd., in
Japan, respectively [66, 71]. The use of enriched %Mo target
material of 95% isotopic enrichment offers the *Mo product
of higher SA. The W impurity in the natural Mo target
material should be <10 ppm and that is not detectable in the
enriched **Mo targets. Due to high cost of highly enriched
%Mo, the economical use of this target material requires a
well-established recycling of irradiated target material [2, 24,
25, 66, 67, 72-74].

3.2. Accelerator Based *’Mo/**" Tc Production. All of the
accelerator-based nonfission approaches rely on highly
enriched '"Mo target. While the 99% enrichment '®Mo is
sufficient for all accelerator-based *Mo productions, the
direct production of *’™Tc may require enrichments exceed-
ing >99.5% due to the possible side reactions which generate
long-lived technetium and molybdenum isotopes because
these impure radionuclides would cause an unnecessary

radiation dose burden to the patient and the waste disposal
issues as well. The SA of *Mo produced from the accelerators
is too low for use in existing commercial **™Tc generator
systems that use alumina columns. New **™Tc recovery
technology that is suitable for processing the accelerator
targets of low specific activity *’Mo and allowing effective
recycling of '°°Mo should be developed [2].

While the specific activity of Mo produced using accel-
erators (ranging up to 10 Ci/g at EOB) is not significantly
higher than that of ®* Mo produced by neutron capture using
nuclear reactor, the *’Mo production using accelerator is
presently focused in many research centres with regards to
its safer and less costing operation compared with nuclear
reactor operation. It is important to be addressed that all
of the accelerator-based nonfission-*’ Mo production routes
need a well-established technology for recycling of the "*Mo
target material. This will be somewhat complicated since the
1%Mo target material is contaminated with the °*Mo left from
the used **™Tc generator systems. Handling this material
presents some complicated logistics in that the target material
will have to be stored until the level of **Mo is sufficiently low
so as to not present radiation handling problems. Moreover,
the purification of the used '’ Mo target must be addressed to
ensure completely removing all impurities which are brought
from the chemicals and equipment used in the production
processes.

3.2.1. Photon-Neutron Process ' Mo(y, n)*’ Mo. High energy
photons known as Bremsstrahlung radiation are produced
by the electron beam (50 MeV electron energy with 20-
100 mA current) as it interacts and loses energy in a high-Z
converter target such asliquid mercury or water-cooled tung-
sten. The photon-neutron process is performed by directing
the produced Bremsstrahlung radiation to another target
material placed just behind the convertor, in this case '°°Mo,
to produce %Mo via the 1°°Mo(y, 1)>Mo reaction (maximal
cross-section around 170 millibarns at 14.5 MeV photon
energy [25]). Although the higher SA Mo (360 Ci/g) can
be achieved with a smaller weight target (~300 mg '*’Mo),
the Mo produced based on a routine production base has a
much lower SA, approximately 10 Ci/g [75].

3.2.2.  Proton-Neutron Process ' Mo(p, pn)®’ Mo. 30 MeV
cyclotron can be used for *Mo production based on Mo
(p» pn)ggMo reaction (maximal cross-section around 170
millibarns at 24 MeV proton energy). °* Mo production yield

of <50 Ci can be achieved with a bombardment current 500
mA for 24 hours [76-79].

3.2.3. Neutron-Neutron Process '°° Mo(n, nn)*’ Mo. **Mo pro-
duction based on **Mo(, 21)*’ Mo reaction (maximal cross-
section around 1000 millibarns at 14 MeV neutron energy)
using fast neutron yielded from the D(T,n) reaction. The
established targetry, sufficient flux of neutrons, and improve-
ment in **™Tc separation are issues to be addressed for further
development [80].
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3.2.4. Direct Production of " Tc. 'The first report on the fea-
sibility of producing **™Tc by proton irradiation of '*Mo
stated that a theoretical yield of 15Ci **™Tc per hour can
be achieved with 22 MeV proton bombardment at 455 A
[81]. More recently, Takdcs et al. found a peak cross-section
of 211 + 33mb at 15.7 MeV [79]. Scholten and colleagues
suggested that the use of a >17 MeV cyclotron could be con-
sidered for regional production of **™Tc with a production
yield of 102.8 mCi/pA at saturation [78]. Estimated yield of
%MT¢ production based on a routine production basis is 13 Ci
9mTe (at EOB), using 18 MeV proton beam of 0.2 mA current
for a 6-hour irradiation. A irradiation of highly enriched
%Mo target (pressed/sintered metallic ***Mo powder) using
GE PET Trace cyclotron (16.5MeV proton beam, 0.04 mA
current, and 6-hour bombardment) at Cyclopet (Cyclopharm
Ltd., Australia) can achieve >2.0 Ci **™Tc at EOB as reported
by Medisotec (Australia). Using >99.5% enriched '®Mo
target produces very pure **™Tc. The **™Tc product of >99.6%
radionuclide purity can be achieved. The major contaminants
include *®Tc, *Tc, and **Tc. Trace amounts of *>Nb are
produced from the % Mo( D> «)®>Nb reaction [75-83].

3.3. Methods of Increasing the Specific Activity of *° Mo

3.3.1. Szilard-Chalmers Recoiled *’Mo. A method to increase
the specific activity of neutron activated *Mo in the natural
and/or enriched Mo targets using Szilard-Chalmers recoiled
atom chemistry was recently reported by the scientists at the
Delft University of Technology in the Netherland. The targets
used in this process are ** Mo containing compounds such as
molybdenum(0)hexacarbonyl [Mo(CO),] and molybdenum
(VI)dioxodioxinate [C,H;(O)-NC;H;)],-MoO,, molybde-
num nanoparticles (~100 nm), and other molybdenum tri-
carbonyl compounds. The neutron irradiated targets are first
dissolved in an organic solvent such as dichloromethane
(C,H,Cl,), chloroform (CH;Cl), benzene (C4H), and tolu-
ene (CH;-C4H;). Then the *’Mo is extracted from this target
solution using an aqueous buffer solution of pH 2-12. The
target material is to be recycled. This process is currently in
the stage of being scaled up towards demonstration of com-
mercial production feasibility. The specific activity of *’Mo
increased by a factor of more than 1000 was achieved, making
the specific activity of neutron capture-based ** Mo compara-
ble to that of the high SA *’Mo produced from the ***U
fission. So the *’Mo produced by this way can be used in
existing commercial *™Tc generator systems that use alu-
mina columns [84, 85].

3.3.2. High Electric Power Off-Line Isotopic Separator for
Increasing the Specific Activity of *’Mo. A high power ion
source coupled to a high resolution dipole magnet would be
used to generate beams of Mo ions and separate the respective
isotopes with the aim of producing ** Mo with specific activity
of greater than 1000 Ci/gram. The construction of a high
power off-line isotope separator to extract high specific
activity Mo that had been produced via **Mo(, y) and/or
100Mo(y, n) routes would allow for rapid introduction of
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the *Mo into existing supply chain. The feedstock for the
separator system will be low specific activity Mo gen-
erated from the thermal neutron capture of **Mo or the
photon induced neutron emission on *’Mo. The proposed
system would have the advantage that the *’Mo produced
will fit directly into the existing commercial generator system,
eliminating the use of HEU and LEU targets, and can be
used to generate the required target material (** Mo/'*°Mo)
during the separation process. In addition, it can be used
in conjunction with a neutron or photon sources to create a
distributed low cost delivery system [2, 86].

4. Up-to-Date Technologies of **™Tc
Recovery from Low Specific Activity *’Mo:
Mo/*™Tc Separation Methods, *™Tc
Purification/Concentration, and *™Tc
Generator Systems

Unfortunately, the low SA *’Mo produced using the meth-
ods mentioned above contains the overwhelming excess of
nonradioactive molybdenum so as the alumina columns used
in existing commercial *™Tc generator systems would be
sufficiently loaded to produce the medically useful **™Tc
doses because the **™Tc recovery from this **Mo source of
low SA requires significantly more alumina resulting in a
large elution volumes. Consequently, a solution of low **™Tc-
concentration is obtained from these generator systems. To
make a low SA *Mo source useful for nuclear medicine
application, some **™Tc recovery technologies for producing
medically applicable *™Tc solution have been established.
Unfortunately, several alternatives are not yet commercially
proven or still require further development. The primary
factor pertaining to the nuclear medicine scans’ quality is the
concentration of **™Tc in the solution produced from the
%Mo /**™Tc generator, which is expressed as **™Tc activity
per mL. The injection dose activity of ™ Tc-based radiophar-
maceuticals delivered in 1 mL solution is an important factor
in determining the efficacy of the **™Tc generators and the
quality of *™Tc-based SPECT imaging diagnosis as well. So,
the *™Tc recovery technologies should be developed so as a
sterile injectable **™Tc solution of high activity concentration
and low radionuclidic and radiochemical/chemical impurity
is obtained.

Up-to-date **™Tc recovery technologies fall into four gen-
eral categories: solvent extraction, sublimation, electrolysis,
and column chromatography.

4.1. Solvent Extraction for * Mo/**" Tc Separation and Solvent
Extraction-Based **™ Tt Generator Systems. Solvent extrac-
tion is the most common method for separating **™Tc from
low specific activity Mo dated back to the years 1980s. The
solvent extraction method can produce **™Tc of high purity
comparable to that obtained from alumina column-based
PMTe generator loaded with fission-"’Mo of high specific
activity. Several extraction systems (extractant-solvent/back-
extraction solution) using different extractant agents (such as
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FIGURE 4: Diagram of MEK extraction-based PMo/”?™Tc generator [60]. 1: alkaline 99Mo—molybdate solution; 2: MEK solvent; 3: extractor;
4: MEK evaporator; 5: saline; 6: MEK receiver; 7: condenser; 8: 99mTe solution receiver; 9: Millipore filter; 10: final 99m e solution vial; 11: acidic

alumina column; 12: 70°C water circulator; v: valve; V: vacuum line.

ketones, crow ethers, trioctylamine, tricapryl methyl ammo-
nium chloride (Aliquat-336), liquid ion-exchangers, and
ionic liquids) were investigated [35, 60, 87-91]. Among
the extractant compounds investigated, methyl ethyl ketone
(MEK) is the best for the extraction of **™Tc-pertechnetate
in terms of high extraction yield, high radiation stability, and
low boiling temperature. Generators based on MEK extrac-
tion of *™Tc-pertechnetate from alkaline aqueous molybdate
solutions have been widely used for the production of **™Tc.
The extraction cycle consists of adding a mixture of MEK
solvent containing 1% aqueous hydrogen peroxide to the 5 M
NaOH solution of Mo target and mechanically stirring the
mixture to selectively extract the *™Tc from the aqueous
phase into the MEK phase. The hydrogen peroxide is added
to keep the Mo and **™Tc in the appropriate oxidation state.
After standing of the mixture to allow the phase separation,
the supernatant MEK/**™Tc solution/organic phase contain-
ing the extracted *™Tc is removed by sucking effected by
a negative pressure and then it is passed through an acidic
alumina to remove any *’Mo that may be coextracted
with *™Tc into the MEK solution. In the following, the
MEK/**™Tc solution is transferred to an evaporation vessel
(evaporator). The evaporator is heated to ~70°C under a
slight negative pressure to hasten the evaporation of the
MEK. After the MEK has been completely removed, sterile
saline is added to the evaporator to recover the *™Tc in
the form of sodium-(**™Tc) pertechnetate dissolved in the
saline. This **™Tc saline solution is then sterilized by passing
through a Millipore filter and transferred into a sterile vial for
further processing at quality control and for formulating the
radiopharmaceuticals.

The centralized solvent extraction-based **™Tc generator
systems have been successfully performed for more than
decade in Australia [92] and Czechoslovakia [6, 35, 93, 94].

Some other systems are routinely used in Russia, Peru, and
in Asian countries where the fission **Mo-based chromato-
graphic ™ Tc generators do not enter the competition [60, 87,
95-97]. As an example, a centralized extraction-based **™Tc
generator used for many years in a hospital in Vietnam is
shown in Figure 4 [60].

The shortage in the fission *’Mo supply today, however,
has encouraged the **™Tc users over the world to use more
effectively the solvent extraction-based **™Tc as well. So the
less competitive solvent extraction-based *™Tc-generator
systems developed several decades before should be
upgraded to be used as a user-friendly prototype for a daily
use in hospital environments. The update solvent extraction-
based **™Tc generator systems under development are
designed for an automated or semiautomated operation
based either on the established extraction process [95, 98—
100] as mentioned above or on the improved extraction tech-
nologies. The improvement in the removing of MEK from the
extracted **™Tc-MEK organic phase to obtain **™Tc-pertech-
netate is essential in the update MEK extraction technologies,
because this will make the extraction being performed with
#™T¢ recovery into a aqueous solution without the compli-
cated step of MEK evaporation, thus facilitating the process
automation. This improved technology is based on the none-
vaporation removing of MEK by passing the extracted
#MTc-MEK organic phase through a cation-exchange resin
or basic alumina column coupled with an acidic alumina
column, followed by a water wash to completely remove both
%Mo contaminant and MEK. Then the **™Tc pertechnetate
retained on the acidic alumina column will be eluted with a
small volume of saline solution to achieve an injectable **™Tc
pertechnetate solution. This approach has been developed in
Japan in 1971 [71, 101, 102] and recently resurrected in India
and Russia [95, 99, 100]. The process is pictorially described
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in Figure5. A computerized compact module for *™Tc
separation based MEK extraction coupled with the MEK
removing unit, which composes of a tandem of basic/acidic
alumina columns, is developing in BRIT [100].

4.2. Sublimation Methods for *’Mo/”"Tc Separation and
Sublimation-Based **™ Tt Generator Systems. Three sublima-
tion methods for **Mo/**™Tc separation have been developed
and commercially used in past decades [6, 35, 66, 70, 71, 92,
94, 112, 113]. The first is the high temperature sublimation
method developed at the end of the sixties and used for many
years in Australia, which is based on the heating a neutron-
activated MoOj target on >800°C in a furnace with oxygen
stream passed through. The sublimed **™Tc in the form of
Tc, O, is condensed in the cold finger at the end of the furnace
and *™TcO," is isolated by rinsing the cold finger with a hot
0.l mM NaOH solution followed by purification on alumina.
Some modified versions of this method were performed
to achieve higher **™Tc recovery yield. The highest yield
obtained was around 80% with a sublimation time of 20-30
minutes. The second method is the medium temperature sub-
limation. This method relies on heating a eutectic mixture of
%’ Mo-molybdenum oxide and metal oxides on temperature
between 500 and 750°C in an air flow and ~90% of **™Tc
is recovered in the same way as applied in the first method.
The third method is the low temperature sublimation. This
method is based on the heating the solid powders of **Mo-
molybdate of tetravalent metals such as titanium and zirco-
nium molybdate on 380-450°C in a water vapour flow and
40-65% of **™Tc is recovered in the saline in form of ready-
to-use. Based on this method, the portable sublimation **™Tc
generators were commercially produced in the nineteen
eighties and used for years in several hospitals in Hungary
[92, 94, 114, 115]. The thermochromatographic separation at
an oven temperature of 1090°C has also been successfully
utilized for the recovery of **™Tc from **MoOj in the years
1990s [116]. This approach is expected to be used for the *™Tc
separation from *’Mo targets. From that time until now,
no update version of the sublimation-based **™Tc recovery
technology is found in the literature.

4.3. Electrochemical Methods for *™ Tt Recovery. In the past
the electrochemical separation of **™Tc from **Mo was per-
formed for a radioanalytical purpose. Recently, Chakravarty
et al. have further developed this method for seeking a *™Tc
production capability using a low specific activity °’Mo. The
PMTe electrodeposit and the followed pertechnetate recovery
were performed at the voltage 5V (current 500 mA and
current density 300 mA/cm?) and 10V (reversed polarity),
respectively. Postelectrolysis purification of *™Tc solution
was also completed with an alumina column [117, 118].

4.4. Column Chromatographic Methods for **"Tc Recovery
and Integrated *"Tc Generator Systems (Column Chro-
matography-Based **"Tc Generator Coupled with Postelu-
tion Purification/Concentration Process). The **™Tc recovery
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technologies used in the separation of **™Tc from low specific
activity %Mo, which are based on the column chromato-
graphic method, are recognized as the best ways to bring the
low SA *Mo-based **™Tc generators to the hospital users
with minimal fission/nonfission Mo discrimination. Conven-
tional chromatographic generators using alumina columns
are not compatible with the loading with low SA **Mo due to
its overwhelming excess of nonradioactive molybdenum. By
rule of thumb, 1-2% of adsorption capacity of the alumina col-
umn loaded with molybdenum is tolerated to avoid a harmful
%Mo breakthrough in the final *™Tc saline eluate. To pro-
duce a generator of acceptable activity using low SA *’Mo a
significantly large alumina column is required to be capable
to adsorb 1-2 g of Mo target, because the capacity of alumina
for Mo adsorption is limited (~20 mgMo/g of alumina). A
large alumina column requires large volume of the eluent
to elute patient-dose quantities of *™Tc. As a consequence,
large eluent volumes cause the radioactive concentration of
the *™Tc-pertechnetate to become unacceptably low for use
in most radiopharmaceutical diagnostic procedures. So, the
postelution concentration process is required to increase the
"™ Tc-activity concentration. Although the recovery of ™ Tc
from enriched molybdenum target material has been applied
in Uzbekistan and POLATOM, the **™Tc concentration of the
eluate eluted from an enriched *® Mo target-based generator is
moderately improved with the use of high neutron flux reac-
tor irradiation [2].

In principle, there is no impediment for simple in-line
concentration of the *™Tc solution obtained from large
alumina column generators using simple postelution concen-
tration technologies. As examples, the large alumina column-
based *™Tc generators using low specific activity *°Mo,
eluted with chloride (saline) or nonchloride (acetone) eluent
and combined with a *™Tc concentration unit, were tested.
The first low SA (7-15GBq/g) *’Mo-based *™Tc generator
system using up to 80-gram alumina column (jumbo alumina
column generator) was developed in India [52, 53]. 70 mL
saline is used for *™Tc elution from this system and a con-
centration process with three consecutive processing steps
(gngc loading onto Dowex-1x8 resin column; PMTe elution
from the resin column with 0.2 M Nal solution; removing
of I ions from the effluent downstream with AgCl column)
was applied. The second generator system was developed in
Pakistan using a large alumina (16 g) column and acetone
eluent (nonchloride organic eluent) [51]. ome recovery in a
small volume of saline was followed after removing acetone
from the **™Tc /acetone eluate.

Despite the high recovery yield and good labelling quality
of the highly concentrated **™Tc solution achieved, the time
consumption for a large volume elution and the complexity
in processing at concentration stage make large alumina
column-based generator systems as described above incon-
vincible for a commercial scale production and for the conve-
nient utilization in the hospital environment. So, the recovery
of ™ Tc from the low SA **Mo still requires further develop-
ment to make it useful for nuclear medicine application. As
a result of the development performed in many laboratories
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FIGURE 5: MEK extraction of *™Tc using a tandem sorbent column system for nonevaporation removing of MEK from the extracted **™Tc-
MEK phase: (a) conceptual process diagram of *™Tc recovery by MEK extraction using a tandem cation-exchange resin/acidic alumina
column system for nonevaporation removing of MEK (1: cation-exchange resin column; 2: alumina column; 3: peristaltic pump; 4: Milipore
filter; 5: redistilled water; 6: saline; 7: final sterile 99mTc-pertechnetate solution; 8: waste container; V, and V,: solenoid valves; S: syringe for
MEK addition; EX: extractor containing °’Mo; M: magnetic stirrer). The generator design is performed by author of this paper based on the
processes reported in the literature [98, 102]. (b) Process diagram and (c) computerized module developed in BRIT for 9omre separation based
on the MEK extraction coupled with MEK-removing using a tandem basic/acidic alumina column system [99, 100].

around the world, some useful *™Tc recovery technologies
developed up to date are described in the following.

It is the fact that the solution of high **™Tc concentration
cannot directly be produced from the low specific activity
*’Mo source, except the **™Tc production based on the sol-
vent extraction, sublimation, and electrochemical methods
mentioned above. So, the technetium recovery technology
based on the coupling a chromatographic **™Tc-generator
column of high Mo-loading capacity with a postelution
purification/concentration process/unit should be consid-
ered as an important solution. This technical solution is
performed by an integrated system, so-called RADIGIS
(radioisotope generator integrated system) to produce a
medically useful *™Tc-pertechnetate solution of sufficiently

high **™Tc-concentration. In the following, different versions
of RADIGIS developed to date are described.

4.4.1. Technetium Selective Sorbent Column-Based **™Tc
Recovery and Relevant Integrated **™ Tt Generator System.
Several sorbents have been developed for selective adsorption
of pertechnetate ions from aqueous solutions. Some of them,
such as TEVA Spec resin (Aliquat-336 or tricapryl methyl
ammonium chloride extractant impregnated in an inert
substrate) and activated charcoal, adsorb TcO,~ ions strongly
in dilute nitric acid solutions. However, the strong acidic
solution (8 M HNO,) required for recovery of TcO," ions is
not preferred for practical application on the basis of daily
use in nuclear medicine [119-123]. Some sorbents, such as
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ABEC (aqueous biphasic extraction chromatographic) resin
and strong anion-exchange (Dowex-1x8) resin, adsorb TcO,,
ions from alkaline or neutral aqueous solutions. These resins
are suitable for use in the production of **™Tc-generator by
virtue of the fact that TcO,~ ions can be easily desorbed from
these sorbents by contacting with water or suitable organic
solvent [124, 125].

(1) Aqueous Biphasic System-Based °°"Tc-Pertechnetate
Recovery Method [124, 126-131]. A **™Tc selective sorbent
(ABEC-2000) column is recently developed to separate
%™ Te from the alkaline solution of low specific activity ** Mo.
A new generator system developed by NorthStar Medical
Radioisotopes (USA) using low specific activity Mo is
based on the ABEC-2000 resin column coupled with an
alumina guard column. This system is shown in Figure 6.

The separation process is performed as follows. An alka-
line *Mo solution in 5 M NaOH obtained from dissolution of
molybdenum targets is fed onto the ABEC-2000 resin column
which is specifically designed to adsorb pertechnetate. Once
the column is loaded, it is first washed with 5 M NaOH solu-
tion to remove any molybdate that also may have been
adsorbed on the column and then by a buffer solution of pH
8. Following the wash, the technetium is stripped from the
column with a normal saline solution which is then passed
through an alumina guard column to remove the residual
%Mo impurities. The eluate is then passed through dual 0.22
micron sterility filters to achieve an injectable **™Tc-pertech-
netate solution. The process can be repeated once a day as the
#™Tc builds up in the *Mo solution. The **™Tc separation
efficiencies for several consecutive days of operation were
>90% with no detectable Mo breakthrough. To date, the
inherent disadvantage of this generator system reflected from
the comment of user is that the elution process of this system
takes a long time (about 40 minutes) and requires a 15-
minute procedure for cleaning of column and tubing before
the next elution is available. There is also some process to
replace some components of the generator system that must
be done after 5 elutions. Although the automated operation
of this system facilitates the cumbersome elution-cleaning-
replacing process, its being accepted as a user-friendly device
may be challenged by the hospital user’s community who is
quite familiar to the simple operation of the current fission
%Mo-based **™Tc generators.

The specific volume of **™Tc solution produced by this
9MTe recovery system is comparable to that of an alumina
column generator loaded with the high SA fission. This new
generator system is currently in the process of being validated
for nuclear pharmacy use through a NDA on file with the US
Food and Drug Administration [2, 130, 131].

(2) Organic Solvent-Eluted Ion-Exchange Resin Column-
Based *°™Tc-Pertechnetate Recovery Method. The chromato-
graphic system of Dowex-1x8 resin column combined with
tetrabutyl-ammonium-bromide (TBAB) eluent has been
developed for separation of pertechnetate ions from aque-
ous *’Mo-molybdate solution. Using commercially available
anion-exchange resin Dowex-1x8 (25 mg) to selectively trap
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and separate ™ TcO,~ from a low specific activity ** Mo solu-
tion and then recovering **TcO, ions from the Dowex-1x8
column by elution with TBAB in CH, Cl, were reported. After
being purified by passing through a neutral alumina column
and washing the resin column with water, the alumina
column will be flushed with saline to strip Na*™TcO,. Sub-
sequent quality control revealed no significant levels of trace
metal contaminants or organic components. #MTe recov-
ery yields of greater than 90% were demonstrated, while radi-
ochemical purity was consistently over 99% [125].

4.4.2. High Mo-Loading Capacity Column-Based **™ Tc Recov-
ery and Relevant Integrated *"Tc Generator Systems. The
assessment on the capable utilisation of the high Mo-loading
columns loaded with low specific activity (1, y)**Mo for pro-
duction of *™Tc-generator is performed based on the **Mo
(n, 7)Mo reaction yield (A, 4o) and Mo-loading capacity
of column packing material (K). The relationship between the
neutron flux ® of the reactor used for the *’Mo production
and the Mo-loading capacity (K) of the column packing
material is derived [69, 70, 103, 132].

Based on the activation equation for the neutron capture
reaction **Mo(n,y)”Mo — **™Tc, the *Mo activity/yield
(Apo.90) and the relationship between A, ¢ and K are
calculated as follows:

OxGxo x@)

Apog0 = 1.628 x 1077 < - act

y (1 _ e—0.693(t/T)) )

Apor9 =2.055x 107 X G x @ x (1 - ¢ *010%) (10)

G = AM0—99
2.055 x 10714 x @ x (1 — ¢70:0104xt)”

K = E = AMO-99
m 2055 x 10714 x m x @ x (1 — e 00104xt)”

K = G/m is the Mo-loading capacity of the packing
material loaded in one generator column. G(g) is the weight
of molybdenum element target, which will be used for the
production of one generator. m(g) is the weight of column
packing material packed in one generator column. A y;,_oo(Ci)
is the given *’Mo radioactivity of the generator, which is
planned to be produced. t is the activation time, hour. ® =
23.75% is the natural abundance of **Mo. a = 95.94 is the
molecular weight of molybdenum. T' = 66.7 hours is the halt-
life of ®Mo. 0, = 0.51 barn is the normalised thermal and
epithermal neutron activation cross-section of **Mo nuclide.

It is assumed that a generator column of the best perfor-
mance for pertechnetate elution can be eluted with an eluent
of volume V(mL) = 2m, where m (g) is the weight of the
column packing material. The relationship between the **™Tc
concentration in the eluate (Cy.), the neutron flux, and K is
also set up. This relationship shown in Figure 7 is for a given
case of the following conditions. The weight of the column
packing material is 5g and corresponding elution volume is
10 mL. The activation time of natural Mo target is 100 hours.
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FIGURE 6: *™Tc recovery using ABEC resin column: (a) process diagram; (b) automated radionuclide separator ARSII developed by NorthStar
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FIGURE 7: Assessment on the **™Tc-radioactivity (Ay.) and *™Tc-
concentration (Cp.) of the eluate eluted from the generators of
5-gram weight column-packing materials of variable Mo-loading
capacity K (low specific activity Mo solutions used are produced
in the nuclear reactors: (a) thermal neutron flux ® = 2.1013 n-cm™>-
secl; (b) @ =5.1013n-cm ™2 -sec Y5 (c) @ = 1014n - cm™2 - sec .
The saline eluate volume is 10 mL).

With these conditions, the above mentioned K-equation
is derived as follows:

1.72 x 10"
D

Kis,100) = G/5 is the Mo-loading capacity of the packing
material used in the generator. A (mCi) = (0.875 x A y.99)
is the radioactivity of *™Tc in this generator. C,, (mCi/mL)
is the radioactive concentration of ™ Tc in the eluate eluted
from the generator.

This relationship shows a general assessment on the
potential use of the column packing material of given
Mo-loading capacity for the *™Tc-generator production
using (1,79)**Mo produced ex-natural molybdenum. As an

(5,100) = X A (1)

example, the result assessed by above equations indicates
that the column packing material of molybdenum loading
capacity K > 172mgMo/g could be used to produce a
%MTe generator of approximately 300 mCi at the generator
calibration using a %Mo source of 500 mCi activity (at EOB)
produced in a reactor of ® = 5.1013n - cm > - sec* and thus
a 99'“Tc-pertechnetate solution of concentration <30 mCi
#MTe /mL could be achieved. This **™Tc solution could be
used for limited numbers of organ imaging procedures due
to its low *”™Tc concentration as shown in Table 1. With
the thermal neutron flux ® > 5.1013n - cm™> - sec”'
available in the majority of the research reactors around the
world, it is justified that the column packing material of
K > 172mgMo/g should be developed for the effective
use in the process of *™Tc-generator production. Several
sorbents, such as acidic/basic alumina, hydrous zirconium
oxide, hydrous titanium oxide, manganese dioxide, silica gel,
hydrotalcites, inorganic ion-exchange materials (zirconium-
salt form of zirconium-phosphate ion exchanger), hydroxya-
patite, mixed oxide of tetravalent metals, and diatomaceous
earth, have been developed/investigated over the years [20,
133-141]. These sorbents are only used for the production of
fission-"’Mo-based *™Tc-generators but they are unsuitable
for *™Tc-generators loaded with **Mo of low specific activity
due to their low Mo-adsorption capacity (<100 mg Mo/g).
Presently, there are the limitations in the available specific
activity of >”Mo produced from nuclear facilities: 1-6 Ci/g Mo
(1-4 Ci/g at generator calibration day) of *’Mo produced in
the reactors of high neutron flux (> 1014n - em % -s7h) using
both the natural molybdenum and enriched **Mo targets
and ~10 Ci/g Mo of *’Mo produced from the accelerators
as mentioned above. The use of these Mo sources and
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the recently developed column packing materials of high
Mo-loading capacity in the process of the **™Tc generator
production, however, remain to be addressed. In order to
reduce the **™Tc solution volume eluted from a column chro-
matographic generator using low SA *Mo to facilitate the
postelution **™ Tc-purification/concentration process, the col-
umns of as high as possible Mo-loading capacity must be
used. Although the Mo-loading capacity >0.25 g Mo per gram
of column-packing material is achieved to date, the loading of
this material with 1-2% of its capacity (similar to the loading
regime of the alumina column in the fission *’Mo-based
generators) using a low specific Mo available today will
result in a generator of unacceptably low activity, because
the (1, 7)°’Mo produced in the majority of high neutron flux
nuclear reactors and in the accelerators has a specific activity
of 10000 times lower than that of the fission-based *’Mo.
So, the fully Mo-loaded generator columns should be used
[57, 59, 60, 69, 70, 103-109, 112, 113, 132, 142-154]. As an
example, the *™Tc generated in a 4-gram weight column
of high Mo-loading capacity (250 mg Mo/g), which is fully
loaded with 1.0 g Mo of low specific ** Mo-activity to produce
a generator of 1-4 Ci ®’Mo on generator calibration day, can
be exhaustively eluted in 10 mL saline. This **™Tc eluate con-
tains a higher *’Mo breakthrough than that required for an
injectable **™Tc solution due to the feature of the fully Mo-
loaded generator column as mentioned above. This eluate
needs to be purified to remove *’Mo breakthrough contam-
inant by passing through a sorbent column such as alumina
column of ~2-gram weight. Finally, an additional volume of
the saline must be used to recover all **™Tc activity from
the system. As a consequence, a low concentration #me
solution of approximately 20 mL volume is produced. This
value means a double of saline volume used in a fission **Mo-
based *™Tc generator column of 4 Ci activity loaded with 2 g
alumina.

In case of the fully Mo-loaded generator columns used,
the Mo affinity to the sorbent should be high enough to
ensure a minimal Mo-breakthrough into the *™Tc eluate
eluted from the generator, because the Mo breakthrough is
directly proportional with the Mo amount loaded on the
column and reversely with its affinity to the sorbent (known
as distribution coefficient K;). To achieve a maximal affinity
for the adsorption process, the chemosorption with covalent
bonding between molybdate ions and functional groups of
the sorbent should be expected in the process of sorbent
design.

Asifand Mushtaq [155] have tested to highly load alumina
column with (1,9)’Mo to produce a medically accept-
able pertechnetate solution of higher *™Tc concentration.
However, the high ®’Mo breakthrough in the **™Tc eluate
and the moderate Mo-loading capacity of this fully Mo-
loaded alumina column (150 mg/g) remain inconvincible for
a practical application of this technique for the generator
production.

The efforts of using a fully Mo-loaded column of high
Mo-loading capacity and high adsorption affinity, however,
are not the all to be done in this endeavour in the process
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development of *™Tc-generator production, because the
solution volume and *’Mo breakthrough of the **™Tc eluate
eluted from fully Mo-loaded generator columns loaded with
low specific activity *’Mo are still unacceptably higher com-
pared with those obtained from the fission *’Mo/alumina-
based generators. All these issues suggest that the high
Mo-loading capacity column-based **™Tc recovery should
be combined with a gostelution purification/concentration
process to produce a **™Tc-pertechnetate solution of medi-
cally useful radioactive concentration for use in most radio-
pharmaceutical diagnostic procedures.

With regard to the development of **™Tc generator using
low SA **Mo, the column packing materials of high Mo-
loading capacity developed in several laboratories are clas-
sified into two following groups. The first group includes
the chemically formed solid powder materials containing
molybdenum in the form of a chemical compounds such as
polymolybdate compounds of tetravalent metals (in the form
of solid gels) such as Zr-, Ti-, Sn-molybdates, and so forth
[57,59, 60, 69, 70, 103-106, 112, 113, 132, 142-147]. The second
group composes of the sorbents of high Mo-adsorption
capacity such as the functionalized alumina [156], the poly-
meric compounds of zirconium (PZC), titanium (PTC),
and so forth [107, 108, 148-154, 157], the nanocrystalline
mixed oxides of tetravalent metals [62-64, 109-111, 118, 158],
the nanocrystalline zirconium/titanium-oxide and alumina
[159-161], and recently multifunctional sorbents [40-42, 58].
Such materials, as discussed below, are shown to be suitable
for #™Tc generator production. All these column-packing
materials have a significantly higher Mo-loading capacity
(>250 mg Mo per gram) than that of the alumina (‘10-20 mg
Mo per gram). The **™Tc can be separated from these column
packings by elution with a small volume of nonsaline or saline
eluents. The choice of the eluent is subject to the postelution
#MTc-purification/concentration process preferred for the
optimal design of an integrated system RADIGIS to produce
the medically useful pertechnetate solution of sufficiently
high *™Tc concentration.

The chemistry of molybdate ion sorption on hydrous
metal oxides is a good guide in the process of sorbent devel-
opment. It is established that there are 4 adsorption sites/
groups on the alumina surface: basic OH group (=Al-OH),
neutral OH group (-Al-OH-Al-), acidic OH group (-Al-
OHJ[-Al-],), and coordinatively unsaturated site (-APP*-).
All these sites adsorb the molybdate ions to different extents
depending on the pH of the solution and type of alumina
sorbent used. Molybdate reacts irreversibly in a reaction
(chemosorption) with the basic OH groups (at pH 8.5-6).
However, as soon as these are protonated, molybdate also
starts to be reversibly adsorbed by electrostatic interaction.
The neutral OH groups, when protonated, also reversibly
adsorb the molybdate ions. Molybdate is strongly adsorbed
by the coordinatively unsaturated sites and by acidic OH
groups via a physisorption/electrostatic interaction at pH <5.
For this reason, acidic alumina is used for the *Mo/*™Tc
generator production. Among tetravalent metal oxides, tita-
nia and zircona are usually used in many studies for the **™Tc
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FIGURE 8: pH titration curves of molybdate solutions [57].

recovery from *’Mo. Titania and possibly nanocrystalline
tetragonal zircona (calcined at 600°C, IEP at the pH 4.5 [62,
156, 161]) contain mainly coordinatively unsaturated sites, so
these sorbents may adsorb molybdate ions via a physisorp-
tion/electrostatic interaction at pH <5. However, hydrous
titanium oxide and zirconium oxide sorbents contain many
acidic and basic OH groups, respectively. Consequently
molybdate ions are adsorbed on the hydrous titanium oxide
surface by a physisorption mechanism at pH <4 with a less
adsorption affinity compared with that of hydrous zirconium
oxide which adsorbs molybdate by an irreversible chemical
reaction/chemosorption. Molybdate ions adsorb on the metal
oxides in different forms depending on the pH of the solution
because the molybdate polymerizes in weakly acidic solution
as follows:

7Mo0,*” +8H" «— Mo,0,,° +4H,0 (12)

On the polymerization, the polymerized molybdate
molecules have variable molecular weights depending on the
pH. This property can be experienced from the results of
the potentiometric titration of molybdate solutions shown
in Figure 8. As shown the molybdate is in the form of
polymolybdate Mo,0,,°™ at pH <5 [57].

When the titanium- and zirconium-molybdate gels are
used as column packing materials in the *Mo/**™Tc gener-
ator preparation, the molybdate covalently bonds with Ti**
and/or Zr*" ions in the way of nonstoichiometry. So the
residual charges of the polymolybdate ions will be neutralized
by the positive charge of the protons and the gels will
behave as a cation exchanger. Le (1987-1994) has found the
polyfunctional cation-exchange property of the titanium-and
zirconium-molybdate gels [59, 69, 104]. He has taken this
advantage of the molybdate gels to design the water- and
organic solvent (acetone)-eluted gel-type *’™Tc generators
as shown in Figures 14, 17, and 18 [57, 59, 60, 69, 103-
106, 146]. The molybdate gels have two functional groups
in their structure and the total ion-exchange capacity of
approximately 10 meq/g was found as shown in Figure 9. The
%™TcO,” anions, as the counter ions of the cation-exchange
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FIGURE 9: pH titration curves of molybdate gel sorbents [57, 59, 60,
69].

gel matrix, can be easily eluted with the water and water-
soluble organic solvent from the column of gel-type **™Tc
generator. Sarkar et al. (2004) also developed a water-eluted
zirconium-molybdate gel-based **™Tc generator [49].

The cation exchange property can be found in all the
sorbents which are fully loaded with molybdate ions. So the
elution of ®™Tc with water or with acetone (as nonsaline elu-
ents) from the generator column fully loaded with **Mo will
provide the advantages for a consecutive postelution purifi-
cation/concentration process. Le (2011) has developed an
automated system of the radioisotope generator coupled with
purification/concentration process using PTC/PZC sorbent
columns and an eluent composed of water containing small
amount of NaCl (0.005%). This system called RADIGIS-
%™T¢ is shown in Figure 16 [62-64, 109, 109-111, 158].

The *™TcO, ™ anions are hardly eluted from a partly Mo-
loaded sorbent column with nonsaline eluents due to its
strong adsorption on the unoccupied residual OH groups
of the sorbent. However, this elution can be achieved if the
column is wetted with a sufficient amount of residual saline.
This phenomenon has been experienced in the case of the
9mTe elution with acetone from an alumina column [51]. In
this case the water in the aqueous saline phase existing on the
sorbent surface plays a role of an ion transporter for **™TcO,~
and Cl ions.

(1) Saline-Eluted Generator Systems Using High Mo-Loading
Capacity Columns and Integrated Generator Systems

(i) Saline-Eluted ~ Molybdate-Gel ~ Column-Based ome.
Generator Systems. A zirconium-molybdate (ZrMo) and tita-
nium-molybdate (TiMo) gels are the generator column pack-
ing materials used exclusively with low specific activity >’ Mo
for #™Tc recovery. The molybdate gel column is considered
as a fully Mo-loaded sorbent column as well. These mate-
rials were first developed by Evans et al. [143] and
Evans and Mattews [162] and then further improved
by several research groups around the world in the 1980s
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[49,57,59,60,69,70,103-106, 132,146, 147]. A comprehensive
description of molybdate gel-based **™Tc generator systems
using low specific activity Mo is presented in IAEA-
TECDOC-852 [70]. ZrMo and TiMo gels are prepared
in the form of water insoluble solid powders containing
molybdenum under a strictly controlled synthesis condition
to ensure the best performance when used as a column
packing material in chromatographic **™Tc generators. The
conditions under which a molybdate (zirconium or titanium)
is prepared will influence the nanostructure of the gels and
thus the *™Tc generator’s performance. Different *™Tc
elution performances were found with the gels of amorphous
or crystalline/semicrystalline structure [57, 59, 69, 132]. As
a rule of thumb, the *Mo breakthrough from the generator
column and the **™Tc elution yield are higher with the amor-
phous gels, while the performance of the crystalline structure
gels reverses. The porosity of the solid gel particles is also
an important factor influencing the out-diffusion of the
Eertechnetate ions and thus the **™Tc elution profile and
M Tc-elution yield of the generator column. So the gel
synthesis conditions such as the molar ratios of zirconium
(or titanium) to molybdenum, the solution concentrations,
the order of reactive agent addition, the reaction temperature,
the gel aging conditions (time and temperature), the acidity
of reaction mixture, the drying conditions of the gel product
(time, temperature, and atmosphere), and so forth must be
properly controlled in order to consistently reproduce the
properties of the gel.

The **™Tc-elution performance of the gels is assessed
based on the following important factors: the **™Tc elution
efficiency, the ° Mo breakthrough in the®”™Tc eluate, mechan-
ical stability, and the uniformity/size of the gel particles, and
the capability of thermal (steam) autoclaving.

The dried gel contains about 25% by weight of molybde-
num (0.25g Mo per gram of gel) and has the characteristics
of a cation exchanger as discussed above. The passage of an
aqueous eluent (typically either water or normal saline)
through a molybdate-gel column releases the *™Tc. How-
ever, an additional small column of alumina is required to
remove **Mo-impurities from the **™Tc eluate.

As in the case of the alumina-based **™Tc generator sys-
tem, the radiochemical purity of the *™Tc eluted from a
molybdate gel-type generator can be impacted by the effects
of radiation, changes in temperature or pH, and the pres-
ence of reducing/oxidizing agents. Finished product quality
control testing clearly demonstrates that the radiochemical
purity is equivalent to that of the traditional alumina col-
umn/fission *Mo-based **™Tc generator.

TiMo and ZrMo gels are prepared in two different forms:
the post-irradiation synthesized ** Mo-containing molybdate
gel and the preformed nonradioactive Mo-containing molyb-
date gel. In contrast to postirradiation gels which is chemi-
cally synthesized from the °*Mo solution of neutron-activated
Mo target, the preformed gel target is synthesized under
nonradioactive conditions and the gel powders are loaded
into the generator column after being activated with neutron
in the reactor to perform **Mo(n, y)** Mo reaction. However,
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the disadvantage of the preformed gel is that this gel powder
material requires a thoughtful neutron irradiation condition
to avoid any adverse effects on the change of gel structure and
chemical properties, which is caused by high temperature and
extremely high radiation dose during reactor irradiation. In
consequence the *™Tc elution performance of the neutron-
activated gels will be degraded. So, a special design of the
irradiation container and specific radical scavenger have been
used to save the original properties of the pre-formed gel
during its long time irradiation in the reactor [69, 70, 104,
132]. A great care should be taken during the synthesis of
TiMo gel to avoid any contaminants which may generate
the radionuclidic impurities during neutron activation of the
TiMo gel targets [163].

Originally, the molybdate gel-column-based generators
(Figure 10) are specifically designed to use low specific
activity *’Mo to provide the **™Tc solution for diagnostic
imaging the limited numbers of the organs due to low activity
concentration of **™Tc solution eluted from these generators.
Typical elution profiles of the molybdate-gel column-based
%M generator are presented in Figure 11. The technical
maturity of this chromatographic gel-based **™Tc recovery
system has advanced significantly in the last decades.

(ii) Saline-Eluted High Mo-Loading Capacity Sorbent
Column-Based **™Tc Generator Systems

(a) Polymeric Zirconium Compound and Polymeric Tita-
nium Compound Sorbents. Polymeric zirconium-oxychloride
or polymeric zirconium compound (PZC) and polymeric
titanium-oxychloride or polymeric titanium compound
(PTC) sorbent materials were first developed for use in
(n,y)”Mo-based *™Tc generators. These titanium/zirconi-
um-based inorganic polymers exhibit both excellent **Mo-
adsorption capacity and **™Tc-elution. The main constituents
of this sorbent material are zirconium, oxygen, and chorine.
The adsorption capacity of PZC and PTC for Mo was
reported to be much higher than that of the conventional
alumina. Many research activities were performed in JAEA
(Japan), in NRI (Vietnam), and in other countries in Asia
on the use of PTC and/or PZC materials as high Mo-
loading capacity sorbent materials for packing of various
radionuclide-generator columns [62-64, 107-111, 148-154,
158]. The PTC/PZC sorbent of high Mo-adsorption capacity
serves as a *° Mo-loaded column from which the **™Tc can be
eluted in patient-dose quantities. In contrast to a traditional
alumina of low Mo-adsorption capacity currently used in
a commercial chromatographic generator system loaded
with high specific activity Mo solution, the high adsorp-
tion capacity of PTC and PZC sorbent for Mo (270-
275mgMo/g) is useful in reducing the size of the generator
column and thus the daughter nuclide eluate volume, when
these columns are used for low specific radioactivity **Mo-
based generator production.

PZC and PTC sorbents were synthesized from isopropyl
alcohol (iPrOH) and the relevant anhydrous metallic chloride
under strictly controlled reaction conditions. A given amount
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FIGURE 10: Typical chromatographic gel-type *™Tc generators (dual column systems compose of a ZrMo (*’Mo) gel column coupled with a
purification acidic-alumina column): (a) Gelutec-A 99mTc—generator manufactured by NRI (Vietnam); (b) Geltech 99mTc—generator by BRIT
(India). (Note: no *™Tc-concentration is available in these generator systems. In Gelutec-A system, two alumina columns are installed in
parallel and a selector/valve is inserted between them to direct the **™Tc eluate from the gel column being passed over each column for 5

consecutive purification/elutions) [2, 57, 59, 60, 103].
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FIGURE 11: *™Tc elution profiles of Gelutec-A generator. A: the gen-
erator column without coupling with alumina purification column;
B: the generator column coupled with alumina purification column
[57, 59, 60, 103-106)].

of relevant anhydrous metallic chloride (ZrCl, for PZC or
TiCl, for PTC) was carefully added to different amounts of
iPrOH. The temperature of the reaction mixture immediately
reached 96-98°C for the iPrOH-ZrCl, mixture and 92-94°C
for iPrOH-TiCl,. The temperature of solution was maintained

at these values and stirred gently by magnetic stirrer in
open air until the solution became viscous. As the reaction
temperature increased, a water-soluble PZC or PTC gel (the
intermediate precursors) was formed at 129-131°C for PZC
and at 111-113°C for PTC sorbent. The water-insoluble, solid
PZC or PTC materials of particle size of 0.10 mm to 0.0l mm
were split out by keeping the reaction temperature at 141-
142°C (30 minutes) for PZC and at 124-126°C (45 minutes)
for PTC. These were the finished products of PZC and PTC
sorbents. The characterizations of the PZC and PTC materials
synthesized and their preparation conditions are summarised
in the literature [62, 107-109, 149-154].

The molecular formula of PZC sorbent was also esti-
mated. The actual molecular weight (organic residue
included) was determined to be M = 5901.3, where X is the
organic molecules in one PZC molecule which was equiv-
alent to 9.63% of PZC molecular weight as seen at thermal
analysis. Because the organic substance in this formula
was attributed to a residual organic by-product of chemical
synthesis reaction and was completely being released from
polymer matrix in aqueous solution, the segment unit
of real polymer compound is of the following formula:
Zr,5 (OH);, Cly, (ZrO,)-126H,0. The steric arrangement of
atoms in this molecule is shown as Scheme 1.

The molecular weight of PZC sorbent is 5333.02. Chlorine
content is 5.63 millimol Cl per gram PZC sorbent. Ion
exchange capacity is 5.63 meq per gram PZC sorbent. The ion
exchange capacity derived from the above chemical formula
offers an adsorption capacity of 270.0 mgMo/g PZC or
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5171 mg W/g PZC by assuming molybdate or tungstate ions
adsorbed on PZC in the form of MoO,*” or WO,>”, respec-
tively. In addition it is assumed that one molarity of MoO,*~
or WO, ion consumes 2 equivalents of ion-exchange capac-
ity of PZC and PTC sorbents (one equivalent of MoO,” ion
is 48 g molybdenum and one equivalent of WO,*” ion is
91.925 g). This type of strong adsorption suggests a covalent
bond between molybdate or tungstate ions and zirconium
metal atom.

The segment unit of real polymer compound is of the fol-
lowing formula Tiy, Clgy (OH)g, (TiO,),, - 60H,O. The steric
arrangement of atoms in this molecule is shown as Scheme 2.

The molecular weight of PTC sorbent is 14939.56. The
chlorine content of PTC sorbent is 5.35 millimol/gram PTC
sorbent (18.965% of chlorine element in one gram PTC).
This is equivalent to the ion exchange capacity of 5.35 meq/g
PTC sorbent and consequently offers very high adsorption
capacities of 257.0 mg Mo/g PTC or 491.8 mg W/g PTC by
assuming molybdate or tungstate ions adsorbed on PTC
in the form of MoO,>” or WO,*", respectively, and one
molarity of MoO,*” or WO,*” ion consuming 2 equivalents
of ion-exchange capacity of PTC sorbent. This type of strong
adsorption gives a covalent bond between molybdate or
tungstate ions and titanium metal atom. The theoretical
values of adsorption capacity calculated from the molecular
formula of PZC and PTC compounds detailed above are
in good agreement with the practical values achieved at
the potential titration and at the Mo and/or W adsorption
experiments. The adsorption capacity of both sorbents was
variable depending on the temperature, reaction time, and
gel aging process before forming the solid PZC and PTC
polymers. The actual molybdenum adsorption of PZC and

PTC sorbents, which is to some extent higher than the above
mentioned values, accounted for the noncovalently adsorbed
molybdate ions and/or for adsorption of small amounts of
poly-molybdate ions. These polyanions could form at the
beginning stage of adsorption in the strongly acidic solution
which resulted from the hydrolysis of -Zr-Cl (or-Ti-Cl)
groups of the back-bone of PZC or PTC molecules.

The PZC sorbents in its original forms, which are devel-
oped in Japan and Vietnam, contain so much HCI content
in their structure and are subject to hydrolysis in an aqueous
solution resulting a strong acidity. So the “in-pot” adsorption
process should be applied to load *Mo-molybdate onto the
sorbent before packing it into the generator column. This
process is performed automatically using a smart machine
(Figure 12(a)) developed by Japan Atomic Energy Agency
(JAEA) and Kaken Co. Ltd. (Japan).

The PZC/PTC sorbents modified by further physico-
chemical treatments performed in ANSTO and NRI, which
are used for different radionuclide generator developments,
are used for packing the generator column, so-called the
prepacked column. This prepacked PZC/PTC column is
then loaded with *Mo-molybdate solution to produce the
%Mo /**™Tc generators in the same manner as that used for
the production of the traditional alumina-based **™Tc gener-
ators (Figure 12(b)). Although the 99Mo-adsorption capacity
of the modified/prepacked PZC/PTC sorbent column is to
some extent lower than that of original form of PZC sorbent,
the former is preferred due to an easy-to-load property of the
nonradioactive column loading procedure [108].

The saline-eluted high Mo-adsorption capacity PZC/PTC
column (fully Mo-loaded column)-based PmTe generator
systems have been developed and the pertechnetate eluates of
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FIGURE 12: Loading of Mo solution on the PZC/PTC sorbents
for ™ Tc-generator production: (a) automatic machine developed
by Kaken Co. Ltd. (Japan) for the in-pot *’Mo-adsorption on
PZC sorbent followed by packing of *’Mo-loaded PZC into the
generator column in the process of PZC sorbent-based **™Tc-
generator production [107]; (b) the 99mTc—generators installed with
prepacked PZC/PTC sorbent columns are in-line loaded with low
specific activity *’Mo solution in the process of PZC/PTC-based
99m Tc-generator production at NRI [108].

9MTe concentration suitable for a limited numbers of SPECT
imaging procedures were obtained. The design of this type of
the generator is similar to the molybdate gel-type generator
described in Figure 10.

(b) Nanocrystalline Sorbents. Le (2009) has recently devel-
oped a group of nanocrystalline tetravalent metal oxide and
mixed oxide sorbents for the radionuclide generator technol-
ogy and radiochemical separation development [62-64, 109-
111]. The tetravalent metal is each selected from the group
consisting of Zr, Ti, Sn, and Ge. The chemical composition of
the sorbents are described as Zr,M, O, (OH) ,,,-,), where
x and y value pairs (x, y) are (1.0, 0.0), (0.75, 0.25), (0.5, 0.5),
and (0.0, 1.0) and the value z is variable depending on heating
of the powder so as to form the sorbent at the last step of
synthesis process. Each M is, independently, Ti, Sn, or Ge.
The process for making the sorbent comprises several steps:
reacting a metal halide or a mixture of metal halides and an
alcohol to form a gel and heating the gel to activate the con-
densation and/or polymerisation reaction for the formation
of a particulate material. This solid polymer gel material in
powder form with particle sizes from 0.10 to 0.01 mm is then
left to cool at room temperature overnight before starting
further chemical treatment. The solid polymer gel powder is
treated in an alkali solution which contains oxidizing agent
NaOCI: about 10mL 0.5M NaOH solution containing 1%
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by weight NaOCI is used per gram of solid polymer gel
powder. The solid powder/oxidant solution mixture is gently
shaken using a mechanical shaker for at least 4h so as to
convert the gel structure solid powder into a macroporous
solid powder and to convert any lower-valence metallic ions
to their original 4" valence. The volume of solution required
per gram of solid gel powder is determined so that the pH
of solution at the process end is between 2 and 5. The solid
matter is then separated by filtering through a sintered glass
filter, washed several times with double-distilled water to
remove all dissolved sodium and chloride ions, and dried
at 80°C for 3h to dryness to obtain a white solid powder.
The resulting white solid powder is calcined at a temperature
in the range from 500°C to 700°C for a time of about 3h
(the actual temperature depending on the particular sorbent
being prepared) (the actual temperature depending on the
particular sorbent being prepared). The calcinations are to
complete the crystallization/recrystalization of the nanopar-
ticles so as to form the sorbent. At the end of this heating
process, the resulting powder is sieved. In particular, the
fraction of particle size between about 50 and about 100 ym
may be collected to be used as a sorbent for chromatographic
column packing applied to chemical separation processes.
The initially formed solid is commonly in the form of white
solid powder particles composed of different clusters of
greater than about 100 nm in size. The clusters are aggregates
of amorphous and semicrystalline nanoparticles (less than
about 5 nm). The clusters appear to be held together by weak
hydrogen bonds and van der Waals bonds. Consequently, the
aggregate particles are macroporous and soft. During high-
temperature calcining the amorphous and semicrystalline
nanoparticles (less than about 5 nm) crystallize to form crys-
talline nanoparticles inside clusters. Simultaneously, these
crystalline nanoparticles partially melt and combine with
other nanoparticles inside the same cluster with interfacial
coordinatively bond/ordered structure to form larger porous
crystalline particles. Because there is longer distance between
the clusters than that between nanoparticles within a single
cluster, the nanoparticles belonging to different clusters do
not combine with each other to form a single mass. Adjacent
nanoparticles on the surface of clusters fuse into a limited
area of the cluster surface to form a bridge to crosslink the
clusters (at this stage, the clusters have already become larger
crystalline particles) to form sorbent particles. In this way,
meso/macroporosity formed between the former clusters
may be maintained. The partial fusion and surface coor-
dinative connection are thought to cross-link the particles
to create a hard porous matrix of solid material. The high
chemical and mechanical stability of the product is thought to
result at least in part from the formation of stable crystalline
monophase in the solid material. The crystalline structure of
the product is stable when exposed to high radiation doses
from radioactive materials. The powders obtained using the
above process have high stability and high porosity (average
pore size ~120 A) and may be used as a state-of-the-art sor-
bent for different chemical separation processes, for example,
for the separation of highly radioactive materials. The doping
by different amounts of metal ions (e.g., Ti, Sn, or Ge) added
to zirconium chloride solution in the synthesis is thought to
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FIGURE 13: SEM picture of the nanocrystalline sorbents used for packing radionuclide generator columns. Sorbents: (a) ZiSorb, (b) TiSorb, (c)
SnSorb, (d) ZT-11, (e) ZT-31, and (f) organic-polymer resin OASIS-HLB (Waters) of average pore diameter 80 A (for a comparison purpose)

[62].

be responsible for a stabilized crystalline phase which makes
the product chemically and mechanically stable. The doping
of smaller ions, Ge*'(radius 0.53 A), Ti*"(radius 0.605 A),
and Sn*'(radius 0.69 A), onto the matrix of larger ions
Zr*" (radius 0.80 A) facilitates isomorphism-based adsorp-
tion of the parent nuclides such as *®*Ge**, 'Sn**, and
*Ti*" ions from its acidic solution for the preparation
of the ®Ge/*®*Ga, *Sn/ "™ In, "'°Sn/ '™ In, and *Ti/**Sc
generators, respectively. Moreover, the doping process is
also to increase the numbers of covalently unsaturated sites
(= M-") and to reduce the isoelectric point (IEP) of
zircona (at pH ~8) to a value (at pH ~4-6), which are
suitable to the adsorption of parent nuclide ions and to the
elution of daughter isotope in the process of **Mo/*™Tc

and "**W/'"®¥Re generator production. The Mo-adsorption
capacity of these sorbents is in the range 200-240 mg Mo/g
and saline-eluted **™Tc-pertechnetate recovery is satisfied
with medical use requirement. Scanning electron microscopy
(SEM) images showing the micro- and mesoporosity of
the sorbent materials synthesized above are presented in
Figure 13. X-ray diffraction patterns of these sorbents showed
a monophase of the nanocrystalline structure [62, 64].

The nanocrystalline zircona (tetragonal phase, t-ZrO,),
nanocrystalline titania, and nanocrystalline alumina sorbents
of high Mo-adsorption capacity were also developed in
Bhabha Atomic Reasearch Center, Mumbai (India), for use
in the *™Tc generator production [160, 161, 164, 165]. The
sorbents were synthesized by controlled hydrolysis of 0.17 M
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zirconium chloride solution in a well stirred 2.5 M ammonia
solution at pH 9-11. The formed hydrogel was washed with
deionized water until free of chloride ions. Subsequently the
hydrogel was then refluxed at 96°C for 24 h in an ammonia
solution of pH 12 and then filtered, washed with water,
dried at 100°C overnight, calcined at 600°C for 5h, and
ground and sieved to get particles of 50-100 mesh for
chromatographic column packing. The specific area of these
materials (100-340 m*/g) is in the range of that reported for
alumina (150 m*/g). These sorbents have high Mo-adsorption
capacity and good **™Tc elution properties. The static **Mo-
adsorption capacity >250mg Mo per gram sorbent was
reported. The breakthrough capacity was 100 mg/g. The col-
umn loaded with 25% of its total static Mo-adsorption
capacity was investigated on the *™Tc elution performance.
The *™Tc elution yield of >90% was achieved with saline
eluent. The **™Tc elution performance of fully Mo-loaded
nanocrystalline sorbent columns was not tested. The long
time of 50 min is needed to attain the adsorption equilibrium
of molybdate and tungstate ions in the static adsorption
process. The kinetics of *’Mo-adsorption process is rather
slow using these materials, probably; because their pore size
is smaller than the size of the molybdate/tungstate ions (pore
size of ~0.4nm for the sorbent compared with the ion size
of 0.646 nm for MoO,”” and 0.648 nm for WO,?"). This fact
may reduce the practical application of this sorbent due to
high potential of particle cracking when it is highly loaded
with Mo/W. The utilisation of these sorbents for loading of
low specific activity *Mo in the process of the production of
#™Tc/' Re generators needs more experimental investiga-
tions for improvement in the porosity and dynamic loading
capacity. Continuing the developments of nanomaterial-
based sorbents for *™Tc and '**Re-generator production, the
above mentioned scientist group also reported the capability
of mesoporous nanocrystalline alumina in the production
of P™Tc/188Re generators [164, 165]. Although the Mo-
adsorption capacity (230 mg/g) is in the similar range as
that achieved by the above-mentioned sorbents (PZC/PTC
sorbents and nanocrystalline zircona), the effort was made
to use this new alumina in a tandem system of double
columns for **™Tc-generator preparation. Despite the use of
double columns for increasing the Mo-loading capacity of
the generator, this configuration requires the (1,)*’Mo of
improved specific activity produced in a high neutron flux
(10"-10" n-cm?-s™) to produce a clinical scale PMo/*™Tc
generator.

(¢) Functionalized Sorbents. Functional alumina sorbents
(sulfated alumina and alumina sulphated zircona) developed
in Korea [156] have a *’Mo-adsorption capacity >200 mg Mo
per gram of sorbent. The sorbents were synthesized by the
reaction of aluminium-tri-sec butoxide, zirconium-prop-
oxide, and anhydrous H,SO, in mixture of HCI and alkyl
alcohol. The obtained precipitate was dried at 100°C to
get the final sorbent product. This sorbent material was
used for the **™Tc generator production. The *™Tc-
pertechnetate was eluted by saline with 60-85% elution yield.
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The multifunctional sorbents were also developed by MED-
ISOTEC (Australia) for the *™Tc generator production
and for several radiochemical separations including the uses
in Mo/*™Tc and 88W/!%Re generator production [58].
These sorbent materials may comprise porous silica having
a plurality of groups of formula -O,_,(M)A,;X,; R, on the
surface thereof, wherein each M is, independently, Ti, Zr, Hf,
Sn, Th, Pb, Si, or Ge; each A is, independently, either OH
or R (where Ris an alkyl group C,H,,,; and nis from 1 to 18);
each R is an aminoalkyl group [(CH,),,-(Amino groupl)],
where m is from 1 to 6; each X is a [M'(oxo-hydroxyl-alkyl-
aminoalkyl)M"' (oxo-hydroxyl-alkyl-aminoalkyl)] group of
formula [(OM')j{(OH)a(CbHZb +1):[(CH,) ;-(Aminogroup2)],}
{(OM")f(OH)g(CthhH )p [(CHz)q—(Amino group3)]v}],
where each M’ is, independently, Si, Ti, Zr, or Hf and each
M" is, independently, Si, Ti, Zr, or Hf; z is from 1 to 3; i is
from 0 to 3; (i + k) is from 0 to 3; j is 0 or 1; a is from 0
to 3; b is from 1 to 6; c is from 0 to 3; d is from 1 to 6; e is
from0to3;(a+c+e)is3; fis0orl; gisfrom 0 to 3; h
is from 1 to 6; p is from 0 to 3; g is from 1 to 6; v is from 0
to 3;and (g + p + v) is 3. The *’Mo-adsorption capacity of
these materials (>600 mg Mo/g) is significantly higher than
that of the sorbents developed up to date. The kinetics of
%" Mo-adsorption process is fast with these materials due to
their high porosity (pore size 2-10 nm) and high surface area
(>700 m*/g). The excellent **™Tc elution properties of these
sorbents are well confirmed when used with saline eluent.
The functional sorbent generator columns can be sterilized
by a normal steam process in the autoclave. A commercial
production of the *™Tc generators using these sorbents for
loading of low specific activity °’Mo is well promising.

(2) Nonsaline Eluent-Eluted Generator Systems Using High
Mo-Loading Capacity Columns and Integrated Generator Sys-
tems. In contrast to the saline-eluted generator systems using
high Mo-loading capacity columns which are used for a
limited number of SPECT imaging procedures due to a
rather low **™Tc concentration of **™Tc eluate obtained, the
nonsaline aqueous solution-eluted **™Tc generators or *™Tc
recovery processes are mainly developed to couple with
the *™Tc-purification/concentration process to set up the
%Mo /**™Tc generator systems which are suitable for a rou-
tine production of **™Tc solution of medically useful radioac-
tivity concentration effectively used in all the diagnostic
SPECT imaging procedures.

(i) Nonsaline Aqueous Solution-Eluted **™Tc Generator Sys-
tems Using Molybdate-Gel Columns. Recent advances in
radiopharmaceutical diagnostic applications using the **™Tc-
pertechnetate of moderate to high activity concentration (as
shown in Table 1) require the development of the integrated
generator system RADIGIS which composes of a molybdate-
gel column-based **™Tc generator coupled with a postelution
9MTe concentrator to produce a medically useful pertechne-
tate solution of sufficiently high **™Tc concentration.

A version of RADIGIS developed in the 1980s is presented
in Figure 14. The operation of this system is semiautomated.
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Lead shielding

()
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FIGURE 14: Integrated *™ Tc-generator system (RADIGIS): (a) process diagram and design; (b) photo of GELUTEC-C system used for years in
Vietnam which composes of a ZrMo (*’Mo) gel column coupled with a zircona/alumina column-based purification/concentration unit: 1: gel
column; 2: zircona/alumina column; 3: peristaltic pump; 4: selector valve; 5: circulating eluent container (water containing 0.005% NaCl); 6:
saline vial; 7: final *™Tc solution; 8: Milipore filter; 9: coarse filter. (Specifications: Semi-automated operation based on the circulating elution
with an eluent of redistilled water containing 0.005% NaCl; Processing time 20 min; Final *™Tc solution of 100-200 mCi/mL concentration

depending on the activity of * Mo-loading) [57, 103].
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FIGURE 15: *™Tc elution profiles of the system GELUTEC-C (ZrMo(**Mo) gel column coupled with a metal-oxide sorbent column-based
purification/concentration unit): (a) the elution profile of the generator column of 50 g weight of titanium-molybdate gel eluted with redistilled
water; (b) the elution profiles of the concentration columns of 1.5 g weight eluted with saline: A: alumina; B: zisorb; C: titania; D: MnO, [57].

This integrated generator system has been used for years
in the hospitals in Vietnam [57, 59, 60, 103]. The low-cost
automation of the generator elution using a simple electronic
time-sequence-based control unit provides the convenience
in operation and preference for use in a daily hospital envi-
ronment. The **™Tc elution profile of the molybdate gel-
column-based generator is shown in Figure 15. TiMo and
ZrMo gel columns are prepared as described in the previ-
ous section “Saline-eluted molybdate-gel column. Both the
post-irradiation synthesized gel and preformed gel columns
are equally used for the preparation of nonsaline aqueous
solution-eluted **™Tc generator systems. Redistilled water is

used as eluent for both TiMo and ZrMo gel columns, while
the water containing 0.005% NaCl is more effectively used
for ZrMo gel column [57, 59, 60, 69, 70, 103-106, 132, 146].
Similarly, the zirconium-molybdate gel-based **™Tc genera-
tor which is eluted with water is developed in India [49].

(ii) Nonsaline Aqueous Solution-Eluted M Generator
Systems Using High Mo-Loading Capacity Sorbent Columns

(a) PZC/PTC Sorbent Column-Based Generators. Research is
in progress at MEDISOTEC (Australia) on the use of the high
Mo-adsorption capacity PTC/PZC sorbent materials for the
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FIGURE 16: Integrated radioisotope generator system (radionuclide generator column coupled with an automated purification/concentration
unit of the programmable time sequence control): (a) process diagram; (b) photo of the system recently developed at MEDISOTEC and

ANSTO [58, 62-64, 109-111].

production of a nonsaline aqueous solution-eluted **™Tc gen-
erator system. These sorbents are prepared as described in the
previous section “Saline-eluted high Mo-adsorption capacity
sorbent columns”. The PTC and PZC sorbent columns are
loaded with a low specific activity *’Mo solution and the
#™Tc-pertechnetate eluted with redistilled water containing
0.005% NaCl is consecutively concentrated using a small
alumina concentration column.

The automated purification/concentration unit coupled
with *™Tc generator column is shown in Figure 16. This
device is a versatile radionuclide generator system which can
be used for the production of different daughter nuclide solu-
tions (such as #™Tc, '*¥Re, ™Y, and ®®Ga) of high activity
concentration using low specific radioactivity parent nuclides
[63]. The chemical process applied in this system is based on
the selective adsorption of *™Tc, which is eluted from a
large **Mo-PZC/PTC column, onto a significantly smaller
concentration column. In the following step the technetium
is stripped from the column with a small volume of injectable
saline solution. Optionally, this small sorbent column is
washed to remove any parent nuclide ions and metallic impu-
rities that also may have been adsorbed on the column.
Following the wash, the daughter nuclide is stripped from the
column with a small volume of solution suitable for injection
or for investigational purposes.

The process of the daughter radionuclide elution from
the generator followed by the postelution purification/con-
centration process was performed using a low-cost auto-
mated bench-top system [62-64]. This system was designed
based on the timing sequence of several processing steps
without feedback control. The variable flow rate of eluents

used for elution/purification in this system also ensures the
optimisation of operating times with respect to different
adsorption/desorption kinetics of daughter radionuclide ion
species, which is controlled by the sorbents used in the
generator and the purification columns.

(b) Alumina Column-Based Generator Systems. Several
research groups reported on using different nonsaline aque-
ous eluents for elution of *™Tc from alumina-based gen-
erator systems which couple with a concentration unit for
increasing the pertechnetate concentration of the *™Tc solu-
tion. The eluents used are the following: the mixture of 0.7 M
acetic acid and 0.0225 M NaCl solution [50], the solution of
the salt of weak acids such as ammonium acetate, citrate,
titrate, and so forth, and the mixture of acetic acid and
ammonium acetate solution [43-48]. Although the elution
performance of these eluents is excellent and suitable for the
concentration processes using an anion exchange materials
such as QMA Sep-Pak Cartridge, NH, Amberlite, BondElut
SAX, Dowex-1, DEAE Cellulose, and so forth, the large
volume of the eluents used for the *™Tc elution from large
alumina column-based generators is the main issue for the
routine use of all these methods. The details of **™Tc concen-
tration techniques will be reviewed in the next sections.

(c) New Sorbent-Based Generator Systems. No work on using
nonsaline aqueous eluents for the elution of *™Tc from
recently developed high Mo-adsorption capacity sorbent
materials (such as nanocrystalline zircona (tetragonal phase,
t-ZrO,), nanocrystalline titania, nanocrystalline alumina,
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FIGURE 17: Retention volume V, versus TiMo-column-bed weight
(TiMo particle size 100-200 mesh; column size 10 mm i.d.). a:
acetone as eluent; b: 0.9% NaCl solution as eluent [59, 106].

and functional alumina sorbents (sulfated alumina and
alumina sulphated zircona)) was performed until now. The
integrated *™Tc-generator systems (integration of elution,
purification, concentration, and column-generation) using a
column containing multifunctional sorbent materials of high
Mo-adsorption capacity and an acetate solution as circulating
eluent are recently developed by MEDISOTEC [58].

(iii) Nonsaline Organic Solvent-Eluted **"Tc Generator Sys-
tems Using Molybdate-Gel Columns and Acetone Eluent
(Solid-Liquid Extraction **"Tc Generator). **™Tc can be
eluted from a zirconium/titanium-molybdate gel-type gener-
ator column and from *Mo-loaded diatomaceous earth sor-
bent using organic solvents (so-called “solid-solvent” extrac-
tion) [57, 59, 60, 103-106, 141, 146]. The results of inves-
tigations on the elution of *™Tc from TiMo and ZrMo-
gel columns using organic solvents such as methyl ethyl
ketone (MEK), acetone, ethyl ether, chloroform, and so forth
showed that the separation yield of **™Tc was around 80%
for acetone eluent and <40% for the others. The **™Tc elution
profile of the acetone elution is very similar to that of saline
eluent (Figure 17). So the acetone can be used as a useful
eluent for a solid-solvent extraction-based generator using
zirconium/titanium-molybdate- gel columns of high Mo-
loading capacity.

The solid-liquid extraction-based **™Tc generator system
using acetone as eluent operates as follows. First the **Mo-
molybdate gel (TiMo or ZrMo) columns are prepared as
described in the previous section “Saline-eluted molybdate
gel columns”. Then the *™Tc is eluted with acetone eluent. In
the following steps the **™Tc-acetone eluate is evaporated to
dryness and the recovery of **™Tc pertechnetate into a small
volume of saline is followed. The **™Tc pertechnetate is then
passed through a small alumina and Millipore filter giving
a sterile pertechnetate solution of high **™Tc concentration.
The generator flowchart is shown in Figure 18.

Acetone is a less toxic volatile solvent. Low boiling tem-
perature and low risk of polymerization of the acetone offers
the advantages of economical low temperature evaporation

Science and Technology of Nuclear Installations

FIGURE 18: Process diagram of the solid-liquid extraction-based
%M Tc-generator system GELUTEC-B developed in NRI. 1: *Mo-
loaded molybdate-gel column; 2: acetone evaporator; 3: air pump;
4: acetone reservoir/condenser; 5: saline for recovery of 9mTe.
pertechnetate; 6: **™Tc-pertechnetate injectable solution; V,_;:
valves; G: alumina guard column; MF: Millipore filter [57, 59, 60,
103, 105, 106].

of **™Tc /acetone eluate of small volume, which is performed
faster using a less elaborated apparatus as compared with
MEK extraction-based *™Tc generator system described
above. Thus the generator system based on solid-solvent
extraction using acetone as eluent is found to meet the
requirements of an effective method of *™Tc recovery from
low specific activity °’Mo. The quality of pertechnetate solu-
tion obtained from this generator system was found to meet
all the requirements of **™Tc pertechnetate injection as
specified in various pharmacopeia [36, 37].

#MTe elution from an alumina column-based generator
using acetone eluent was also tested and reported with a
positive result [51].

(iv) Nonsaline Organic Solvent-Eluted **"Tc Generator Sys-
tems Using High Mo-Loading Capacity Sorbent Columns. No
work on using organic eluent for **™Tc elution from the
recently developed sorbent materials of high Mo-adsorption
capacity (such as nanocrystalline zircona t-ZrO,, nanocrys-
talline titania, nanocrystalline alumina, and functional alu-
mina sorbents (sulfated alumina and alumina sulphated
zircona), polyfunctional sorbents) was performed until now.

4.4.3.°*™ ¢ Concentration Methods Used in the *™ Tc
Recovery from Low Specific Activity ** Mo

(1) Characterization and Performance Assessment of Chro-
matographic Column Concentration Process. Le (2003) has
developed a method for assessment of concentration factor
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values which are achievable in different concentrating pro-
cesses. This method rely on the basic parameters currently
used in the chromatographic processes such as the retention
time/volume and the distribution coeflicient of the solute
[103]. This evaluation is an important guide for designing
of the concentrator with optimal operation conditions. In
his further development, as being reported in this review, a
standardization method of concentration factor evaluation is
developed using a standard elution, which is performed with
normal saline solution (0.9% NaCl), as a reference. In this
case, the normal saline may play both the role of a generator
eluate containing solute (**™Tc), which is fed/loaded onto
the concentration column to be concentrated, and the role
of the eluate of final concentrated **™Tc-product which is
stripped from the concentration column. This approach is
useful for the researchers in the process of concentration
method development to evaluate the effectiveness of one
concentration system (sorbent-eluent system) in comparison
with others which could or would be performed under the
similar (normalized) conditions of the experiments.

In general, the performance of the concentration process
is characterized with the concentration factor n:

For a concentration process of solute recovery yield (k), the
following mass balance is established:

V,xe =kxe xV,. (14)

Relating the above equations, the following is derived:
= (15)

where V; and V, are the solution volumes before and after
concentration, respectively. ¢, is the solute concentration in
the solution before the concentration and ¢, is the solute con-
centration in the solution after the concentration using a
given concentration process.

In individual case of *™Tc concentration, ¢, is the *™Tc
radioactivity concentration in the eluate eluted from the
9MTe generator and ¢, is the *™Tc radioactivity concentra-
tion in the *™Tc solution concentrated using a given concen-
tration process.

Except being concentrated by the evaporation of solvent
or by the electrolysis, all the chromatographic column con-
centration processes are described by the following basic
equations.

For a sorbent (e.g., ion-exchange resin) characterized
with a volume of solid substrate used in the concentration
column,

V, =V, + Ky x V. (16)

For a sorbent (e.g., alumina) characterized with a specific
surface area of solid substrate used in the concentration
column,

V, =V, +Kg xS, (17)
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where
S=m,xS
— 1
Vs:mCXVS:mCX_) (18)
Ky = pre X Ky

(more details about these equations for refer to [166]).

The following is received by relating (16) and (17):
Ky x Vg = Kg x S. (19)

K value is calculated by putting the value of K;,,Vs, and S into
this equation:

Kg= -2, (20)

where Kg (mL/m?), Ky, (mL/mL), Ky, (mL/g)are the area,
volume, and weight distribution coeflicient of the solute
(**™TcO,”) in a given sorbent-solution system, respectively;
S is the surface area of the sorbent (m?); V, is the volume of
the dry resin (mL); m, is the weight of the dry resin/sorbent
loaded in the column (g); S is the specific surface area of the
sorbent (m?/ 2); \_/S is the specific volume of the resin (mL/g);
Pre 18 the weight density of the resin (g/mL).

Based on the above equations (assuming the dead volume
of the concentration column V,, <« V,), the concentration
factor (n) is assessed for the designing of the concentrator
column as follows.

For the ion-exchange resin column,

n=kxﬁ=kx[v—m+KVx<E>] =k><Kv><<E)-
v, v, v, v,
(21)

For the sorbent column,

n:kxﬁzkx[v—”‘+st<i>] :kasx<i>.
VZ V2 V2 VZ
(22)

If V, is given as a designed value, the concentration factor (1)
only depends on the value of k, Kg, and S (or Ky, and V).

As an example, the design of the generator systems, which
are composed of the molybdate gel (Figure 14) or PZC/PTC
nanocrystalline sorbent (Figure 16) generator column cou-
pled with a alumina concentrator column described above,
was based on the following parameters calculated using the
above equations: Kg = 2.0, V, = 5.0mL, and k = 0.95; the
available concentration factor for a bolus elution (with V; =
460 mL for a generator TiMo (or PZC/PTC)-column of 375-
380 g weight, V, = 7.5mL and k = 1) is n = 55.7; the elution-
by-elution (with V; = 65mL for each elution from a 53 g
weight-sorbent column, Mo-breakthrough of <40 ug/mL,
V, = 5.0mL and k = 0.95) concentration factor isn = 11.2.
The design is also performed with a conservation of the influ-
ence of MoO,*” breakthrough in the primary solution eluted
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from the generator column. The above-described calculation
method was also successfully applied for the evaluation and
designing of a compact concentrator ULTRALUTE using a
more effective new sorbent concentration-column as shown
in Figure 3.

Due to the diversity of the eluents of variable volume used
for the elution of **™Tc-generators, the evaluation of concen-
tration factor of the integrated generator systems (integrated
elution-concentration processes) should be harmonized
using a common language for communication/justification
on the elution/concentration performance of the given sys-
tems. When a nonsaline solvent-eluted process is applied for
the *™Tc generator elution and consecutively the eluate of
this elution is concentrated using a chromatographic column
concentration method, we need a tool to assess/justify the
effectiveness of each elution-concentration process in com-
parison with others. So we need a reference to be used for the
comparison. The saline-eluted process of the **™Tc generator
is considered as a gold standard/reference elution due to its
suitability for clinical use. The reference is set up as follows.

Viq (equivalent volume) is the volume of nonsaline

eluent used for the elution of **™Tc from a generator (with a
nonspecified activity) giving a >>™Tc elution yield f; which is
equal to the yield achieved by an elution performed with the
volume Vg, of saline.

V}, is the volume of nonsaline eluent (containing **™Tc)
actually passed through the concentration column of the
weight m, in which the **™Tc will be retained with adsorption
yield (x) from its total amount present in the volume V.

At the stage of the elution of the concentration column
with a small volume of saline, Vg, is the volume of the saline
used to recover the **™Tc from the concentration column to
achieve a concentrated **™Tc solution and the elution yield
of this concentration column is y. The yield of the overall
concentration process k is composed of the adsorption yield
x and recovery elution yield y, as follows:

k=xxy. (23)
The normalized concentration factor will be set up as follows:
V. V
n=kx—SL x _E, (24)
Eqv VSZ

With introduction of the weight of the sorbent (1) used in
the concentration column, the further analysis of the above
equation is shown as follows:

Vxms= " (25)

V. xV,
_ “xixy E)

VEqV \% m

(26)

where V(mL/g) is the specific elution volume of the concen-
tration column eluted with saline to get a concentrated *™Tc
solution of volume V.

Equation (26) composes four components characterizing
the system involved.

The term (Vg;/Vgg,) characterizes the relation of the
saline elution versus alternative nonsaline elution of a given
generator column.
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The term (1/V) characterizes the saline elution of the
concentrator column.

(Vz/m) and K characterize the adsorption/elution capa-
bility of the sorbent for the pertechnetate ions with an alter-
native nonsaline eluent.

The equations described above can be used for both the
theoretical and practical evaluations of the normalized con-
centration factor:

Voi o Ver

np = kp % .
VEqv VSZ—T

(27)

Equation (27) is used for theoretical assessment of the nor-
malized concentration factor, where k- = 1; Vy_r and Vg, 1
are obtained from the practical determination of retention
time/retention volume using an established standard chro-
matographic procedure performed with the same column or
are calculated from the distribution coeflicient K as described
above. K, is determined as described in the literature [166].
np value is used for the evaluation of the effectiveness of the
concentration system (sorbent-eluent)/method of interest,
while 7, value is to evaluate the performance of a practical
procedure/concentrator device designed using this concen-
tration system/method. n, value is calculated as follows:

Vo
Sy VE-P

np = kp X ——
P P >
VEqv VSZ—P

(28)

where Vi p and Vg,_p, are the volume of nonsaline eluent and
saline actually used in the concentration procedure/device,
respectively.

Note that the overall **™Tc recovery yield of the integrated
generator-concentration system will be

Y = fyxk, (29)

where f is the elution yield of the generator column and k is
the purification/concentration yield.

Table 3 shows the majority of the concentration methods
developed up to date and the normalized concentration
factor values assessed by the approach described above using
the process performance parameters extracted from the
literatures. It may be interesting to note that in many cases the
optimal design of a practical procedure/concentrator device
was not performed to match the inherent effectiveness of the
method developed.

(2) Chemistry and Methods of *™Tc Concentration. The
chemistry of pertechnetate ions should be reviewed herein
in regard to the development of the *™Tc concentration
methods. Except for the materials containing cyclic com-
pounds of 7-electrons, almost all the anion-exchange mate-
rials reversibly adsorb the pertechnetate ions in aqueous
solutions. Unfortunately the chloride ions compete strongly
with pertechnetate ions in the adsorption on these sorbents.
This fact makes the concentration of **™Tc-pertechnetate
from a saline solution very hard. The following parameters are
useful to justify a proper selection of the sorbent and suitable
eluent to develop an effective process for *™Tc concentration.
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TABLE 4: Details of the methods of **™Tc-pertechnetate concentration from the saline eluate of *™Tc-pertechnetate (dual column
concentration methods).

Concentration process

M Te-generator

Scheme Interfering i column References
Elution nterre::;t)llgerlons 9MTc concentrator
Step A: saline Cation exchange resin ~ Alumina, zircona, and .
1A Step B: saline (Ag form) MnO, columns Alumina Ruddock (1978) [38]
Step A: saline Cation exchange resin
1A Step B: saline (Ag form) BondElut-SAX column Alumina Blower (1993) [39]
p o OnGuard-AG
. Cation exchange resin
1A gttzp g ::%illrll: (Ag form) QMA-SepPak column Alumina Knap;{) 4e3t 114](1998)
p o OnGuard-AG i
. . . Functional sorbent
1A gttzp 112 ::ﬁ;l: Catlolzzxcflcl) ?Il;g; resin (isosorb-FS-01) Alumina Le and Le (2013) [58]
p o & columns
e . . MnO,, TiO,, ZrO,,
1A gzp g :ﬁ;ﬁ: CathI‘EzXCE(l) ?rl;g;% resin ZT-11, ZT-31 sorbent Alumina Le et al. (2013) [40]
p o & columns
Step A: saline Anion exchange resin . Chattopadhyay et al.
24 Step B: Nal solution AgCl powder column (Dowex-1 x 8) column Large alumina (2002) [53]
Step A: saline Anion exchange resin
Step B: (Dowex-1 x 8)gcolumn Chattopadhyay and
3A Tetrabutylammonium Not needed ) . Large alumina Das (2008)
g combined with solvent
bromide in methylene [52]
chloride evaporator
A Saline eluent A Saline eluent A Saline eluent
Generator column Generator column Generator column
Salt/chloride B Todide eluent B Organic solvent
removing column
Concentration column Concentration column
Sterile saline eluent C Saline
Iodide removing column
Concentration column Evaporator <
o jo |-
o
i
From B From A From A
Injectable |_'J_;'_| Low Injectable Low Ingj::lt;ble Low
99m e activity 9om e activity ertechn(e::tate activity
pertechnetate liquid pertechnetate liquid P solution liquid
solution waste solution waste waste

General scheme 1A

General scheme 2A

General scheme 3A

FIGURE 19: Group 1 of concentration methods: **™Tc-pertechnetate concentration from the saline eluate of the **™Tc generator.

Technetium has an electron configuration with presence
of d-orbital electrons, (K L M 45* 4p6 4d° 552), while that of
chlorine is (K L 3s> 3p®) and oxygen K 2s> 2p*. The energy
of outer electrons of these atoms is in the range of 2p,, ..,
3pchlorine 4dtechnetium < Sstechnetium‘ The ion radius
of TcO,™ is 3.2 A, while that of Cl™ ion is 1.81 A. This big
difference in the ion radius justifies a strong competition of

~

chloride in the adsorption with pertechnetate ions when the
anion exchange resin is applied for TcO, /Cl™ separation.

In the aqueous solutions, pertehnic acid (HTcO,) has an
ionization constant pK,, = 0.3. So the weak acid of pK, > 0.3
should be used as eluent in the process of **™Tc pertechnetate
elution from the generator/concentration system. The weak
acid used must also have a pK, value below that of the sorbent



Science and Technology of Nuclear Installations

Nonsaline aqueous eluent

(water/water + small amount
of NaCl)/acetate solutions)

Generator column

Sterile saline eluent ¢ Water rinse B

C
Concentration/eluent
removing column
From C From A, B
Injectable Low
oom e activity
pertechnetate liquid
solution waste
General scheme 1B
Nonsaline aqueous eluent A Nonsaline organic solvent
(acetone)
Generator column
Generator column
Cation-exchange resin column for
removing competitive non-chloride ions Sterile saline eluent
IWater rinse i .
C Saline eluent < B Concentration /solvent L, 8=
R =
Concentration column (alumina ) evaporator g %
S
56
From C From A, B Alumina column o
Injectable
; 99m L glgm lﬁl From C
Injectable "™ Tc ow Tc
pertechnetate activity pertechnetate Solvent
solution liquid solution collector
waste
General scheme 2B General scheme 3B
Nonsaline aqueous eluent A Nonsaline aqueous eluent
(sodium nitrate solution) (water)
Generator column
Generator column
Water rinse Sterile saline
i . B C
S m Saline eluent c _ +
V g Concentration pg Pt 2
«
s c : /electrochemical cell .2
£ b . oncentration 23
& |b | | d | alumina column . k=rs!
) — Alumina column 5 8
= From C 22
K fa )—\I 2
From C =
Reductor | ] L ] L ] i
T 1 - T Injectable Ing]gencltable
(SnCl, 99m ) hTCt . Waste
solution) solution pertechnetate
solution
Waste
from A, B
General scheme 4B General scheme 5B

FIGURE 20: Group 2 of concentration methods: **™Tc-pertechnetate concentration from nonsaline eluate of the **™Tc generator.
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TABLE 5: Details of methods of **™Tc-pertechnetate concentration from the nonsaline eluate of *™Tc-pertechnetate (single and dual column
concentration methods).

Concentration process

Scheme Generator column References
Elution 9MTe concentrator
A HO Alumina and/or TiO,,
1B 2 MnO,, TiMo/ZrM molybdate gel Le (1990) [57]
B: saline .
zircona
1B A: H,0 Alumina ZrMo molybdate gel Sarkar et al. (2004) [49]
B: saline '
A: NH,OAc + NH,NO,
1B B: water QMA SepPak Alumina Knapp etal. (1998)
. [43-45]
C: saline
A: acetic acid + NaCl Mushtaq (2004) [50]
1B B: water QMA SepPak Alumina Le (2013) (for this
C: saline review)
A:acetic acid +
ammonium-acetate . Sarkar et al. (2001)
1B B: water DEAE-cellulose Alumina (47, 48]
C: saline
A: acetic acid + NaCl
1B B: water DEAE-cellulose Alumina Le .(2013.)
. (for this review)
C: saline
A: acetic acid + NaCl
1B B: water DEAE-sephadex Alumina Le .(2013.)
. (for this review)
C: saline
A: acetic acid + NaCl
1B B: water Isosorb-FS-01 Alumina Le and Le (2013)
. [58]
C: saline
A: Na,S0, .
2B B: H,O Pb-resin-alumina Alumina Bokhari et al.(2007)
. [54]
C: saline
Step A: acetone . Le (1987-1994)
3B Step C: saline Evaporator TiMo/ZrMo gel (57,59, 60, 104]
Step A: acetone . Mushtaq (2003)
3B Step C: saline Evaporator Alumina [51]
A: NaNO, .
4B B: NaNO; + SnCl, Redox agent + alumina Alumina Seifert e[tS;} (1994)
C: saline
A:H,0 Electrochemical cell with Pt Chakravarty et al. (2012)
5B B:H,O d ZrMo molybdate gel
C saline electrodes [56]

used in a consequent pertechnetate-concentration process to
ensure the reversible adsorption of TcO,~ ions in a sorbent
column of reasonably small volume.

The conflict exists between the conventional/convenient
use of saline in the elution of medical isotope generator and
the challenge of chloride ions in the process of **™Tc concen-
tration. So, the **™Tc concentration methods developed up to
date in different laboratories are dedicated to the *™Tc con-
centration from the saline eluate or from nonsaline eluate
of the generators. Accordingly, they are classified in two
following groups and described as follows.

(i) Group I: **"Tc-Pertechnetate Concentration from the
Saline Eluate of the *"Tc Generato r. In the first group
of concentration methods are briefly described in Table 4.

The general process diagrams are shown in Figure 19.
The main characteristic of this group is the increase of
PMTc-pertechnetate concentration from a saline elutate of the
#™MT¢ generator. As an example, in one of the dual column
purification/concentration processes (Scheme 1 in Figure 19),
the saline eluate of the generator is first passed through a
small silver ions loaded sorbent (or an ion exchange resin in
Ag" form) column which traps the chloride anions allowing
subsequent in-tandem passage through a sorbent cartridge
(concentration column) with specific trapping of the TcO,~
ions. The pertechnetate anion is subsequently easily removed
with a small volume of normal saline ready for “kit” radiola-
beling. The concentration factors can be as high as 10-60, with
the silver ion stoichiometry based on the volume of the saline
eluant. Among concentrator prototypes developed using this
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postelution concentration concept the commercially avail-
able concentrator device ULTRALUTE is shown in Figure 3
[40-42].

(ii) Group 2: 99MTc-Pertechnetate Concentration from the
Nonsaline Elution of the *"Tc Generator. In the second group
of concentration methods are briefly described in Table 5.
The general process diagrams are shown in Figure 20. The
main characteristic of this group is the increase of **"Tc-
pertechnetate concentration from a nonsaline elutate of the
9MTc generator. These methods are generally known as the
single column concentration methods developed in years
1980s for the purification/concentration of the dilute solution
of ®™Tc, which is eluted from the low specific activity
(n, y)99M0 column generator [57, 59, 60]. Recently, many
alternatives have been further developed and improved with
an automated operation, as shown in Figures 5, 14, and 16.
This process is based on the selective adsorption of **™Tc
eluted from the *’Mo column onto a significantly smaller
sorbent column (concentration column). In the following
step, the technetium is stripped from the column with a
small volume of injectable saline solution. Optionally, this
small sorbent column can be washed to remove any parent
nuclide ions and metallic impurities that may also have been
adsorbed onto the column. Following the wash, the daughter
nuclide is stripped from the column with a small volume
of solution suitable for injection or for other investiga-
tional purposes. The automated purification/concentration
unit coupled radionuclide generator shown in Figure 16 is a
versatile system which can be used for production of different
daughter nuclides (such as *™Tc, "**Re, °°Y and ®Ga) giving
solutions of high radioactive concentration from low specific
radioactivity parent nuclides.

5. Summary

%M Te plays an important role in diagnostic nuclear medicine
imaging. Demographic and medical trends suggested that in
the near future, the global demand for **™Tc will grow at an
average rate between 3% and 8% per year as new markets. So,
there is a need for diversity in all aspects of the **™Tc pro-
duction using different specific activity *Mo sources to pro-
vide important supplements for increasing reliability of *Mo
/*’™Tc generator supply. Accordingly, *™Tc recovery should
be performed by suitable technologies to make them accept
able for nuclear medicine uses. Several alternative/supple-
mentary technologies for producing high and low specific
activity >’ Mo solutions and for ™ Tc recovery therefrom have
been developed and proposed. Some of them are not yet
commercially proven or still require further development.
To provide the researchers/producers a look into up-to-
date **Mo/**™Tc technologies, a review on the *’Mo sources
available today and on the *™Tc generators developed up to
date for increasing the effectiveness of *’Mo utilization is
performed in the format of detailed description of the features
and technical performance of the technological groups of the
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*Mo production and **™Tc recovery. Presently, the tech-
nologies of **™Tc recovery from low specific activity **Mo
are playing an increasing role in ensuring the security of
supplies of ™ Tc to users worldwide. Various **™Tc recovery
processes using low specific activity Mo have been reported.
Besides the low specific volume of ™ Tc eluate obtained, the
problem of complexity in operation of **™Tc-generator and
of the high cost for automation/computerization of **™Tc-
recovery process remain to be solved regarding cheaper,
better, safer, and faster supply of **™Tc solution for SPECT
imaging use in a daily hospital environment. Definitely, each
technology developed may have some limitation. However
the indispensable criteria of *™Tc production technology,
which reflect the acceptance of the hospital users, are the reli-
ability/reproducibility, the simplicity and safety in operation,
and the proven capability to provide the **™Tc-pertechnetate
solution which is safe for human use and effective for a wide
range of the ™ Tc-labeled radiopharmaceutical preparations.
In terms of compliance with the requirements of human use,
the technologies developed should not contain any materials
of high toxicity for human use, which will make the reg-
istration process complicated and thus the delay in the tech-
nological product delivery.
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A variety of intermediate- and low-level liquid and solid wastes are produced from reactor production of *’Mo using UAI alloy
or UO, targets and in principle can be collectively or individually converted into waste forms. At ANSTO, we have legacy acidic
uranyl-nitrate-rich intermediate level waste (ILW) from the latter, and an alkaline liquid ILW, a U-rich filter cake, plus a shorter
lived liquid stream that rapidly decays to low-level waste (LLW) standards, from the former. The options considered consist of
cementitious products, glasses, glass-ceramics, or ceramics produced by vitrification or hot isostatic pressing for intermediate-level
wastes. This paper discusses the progress in waste form development and processing to treat ANSTO’s ILW streams arising from
*’Mo. The various waste forms and the reason for the process option chosen will be reviewed. We also address the concerns over

adapting our chosen process for use in a hot-cell environment.

1. Introduction

%Mo is produced in several countries; notably Belgium,
Netherlands, Canada, and South Africa produce > 2,500
6dCi. (This refers to the number of curies of **Mo left 6 days
after shipping from a production facility and is typically used
during operation in allocating and pricing the shipment.)
There are also smaller producers (300-1500 6dCi) in France,
Russia, Czech Republic, Poland, Australia, and Argentina [1].
Wastes arising from *’Mo production using nuclear reactor
irradiation of enriched U-bearing targets range from ILW to
LLW in both liquid and solid forms, according to current
International Atomic Energy (IAEA) Classifications [2]. In
%Mo production, the higher activity wastes would typically
be classified as ILW, even after decaying for a few years.
Traditionally [3], the boundary between ILW and high-level
waste (HLW) was set at a heat output from the decay of
radioisotopes of 2kW/m’ and the boundary between TLW
and LLW was that at which shielding was required (contact
dose of 2 mSv/hr).

Both HLW and ILW require shielding; however, ILW
due to its lower heat output does not require controlled
cooling during storage. In the updated version of the IAEA
Classification System [2], the heat output has been omitted.
This is because the new standard for classification and
treatment is more closely related to the disposition options
and the heat output limits for a waste package should now be
linked to the safety cases for the storage/disposal facility.

Other methods of classification exist; for example, the
British in determining the amount of waste to be returned
to customers from its THORP reprocessing facility use the
integrated toxic potential [5] methodology. This method is
used as part of the UK waste allocation and substitution
policy [6]. The USA operates under a different system to
the IAEA. It developed prescriptive specifications for the
operation of the Waste Isolation Pilot Plant (WIPP) [7] and
the now halted Yucca Mountain geological repository [8] for
high-level waste.

Typical waste compositions from *’Mo production can
be found in [9]. For irradiated U-Al alloy targets dissolution



is achieved via an alkaline-route; typically, this produces a
3.4-4M NaOH plus 1-1.5 M NaAlO, plus fission products
intermediate-level liquid waste (ILLW), with an activity of
~10'°-10" Bq/L after ~3 years decay time from processing
(Figure 1 and Table 1). The ILLW is subsequently adjusted to
5-6 M NaOH for tank storage to prevent the precipitation of
gibbsite (AI(OH);). From a long-term waste form storage and
disposition viewpoint, '*’Cs and **Sr dominate the activity,
although in alkaline waste streams the bulk of the Sr (~90-
95%) remains with the U-rich filter cake. Separation of Cs
and Sr was considered by ANSTO, but was rejected on the
grounds that it would lead to two ILW waste streams that
would need to be treated as the ILLW activity would remain
above LLW limits beyond the design life of the holding
tanks. Furthermore, ANSTO is building one plant to treat
both alkaline and acidic wastes and a separations approach
would require the construction of a second ion exchange
route to remove the Cs and Sr from that. The result would
be four waste streams to treat, four waste forms to qualify,
and expensive additional hot-cell plant with its associated
secondary waste streams.

Also produced are secondary wastes; the most predomi-
nant of these are a short-lived high activity liquid waste that
decays below the intermediate-level waste limit of 10° Bq/L
after ~4-5 years (Figure 1), plus a Na-U-O residue that also
contains fission products, notably Sr. The options suggested
for this residue include recycling to extract the enriched U,
followed by reuse in new targets for Mo production or
disposition, with appropriate safeguards to allow for the fissile
content. The latter may include dilution with depleted U or
treatment to form a criticality safe and proliferation-resistant
waste form.

UO, targets were used by ANSTO until 2005 and were
dissolved in nitric acid, resulting in an intermediate level
liquid waste (ILLW) that consists mainly of uranyl nitrate
solution plus fission products in 0.5-1 M nitric acid (Table 2).
Typically this consists of primary waste at 120-200 gU/L
and secondary waste (wash), ~20 gU/L. The treatment of the
intermediate-level wastes and the uranium filter cake wastes
will be the focus of this paper.

In addition to these streams, additional wastes such as
ion exchange columns (resin and/or alumina based), noble
gases and iodine in the off-gas, and general low-level waste
associated with processing are produced [9]. In the future
there is the possibility of silicide targets being introduced to
increase the target density [10], particularly with the push to
move **Mo production from using highly enriched uranium
(HEU) to <20% ***U low enriched uranium (LEU) [11].

While the ILLW wastes will be considered separately in
the first instance, we will also consider whether a single
technology platform could be used for the individual wastes
or waste mixtures. Candidate solids for immobilisation of the
intermediate ILW or LLW within scope can be described as
ceramics, glasses, glass-ceramics, or cementitious materials.
While asphalt-based materials have been used by Belgium
to immobilise LLW (not arising from **Mo production), the
flammability of such material is highly undesirable from a risk
aspect.
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2. The Development of Waste Forms and
Processes to Treat Radioactive Wastes

As early as 1953, researchers were showing concern about
the need to immobilise radioactive wastes arising from the
recently constructed nuclear reactors [12]. The waste of most
concern is used UO, fuel in which most of the original fissile
U was still present but in which the fission products caused
so much neutron absorption that the fuel was no longer
efficient. However, large amounts of waste that were a lot
more dilute from a radioactive aspect were also generated.
The initial concept to immobilise waste radionuclides was
to add them to appropriate precursors for incorporation in
leach-resistant clay minerals, followed by consolidation and
burial in deep holes, an approach initially favoured at Chalk
River, Canada, later that decade. Good leach resistance was
needed to prevent the transport of radionuclides to the bio-
sphere by groundwater. However, from the 1960s the favoured
method for immobilisation of high-level nuclear waste (waste
arising from used nuclear power plant fuel or primary fuel
reprocessing waste) was incorporation in borosilicate glasses
that could be melted and poured at temperatures of 1000-
1200°C. The waste was calcined at ~600°C to remove nitric
acid, water, and organics and then combined with glass frit
and vitrified. Table 3 shows the typical chemical composition
of HLW reprocessing waste.

The advantage of borosilicate glass was the fact that
most fission products and process chemical wastes after
calcination could be incorporated in the glass structure and
the glass was reasonably resistant to leaching by groundwaters
characteristic of deep (~1km) geological repositories, with
such repositories being generally agreed by the 1970s as
the best way to deal with vitrified high-level waste. As an
aside, it has been generally agreed for many years that
spent fuel itself only needs encapsulation in metal containers
for disposal in deep geological repositories. In the mid-
1970s, university researchers devised the idea of atomically
incorporating waste radionuclides in the crystalline lattices of
certain minerals that were known to be very resistant to water
leaching, as such minerals that incorporated small amounts
of natural radioactivity in their structures could be shown
to have survived in hot, wet environments for millions of
years [13]. These minerals could then be produced by ceramic
technologies and became alternative (to borosilicate glass)
candidates for HLW immobilisation.

The optimisation of waste form design is achieved by
optimising the waste form chemistry to achieve high waste
loadings and applying appropriate noncomplex process tech-
nologies to derive an integrated solution to achieve maximum
cost savings, whilst still retaining waste form performance.
The following several key requirements were identified for a
suitable waste form for Pu [14] but could equally apply to U-
doped wastes, particularly HEU.

(1) High Waste Loading. The waste loading must be suffi-
ciently high to make the waste form economic to process.
It is the volume of waste form and packaging produced
that determines the efficiency of the process. For instance,
ceramics such as Synroc can have almost double the density
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TABLE 1: Typical ILLW from alkaline-route Mo production at ANSTO > 10 years after production.

Chemical composition Main nuclides present Half-life Typical activity in ILLW waste (Bq/L)
NaOH 4-6 M B7Cs 30.07y 1E + 10
NaAlO, 1-1.5M B7MBa 2.552m 1E + 10
Corrosion products “Sr 28.78y 5E +08
Fe, Cr, Ni Traces 0y 64.1h 5E + 08
Y pm 2.6y 1E + 08
158b 277y 1E + 07
B1Cs 2.07y 9E + 6
SEu 496y 1E + 07
1%Rh 29.92s 3.5E + 06
1Ry 1.02y 3.5E + 06
125 58d 3E+06
ot 213000y 3E + 04

TABLE 2: Analysed ILLW compositions from tanks at ANSTO that were produced from irradiated LEU UO, target produced at ANSTO.

Chemical composition Nuclide Half-life Q?QIE;CITS\I]VXSO; Analysed activity of secondary ILLW waste
(MBq/L) (MBq/L)
U (primary waste) 70-200 g/L M Ce 284d 10-3500 16-6000
U (secondary waste) 8-35g/L BiCs 2.07y 0.35-5.3 <DL-2.4
Mg <0.02-0.6g/L.  "Cs 30.07y 2600-8000 170-1800
Fe 0.05-0.4 g 0o 5.27y 0.6-2 0.1-1
NH,* 75-800mg/L.  “°Eu 476y <DL-90 <DL-20
HNO, 0.6-0.8 M »Nb 35.06 d 1-80 4-1100
Al <DL-0.6g/L "°Ru/'"Rh 1.02y/29.6s <DL-970 <DL-420
1255h 277y <DL-13 <DL-18
S7r 64d 0.6-50 1-610
2Sr 28.78y 2600-7700 120-1700
M Ce 32.5d <DL-13 <DL-30
oy 58.51d <DL-125 <DL-380
'%Ru 39.35d <DL-L5 <DL-32
Hipy 172m nd <DL-6

# Note: the data in this table are for from ~1 to 16 years after the tanks were filled. Lower activity values are generally from older waste. nd: not detected; DL:

detection limit.

TABLE 3: Approximate composition (wt%) and half-lives* of main fission product and actinide oxides in PUREX fuel reprocessing HLW that

has been stored for >10 years.

Fission product oxide Basis

Half-life of most abundant

Fission product oxide Basis

Half-life of most abundant

(wt%)® radioisotope (y) (wt%)® radioisotope (y)
Cs,0 (6) 30 TcO, (6) 210000
SrO (3) 30 *AnOZ (6) >10000
BaO (4) — RuO, (10) —
RE, O, (15) 100% PdO (6) —

Zr0, (15) — Rh,0; (2) —
MoO;, (15) —

Water excluded; * An: actinide. *Contains additional stainless steel corrosion products, RE: rare earth.
Group half-lives* are very approximate as they range from short to long times for different components. Absence of half-life value: stable elements.
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FIGURE 1: Typical calculated activity in Bq/L of the two liquid wastes from **Mo as a function of postproduction time. The intersections of
the triangles represent the activity of ILLW if all Cs/Sr is removed after 5 and 10 years of storage, showing the '*’Cs and **Sr dominate the

ILLW activity.

of borosilicate glass and hence an equal waste loading will
produce less waste volume in the ceramic compared to
the glass. Waste volume reduction significantly reduces life-
cycle costs, particularly storage, transport, and repository
costs; for instance, the disposition of one glass canister at
Yucca mountain was estimated to cost $US 620,000 [15].
For instance, ANSTO demonstrated the production of a
40 kg hot-isostatically pressed waste form that had an 80 wt%
waste loading of Idaho HLW calcines, far in excess of that
achievable via glass melters [16]. The volume reductions
achievable via this approach were independently estimated
to have potential disposition cost savings over alternative
routes for the calcines of $2-4.8 billion [15]. There are some
limitations to waste loadings beyond just how much waste a
waste form can incorporate and still remain durable. These
include limits due to criticality concerns and limitations on
heat loadings for the waste form and repository. The former
can be overcome by the incorporation of neutron absorbers
(e.g., Hf, Gd, Sm) into the same ceramic waste form phase as
the fissile material and such an approach could be employed
for Mo production waste streams that contain HEU. Heat
loading limits in HLW waste forms are constrained partly
by the repository design and partly by the current baseline
waste form technology, borosilicate glass, which undergoes
devitrification at elevated temperatures and thus requires
storage under controlled cooling for 30 years or more prior to
disposition in a repository if it contains substantial amounts
of HLW. The use of ceramic waste forms that are unaffected
by moderate heat can enable higher levels of heat-producing
isotopes; however *’Mo production does not produce HLW
according to current classifications [2, 3].

(2) The Waste Form must be Mechanically and Chemically
Durable. Tt is important that the waste form retains the
radioisotopes under storage and repository conditions. The
waste form’s ability to contain the radioactive isotopes under
repository conditions is often measured by short-term leach
testing, but also required is a measure of the long-term dura-
bility of the material, particularly when radiation damage and

annealing processes will be occurring over the waste form’s
lifetime. Modelling of the leaching of radionuclides and
movement of them through a geological repository become
part of the safety case for the repository. Typically, repos-
itories are modelled on an ~10,000y timeframe; however,
recently there have been political drivers to have one million
year time frames [17]. In the authors’ opinion, this is likely to
be unrealistic given the errors in potential models over such
a time frame.

(3) Chemical Flexibility. The waste form has to be flexible
enough to cope with “real,” often variable, waste streams and
processes. The waste form usually has to be able to incorpo-
rate significant amounts and types of impurities and process
chemical additives without serious property degradation.

(4) Ease of Processing. Processing the waste to make the waste
form needs to be cost effective, meet environmental and
occupational health and safety norms (such as radiation doses
to workers), and be technically feasible. Gamma emitting
radioactive wastes, such as the ILLW from *’Mo production,
impose the need for remote operations in a hot-cell, which
is expensive to build, operate, and maintain. Furthermore,
characterisation of such wastes is difficult and expensive.
Therefore, the process chosen must have process parameters
that are broad enough to be practical and to cope with
changes in the waste stream and enable easy operation of the
remote process line.

(5) Proliferation Resistance. For fissile materials, such as HEU
used in Mo-99 production, the waste form must have a good
resistance to theft or diversion and it must be difficult to
retrieve the actinides for reuse. Physical security in terms of
storage and inspection by safeguards officers is required. In
the longer term rendering the material unattractive for reuse
by converting it to a waste form for disposition is desirable.
There are usually two approaches to this: providing a radia-
tion barrier coupled with physical security, and producing a
waste form from which it is more difficult to extract the fissile
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materials, for example, by requiring techniques other than
existing, well-known reprocessing routes.

In all cases the aim to be achieved in selecting the waste
form and process selection is to reduce risk. The primary
risks are economic and safety/environmental. Economic risk
can be managed by reducing life-cycle costs and using
technology assessment processes [18]. Environmental risk
can be dealt with by ensuring the waste form is durable and
stable over long-time frames while meeting the appropriate
standards and criteria for disposition and safety (using safety
assessment processes) and applying principles such as, as low
as reasonably achievable (ALARA) or practical (ALARP) to
the design and operation.

2.1. Waste Forms for Molybdenum-99 Wastes. Nearly all *Mo
producers use highly enriched U (HEU) and simply contain
their waste in tanks (liquids) or as solids (e.g., used targets).
However, from the 1970s to 2005, ANSTO produced *’Mo
from ~1.8 to 2.2% enriched UO, (LEU) targets irradiated in
its HIFAR reactor at Lucas Heights. Until the early 1990s all
the resultant nitric acid waste containing ~150-300 gU/L plus
fission products was stored in tanks, but then a program was
started to solidify this waste and contain the solids in metal
cans [19]. ANSTO now has 560 kg of this solidified waste, but
still has ~6000 L of liquid ILLW. The liquid waste consists of
primary (95-195 gU/L) and secondary (9-35gU/L) waste in
tanks. In more recent times, however, plans have been made
for immobilisation of this waste [20].

2.1.1. Ceramic Waste Forms for Legacy U-Rich ILW Arising
from the Acidic Route for ° Mo Production at ANSTO. The
waste from the acidic route is principally uranyl nitrate plus
a small amount of fission products and mostly is classed as
ILLW (Table 2). To immobilise this a pyrochlore-rich ceramic
was developed [20], which was similar to the pyrochlore-
zirconolite-brannerite ceramics developed by ANSTO and
the Lawrence Livermore National Laboratory (LLNL) in con-
junction with Savannah River National Laboratory (SRNL)
for the immobilisation of 17-30 tons of surplus weapons grade
Pu, the Plutonium Immobilization Project (PIP) [21]. Initially
a zirconolite-rich formulation was developed for the Pu
immobilisation, and it also included Ba-hollandite and rutile.
The hollandite would enable the incorporation of radioactive
Cs and would form a radiation barrier to reuse. The material
was extremely durable [22]. The zirconolite-rich laboratory
samples were prepared via cold-pressing and pressureless
sintering, and via hot-uniaxial pressing in graphite dies. For
production purposes ANSTO proposed that this material
would be produced via hot-isostatic pressing (HIPing) [23],
which involves the simultaneous application of heat and pres-
sure to consolidate materials. For containment of waste forms
in metal cans for HIPing ANSTO typically used stainless steel
cans; however, other alloys may be used, for example, Ni
[24, 25] (Figures 2 and 3). The powder is fed into the bellows;
the bellows are evacuated and then hermetically sealed before
HIPing. A hot-isostatically pressed metal bellows (~0.4 kg)
that contained ~50 g of PuO, plus several full-scale 9.5kg

FIGURE 2: A hot Isostatic press located at ANSTO. This press can
take up to a 30 cm diameter load. The machine consists of a pressure
vessel in which a furnace is installed. Densification occurs under Ar
at up to 200 MPa at the desired temperature.

FIGURE 3: One of the many types of HIP can dumbbell designs
showing how the can collapses to a near cylindrical shape (left
before, right after HIPing). This 13.5 kg can contains Synroc-C. The
HIPed can is 19 cm high by 15.5 cm in diameter.

bellows (12 cm dia. X 24 cm ht.) with Ce used as a Pu simulant
were made.

Long-term criticality issues arising from the decay of
>%Pu to ***U and the need to further discourage diversion
led to the incorporation of significant amounts of depleted U.
This reduced the waste loadings for Pu and hence pyrochlore-
rich ceramics were developed containing ~10 wt% Pu, plus
20% U and equimolar amounts (to Pu) of Hf and Gd as
neutron absorbers for criticality control both during pro-
cessing and upon emplacement in a geological repository. A
baseline formula of 0.9 Ca 3oGd, ,3Hf; 53Pug 53U 44 T1,0; +
0.1 TiyoHf,,0,was used [26]. This ceramic was shown to
be capable of accommodating significant amounts of process
chemicals and other variations in the Pu waste streams,
having a wide range of ionic sizes and valences [27, 28].
The final formulations contained mixtures of pyrochlore,
zirconolite, and brannerite (nominally UTi,O4) depending
upon the feed chemistry. The process chosen was cold
pressing and sintering of ~500 g pucks using a route similar
to that used for mixed oxide (MOX) fuel.

Ceramics were chosen ahead of lanthanide borosilicate
(LABS) glass for PIP [29], which was also a possibility for
use in immobilising *’Mo acidic ILLW if a melting-route



was chosen. While there were several factors influencing
the decision to use a ceramic over a high-melting (1500°C)
LABS glass [30] and one may have thought that the long-
term durability of the ceramic phases (MCC-1 type leach
tests produced very low normalized Pu leach rates of 107
to 107° g-mf2 .d7! at 70°C in deionised water [22, 31]) would
be critical, the two strong factors favouring the ceramic were
its factor of ~7 lower neutron dose to workers (LABS glass
contained boron which underwent («, 1) reactions); and its
greater resistance to proliferation [32]; LABS could simply be
dissolved in nitric acid and the Pu extracted by a PUREX-
like process. Indeed, LABS glass was later developed as a
means to store and transport actinides between US national
laboratories [33, 34]. The processing options also favoured the
ceramic in the fact that LABS glass was produced by melting
at high temperatures (~1500°C) in costly platinum crucibles
[35], and produced potential criticality risks from settling of
PuO,, in the crucible, whereas the ceramic was proposed to
be produced using a process similar to mature mixed oxide
fuel manufacturing technology. The leach resistance of the
ceramic, particularly for actinides and U, was far greater than
that of LABS glass [36]. However, another long-term issue
was the potential rapid loss of highly leachable B, which
with Gd also serves as a neutron absorber, from LABS glass
over geological time frames, rendering it less intrinsically
safe from a criticality viewpoint than the ceramic [37]. The
ceramic contained both Gd and Hf. The leach rates of these
are low and with Gd leach rates being slightly higher than
that of Pu, particularly if the pH is low, and Hf lower or
similar to that of Pu. Furthermore, the ceramics were shown
to be durable even when radiation-damaged, with accelerated
testing on samples doped with ***Pu carried out at the Pacific
Northwest National laboratory (PNNL) [38, 39].

Therefore, from a Mo-99 viewpoint the ceramic-route
offers advantages over LABS glass in terms of U-durability,
criticality safety, proliferation resistance, and processing.
The higher processing temperatures needed for LABS glass
production would increase volatile losses of fission products
and complicate the high temperature off-gas system. Further-
more, ANSTO needed to treat additional waste streams and
required one process line for these, and LABS glass was not
considered suitable for both streams. The choice of plant is
discussed later in this paper.

Following on from the plutonium immobilisation and
work on U-doped zirconolite, in-house research into treat-
ment of ANSTO’s U-bearing wastes started in the late 1990s
[40]. This work showed that simply mixing the waste with
the Synroc-B precursor developed for the original Synroc-C,
designed for immobilising PUREX-type HLW from nuclear
power plant fuel reprocessing [41], and then calcining and
HIPing the material in a manner similar to that for Synroc-
C produced a durable waste form. However, to increase
the waste loading the design was shifted from zirconolite
as a host for actinides to the related pyrochlore (nominally
(Ca,Zr,U,Gd,Hf),(Ti,Al),O,) phase as a host for U [42, 43].
The waste form was somewhat similar to Synroc-F [44, 45],
which was developed for the immobilisation of U-rich wastes
such as those of the chemical composition of spent nuclear
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fuel. The pyrochlore phase comprises ~80 wt% of the waste
form. Hollandite and rutile (~10 wt% each) are present as
secondary phases to assist in immobilising fission products
present in ANSTO’s legacy ILW [46], and small amounts of
perovskite and brannerite may also form the final waste form
matrix.

Although it would seem attractive to utilise a single
ceramic phase for a given radwaste, real radwastes are
inhomogeneous. So, the aim should be to create phase assem-
blages which can incorporate the full range of radionuclides,
impurities, and process additives such that when the radwaste
composition is variable the phase assemblage stays the same,
but the phase proportions vary. Moreover, the waste form
phase assemblage should be insensitive to variations in the
waste/additives ratio as has been shown for Synroc-C and
other Synroc systems.

The  pyrochlore is  nominally targeted as
CaU ;71,53 Ti,O; with U in the tetravalent state, but
ANSTO researchers have found that due to the presence of
U°* the pyrochlore contains additional Ca to maintain charge
neutrality. This can also lead to the formation of brannerite.
Figure 4 shows the microstructure of a sample produced
via kneader drying. The sample was analysed in a scanning
electron microscope and is composed of ~40-50vol%
pyrochlore  (Cag g5Zrg 090.12U0.83-0.84 T11.99-2.04A10.05-0.0707)s
30-40vol.%  brannerite  (Cag, U o, Tl gZrg 04 ALy 0 O06)s
5-10vol% hollandite  (Ba,; 3Cag,5Al,76Ti6722100,016);
5-10vol% Zr-doped rutile; plus ~1vol% UO,. This is an
initial test sample for scale-up and shows some segregation
of TiO,, which explains the presence of more brannerite
and some UO, than seen in laboratory samples which were
more uniform [42]. This can be eliminated by improved
drying techniques and improved precursor preparation.
The samples produced were durable with low leach rates
when tested using MCC-1 methodology (ASTM C1220-10
[47]). Measured leach rates for the HIPed sample shown
in Figure4 are given in Table 4. The result is consistent
with unpublished data from small laboratory samples made
earlier [4] (Table 4). The process is currently undergoing
scale-up with full-scale testing to produce a 30L HIP can. The
processing system will enable more homogeneous powders
to be produced than those produced so far using small-scale
and available mixers.

It has been shown at the laboratory scale that 100%
dense ceramic samples containing around 40wt% of U
oxide plus fission products can be produced by HIPing at
1250°C/100 MPa for 2 h [20, 42] and that quite large variations
in the additives and waste loading have little effect on the
excellent leach properties. The advantages of HIPing have
been described many times [16, 48, 49] and will be discussed
below. In the process, an alkoxide-hydroxide precursor mix is
prepared external to the hot-cell line. The preparation route
for this precursor is the same as that used to produce Synroc-
B [50, 51], the precursor used for the production of Synroc-C.

2.1.2. Ceramic and Glass-Ceramic Waste Forms for Alka-
line ILLW Arising from **Mo Production. With the closing
down of the Australian Research Reactor in 2005 and
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TABLE 4: Leach rates for the HIPed sample shown in Figure 4. MCC-1 replacement test 0-1 and 1-7 day periods, 90°C, deionised water. Data
from earlier work (0-7 days) [4] are also given; note that after the 7 d leach period the leach rates drop to less than or close to the detection

limit for all elements.

Normalised release rate (g-mfz-dfl)

Route Latest data Preliminary pyrochlore-rich work” [4] small-scale
Kneader dried Alkoxide-route Microsphere
Waste loading 40 wt% 40 wt% 25 wt% 35wt% 40 wt% 44 wt% 40
Leach period 0-1d 1-7d 0-7 0-7 0-7 0-7 0-7
Al <DL <DL <0.01 0.05 <0.02 nm 0.05-0.3
Ba 0.65 0.11 0.04-0.1 0.005 <0.004 0.02 0.003-0.08
Ca 0.12 0.03 <0.01 0.01 0.02 nm 0.006-0.4
Cs np np 0.03-1 0.08 nm 0.10-0.13 0.2-7.3
Sr np np 0.04-1.4 0.08 0.03 0.08-0.12 0.04-0.3
Ti 0.005 0.00017 <0.01 <0.0001 <0.0001 <0.0001 <0.0001
U 0.008 0.0006 <0.01 <0.0001 <0.0001 <0.0001 <0.0001
Zr 0.010 0.0002 <0.01 <0.0001 <0.0001 <0.0001 <0.0001

Nm: not measured; np: not present.

*Note: data are varied because several different routes that produced differing degrees of homogeneity and some different processing conditions were tested.
In addition variations in the waste composition were also tested. Only in a few samples where the redox was not controlled or the sample was inhomogeneous
did the Cs and Ba leach rates increase. In all cases the U-leach rates remained low.

H

FIGURE 4: Microstructure of a baseline waste form designed to
immobilise U-rich legacy waste at ANSTO. B = brannerite, H =
hollandite, P = pyrochlore, R = rutile.

the construction of the new research reactor OPAL in 2006,
ANSTO is now using 3% enriched UAI alloy targets and
the Argentine/S. Africa/Belgium *’Mo extraction methods,
yielding alkaline ILW typically consisting of 5-6 M NaOH
(after the addition of more NaOH for tank storage) plus
1.14-1.5 M NaAlO,, plus fission products (Table 2). The waste
form chemistry and its waste loading limits are therefore
dominated by the Na in the waste stream.

Sodium can be incorporated into several ceramic phases.
In Synroc-C, the waste loading is limited to ~2.5wt%
Na,O, above which the leach rate increases as Na con-
centrates at the grain boundaries [52]. Other alternatives
examined by the authors and others include, for exam-
ple, perovskite (Ca,Na,RE(IIT))TiO; [53], freudenbergite
(Na,(ALFe),TisO4¢) [54], nepheline (NaAlSiO,) [55], NZP

(NaZr,P;0,,) [56, 57], and NTP (NaTi,P;0,,) [58]. How-
ever, the waste loading for Na in ceramics, especially after
additional phases are added to host the waste ions, is
limited, increasing the waste volumes produced, limiting
plant throughput, and increasing life-cycle costs. Alternatives
such as borosilicate glasses and glass ceramics were therefore
examined.

Following initial forays into boroaluminosilicate glass
consolidated by HIP rather than vitrification, we are now
working with a glass-ceramic which can be HIPed at
1000°C/35 MPa with a 26 wt% oxide waste equivalent loading
[20]. This has satisfactory leaching properties insofar as it will
pass the Product Consistency Test (PCT) for HLW borosili-
cate glass [59] at 40 and 90°C and further optimisation and
scale-up is in progress. We will discuss this further below.

Another alternative is bitumisation, carried out in Bel-
gium [9] Japan, and elsewhere. However, such a plant did not
match ANSTO’s technical expertise and concerns exist about
the storage and flammability and potential for self-ignition
of such material, with accidents having already occurred
[60]. Thus, there was no advantage in considering this
route. Furthermore, from a long-term storage and repository
perspective, the inclusion of large quantities of flammable
materials may be deemed problematic.

2.1.3. Cementitious Options for ILLLW and LLLW Arising
from ** Mo Production. The alkaline-route **Mo production
process also produces a similar amount of lower activity
wastes to the volume of ILW produced. This waste is initially
highly active but decays over ~3 years to below the ILW/LLW
level. Of course cement is a popular solid waste form for
low-temperature solidification and/or encapsulation of LLW.
However, homogeneous incorporation of waste has some
risk associated because the waste might seriously perturb the
cement setting process. The cement cannot be dehydrated



by heating without detriment to its physical integrity, so
radiolytic gas buildup as storage and disposal time is a serious
factor to contend with. Also the fact that this waste is rich in
Na is not a positive feature for cement; the large Na content
would probably give rise to high leachability (the well-known
alkali reaction problem for cement) unless the waste loading
is kept very low. As a consequence, the waste volume would
be considerably higher.

Alternative routes to ceramic immobilisation include
drum drying of liquid waste followed by overpacking in
concrete, which also acts as radiation shielding. This route
is used by COVRA in The Netherlands. ANSTO looked at
using this route but found that it would create 50,000 L/y
of concrete waste for the ~2000L/year production from
its existing plant and much more (~112,000L/y) from its
planned future plant. The hot-isostatic pressing route chosen
by ANSTO would produce only ~500 L per year of unshielded
waste. The package size meant that the waste could be stored
in existing facilities and hence eliminated the need to build a
multimillion dollar waste store every 10 years. Furthermore,
the number of shipments required to a future national store
would be reduced by at least an order of magnitude. Given
the several 1,000 km transportation distance in Australia,
this cost saving was significant, but the decrease in political,
environmental, and security risks by fewer shipments was
also considered important. In addition, any final repository
volume would also be significantly reduced, leading to life-
cycle cost savings. While there are no published costs for
an Australian repository/store the effect of volume reduction
can be illustrated by considering the published US cost
of $US602,000 per glass canister for disposition at Yucca
Mountain [15] and around £18,000/m> to dispose of ILW in
UK [61]. Using the UK figure the disposition savings from
volume reduction alone would be around $3-4 million/yr.
There are also other calculated benefits such as a reduction
in life cycle CO, emissions. The Synroc route shows a
significant reduction in CO, emission over the cementation
process, although from an operational perspective the power
consumption of producing synroc versus cement waste forms
is similar with synroc being about 20% lower in the life cycle
to storage. The significant CO, savings come from the size of
the repository that is needed to be built to house and store the
treated wastes, where the difference is around 20 times less for
the synroc process compared to the cement option.

Geopolymers are low-temperature ceramics made by
the action of highly alkaline silicate solutions on reactive
aluminosilicate precursors, so the alkaline LLLW (Table 2) is
attractive from this aspect. Geopolymer processing has many
similarities to that of cement. Geopolymers are generally
superior to cement in the radioactive context with respect to
leachability (in addition to the absence of the alkali reaction
problem). Cements are subject to radiolysis from nuclear
waste and consequent weakening of the hydrous binding
phase, whereas geopolymers do not rely on hydrous material
for strength and can be carefully dehydrated by not-too-
rapid heating without decrepitation or significant strength
loss problems. It has been shown [62] that both the ILLW
and LLLW from *’Mo production can be incorporated in a
metakaolin-based geopolymer and can pass the PCT leach
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test for deep disposal; however, the waste loadings on an
oxide basis were somewhat below 10 wt% in both cases. The
sulphate was precipitated as BaSO, to inhibit the SO,*” from
interfering with the geopolymerisation process. More funda-
mental aspects of geopolymer leaching, notably temperature,
pH dependence, and solution/volume ratio, have also been
published by ANSTO workers [63]. The alkaline nature of
geopolymers would suppress any potential for cyanide gas
emissions from the KSCN present in the liquid LLW, even
during dehydration at temperatures of ~300°C for example.
Further optimisation studies are in progress.

However, nitrate waste streams are highly problematic for
cement and geopolymer production would require front end
treatment, calcination, or other denitrations, which would
complicate the process. In addition the presence of water
would also have criticality implications for HEU wastes
requiring very low waste loadings and hence would produce
large waste volumes if used to immobilise the U-rich wastes.

2.1.4. Immobilisation of Used UAI Alloy Targets. These consist
mainly of UO, + Na,U,0,, plus some fission products.
A ceramic waste form approach could be the addition of
Ca, rare earth, and Ti oxides to allow conversion into
a perovskite-structured (Na,RE)TiO5 + brannerite ceramic
(nominally UTi,Og). Preliminary experiments have demon-
strated the general feasibility of this approach. Depending on
the enrichment of the U, the preferred rare earth would be Gd
as a neutron absorber to inhibit the likelihood of criticality.
While the U in the nominal brannerite is tetravalent, U>*
can also be accommodated, with the charge compensation
provided by the addition of Gd** and other ions such as Ca**
on the U site and AI’* on the Ti site. Another alternative
is a ceramic to immobilise U in brannerite and the Na in
freudenbergite (Na, (Al Fe,Cr,T1), TicO4)-

A different approach would be to immobilise the Na in a
glass and the uranium in a zirconolite/pyrochlore to make a
glass-ceramic, similar in principle to work being undertaken
by the UK National Nuclear Laboratory and ANSTO to
immobilise Pu-residues wastes [64, 65].

2.1.5. Separation of Cs and Sr. Recent work appears to show
highly efficient separation of Cs and Sr from ILLW [66],
and several routes for both alkaline and acidic streams have
been examined [67]. Also, IONSIV [68], the commercially
available NaSiTiOx ion exchanger for separation of Cs and Sr
from alkaline wastes, can be converted to a high-temperature
ceramic with excellent leach resistance [69] or a glass [70].
The removal of the Cs and Sr may reduce the activity of the
ILLW close to or below that of LLLW and the Cs and Sr could
be incorporated in a relatively very small volume of waste
form. Of course IONSIV is not able to immobilise the solid
cake or any of the other ILW and the production of the highly
radioactive waste form, such as the hollandite phase, would
not be easy.

The principal disadvantage of separation technology is
the fact that it requires the additional expensive hot-cell unit
operations and you end up with two waste streams to treat,



Science and Technology of Nuclear Installations

plus additional secondary wastes. The reasons we did not
pursue this option at ANSTO have already been summarised
above.

2.2. ANSTOs Waste Treatment Plant for Treating ILLW.
ANSTO undertook an assessment of options to treat both
its legacy and alkaline wastes prior to commencement of the
project. Some of the benefits have been discussed above in
Part 3.1, in particular the life-cycle cost savings from waste
volume reduction. After an assessment ANSTO chose a pro-
duction route that included similar unit process operations to
that used in the original Synroc Demonstration Plant (SDP),
which was designed to process 10 kg/hr of Synroc-C [41].
Given the need to treat both acidic and alkaline streams and
the desire to avoid costly off-gas systems, plus the relatively
low throughput and currently proposed intermittent plant
operation (3-4 days/week) compared to HLW glass melters, a
melting-route was ruled out. As discussed above cementation
was also ruled out on a life-cycle cost basis, because it could
not handle all of the potential waste streams to produce a
durable waste form and would therefore require additional
front-end processing, produce a considerably larger waste
volume, and could not use existing storage facilities. Given
the lack of repository specification it was felt that an encap-
sulation approach was undesirable in an Australian context
and that the fission products should be bound in the waste
form.

HIPing, a technology that has matured considerably since
the SDP was run in the 1980-90s, was employed as the
consolidation step and its advantages are discussed below. In
the SDP a hydraulic hot uniaxial press with induction heating
was wed with metal bellows containing the processed synroc
powder. The plant capital and operation have been costed for
a plant with a 30-year design life with a planned maintenance
schedule. The plant is designed to produce 150 30L HIP cans
per year with a conservative maintenance and availability
regime, but that is operating on a 3-4 day working week
schedule and the plant has at least double that capacity. In
addition, the plant could also be used to treat the lower
activity liquid waste from the alkaline route and the U-rich
filter cake. ANSTO is currently storing the latter with a view
to either disposition or reuse after treatment.

Currently, the project is moving into the detailed design
stage and the Environmental Risk Assessment is with the
Australian regulator, the Australian Radiation Protection
and Nuclear Safety Agency (ARPANSA) and has success-
fully undergone independent technical readiness level (TRL)
assessment [71].

Although the compositions of the final waste forms
for the legacy and alkaline wastes are different, the waste
treatment steps are the same. Figure 5 illustrates the steps in
the modern SYNROC HIP process. The durable synroc waste
form is not produced until the calcined precursor powder
has been HIPed. The process line is divided into sections for
contamination control. In the first section the liquid waste is
mixed with additives to get the chemistry of the waste form
correct. This slurry is then dried to a free flowing powder. The
front end will use fairly standard stainless steel tanks, mixing
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FIGURE 5: Schematic of the waste treatment steps.

and transfer systems that have been nuclearised for hot-cell
maintenance and longevity. The powder is then heated in a
calciner to remove species that may decompose and generate
gas upon heating, such as chemically bound water, nitrates,
and carbonate. ANSTO has examined a number of calciner
options and has developed a proprietary system to replace the
traditional rotary calciner. This system has a smaller footprint
and will not require seal maintenance to prevent air ingress,
as is the case with rotary calciners.

By using 3.5% H, in N,, reducing conditions are main-
tained during calcination to reduce fission product volatil-
ity. There are limited data available at this stage on the
specific plant dryer; however, work employing **Cs and
'%Ru radioactive tracers to measure volatilisation during the
Synroc-C process, which has similar unit process steps and
operating conditions to the current plant design (wet mixing,
drying, calcining and hot-pressing), was undertaken. The
dryer was a flash dryer with a measured loss of ~0.006%
of Cs and 0.05% of Ru, but some of this was likely to be
in fine particulates. The Cs loss during calcination during
calcination at 750°C, in 3.5% H,/N,, was measured at 0.11%
and this was mainly due to entrainment in/on the fine powder
carried through by the process gas into the off-gas system [41].
In additional work by Woolfrey and Cassidy [72] the fines
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were filtered from the off-gas and the measured Cs loss
due to volatilisation was found to be much lower (0.0001%)
and the Ru volatilisation was also lower (0.004%). We have
undertaken some laboratory-scale work with nonradioactive
Ru and have found little if any loss from the alkaline stream
when dried and calcined. Further work is planned to be
undertaken at scale to confirm this. As the plant off-gas will be
filtered and the fines recycled, so the volatilisation is expected
to be similar to the Synroc-C test figures. Technetium levels
in the waste are small and the losses will also be minimised by
processing under reducing conditions. ANSTO has prepared
via sintering *’Tc samples that retain the bulk of the Tc
[73, 74]. Iodine is absent from the alkaline ILLW, but the off-
gas system will be designed to remove I and any other volatiles
carried over. The carryover waste will be treated via ANSTO’s
site management lines. With the use of HIPing inside a metal
can for consolidation there will be considerably less off-gas
compared to a melter route and hence the off-gas system for
the ANSTO plant is considerably smaller than melters.

The resulting powder can then be mixed, if required, with
back-end additives, such as metal getters for redox control;
Ni and/or Ti are the most commonly used in Synroc. The
calcined powder will be then loaded into the metal HIP
can using ANSTO’s proprietary designed filling and sealing
system, that prevents contamination spread of the powder.
The can is evacuated and sealed, and the seal welded. The can
is decontaminated and passed through a lock into the next
cell. For some plants there is the option to preheat the can or
bake-out during evacuation, but this is not required for wastes
in ANSTO’s plant. The HIP can is placed inside an ACOP
(Active Containment Over-Pack) [48] that provides another
layer of protection for the HIP machine and the surrounding
environment from the spread of contamination and damage
to the furnace or pressure vessel should an unexpected failure
of a HIP can occur.

The ACOP containing the filled HIP can is transferred to
the HIP and processed under heat and pressure (using Ar)
to produce a dense, durable glass-ceramic, or ceramic with
a high waste loading. This is discussed in more detail below.
The HIPed cans go through a further decontamination and
check and are then loaded into bins for transfer to ANSTO’s
storage facilities.

The Synroc waste treatment plant will be operated to
process around 5000 L of liquid waste per year with a higher
capacity possible. The plant uses industrially mature plant and
equipment that has been modified to be able to be operated
remotely. The focus of the Synroc team’s work in the past 2
years has been on developing the design to a high TRL to
minimise technical risk involved in a “first of a kind” plant,
and to optimise the processing parameters and determine the
process windows. Preliminary engineering is at completion
and the plant construction and commissioning is expected to
be completed by 2016.

A conceptual design is shown in Figure 6. This design
utilises a front-end with process equipment to mix the waste
stream with additives and dry and calcine the product. The
calcined powder is placed in a HIP can, which is then evacu-
ated, sealed, and moved through decontamination cells into
the HIP cell. The HIP cell is located such that contamination
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FIGURE 6: Initial conceptual plant design for the treatment of ILLW
wastes at ANSTO.

control is maintained and access for maintenance is feasible.
This design was ~18 m long. The final design will have triple
the capacity to this design and will be only ~4 m longer and a
little wider.

2.2.1. The Use of Hot-Isostatic Pressing to Treat Nuclear Waste.
Hot-isostatic pressing (HIPing) technology was invented in
the 1950s at the Battelle Memorial Institute (US) [75] and
was used throughout the late 1950 and early 1960s as a
research tool for fabricating experimental fuels and reactor
materials [76, 77]. It involves the simultaneous use of heat
and pressure to densify a material. Argon is the traditional
gas medium used in commercial HIPs, but other gases have
been employed for speciality materials or research purposes.
The use of gas to transmit the pressure means that the material
must either be contained within a sealed layer or first sintered
to closed porosity, in order for densification to occur. To
avoid high-pressure gas in pores or voids the container must
be evacuated. The use of HIPing for the manufacture of
radioactive waste forms was first proposed in the 1970s [78].
HIPing has been validated at the Idaho National Laboratory
in the US as a credible (and advantageous) method of
consolidating radioactive ceramic waste forms, with HIPing
at the 100 kg scale of a zeolitic-type waste form and the use
of an in-cell hot-isostatic press [79]. Moreover, the method
is widely used in industry for preparing inactive ceramics.
In the radioactive waste form field, Swedish workers were
the first to use HIPing [80]. US workers HIPed experimental
waste forms targeted to Savannah River wastes in the late
1970s and early 1980s [81] with Synroc-D developed at LLNL
for US defence wastes [82, 83]. This was consolidated via
HIPing or hot-uniaxial pressing in metal containers, which
were favoured over pressureless sintering because this route
gave a wider process window in which to achieve the required
density rapidly (10 min. at 4000 psi (28 MPa) at 1100°C [84])
and could produce larger blocks of waste form. The cans
also reduced the spread of contamination in the process
line. HIPing demonstrations at 0.45m dia. by 0.5m high
(50kg) were undertaken [82] and bellows 26 “(0.67 m) in
diameter by 58” (1.47 m) high proposed for a HIP plant
[85]. A preliminary engineering layout was developed for
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the Synroc-D process consisting of a wet mixer, a fluidised
bed calciner, and a HIP to consolidate the material after it was
loaded and welded into metal bellows [86]. The plant design
capacity was ~1.45 tons/day.

For waste form processing ANSTO uses Ar as the pressure
transmission medium. HIPs can be designed to operate above
2000°C, but processing temperatures for ceramic and glass-
ceramic waste forms lie typically between 900 and 1300°C.
HIP pressures up to 1000 MPa are possible with most general
purpose laboratory HIPs operating around 100 MPa. Typical
processing widows for waste forms are 20-100 MPa.

The metal HIP can is usually stainless steel, but it can
be mild steel, nickel, or other metal as desired as mentioned
in Section 2.1.1. The cans themselves are a few mm thick.
The HIP can shape is tailored to suit the properties of
the powder feed, the time-temperature-pressure cycle in the
HIP, and the behaviour of the waste form during heating.
It is advantageous to maximise the density of the calcined
powder on loading the HIP can, to avoid undue rippling
and substantial deviations from cylindrical geometry of the
HIPed can; however, special designs are available for low-
density powders. The dumbbell shaped can is designed to
collapse to a near-cylindrical shape (Figure 3). The dumbbell
design replaces earlier bellows designs and has the advantage
of having the joins/welds in the can under compression. If a
dumbbell can should fail or pinhole, high pressure gas can
enter the can; on depressurisation of the HIP a dumbbell
can will only expand to slightly bigger than its original shape
and will therefore not damage the HIP furnace. ANSTO has
undertaken experimental work to verify this. The bellows
designs on the other hand are prone to failure at the tips of the
bellows and if they fail they will expand considerably when
depressurisation occurs, destroying the HIP furnace.

The can serves several roles. Its primary function is to act
as a seal between the gas and powder allowing densification
to occur during HIPing; it assists in maintaining the desired
redox conditions during processing; it contains the waste
form, preventing contamination spread, with minimal inter-
action. Testing has shown HIP that can interactions between
the ceramic and glass-ceramic waste forms are minimal
and not deleterious to the integrity of the waste form of
HIP can [87, 88]. The can also retains volatile radioisotopes
such as #Tc, ""Ru, and 'Cs during high-temperature
consolidation. So the entire process produces off-gas only in
the calcination stage where temperatures, <750°C, are much
lower than those in the final consolidation, and reducing
conditions further reduce the loss of volatile radioisotopes.
While some credit may be possible for containment during
storage of the waste form, ANSTO’s approach is to rely on
the waste form chemistry and use a transport container or
overpack to provide mechanical protection.

For laboratory samples, the HIP can is usually evacuated
after filling. The laboratory small cans typically contain a lid
to which is attached an evacuation tube. However, production
cans have a filling port and welding occurs on the lid. In
laboratory samples the can often undergoes a bakeout cycle
prior to sealing where it is heated to 300-600°C for several
hours to remove gases adsorbed by the calcined powder
when exposed to atmosphere. However, in production lines,
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where the unit process operations are interconnected and the
atmosphere is controlled, this step may often be dispensed
with.

2.2.2. Addressing Production Concerns Surrounding Use of
HIPing in a Radioactive Environment. Concerns have been
expressed about the use of a high-pressure system in a
radioactive environment and about the capacity of a HIP
line to treat the volumes of nuclear waste, possibly because
HIPing is a batch process, whereas its main competitor, glass
melting, is semicontinuous and produces tonnes per day of
glass waste form. Industrially large HIPs with hot zones of
up to 2m diameter with tonnes per day throughputs are in
commercial operation. ANSTO has demonstrated that cans
containing 100 kg of waste form are feasible (Figure 7) and has
produced concept designs for treating ~10,000 m® per year of
fuel pond sludges with two HIP units and another series of
designs to treat the 6,600 tonnes of Idaho HLW calcines over
a 6-12 year time frame. Industrially, cans containing several
tons of material are processed.

The initial cans used in HIPing were of the bellows design
used in hot uniaxial pressing. In the early 1980s ANSTO
and LLNL [82, 89] studied synroc densification during
HIPing using these types of cans and cylindrical tubes. These
designs suffered from being inefficient in their use of space.
Cylindrical cans deformed preferentially in the middle to give
a “dog-bone” type shape. Bellows collapsed vertically leaving
a relatively thick layer of compressed convolutions around
the waste form. Bellows had an additional disadvantage in
that the welds were placed in tension and if failure occurred
(typically a pinhole failure), the Ar gas could enter the can.
Upon decompression of the HIP this internal pressure would
force the bellows to expand well beyond their original length
often destroying the HIP furnace. To overcome this design
deficiency ANSTO developed a dumbbell design [90]. These
cans were designed to place the welds in compression to
substantially reduce the risk of pin holing and if a dumbbell
can failed it expands back to close to its original size and
shape. The failed can may then be simply placed inside a
bigger can, evacuated, sealed, and re-HIPed. ANSTO has
tested this by deliberately inducing failure by putting a defect
in the can wall; we have also examined failures due to
defective welding. Once the waste form has densified there
is no dust to leak out of the can. The dumbbell design had an
added bonus of much more efficient packing. The dumbbell
HIP cans have been designed with a1/10,000 failure rate. They
will be leak tested and the weld will be tested before use and
the can marked for traceability.

The prevention of the loss of volatiles has also been
mentioned and this considerably simplifies the off-gas sys-
tem compared to a melter route. Recent laboratory-scale
experiments at ANSTO have shown that the alkaline waste
form process retained essentially all of the Cs and Ru from
the wet mixing to the final HIPed waste form. Further tests
at scale are planned. The segmented hot-cell design and
decontamination systems also serve to mitigate the spread
of contamination. As with all hot-cells the ANSTO line is
connected to active ventilation systems that remove activity.
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(a)

(®)

FIGURE 7: An ANSTO dumbbell design HIP can (100 L capacity) containing over 170 kg of Synroc waste form, before HIPing (a) and after
HIPing (b), which was produced to demonstrate the scalability of HIPing.

The vent gases from the HIP are also passed through filtered
systems. Water cooling in the HIP vessel design removes
the heat from the vessel and hence the ventilation rates
and temperature in the HIP hot-cell are within the normal
operating parameters for hot-cells.

Control of radioactive contamination when handling
powders is another concern. Dust is controlled by microfiltra-
tion on the dryer and calciner that recycles the particles back
to the feed. The process lines are sealed with the units inter-
connected. The only decoupling occurs during HIP can filling
or maintenance. Valving, and coupling design, plus washing
procedures will be used to allow decoupling of equipment for
removal or maintenance. ANSTO has a proprietary designed
can filling system that replaces the earlier crimping and
cutting system and prevents the calcined powder escaping
during can filling. The use of an ACOP also provides another
layer of protection for the HIP machine and the surrounding
environment from the spread of contamination and damage
to the furnace or pressure vessel, should an unexpected failure
of a HIP can occur, containing both the can and its contents.

The two main HIP vessel designs are monolithic forged
and wire wound pretensioned. The wire wound vessel has
some fabrication advantages for the very large HIPs when
compared to a monolithic forged vessel in terms of weight and
size. However, ANSTO chose not to use a wire wound vessel
because of some key potential risks, especially for radioactive
environments. Concerns about the use of pressure needed
to be addressed during the safety case for the ANSTO HIP.
There have been two major vessel failures in the HIP industry.
One was a noncoded monolithic pressure vessel that was
improperly used, and the other, was a coded wire wound
pressure vessel. Both resulted in damage to the surrounding
infrastructure with the latter incident resulting in the death
of a worker. In a radiological application the potential energy
stored in a HIP system could in the event of failure pose a

hazard to the hot-cell structure and has the potential risk
of the release of radioactive material to the surrounding
building. ANSTO worked with the US HIP manufacturer
American Isostatic Presses Inc. (AIP) to develop designs that
mitigate the risk and make it possible to safely utilise HIP
technology in a radioactive environment. ANSTO chose to
use a forged vessel due to reasons discussed in detail in [48].

The ANSTO-AIP approach was to significantly increase
the level of conservatism built into the pressure vessel design.
By doing this, the subsequent major inspection interval
for the vessel could be extended, even to the point that
a properly designed hot-cell HIP that could complete the
cleanup mission/campaign well before the first major vessel
inspection is required. The additional cost of this is more than
compensated for by reduced maintenance, replacement, and
inspection costs, plus the reduced risk of radiation exposure
to workers from such activities, even though the segregated
hot-cell design and associated contamination control is such
that it allows workers to enter the hot-cell that contains the
HIP.

The first step in ensuring safety was to mandate the use
of coded vessels designed, built, and tested in accordance
with demanding specifications of the American Society of
Mechanical Engineers (ASME) Pressure Vessel and Boiler
Code, Section VIII, Division 2 and 3. ASME designed vessels
can be designed for lives of 10,000-100,000 cycles at the
maximum operating pressure, which would give a vessel 20—
100 years of operation depending upon its duty cycles. The
ASME lifetimes for a vessel are conservative and based on
a presumed flaw in a pressure vessel. Such Division 2 coded
vessels have a burst pressure of 2.4 times the design pressure,
or roughly 2.5 times the normal operating pressure. The HIP
in-built safety systems initiate well before the burst pressures
are reached. A leak before burst design is also incorporated
into the forged shell and heads without any high prestressing
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requirements. In addition, it is possible to monitor crack
growth in a forged vessel and hence determine its design
life, repair the surface crack, or derate the vessel. The hot-
cellis also designed against catastrophic failure. The ANSTO-
AIP proprietary design has a design life of 10,000 cycles and
will operate at a pressure well below its failure pressure. It
also incorporates the leak before burst design which means
that catastrophic failure is not possible. Safety analysis has
indicated that failure of the proposed design nuclear HIP
system is not credible.

While a pretensioned wire wound vessel, in theory, may
also afford the leak before burst feature in the event of
overheating, for example, due to cooling water loss, stress
relaxation in the pre-tensioned wire winding could lead to
significant distortion of the vessel. While one could put
designs and systems in place to enable a wire wound vessel
to have some of the advantages of the forged vessel, ANSTO’s
approach has been to use the passive safety implicit in a forged
vessel design rather than rely solely on active systems, an
approach that underpins the nuclear industry approach to
design.

HIPing has several other advantages for use in a hot-
cell: the process has a relatively small footprint, arising in the
first instance because of the absence of off-gas in the hot-
consolidation step. The HIP cans contain the fission products
and, in conjunction with other methods, the HIP vessel can
be kept relatively contamination free. The HIP pressure vessel
is designed to exceed the life of the plant and because it
is monolith contamination will be limited to the surface,
which can be readily decontaminated. Thus, the secondary
waste from the HIP plant will be far less than that from a
glass melting route, which would produce several used glass
melters, plus highly contaminated off-gas lines. The plant
decommissioning will therefore be simpler.

For radioactive ceramic waste forms a prime advantage
of HIPing is to achieve theoretical density of the waste form
with minimum temperature and therefore minimum grain
size, thereby adding to the overall strength and leaching
resistance as well as reducing the potential of microcracking
via polymorphic structural changes or radiation damage
when the waste form contains a substantial amount of
alphaemitting waste actinides.

The HIP process is scalable and can treat batches from a
few grams to tons in the same unit. Because of this one process
line could be used to treat multiple waste streams and ANSTO
has design options to treat the ion exchangers, filter cake, and
LLLW in the one plant. The scalability also means that small
to large plants, tailored to a client’s requirements, could be
built.

For hot-cell operation ANSTO and AIP have designed
remote loading and unloading systems, with a bottom load-
ing approach used for the ANSTO line.

3. Conclusions

Higher activity LLLW and ILLW streams arising from **Mo
production can be incorporated into several types of waste
forms: ceramics, glass-ceramics, glasses, and in some cases
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cements or geopolymers. ANSTO is currently entering the
detailed design stage of a Synroc plant to treat its legacy,
current and future liquid wastes from *’Mo production at
its Lucas Heights site. For the legacy waste, which is mainly
uranyl nitrate plus some fission products, ANSTO has chosen
to use a pyrochlore-rich ceramic in which the U and fission
products will be incorporated into titanate Synroc phases,
pyrochlore, brannerite, hollandite, rutile, and perovskite.
For the current and future waste arising from an alkaline
route ANSTO will use a glass-ceramic. Both waste types
will be processed in the one line, which has broadly similar
unit operations to the original Synroc processing designs—
liquid mixing, drying, calcining, and consolidation via hot-
pressing. The plant will be the “first of a kind” incorporating
a hot-isostatic press into the design. This was chosen because
the route had significant life -cycle cost benefits for ANSTO
and Australia, including a significant reduction in the volume
of the waste that would need transporting to a National
Store and future repository. The option of using the plant or
similar designs to process other waste streams has also been
examined and it is possible to utilise the technology to process
other waste streams from *’Mo production or from other
waste inventories. The plant at ANSTO is currently entering
the detailed design stage with a view to finishing construction
by 2016.
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Fifty years ago, one of the worldwide first industrial production processes to produce fission-Mo-99 for medical use had been
started at ZfK Rossendorf (now: HZDR, Germany). On the occasion of this anniversary, it is worth to mention that this original
process (called LITEMOL now) together with its target concept used at that time can still be applied. LITEMOL can be adapted
very easily to various research reactors and applied at each site, which maybe still of interest for very small-scale producers. Besides
this original process, two further and actually proven processes are suitable as well and recommended for small-scale LEU fission
Mo-99 production also. They are known under the names KSA/KSS COMPACT and ROMOL LITE and will be described below.

1. Introduction

“The IAEAs Coordinated Research Project (CRP) on “devel-
oping techniques for small-scale indigenous production of
Mo-99 from low enriched uranium or neutron activation”
has been working since 2005 to assist participating countries
to assess, evaluate, and implement nuclear technology for
producing Mo-99 without highly enriched uranium in order
to meet local nuclear medicine requirements” [1]. Within that
CRP, a fact-finding mission performed by experts of IAEA
cooperating with other independent experts could be applied
for such providing substantial help in analyzing the given
situation at a research center and the country/region around.
This paper describes two process technologies and one
specially developed target the latter was especially suitable
and proven for the use of very low enriched uranium, both
supporting this CRP and its philosophy and tools at the same
time.

During the sixties of last century, fission Mo-99 began
its significant upturn lasting up to today (“Fission-produced
*Mo (fp. *’Mo) of very high specific activity and alumina
column based **™Tc generators have remained the mainstay
in the field as “gold standard™ [2]), mainly due to the new
cold KITs and their need of very high specific Tc-99 m
solutions for labeling. About all research reactors, even those
with thermal neutron flux densities down to 1x10* n/(cm?s),

are potential candidates for small-scale fission-based Mo-99
production covering the local or domestic demand of [ *™Tc]
pertechnetate solutions of high specific activity for nuclear
medicine diagnostic imaging procedures with homemade
Tc-99 m generators. Adequate LEU targets are commercially
available. An indigenous production of LEU targets as well
as of very low enriched targets (0.72% ("U) - 5% >°U)
is possible at local sites. Proven target manufacturing and
Mo-99 processing technologies including waste management
solutions fitting to the needs of small-scale producers are on
the market, capable of establishing fission Mo-99 and Tc-
99 m generator production cluster. Such clusters would allow
countries and/or regions to develop indigenous production
capacities to become independent from global Mo-99 market.
This is especially helpful in cases of temporary world supply
issues at which small generator producers and their cus-
tomers suffer most. Furthermore, such initiatives will train
indigenous specialists for broad applications at the national
nuclear centers.

Although there are many attempts to classify research
reactors [RRs], this paper will not look into those differences
even if they may play a (smaller) role when irradiating ura-
nium targets for radioisotope [RI] production. One aspect,
however, is of some interest: the shape of RR-fuel, either
clusters of (mostly) plates or single rods.



In terms of RI production, RRs will mainly be evaluated
not only by their power density which determines the n-flux
density, but also by the operation hours per week and their
space which can be made available for targets to be irradiated,
either in-core or at the core border or even inside the reflector.

Besides institutions which manufacture their own targets,
there are target manufacturers on the market who are able to
deliver proven targets suitable for the different RR types. Most
common are plate-type targets with dispersion meat and Alu-
minum cladding and proven pin-type targets with uranium
metal pellets or dispersion meat, with both Aluminum or
steel cladding, all in quite different shapes. If a new target
design is needed, the target has to be tested by the operator
and certified by the responsible authorities.

2. Materials and Methods

Actually, there is a wide range of different target concepts
for fission Mo-99 productions, mainly originating from HEU
to LEU conversions of the fission targets. Still common in
routine business are proven aluminum or aluminum-alloy
cladded, (LEU- or HEU-) uranium aluminide or uranium
alloy dispersion targets as straight plates or cylindrical—or
(rarely) pin-type targets (pin-type targets are used, e.g., in
RBT6 and RBTI0 research reactor at RIAR, Russian Feder-
ation [3]). However, many other target concepts have been
developed and undergone testing, for example, target with
meats made of uranium metal foils, uranium metal pellets,
uranium silicide dispersion, uranium oxide dispersion, and
high density uranium aluminide dispersion.

Besides the target designs, manufacturing, and applica-
tions, during the last 50 years different processes for fission-
Mo-99 production have been developed all over the world
(in which each producer has its own process [4]), suited to
dissolve one single or a group of similar targets, to remove
all impurities out of the received Mo-99 solution, and to
handle the wastes economically and safely. Alkaline and
acidic solvents are in use, with or without additional oxidants
and/or catalysts, in a single step or a two-step digestion.
Using a two-step combination of alkaline solvent first and
hydrofluoric acid with oxidant and catalyst afterwards, an
ample scope of targets can be digested by one process [5],
while alkaline nitrate solution has the ability to dissolute alu-
minum cladded, UAl, -aluminum dispersion targets without
hydrogen generation [6].

The need to convert Mo-99 production facilities world-
wide from processing HEU targets to used LEU targets [7-9]
has led to clearly favoring targets with high U-density [3, 10-
15]. U-metal foils as targets are still struggling with encasing
and handling issues [16]. The proven target with high U-
density on the market is already the U;Si,-Al target, which
can rely on a proven process as well (see below).

On occasion to the named 50th anniversary of one of the
first industrial process for fission Mo-99 production [17], it is
worth to have a look onto that target it started with.

2.1. Very Low Enriched Target with Uranium Metal Pellets.
A decision for a small-scale fission Mo-99 production is an
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evident attempt to become independent from global fission
Mo-99 market when trying to meet local or regional Mo-99
needs by our own capacities. Apart from the global market
which did not exist in the early sixties of the last century, all
these arguments remain valid for developing countries.

In this context, supply with adequate and sufficient
targets is playing an important role, and an indigenous
target production, if possible, seems to be the method of
choice. Also, a complete technology for a closed LEU cycle is
available (for details see Section 2.3.1), consisting of a proven
uranium recycling process and a proven target reproduction
for aluminum cladded uranium silicide dispersion targets.

As an alternative to a closed LEU cycle (LEU meaning
nearly 20% enriched 235U), the use of uranium metal pellets
made of natural uranium or very low enriched uranium up to
5% 23U is described here for two reasons, besides that, those
targets can be produced easily: first, those targets had been
the fundament of one of the named first industrial production
processes of small-scale fission Mo-99, and secondly this
target concept generally is very interesting for small-scale
fission Mo-99 still using low-performance RRs with neutron
flux densities down to 1 x 10" n/(cm®s). Moreover, those
targets had permanently been used for around 15 years at ZfK
Rossendorf (now: HZDR, Germany) [17].

Starting from metallic rods made of natural uranium
(during the sixties imported from Russia, having diameters
of 8.5mm), small pellets had been manufactured on a lathe,
having a thickness of 4.2 mm each. The pellets were placed
in an aluminum tube with spacers of aluminum between
them and at both ends, in order to get the fission heat
distributed more homogenously inside the rod. This spacing
of pellets had helped avoiding hot spots and providing better
heat conduction to the outer surface of the Aluminum rod.
After welding and leakage test(s), the target was ready for
irradiation (see Figure 1).

From experiences made, very low U enrichment
should be adapted to the available thermal neutron flux
density at the irradiation position. Table 1 could provide a
first and very rough orientation of such adaption which is
solely based on experience with heat removal out of the pellets
preventing baking together with the spacers.

After irradiation and the mandatory cooling-down
period, the tube can be easily cut-off and the uranium metal
pellets can be separated and dissolved using an actual small-
scale process like the KSS COMPACT described further
down. Very high uranium density and no aluminum dis-
solution mean less process waste and processing of higher
amounts of uranium during a certain time interval, shorter
than with aluminum dispersion targets. These are reasons
why even with natural uranium in moderate thermal neutron
flux densities remarkable activities of fission Mo-99 can be
achieved.

However, it has to be emphasized that this target as
well as its processing (see Section 2.2 ) is basic (but proven)
technology for Mo-99 production at small scale. Therefore,
it should not be compared with other processes described
in this paper based on dispersion targets using LEU at 20%
enrichment.
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FIGURE I: General design of an irradiation can with five very low enriched targets for fission Mo-99 production (taken from [18]).

TaBLE 1: Flux density and corresponding U-enrichment for irradi-
ation of very low enriched targets and given heat removal system
capacity. Irradiating of 280 g of U-metal pellets over 100h with
subsequent 20h cooling time and about 10h processing time,
resulting in 550-740 GBq (15-20 Ci) Mo0-99 (calibrated 6 days after
end of production), is expected to be delivered under given effective
thermal neutron flux densities with the suggested >U enrichments.

nth-flux density [#/(cm’s)]  7E13  5E13 3E13 2E13 1E13
(**U) enrichment [%)] 07(™U) 10 17 25 50

2.2. Historical Process: LITEMOL. One of the first industrial
processes for small-scale fission Mo-99 production had been
originally developed for producing fission Te-132 to be used
in Te-132/I-132 isotope generators. Under the economical
restrictions during the cold war (during the early sixties
of last century) and with limited availability of mainly
“basic” chemicals, the process (now called LITEMOL) got the
following design (see Figure 2).

This process with ~70% vyield (decay corrected) [19] in
combination with the very low enriched targets described
above had produced enough fission Mo-99 for a country like
the former German Democratic Republic (GDR) with around
17 million inhabitants under the conditions and requirements
of last century’s sixties and seventies. For actual need, some
adaptions are necessary, but it will be possible to get this
process modernised with some supplementary R&D.

2.3. Actual Processes: KSA/KSS COMPACT and ROMOL
LITE. KSA/KSS COMPACT and ROMOL LITE are small-
scale adaptations of large-scale KSA/KSS (KSA/KSS are two

sides of the same coin, where KS stands for KARLSRUHE-
SAMEH technology developed by Sameh [20-25] at the
Karlsruhe Research Center (FZK, now: KIT), Germany. This
technology has been successfully used already in full-scale
productions processes for uranium Aluminide dispersion
targets (KSA version: KARLSRUHE-SAMEH ALUMINIDE)
and for uranium Silicide dispersion targets (KSS version:
KARLSRUHE-SAMEH SILICIDE, see Figure 3), but prac-
tically, all other targets can be processed with KS tech-
nology, too.) and ROMOL-99 processes, widely proven for
processing plate type dispersion targets. Such proves are
performed at and by (a) ROMOL-99 at Pakistan Institute of
Nuclear Science and Technology (PINSTECH, Islamabad),
(b) KSA at Karlsruhe Institute of Technology (KIT, for-
merly Forschungszentrum Karlsruhe (FZK)), Germany, and
at Mallinckrodt Medical, Netherlands, (c) KSS at KIT, and
(d) pin-type dispersion targets of different shapes applying
ROMOL-99 at State Scientific Center-Research Institute of
Atomic Reactors (RIAR), Russian Federation.

Whatever target concept will be realized for a future
small-scale fission Mo-99 production facility, KSA/KSS
COMPACT, using a two-step combination of alkaline sol-
vent first and hydrofluoric acid with oxidant and catalyst
afterwards, is able to dissolve almost all of these targets (In
uranium metal foil targets, zinc or aluminum (instead of
nickel due to its well-known resistance against hydrofluoric
acid) has to be electroplated on uranium metal foils as
recoil barrier and for preventing bonding with the aluminum
cladding.) digesting the uranium compound to diuranate
fast and under reduced pressure to extract high specific
fission Mo-99 in pharmaceutical grade with ~90% yield
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Irradiation, 180 g, ™" U-pellets,

Flux: 7.5E13, 100h, 48h cooling
Trapping Xe 133xe

. T
H,-carrier gas Dissolution in 310 mL . 132e/1321.
Trapping H, Te
310mL 10 m HCI 10 M HC, dropwise generator
N,-carrier gas Oxidation U** — UO3*
Iodine trapping Waste
50mL conc. HNO; 50 mL conc. HNO; dropwise

Evaporation-dilution

200 mL 1M HNO; 200mL 1 HNO,

200mL 1M HNO; Loading
700 mL H,O Al,O3-column process Liquid \.Naste:
100 mL 0.01 m NH,OH Washing . Pranlum
4 x 50mL 2m NH,OH Elution Fission products
Evaporation
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15-20 Ci Mo-99 (6 days)
Ready for generator loading

FIGURE 2: Process scheme (taken from [19]) describing one of the first industrial production processes for small-scale fission Mo-99
production (now called LITEMOL).

UAL, U;Siy
| Oft-gas treatment | | Off-gas treatment |
| Target digestion in NaOH | | Cladding digestion in KOH |
| Filtration | | Filtration |
~90% Mo-99 ~10% Mo-99
<
Target residue oxidizing Target meat oxidizing treat-
treatment (NaOH + H,0,) ment (HF + H,0, + catalyst)
| Filtration | | Filtration |
~10% Mo-99 ~90% Mo-99
>
| Solid HLW treatment | | Solid HLW treatment |
V

| Mo-99 purification |

FIGURE 3: Flow scheme (in detail) of KSA/KSS production process showing the chemical treatment of UAl, targets (left column) in
comparison to other targets (right column, U,Si, taken as example).
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(decay corrected) [5] in an overall 12 h process with very low
environmental impact.

On the other hand, a technology avoiding any Hydrogen
generation became more and more interesting for Mo-99
producers in the last decade. For that reason, ROMOL
LITE process with overall 12h processing time had been
developed as downscaled adaption of ROMOL-99 process
with ~80% yield (decay corrected) [26] for dissolving LEU
UAl, dispersion targets under reduced pressure and—as
said—without any Hydrogen generation, using an alkaline
Nitrate solution which has been already routinely used in
fission Mo-99 production at PINSTECH, Pakistan [27] as well
as at two large-scale fission M0-99 production lines at RIAR,
Russian Federation [3].

2.3.1. KSA/KSS COMPACT [20-25]. (This section is based
on methods and processes developed by and proven under
responsibility of Sameh et al. at Karlsruhe Institute for
Technology (KIT) for large-scale Mo-99 production. The
version for aluminum cladded UAL, dispersion targets (KSA)
has been used since more than 15 years by Mallinckrodt
Medical at Petten, The Netherlands, being second largest Mo-
99 producer worldwide. For small-scale processes, KSA/KSS
has been modified and simplified to a downscaled version
called KSA/KSS COMPACT by Sameh.)

KSA/KSS process in its compact version for small-scale
LEU fission Mo-99 production starts after transportation of
the targets into the HC-line consisting of minimum two hot
cells with a two-step digestion under reduced pressure to get
target cladding completely dissolved and meat digested.

In case of aluminum or aluminum alloy cladded, uranium
aluminide or uranium alloy dispersion (LEU) targets of plate-
or pin-type, the proven KSA version could be the selected
process. First step is a treatment in pure alkaline solution (6 m
NaOH) dissolving the cladding plus digesting most of the
meat of the target itself, followed by filtration. Around 90%
of the Mo-99 is found in the solution. In a second step, some
residues from meat material are digested in alkaline solution
of hydrogen peroxide. A precipitate is filtered off (filter cake)
consisting of uranium (as diuranate) and the bulk of other
impurities (e.g., actinides and group II, III, IV, V, and VI
elements).

In case of any other target concept, especially when using
the available U;Si,-Al LEU targets with the so far highest U-
density of all proven plate-type targets, KSS version of that
process is considered as favorable solution for gain-based
facilities.

In the KSS version of the described process, the first
dissolution step is a treatment in pure alkaline solution
using Potassium Hydroxide (6 M KOH) instead of sodium
Hydroxide followed by filtration. Some Mo-99 will be found
in the solution, but most of it remains in the nondissolved
residue of the meat, which is treated in a second step with 5 M
hydrofluoric acid supplemented by 7.5% hydrogen peroxide
and halogen catalyst (0.02 M KIO,).

Under reduced pressure, a smooth carrier gas stream
(e.g., helium) takes all gaseous fission products and generated
hydrogen out of the dissolvers passing a Copper-(II) oxide

AG1-1 column

Iodine separation

@ Ag,O
H Mo
B Iodine

FIGURE 4: Separation of Iodine (taken from [23]) using a floating
bed of hydrated Silver oxide and a filter, KSA/KSS process.

oven (for complete oxidization of hydrogen to water) with
condenser (for drying the gaseous stream) into a vacuum
tank for intermediate storage. After End of Production,
the vacuum tank is evacuated for the next production and
the gaseous fission products (mainly Xenon-isotopes) are
retained on a battery of Charcoal columns cooled to 15°C, for
decay. Alternatively, the radioxenon could be separated from
the gaseous mixture for further use.

The acidic solution from the second digestion step of
other than UAI, aluminum dispersion targets will be alka-
lized to 2-3M KOH and some hydrogen peroxide is added
before merging the two solutions from both digestion steps.
Thus, after destroying some excess of hydrogen peroxide
by boiling, alkaline solutions with some hydrogen peroxide
added after filtration is the vantage for Mo-99 purification.

The subsequent Mo-99 purification is the same with KSA
and KSS version of that process, independently from the
targets mentioned. This is the main reason for putting both
variants together as KSA/KSS process. The purification is
started with Iodine separation on a floating bed of hydrated
silver oxide, followed by four chromatographic steps and
ending up in a high temperature treatment in Platinum
crucibles. Solid waste (mainly filter cake and tubes) is locked
out, taking the same way back which the targets came.
Liquid waste is pumped into tanks below the hot cells for
intermediate storage.

Alkaline filtrate of digested targets feeds a floating bed
of hydrated silver oxide. The silver oxide is reduced by
hydrogen peroxide to fine particles of silver metal and Iodine
is strongly adsorbed on the silver surface. Bigger particle
stays in the floating bed, smaller ones will be filtered oft (see
scheme of Figure 4). The silver metal/silver iodide mixture
is ready for an easy fission-lIodine-131 production taking
place in a separate hot cell or will be stored for decay, while
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FIGURE 5: Process scheme of complete and closed KSS process variant (taken from [23]), completely proven with U,Si,-Al dispersion targets.

the filtrate feeds the first chromatographic column (AGI1-X8,
OH" -form, 200-400 mesh, Bio-Rad, USA), where Mo-99
is quantitatively retained as Molybdate. The feed solution is
collected in an intermediate storage tank as liquid high-level
waste (HLW).

AGI1-X8 column is washed with 3M KOH and molyb-
denum elution is carrying on using a 2M sodium nitrate
solution containing 1M Nitric acid. This solution feeds
the manganese dioxide column (hydrated manganese oxide,
MnO, x nH,O, particle size of 0.2 to 0.5 mm (finer particles
being removed by aqueous sedimentation)). In that column
Mo-99 is quantitatively retained together with accompanying
fission products, while all anionic species and the alkaline
cations are removed with the feed solution and sucked into
a slightly-evaporated intermediate storage tank for liquid low
and intermediate level waste.

After washing the column with 1M nitric acid and dis-
tillated water, the whole manganese oxide bed together with
the molybdenum adsorbed is dissolved by a solution of 2 M
Sulfuric acid supplemented by 0.2 M ammonia thiocyanate,
0.05M sodium sulphite, and 0.001 M potassium iodide.

A Chelex 100 column is fed with that manganese oxide
solution. Chelex 100 is a styrene divinylbenzene copolymer
with iminodiacetate functional groups. Depending on the
conditions, Chelex 100 can be used as weak cationic as well as

weak anionic exchanger. From the acidic solution, molybde-
num is retained quantitatively as negatively charged molyb-
denum hexathiocyanato complex [Mo(SCN)6]3_, while man-
ganese ions and fission product species are not adsorbed. The
column is washed by Sulfuric acid supplemented by 0.2 M
ammonia thiocyanate, pure Sulfuric acid, and water.
Molybdenum is easily desorbed from Chelex 100 under
oxidizing alkaline conditions as Molybdate-(VT), with Chelex
100 meanwhile acting as a weak cationic exchanger. The
desorption is carried out with sodium hydroxide solution
containing some hydrogen peroxide which is becoming the
feed solution for the last chromatographic column filled with
AGI1-X4 (OH™ -form, 200-400 mesh, Bio-Rad, USA). This
column is used for the desalination of the Mo-solution by
washing with water before eluting the Mo-99 with Nitric acid
to avoid the formation of mixed oxides with molybdenum.
The nitric acid solution of molybdenum is evaporated
to dryness and subsequently the Mo(VI)-oxide sublimated
at 1000°C in Platinum crucibles and condensed in a quartz
condenser. This high temperature treatment ensures com-
plete destruction of all organic impurities introduced during
the process and eliminates possibly introduced corrosion
products such as Iron, nickel, cobalt, or chromium by burning
them to the so-called highly burned oxides. Mo(VI)-oxide
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1 target (example): aluminum cladded LEU UAL dispersion plate,
structure parts cut off: ~20g Al, 11.66g LEU (including 2.3g **°U)
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140mL (0.6 M urea/0.1 M NaOH) ——

Filtration, dilution of filtrate

- HLW storage versus
Filter cake uranium recycling

Todine separation

Decaying versus
I-131 production

520mL 9m HNO; —|

Acidification, NO,  -removal

—>| I-gas trap |—>| Exhaust system ‘

Al,O; column process

—)I 2L waste |—>| Liquid HLW storage ‘

AG1 X8 column process

—)I 0.2L waste H Liquid LLW storage ‘

Washing 200mL 1 M HNO;
700 mL water

100mL 0.01m NH,OH

Eluting 100mL 1M NH,OH
Washing 50mL 0.1 m NH,OH
50mL water

Eluting 25mL 1M NH,HCO;

1mL conc. HNOj + 1000°C  ——

High temperature treatment

Liquid waste treatment:

total liquid waste volume 2.2L,

20mL M NaOH ——|

Final product: [*’Mo]Na,MoO,

actinide-free, after 6 months as
LLW: evaporation and solidification

FIGURE 6: Process scheme for ROMOL LITE, example using one commercially available target plate. The processing of several plates is of

course possible.

is dissolved in ammonia and finally adjusted with sodium
hydroxide, while the ammonia is evaporated as very last step.

Due to the very low burn-up in LEU targets for small-
scale fission Mo-99 productions, own target production
based on a complete uranium recycling process might/should
be considered. Figure 5 depicts the scheme of a closed process
completely proven for U;Si,-Al dispersion targets being
operated at KIT, Germany.

The off-gas treatment (described above), within KSA/KSS
process which is used with the KSA version of the process by
Mallinckrodt Medical at Petten under a KIT license for more
than 15 years, is a unique technique leading to more than three
orders of magnitude lower radioxenon release in comparison
to other large-scale fission Mo-99 producers [28].

The idea of a worldwide voluntary limitation of radi-
oxenon release to 5 GBq/day generated at WOSMIP [29, 30]
for all Mo-99 producers is a reality for the operation at Petten
site since 15 years—an advantage which certainly is as well
available with the compact version foreseen for small-scale
LEU fission Mo-99 producers.

2.3.2. ROMOL LITE. ROMOL LITE is the downscaled
ROMOL-99 process; the latter developed and was proven for
large-scale fission Mo-99 production comprising the special
feature of dissolving UAI, -Al dispersion targets without

hydrogen generation, but being limited to distinctly lower
dense UAI -Al LEU targets than the a.m. KSS COMPACT
process (see Figure 6).

Using alkaline solution (3 M sodium hydroxide) of 4 M
sodium nitrate, the target(s) will be completely digested
under reduced pressure at (70 £+ 10)°C. A smooth carrier gas
stream (e.g., Helium) takes all gaseous fission products and
generated ammonia out of the dissolver through an ammonia
trap (filled with 5 M Sulfuric acid) and a condenser (to dry the
gaseous stream) into a vacuum tank for intermediate storage.
After end of production, the vacuum tank is evacuated again
for the next production and gaseous fission products (mainly
Xenon isotopes) are retained for decay on a battery of flasks
filled with suitable zeolite.

A precipitate consisting of uranium (as di-uranate) and a
bulk of other fission impurities (e.g., actinides and group II,
0L IV, V, and VI elements) is filtered off. After decay of short
lived isotopes (6 months after end of production) in a separate
intermediate solid HLW storage at site, 99.4% activity of all
wastes is accumulated in the filter cake, canned for long-term
solid HLW storage (or used for re-cycling) in tight stainless
steel boxes, while only 0.6% of the activity remains in the
liquid ILW or LLW for further waste management [18].

Subsequently, the Mo-containing filtrate passes through
a column filled with silver-coated acidic alumina [31] for



separation of Iodine isotopes and is acidified to 0.4 M Nitric
acid afterwards. After adding on some urea, the solution is
boiled under reflux to convert any nitrite into nitrogen.

Cooled down to ambient temperature, that acidic solu-
tion feeds an alumina column (aluminum oxide 90 active
acidic (0.063-0.200 mm), Merck, Germany), where Mo-99
is absorbed as molybdate-VI. Washed first with 1M nitric
acid, water and 0.01M ammonia, Mo-99 is eluted with 1M
ammonia.

That ammoniac eluate feeds the AGI X8 column (AGI-
X8, OH -form, 200-400 mesh, Bio-Rad, USA) adsorbing
molybdate-VI. After washing with water, molybdenum is
desorbed by 1 M ammonium bicarbonate.

After adding some 1 m nitric acid, the solution is boiled
and evaporated for destroying any organic impurities. Typ-
ically and at that stage already, the final product meets all
requirements and is therefore solved in the solvent of choice,
usually diluted sodium hydroxide. For getting rid of any
impurities potentially having remained in the product, an
optional high temperature treatment could be applied.

3. Results and Discussion

A widely variable adaption of both of the processes,
KSA/KSS COMPACT and ROMOL LITE, to local condi-
tions and requirements is possible despite their original
design/development for large-scale production predomi-
nantly. Both being proven, first efforts have been made to
scale them down during the last years. Thus, their scope of
application now covers all sizes of production, from very
small scale to very large scale. As an option, production sup-
plemented by a complete uranium cycle (uranium recycling
and target production on site) is well proven available, too.

A long-term proven target for natural or very low
enriched uranium has been described. The use of uranium
metal pellets and the possibility to separate the uranium
from the aluminum spacers and the aluminum canning
after irradiation allow small-scale production of remarkable
activities of fission Mo-99 in RRs with thermal neutron flux
densities down to about 1 x 10'® n/(cm?s).

These technologies should enable operators of RRs of
moderate performance to envisage production of indigenous
fission Mo-99 for their countries/regions, in order to become
independent from global market and to give their engineers
and scientists an additional long-term perspective in their
countries.

4. Conclusions

50 years ago, one of the worldwide first industrial production
processes able to produce fission Mo-99 for medical use had
come to life at ZfK Rossendorf (now: HZDR, Germany). It is
around the occasion of this anniversary that original process
(called LITEMOL now) together with its target concept used
that time has been revived. The original target concept can
be easily adapted to the conditions and needs of different
research reactors and easily produced at their sites. Both
process and target still may be of interest for very small-scale
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producers of Mo-99, provided that some slight adaptions to
the actual requirements have been performed. In order to
deliver a complete picture of the possibilities of small-scale
production in our days, the two proven and actually applied
processes downsized for the so-called small-scale LEU fission
Mo-99 production have been described in detail as well:
KSA/KSS COMPACT and ROMOL LITE.
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Following preliminary feasibility studies which started at Legnaro National Laboratories (LNL) in 2011, the Italian National Institute
for Nuclear Physics (INFN) research activities are underway aiming at the alternative, accelerator-driven, Mo / *™Tc production
routes. One of the most promising approaches is to use '“’Mo-enriched (i.e., >99%) molybdenum metallic targets, bombarded
with high-beam-current, high-energy proton cyclotrons. In order to get a comprehensive map of radionuclides expected, a detailed
theoretical investigation has been carried out using the TALYS-TENDL 2012 excitation functions extended up to (p,6n), (p,p5n),
and (p,2p4n) levels. A series of quality parameters have thus been calculated both at the end of beam (EOB) and at longer times.
Results point out that accelerator-*’ Mo is of limited interest for a possible massive production because of the quite low specific
activity with respect to reactor->’Mo. Accelerator- *"Tc quality parameters (i.e., radionuclidic purity (RNP), isotopic purity (IP),
and specific activities) calculated are instead quite close to the generator-Tc. Calculations at 15, 20, and 25 MeV have thus been
performed to assess the best operative irradiation condition for *"Tc production while minimizing both the short-lived and long-
lived Tc contaminant radionuclides. Although present in minimum quantities, Tc contaminants may indeed have an impact either
on the pharmaceutical labeling procedures or on contributing to patient radiation dose during the diagnostic procedures.

1. Introduction

Nearly 80% of the radioisotopes used in nuclear medicine
are currently produced by nuclear reactors. Among them,
9mTe (6.01h half-life), a decay product of Mo (65.94h
half-life), is the most important and widely used one. How-
ever, such a vital radionuclide is mainly supplied by two
production facilities only, which cover about 65% of the
*Mo world demand: the research reactor NRU at Chalk
River, Ontario (Canada), and the HFR reactor at Petten (The
Netherlands). The current *’Mo mass production is indeed
based upon the isotope separation from fission products by
using the highly enriched uranium, weapons-grade (HEU-
WG) material (***U enrichment > 80%). Such a production
is therefore subject to the strict international regulations and
control actions against the proliferation of nuclear weapons.
Both reactors have experienced in recent years (2009-2010)

some long-scheduled/unscheduled shutdowns, which caused
a temporary shortage of *’Mo/*™Tc radionuclides on the
international market in 2010. Such an event has thus pushed
new ideas about alternative arrangements, all based on
accelerators, as well as making use of nonstrategic materials.

Since the early 1970s, *”"Tc production through accel-
erator systems was demonstrated feasible, as proposed first
by Beaver and Hupf [1], mainly by the '*’Mo(p,xn) reaction
route. However, both excitation functions and production
yields, due to the different Tc isotopes and isomeric states
generated, still need to be made clearer. That is because of an
unexpected spread in results, obtained over the past 40 years
in different experimental campaigns. Results provided in the
last 20 years, using nonstandard experimental procedures,
and reported in different works [2-13] may give an idea about
that and explain why further experimental investigations are
demanded.



Moreover, labelling efficiency and biodistribution studies
of some interesting radiopharmaceuticals have been recently
carried out, using both cyclotron- and generator-produced
M, as reported by Urbano et al. [14], Guérin et al. [15],
and Targholizadeh et al. [16]. Such encouraging results have
driven the first study aimed at the assessment of irradiation
conditions for accelerator-based Tc production, as discussed
by Celler et al. [17]. Based on the excitation functions from
theoretical nuclear models, both the **"Tc production yields
and a reduced map for other radioactive and long-lived
generated isotopes (considering some simplified assumptions
and constraints) have been determined.

In the framework of the (Laboratory of Radionuclides
for Medicine) (LARAMED) project, funded by the Istituto
Nazionale di Fisica Nucleare (INFN), a possible future supply
of a set of radioisotopes in Italy, aimed at both research and
medical application purposes, has been taken into account.
This project derives from the installation at LNL in the
near future of a high-performance cyclotron (proton output
energy tunable in the range 35-70 MeV, maximum beam
current 500 puA).

Taking into account the wide range of irradiation con-
ditions which will be provided by such an accelerator, a
theoretical assessment study has been preliminary carried out
for both *Mo and **"Tc productions. Assuming a '*’Mo-
enriched molybdenum metallic target, as currently available
on the isotopes and pure materials market, a beam power
areal density of 500 W/cm? and a beam current up to 500 pA,
a series of parameters have been calculated for.

(i) Optimal Molybdenum Layer Thickness. Two basic con-
figurations have been taken into account; in option
1, the incident beam energy down to the threshold
for the reaction is considered, thus avoiding the
useless heating due to the Bragg peak (i.e., thick
target configuration). In option 2, a recommended
thickness based on the estimation of yield distribution
versus beam penetration depth is instead analyzed.
In such a way, an optimized radionuclide production
(i.e., avoiding the drop-off region because of cross
section lowering) is achieved, with the minimum
required thickness for the isotope-enriched material
(not inherently thick target configuration).

(ii) Different Proton Energies. Taking advantage from the
cyclotron directly tunable beam output energy, the
reference cases at 40 and 70 MeV have been taken into
account for *’Mo production. **"Tc direct produc-
tion at 15, 20, and 25 MeV has instead been investi-
gated, in order to limit the amount of contaminant
isotopes. Supposing, as reference, an energy degrader
device made of 3.67 mm carbon layer, beam energy
may be shifted from 35MeV (ie., the minimum
cyclotron output energy) down to 20 MeV. In such a
case, an approximate Gaussian energy spread (+30)
of about +1.25MeV occurs. However, 90% of beam
current (ie., 450 yA) is within an energy window
of just £550 KeV which, through a Wien filter (if
necessary), may be driven towards the target station
at the accelerator beam exit.
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(iii) Different Irradiation Times. 12 h, 24 h, and full satura-
tion (T}, ~ 21d) for *’Mo production, while several
short irradiation times up to one half-life (ie., Lh,
2h, 3h, and 6 h) have been taken into consideration
in case of *"Tc production. Irradiation times longer
than t,, are not convenient from the point of view of
either the product final cost or the accumulation of
useless longer-lived isotopes.

The isotopic composition of the enriched metallic molyb-
denum material, taken as reference in this study, is the one
provided by the ISOFLEX company [18]: '*Mo (99.05%),
**Mo (0.54%), *"Mo (0.07%), **Mo (0.11%), **Mo (0.10%),
*Mo (0.05%), and **Mo (0.08%). The reaction yields for
each Mo isotope have been estimated from the theoretical
excitation functions leading to nuclei both in isomeric and
ground states. For all nuclides, either directly produced
following different reaction routes or generated as a decay
product in any of the decay chains, the cumulative yields have
been calculated.

Considering the direct *™Tc production, particular
attention must indeed be paid to Tc contaminant radionu-
clides by reaction routes opened up by all Mo isotopes
because of the same chemical species. Although present in
rather low quantities, their contributions (except '°’Mo) are
however not negligible in the overall yield estimation of
accelerator-produced Tc. Optimal irradiation conditions (i.e.,
energy intervals, beam current, and irradiation time) are
therefore needed in order to minimize their production.
Finally, the long-lived *9Tc, **Tc, and **?Tc, having large
cross sections and mean lives longer than 10° years, need
to be produced in as low quantities as possible, having a
direct impact on the specific activity of the final product and
thus on the labelling procedures of the radiopharmaceutical
preparation. Care has also to be taken of the productions
of shorter-lived Tc isotopes (mainly °°Tc) because of their
contribution to extra radiation dose. However, such an issue
is strictly related to the isotopic material composition made
available by the supplier, rather than an optimal combination
of irradiation time-beam energy parameters.

2. Mo and ”"Tc Production Routes

The *’Mo mass production using the commercial proton-
driven accelerators currently available, or next to be put
into operation (as the one which will be installed at LNL),
is known to be hardly achieved through neutron reaction
routes, that is, using either the spallation reactions on heavy
target systems or the relatively low energy beams driven
by high intensity accelerators on light targets, as argued by
Froment et al. [19] and Abbas et al. [20]. The radiative capture
reaction (n,y) on *Mo-enriched samples would provide
%Mo production with good purity level. However, the result-
ing specific activities estimated and experimented are too low
for a feasible massive production, even if 90% of neutrons
are slowed down in the **Mo resonance energy interval
(1-100eV) [19, 20]. Moreover, exploiting the other possi-
ble (n,2n) inelastic scattering reaction on 1900\ fo-enriched
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samples, the limited neutron flux makes the expected **Mo
production level poor. Some works are under way, as reported
by Nagai and Hatsukawa [21] and Minato [22], although the
approach followed to work out the low *’Mo specific activity
is to get the *”"Tc through a thermal-induced sublimation of
technetium from the irradiated molybdenum bulk targets.
On the other hand, the 2**U(n,f) *Mo fission reactions,
that is, the subcritical version of the standard reactor-based
route using accelerator-driven neutron multiplier systems,
have also to be considered as long-term solutions because
of the lack of information on production yields and eco-
nomics, as discussed in NEA report [23]. For such reasons,
only the proton-induced reactions '“’Mo(p,pn) Mo and

*Mo(p,2n) *™Tc are taken into account in the present study,

being the best short-term solution to the possible future
massive supply. The current cyclotrons have indeed the
required beam current to ensure a high production level of
these vital isotopes.

2.1. ® Mo Production Route: The (p,pn) Reaction on "* Mo.
**Mo production may derive from two reaction routes: the
main (p,pn) reaction and as a decay product of *"'Nb (¢, =
15 s) and *INb (t;, = 2.5m), due to the additional (p,2p)
reaction, when operating at proton beam energies above
10 MeV. Figure 1 shows a collection of the %Mo(p,pn) Mo
experimental excitation functions measured in the last two
decades.

As can be observed, results are consistent up to =
25 MeV, while at higher proton energies an unusual spread
(i.e., uncertainty band) up to 100 mb (including error bars
extension) may be noted among results obtained in different
experimental campaigns. Moreover, even considering 100%
of ' Mo-enriched samples, additional reaction routes for the
production of different Tc, Mo, and Nb isotopes (including
Zr in case of a real >99% '°°Mo-enriched material) are
already opened at proton energies higher than 10-15 MeV. The
theoretical excitation functions available from the TENDL
2012 library [24] about the other Mo and Nb isotopes, yielded
by other open reaction routes on '*’Mo, are shown in Figures
2 and 3, up to the (p,p5n) and (p,2p4n) levels, respectively.
When available, experimental measurements are plotted as a
benchmark.

Although predictions about the excitation functions for
some reaction routes still need to be experimentally validated
in the entire energy range, we are aware that a production
of these nuclides is indeed energetically feasible. Nb and
Tc isotopes expected to be yielded by open reaction routes
on Mo isotope only, are listed in Table1 as reference,
including decay modes. Similar considerations have been
performed for the remaining Mo isotopes included in the
enriched molybdenum material as well, in order to determine
the whole list of nuclides (both stable and radioactive) gen-
erated by open reaction routes. The long-lived radioisotopes
created, like *Nb and *°Nb, *"Tc, *Tc, 'Tc, **Tc, and

#9Tc, are however not considered to be a concern in the
following chemical processing aimed at the preparation of

The experimental excitation function collection for
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F1GURE 1: The collection of **Mo(p,pn)*’Mo excitation functions

experimentally measured in the last two decades. Error bars
are shown for the most recent measurement only performed by
Tarkdnyi (2012) [13]. The most recent theoretical excitation function
by the TENDL 2012 library is also shown [24].

*Mo/”"Tc generator. The Nb, Tc, and even Rb elements
may indeed be easily chemically separated from Mo for later
reuse.

2.2. ™ T¢ Production Route: The (p,2n) Reaction on 100 A 76,

The excitation function '*Mo(p,2n)**™Tc has been repeat-
edly measured over the past 40 years in different experimental
campaigns (part of them shown in Figure 4), proving that
within the energy range from 5 up to 70 MeV a single
peak is present, centered around 15MeV and estimated to
be about 300 mb by Levkovskij [1] twenty years ago. The
measurements repeated later by Scholten [4], Takacs et al.
[5], and Khandaker et al. [7] have reduced such a value to
about 200 mb. More recent evaluations point out higher peak
values, about 250 mb, as reported by Lebeda and Pruszynski
[9] and Tdrkanyi [13], later increased up to 300 mb by Gagnon
et al. [12]. Even higher cross section peak values (i.e. >350
mb), originally measured by Lagunas-Solar et al. [11], more
recently repeated by Challan et al. [8] are now considered
not credible. Analyzing the different works performed, many
reasons may be addressed to meet such an unusual spread
observed, without a clear trend (i.e., different experimental
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Cross section (mb)
1

Incident proton energy (MeV)

— - (p,pn) Mo 99 -o- (p,p5n) Mo95

--»-- (p,p2n) Mo98 = (p,pn) M099 Levkovskij (1991)
— o (p,p3n) M097 2 (p,pn) Mo99 Tackacs et al.(2003)
--=-- (p,p4n) Mo96

F1GURE 2: The collection of '*Mo(p,pxn)”*Mo theoretical excitation

functions from the TENDL 2012 library [24] up to the (p,p5n) level.
The experimental measurements of Mo by Levkovskij [2] and
Takacs et al. [5] only are included for comparison.

TABLE I: Niobium and technetium isotopes expected to be produced
by the " Mo(p,x) reactions.

Reaction Product Decay tys Daughter

p,a2n *Nb B 3499d Mo (stable)
p.an %Nb B~ 2335h Mo (stable)
p 7Nb B 721m Mo (stable)
p,2pn *Nb B 29s *Mo (stable)
p.2p *Nb B JEH %Mo
¥"Nb B 26m Mo (96.2%)
IT 29Nb (3.8%)
p,6n oM EC 61d Mo (96.1%) (stable)
IT #9Tc (3.9%)
P9Tc EC 20h Mo (stable)
p,5n %m e EC 51.5m  *Mo (2.0%) (stable)

IT %9Tc (98.0%)

%9 EC 428d Mo (stable)
p.4n 79Tc EC  4.2-10°y Mo (stable)
7m e IT 91d 779T¢ (96.1%)
EC Mo (3.9%) (stable)
p:3n ts B~ 42-10°% ®Ru (stable)
p,2n Pmre IT 6.01h  *9Tc (99.9963%)
B *Ru (0.0037%) (stable)
P9Tc B 21-10°y *’Ru (stable)
p.n 100 B 15.46s  'Ru (99.9982%) (stable)
EC Mo (0.0018%) (stable)

set-ups, target material purity, contaminant levels, isotopic
compositions, and ad hoc procedures followed during sample
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Cross section (mb)
1

Incident proton energy (MeV)

~~o— (p,2p)Nb99m
>~ (p:2p) Nb99g

—-<+- (p,2pn) Nb98

o+ (p,2p2n) Nb97m

--o-- (p,2p2n) Nb97g

-—- (p,2p3n) Nb96

~e- (p,2p4n) Nb95 TOTAL

- (p,2p4n) Nb95m

—-=— (p,2p4n) Nb95g
= (p,2p2n)Nb97 Levkovskij (1991)
°  (p,2p3n)Nb96 Levkovskij (1991)
¢ (p,2p4n)Nb95 TOTAL Levkovskij (1991)

FiGURE 3: The collection of l00M0(p,2pxn) *Nb theoretical excita-
tion functions from the TENDL 2012 library [24] up to the (p,2p4n)
level. The available experimental measurements by Levkovskij [2]
for *>™9INb, **Nb, and *’Nb nuclides are included for comparison.

irradiations and detection methods). Moreover, different
correction methods are applied in calculating the P
activity, as deduced by the 140 keV photon peak emissions
through gamma spectrometry measurements.

Considering such a production route, particular care has
indeed to be taken of the Tc contaminants (see in Table 1
those yielded by '°’Mo) since they would remain in the final
Tc product. In order to minimize them, irradiation energies
at 15, 20, and 25 MeV only have been investigated in this
work. In Figure 5, the theoretical excitation functions from
the TENDL 2012 library [24], concerning the 100Mo(p,X)
reaction routes for additional Tc isotopes production, both in
ground and isomeric states, are plotted up to the (p,6n) level.
The experimental excitation functions measured for *"Tc
by Takacs et al. [5] and for "*Tc by Skakun [25] are shown
for comparison as well. In Figure 5, one can notice that only
the long-lived contaminants **9Tc, **Tc, and *"9Tc will be

produced by %Mo isotope up to 25 MeV.

Figure 5 also shows the first experimental evaluation of
the ""Mo(p,2n) **?Tc excitation function, performed in the
energy range 8-18 MeV and reported by Gagnon et al. [12],

from which a general agreement may be found with the
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The experimental excitation function collection for
1000 o(p,2n) ™ TC
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Incident proton energy (MeV)
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Lagunas-Solar et al., TANS (1996)
Scholten et al., ARI51 (1999)

Takacs et al., JRNC 257 (2003)
Khandaker et al., NIMB 262 (2007)
Lebeda and Fruszynski, ARI 68 (2010)
Challan et al., JNRP2(2007)

Gagnon et al., NMB 38 (2011)

Alharbi et al., RABMS InTech (2011)
Tarkanyi et al., NIMB 280 (2012)

—— TENDL 2012
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FIGURE 4: The collection of 100Mo(p,2n)99mTc excitation functions
experimentally measured in the last two decades. Error bars
are shown for the most recent measurement only performed by
Tarkdnyi (2012) [13]. The most recent theoretical excitation function
by the TENDL 2012 library is also shown [24].

theoretical one. Being the largest Tc contaminant produced,
further studies and experimental campaigns are however
requested, mainly to validate the *°
the entire energy range of interest.

Moreover, an additional issue to be assessed is the
necessary reuse of the '® Mo-enriched material (quite expen-

sive) in case of direct **"Tc production. The Mo isotopic
composition of the original enriched target material is indeed
expected to be modified, if multiple reuse is planned due to
economic reasons. In this regard, a preliminary investigation
has been carried out on irradiated '°’Mo-enriched metal
samples, but considering only one recycling stage, as reported
by Gagnon et al. [26]. Such a test basically demonstrated
the feasibility of molybdenum recovery from the chemical
point of view but is however not able to provide a final
answer to such a question. The issue about how many times
the molybdenum material recovered might be reused, before
an impact on the accelerator produced Tc quality becomes
critical, still needs to be defined.

9Tc excitation function in

3. Materials and Methods

3.1. Decay Chain Calculations. When molybdenum targets
are irradiated, some of the reaction routes lead to the

The 1OOMo(p,xn)"XTc excitation functions by TENDL-2012
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o-- (p,5n) Tc96m

F1GURE 5: The collection of '*’Mo(p,pxn) **Tc theoretical excitation
functions from the TENDL 2012 library [24] up to the (p,6n) level.
The experimental measurements for P9 Tc (Gagnon et al. [12]),
199 ¢ (Skakun et al. [25]), and **"™Tc (Takacs et al. [5]) productions
are included for comparison.

production of different radioactive isotopes, thus resulting in
different radioactive decay chains. Since the same radionu-
clide may be created through a number of production-decay
routes, all of them must be accounted for when estimating
the final number of atoms and activity (relative to radioactive
ones) available inside the target. The total number of any atom
species present at time ¢, N(t), and the activity A(t) may be
obtained by summing up values from the contributing chains.
The general production-decay scheme of a single radioactive
chain is therefore the following:

R A A
p+*Mo — N, = N, —

R A A
p+*Mo = N, =5 N, =

R A A

P+ Mo =5 N, =5 N,y — .. @
R, A

p+ Mo -5 N, | —5 N,

p+ Mo LR N,



where N, are the number of radioactive products of a given
chain, A, is the corresponding decay constants, N,, is the
number of the last (stable) nuclide, and R, is the yield
rate for the formation of the first nuclide of each chain
directly produced. Since the (p,X) cross sections are relatively
low (hundred mb as order of magnitude), only nuclear
reactions on target nuclei were considered in calculations.
Any secondary reaction that may occur at each level of the
newly produced isotopes has been ignored. Likewise, the
change in the number of target nuclei during the irradiation
process has been considered negligible (i.e., R, are time
constants).

For each decay chain, the variation in the number of
nuclei versus time is described by the general set of differen-
tial equations. In case of more than one decay mode of a given
radionuclide, every branch of the chain has been considered
as a different, independent chain according to the branching
ratio f;. Consider

dN
d_tl =R -AN,,
dN,

di =R, + fiAN; = 1,N,,

N (2)
d_tk = Ry + froi ko1 Nier — AeNi

dN,
dtn = Rn + fn—l/‘n—an—l

with boundary conditions for each equation given by

N (t=0) =N, (3)

Such initial conditions are the most general possible,
since at starting irradiation time t = 0, a certain amount
N,S of each (radioactive) nuclide species might be present
inside the target material (i.e., in case of multiple reuse
of target material). During calculation runs, however, all
initial amounts for radioactive species have been set to zero,
since only stable molybdenum isotopes were supposed to be
included inside the target material, and a unique irradiation
run was considered.

In the first one of (2), N is the number of nuclei of a given
species yielded as a result of the nuclear reaction. If such a
nuclide species is radioactive, the number of nuclei available
at any time ¢ is thus a balance between the production rate
R, and the radioactive decay with constant A,. The solution
for N, can be easily obtained by multiplying both sides of the

equation by e’ and then integrating the following

At
J»Nl(t)é‘ d(Nl (t’)ellt’) - JtRleklt’dt’,
NY ’

) (4)
Nl (t) e/\lt —N? — A_i [e/\ﬂ _ 1]
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which leads to
_ R _
N, (1) = N%e ™M + A—l [1-e™]. (5)
1

On the other hand, if the N; nuclei are stable, then N, (¢)
increases linearly with time and is given by

N, (t) = N} + R;t. (6)

Likewise, the remaining equations may be analytically
solved by direct integration, once the solution for the previous
nuclide of the chain has been determined. Consider the
following for the generic N; and N,, nuclides.

At
2 a(ne)e)

Ny

= Jt (Rke"kt' + fia M Ny (t')e)\kt’)dt',
0
7)
[ am, ()
N? ( "

n

t
= R SN ()

After analyzing both stable and unstable solutions for
decay chains as long as 6 elements, two general and compact
solutions have been obtained, which represent the number
of nuclei of, respectively, the unstable N, and the stable N,
elements of a given decay chains. Consider

k k-1 k At
Ne@ =Y AN [T Y | =
i=1 I=i j=i Hkr:ln:l] (Am - Aj)
k-1
+ A_kl;[ (fz)

n

N =3 AN [T
I=i

i=1
n—1 n—1 A/
1- -Ajt m
2 |e 4<A —)L)

=i

+R[T(A)
I=i

(8)
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The estimation of every nuclide produced by any decay
chain has been thus calculated at any given irradiation time.
For each decay chain, the nuclide number N;(t) and the
related radioactivity A, (t) have been calculated, adding up
the different contributions to a given nuclide species. Once
the irradiation time is over (t = EOB), the nuclide yields
by nuclear reactions stop, while the decays still continue. All
R, for each decay chain are therefore set to zero, and the
same set of equations may be solved to calculate both the
nuclide number and activity change against the decay time
tp = EOB +¢.

3.2. The Estimations of ** Mo and > Tc Yields Expected inside
Irradiated Samples. As a starting approach, the ** Mo produc-
tion level expected at EOB on '*Mo-enriched molybdenum
metallic targets has been estimated at 40 MeV and 70 MeV
proton energies, while for the direct **"Tc production 15, 20,
and 25 MeV have been instead considered. In both cases, the
maximum of 500 yA beam current has been assumed as a
reference. Yields expected at different beam currents anyway
may be easily inferred through simple scaling calculations.

For the thick-target configuration, the required thickness
for the molybdenum material has to be primarily assessed
both at the minimum and the maximum proton energies,
in order to limit the amount of 'Mo and, consequently,
the material cost. This can be done assuming, as a starting
step, that the proton beam hits the molybdenum sample in
normal direction and using tabulated data on stopping power
values and projected ranges calculated by SRIM 2012 code
[27] or taken by the PSTAR database of the National Insti-
tute for Standards and Technology (NIST) website (NIST-
STAR database [28]). The estimated metallic molybdenum
thickness to fully stop 70 MeV protons turns out to be about
71 mm, while 2.6 mm is instead needed when using 40 MeV
protons. When the incident energy optimized for *"Tc
production is instead considered 0.48 mm, 0.78 mm, and
LImm are enough to fully stop 15, 20, and 25 MeV proton
beams, respectively.

Such penetration thicknesses for protons are actually
needed also in other irradiation conditions (tilted targets).
The proton energy loss per unit path, as well as the corre-
sponding energy drop off versus penetration depth, has been
calculated. Since the sample thickness T, required to fully
stop the beam is much lower than the maximum linear size
(radius) of the target material in the hypotheses of cylindrical
configuration, an analytical calculation approach, based on a
slab geometry model, may be used in such a case with good
approximation (see Figure 6).

The estimation of local yield contribution dY;, that is,
the nuclide species i produced inside the given infinitesimal
thickness dt at depth ¢ of the target material, is described by
the following equation:

"dE
Ay, = my, -0; | E, - | “=d
i Mo 01(0 J;)dx X)

9)
(He—nMooR(Eo—fOx(dE/dx')dx')dx) dt,

t

Lo
Q

7
| T, i
] T !
Ep =E, dt
1,=1,
t
T

L

X

FIGURE 6: The main parameters in the slab approximation geometry
for the calculation of yield distributions inside molybdenum sample
thickness.

where 1, is the atomic density of the enriched molybdenum
target material (i.e, ny, = p,fo(Na/Mpo)) with p, the
target density, f, the weight fraction of the **Mo isotope
considered, N, the Avogadro number, and M, the molar
mass of the target. Then, o;(E(t)) is the 9xMo(p,x) Cross
section for the production of the given nuclide species, as a
function of the proton energy E at each thickness ¢ (estimated
by an iterative calculation process once known the proton
stopping power dE/dx and the incident proton energy E,).
The proton beam current I, divided by the electric charge unit
Q s the n, number of protons per unit time, hitting the target
(ny = 1/Q).

The product expression within brackets is the fraction
of incident protons, available at the generic depth ¢ inside
the sample, because of the contribution of the exponential
attenuations in any single infinitesimal slab. The removal
cross section ox(E(t)) takes into account all the reaction
routes that remove protons from the main stream.

The resulting contribution of the exponential, for each
infinitesimal thickness inside samples, however turns out to
be basically constant and quite close to unity, mainly because
of the order of magnitude of the cross section involved (i.e.,
10-100 mb). Expression (9) may therefore be simplified to a
very good approximation in the next one. The overall nuclide
production dY;, normalized for incident proton, is obtained
by integrating (9) over the whole target thickness T, and
dividing by n,, as follows:

Y. Ty t
LI J o <E0 - J d—de> dt. (10
dx

np 0 0

Equation (10) was used for later calculations of the in-
target production of any Mo, Nb, Zr and Tc nuclides. The
theoretical excitation functions for the reaction routes of
interest, involving up to 6 emitted particles (i.e., protons
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FIGURE 7: The distributions of the nuclide yields, normalized per incident proton, versus penetration depth, calculated inside 99.05% Mo-
enriched samples: (a) 70 MeV and 40 MeV are considered for Mo production; (b) the same plot for 15, 20, and 25 MeV beam, in case of
direct *™Tc production. The eye-guide vertical lines show the recommended sample thicknesses to get an optimized production.

and/or neutrons), have been taken into account as provided
by the TENDL 2012 library and available as output by
TALYS code. The excitation functions for both isomeric and
ground states may therefore be calculated taking into account
a complete set of nuclear models developed (i.e., optical
model, direct reactions, compound reactions, etc.). Further
information may be found in [24].

4. Results and Discussion

*Mo and *"Tc yields versus sample thicknesses calculated,
normalized per incident proton, are plotted in Figure 7
for the energies concerned. As can be noticed, values are
within one order of tenth, up to the point where the yield
drop off starts down to the corresponding energy threshold
for the reaction (i.e., energy exit without the useless heat
power deposition corresponding to the Bragg peak). Figure 7
also shows the recommended thicknesses for an optimized
production, saving the target material.

In Table 2, the isotope productions expected by both thick
and optimized target thicknesses, normalized per incident
proton, are reported for the selected proton energies. As can
be seen, the accelerator production of *’Mo is interesting
at energies larger than 40 MeV, in order to operate in the
most useful energy range for the the excitation function (see
Figure 2).

As for the direct " Tc production, the quality parame-
ters (i.e., the *"Tc /@™ Tc and the *"Tc/Y **Tc nuclei

99m

ratios) have been calculated and listed. Such parameters,
which directly relate the #"T¢ production quality expected
to the proton beam energy selected, have to be as high as
possible. Almost all of the Tc nuclides directly yielded at
15 MeV, caused by **"Tc and *9Tc mainly, with a contribu-
tion of about 10% from the short-lived '°"Tc, are shown in
Table 2, in case of the optimized target configuration. At 20
and 25 MeV, significant contributions are instead from other
Tc contaminants (i.e., mainly from **Tc, @9 Tc o9,

and at lesser extent by @™ 9Tc ©™9Tc) produced by
the reaction routes due to the other Mo target isotopes,

which basically cause a decrease of the *"Tc /¥ **Tc ratio.

The contribution from Tc nuclides other than ©”™9Tc

compared with *"Tc, indeed increases to about 17% and
37%, respectively.

On the basis of these considerations, it may be inferred
that the best irradiation energy which should be considered
for the accelerator **"Tc production is 15 MeV. However, the
"¢ production rate is about 2.0 times lower at this energy
than expected at 20 MeV. A weighted balance, between the
%" Te yield ratio and production yield expected, is therefore
needed at such an energy range. The production at 25 MeV
should instead be avoided because of the low **"Tc /Y **Tc
ratio (basically the half with respect to 15MeV) which is
available just from direct reactions only. It has anyway to
be kept in mind that once produced, the compositions of
different Tc nuclides are continuously modified by the decay

>
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TaBLE 2: The integral production yields (normalized per incident proton) estimated on '®Mo-enriched sample thicknesses both for *’Mo
and *"™Tc productions. Additional production quality parameters for *™Tc are listed as well.

Proton Target for Target for SIMLe/PmHITe P Te/all Te

energy 99M(g) (mm) 99"‘1% (mm) Mo/p (adu) PmTe/p (adu) yielc/i ratio yield /ratio

20 MeV Optimized 5.93 / 5.52-107° / / /
Thick 6.74 / 567107 / / /

40 MeV Optimized 1.82 / 1.66-107° / / /
Thick 2.47 / 1.72-107° / / /

25 MeV Optimized 0.66 0.94 2.75-107* 6.70-107* 0.187 0.117
Thick 1.00 1.04 2.78-107 7.03-107* 0.191 0.115

20 MeV Optimized 0.46 0.57 583107 5.65-107* 0.198 0.170
Thick 0.63 0.65 5.83-107° 597-107* 0.203 0.161

15 MeV Optimized 0.14 0.26 1.95-10°° 2.84-107 0.235 0.211
Thick 0.33 0.35 1.99-107 3.23-107* 0.244 0.185

TaBLE 3: The *Mo production yields expected at EOB for different irradiation conditions, based on 99.05% '*’Mo-enriched metallic
molybdenum (thick and optimized target configurations), 500 4A proton current, and 500 W/cm?® mean areal power density on target.

%Mo production Ep =70 MeV Ep =40 MeV

Beam power on target (kW) 35 20

Target configuration Thick Optimized Thick Optimized

Beam power deposited in target (kW) 311 24.1 16.1 10.1
Irradiation time: 12h

Integral yield (mCi/pA) 119.5 116.5 34.7 34,5

In-target activity (Ci) 59.7 58.3 174 17.3

Specific activity (mCi/g) 119.8 136.5 159.5 205.2
Irradiation time: 24 h

Integral yield (mCi/pA) 224.8 219.2 65.4 65.1

In-target activity (Ci) 112.4 109.6 32.7 32.6

Specific activity (mCi/g) 225.4 256.9 300.0 386.0

Saturation: =21d

Integral yield (mCi/pA) 1003.3 978.3 291.9 290.5

In-target activity (Ci) 5016 489.2 145.9 145.3

Specific activity (mCi/g) 1011.4 1152.3 1345.4 1731.1

chain contributions during the irradiation time, up to the
EOB and for times longer, as discussed later in a more detailed
way. In other words, the yield ratio numbers listed in Table 2
are the upper values for the isotopic purity (IP) parameter that
may be achieved in the theoretical approach concerned.

Table 3 reports the Mo in-target yields estimated at EOB
for different irradiation conditions, taking into account the
contribution from the decay of parent nuclides “”™*9Nb.
The proton beam spot size and energy, resulting from the
mean areal power density, uniquely defines the size and mass
of the requested samples (thick or optimized), thus allowing
to estimate the specific activity as well.

Table 4 reports the *”"Tc production yields estimated at
EOB at15and 20 MeV for the optimized sample configuration
at the irradiation times as long as ¢, (1h, 2h, 3h, and 6 h).
The **"Tc specific activity (in isotopic carrier condition) is
estimated as well. Moreover, all technetium radionuclides,
as well as *”™Tc activity, versus activities of all radioactive

species, are calculated. The specific activity, the radionuclidic
purity (i.e., RNP(¢) = A(f) 99mTC/Z A(t)xxTC), and the iso-

topic purity (ie., IP(t) = N(t) 99mTC/Z N(t)xxTc) expected

at EOB are also listed, taking into account the contributions
from all the radioactive chains available.

As may be observed, almost all of the in-target radioac-
tivity produced at EOB is due to Tc radioisotopes (i.e.,
about 98% at 15 MeV and 95% at 20 MeV;, resp.). The **"Tc
radionuclidic purity (RNP) is however relatively low (around
20-30%), even considering the best irradiation combination
(e.g., 15 MeV proton beam and the short irradiation times in
order to get the highest IP). The reason for that is basically
the contribution of the quite short-lived '°Tc, the presence
of which may not be avoided. At both energies considered,
the '%"Tc activity contribution ranges from 5 times larger to
values almost equal to that provided by **"™Tc, at increasing
irradiation times.
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TaBLE 4: The *"™Tc production yields estimated at EOB for different irradiation times at 15 and 20 MeV proton beams on 99.05% '*Mo-
enriched metallic molybdenum and optimized target configuration. 500 yA proton current and 500 W/cm* mean areal power density are
considered on target. A series of production quality parameters are calculated and listed (see body text).

M Te production Ep =15MeV

Beam power on target (kW) 7.5

Beam power deposited inside Mo sample (kW) 1.41

Irradiation time 1h 2h 3h 6h

Integral yield (mCi/pA) 5.32 10.05 14.28 24.38

In-target activity (Ci) 2.66 5.03 7.14 12.2

Specific activity (Ci/g) 1.16 - 10° 1.10 - 10° 1.04 - 10° 8.86-10°

Tc/Total activity 0.9877 0.9853 0.9848 0.9861
" Te/Total activity 0.1809 0.2929 0.3693 0.4984
T/ I Te 0.2224 0.2103 01990 0.1699

Isotopic purity (IP) 0.2200 0.2081 0.1970 0.1682

Radionuclidic purity (RNP) 0.1831 0.2973 0.3750 0.5055

9mTe production Ep =20MeV

Beam power on target (kW) 10.0

Beam power deposited inside Mo sample (kW) 3.95

Irradiation time 1h 2h 3h 6h

Integral yield (mCi/pA) 10.35 19.58 2781 4756

In-target activity (Ci) 517 9.79 13.90 23.78
Specific Activity (Ci/g) 8.96 - 10° 8.47-10° 8.01-10° 6.84-10°

Tc/Total activity 0.9573 0.9488 0.9468 0.9491

#"Te/Total activity 0.2006 0.3162 0.3926 0.5190

P/ I Te 0.1862 0.1760 0.1665 0.1420
Isotopic purity (IP) 0.1698 0.1606 0.1520 0.1297
Radionuclidic purity (RNP) 0.2095 0.3333 0.4147 0.5468

As a reference, in Table 5, the calculated integral yields
(mCi/pA) at 3 and 6 hours irradiation, from all of the Tc
radioactive products expected at EOB inside the thin target
configuration, are listed at the three bombarding energies of
15, 20, and 25 MeV.

Based on all the calculations performed, the resulting
%Mo activity expected after 24 h irradiation inside sample at
EOB is 109.6 Ci, considering an optimized target configura-
tion under 70 MeV beam, while the specific activity is being
256.9 mCi/g. When 40 MeV protons are instead taken into
account, 32.6 Ci activity is estimated at EOB, with a specific
activity increase to 386.0 mCi/g.

Although these in-target *’Mo activity levels seem to be
enough to cover a regional demand, it should be however
noted that the resulting specific activities are a factor of
10* lower than the one present inside the current Mo/Tc
generators, achieving levels of about 10* Ci/g. If the current
industrial method for Mo/Tc generator manufacturing has to
be maintained, the accelerator °’Mo production is therefore
not a favourable option of practical interest, considering the
high cost of the target material, the very large alumina column
needed, and the resulting large elution volumes, as discussed
by Morley et al. [29].

When the **"Tc direct production is instead taken
into account in the range 15-25MeV, the estimation of the
resulting specific activity (see Table 4) is similar to the one

provided by the current Mo/Tc generators, which turns out
to be about 1.5 -10° Ci/g at any standard 24 h elution. Table 5
shows that the major contribution to the Tc-produced activity
at EOB is from the short-lived '°Tc and the production
energy range of which is only partly included in the optimized
target configuration. Although the exit proton energy, at the
indicated target thicknesses reported in Table 2, turns out
to be around 9.6 MeV, its production may not be avoided.
Because of the quite short mean life, "“Tc does not play
a disturbing role in the final Tc contaminants. Just a few
minutes after EOB, the '“Tc activity indeed drops off,
transmuting in the stable '%Ru which may be later separated
in the chemical process of the target dissolution. The con-
tributions from other main Tc contaminants to the overall
Tc activity which, instead, remain in the final Tc solution
are, in order of decreasing activity (reference case at 20 MeV
protons and 3hrs irradiation), *"Tc, *¥Tc, **Tc, **"Tc,
939Tc, P8Tc, **Tcand **9Tc. On the other hand, the activity
contribution from the long-lived **9Tc, **Tc, and *9Tc,
which are produced in larger amounts because of the highest
values of the excitation functions, is minimal and therefore
irrelevant for dosimetry considerations. Nevertheless, their
impact on the *™Tc isotopic purity level is not negligible
and may affect the radiochemical quality of the accelerator-
Tc labelled pharmaceuticals.
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TABLE 5: The calculated integral yields (mCi/uA) at EOB after 3 and 6 hours irradiations for the expected Tc radioactive species inside the
target. 99.05% '’ Mo-enriched metallic molybdenum in the optimized target configuration irradiated at 15, 20, and 25 MeV is considered. The

whole list of all Mo, Nb, and Zr radioactive yields is not reported here for the sake of brevity.

3 hirradiation

6 h irradiation

Product ti)
15 MeV 20 MeV 25 MeV 15 MeV 20 MeV 25 MeV

100 15.46's 2.357E + 01 3.871E + 01 5.427E + 01 2.357E + 01 3.871E + 01 5.427E + 01
9m e 6.01h 1.428E + 01 2.781E + 01 3.321E + 01 2.438E + 01 4.756E + 01 5.707E + 01
99 Tc 2.1-10°y 1.867E — 07 4.525E — 07 5.804E — 07 3.871E — 07 9.339E — 07 1.204E — 06
BTe 42-10%y 3.696E — 11 2.383E - 09 1.737E — 08 7.392E — 11 4.766E — 09 3.475E — 08
7mTe 91d 2.122E - 04 4.792E — 04 6.994E — 04 4.241E - 04 9.580F — 04 1.398E — 03
79T 42-10% 4.037E - 11 1.197E - 10 2.156E — 10 8.075E — 11 2.394E - 10 4312E - 10
%m e 51.5m 8.741E — 02 1.567E — 01 4.117E - 01 9.516E — 02 1.706E - 01 4.483E - 01
%9 Tc 4.28d 3.230E - 03 6.209E — 03 2.294E — 02 7.040F — 03 1.345E — 02 4.846E — 02
SmTe 61d 7.551E — 05 1.849E — 04 2.806E — 04 1.509E — 04 3.696E — 04 5.607E — 04
%9Tc 20h 1.722E - 02 4.414E - 02 7.529E — 02 3.275E — 02 8.393E — 02 1.431E - 01
o4m e 52 min 2.744E — 02 6.489E — 02 9.470E — 02 2.993E — 02 7.078E — 02 1.033E - 01
9T 293 min 3.409E — 02 1.094E — 01 1.951E - 01 5.637E — 02 1.809E — 01 3.225E — 01
mTe 43.5 min 6.191E — 04 1.525E — 02 3.005E — 02 6.543E — 04 1.612E — 02 3.176E — 02
39T 2.75h 2.318E - 03 4.935E — 02 1.218E - 01 3.476E — 03 7.426E — 02 1.824E - 01
2Tc 4.25 min 5.181E — 02 1.017E - 01 1.152E - 01 5.181E — 02 1.017E - 01 1.152E - 01
lme 3.3 min 0.000E + 00 0.000E + 00 2.595E — 03 0.000E + 00 0.000E + 00 2.595E — 03
9T 3.14 min 0.000E + 00 9.369E — 06 1.190E — 02 0.000E + 00 9.369E — 06 1.190E - 02

As recalled, a key parameter to be carefully assessed
considering the *”™Tc accelerator production is the ground
state *9Tc, which is useless for the diagnostic procedures. In
the report by the european commission [30], a limiting purity
of the end product, approximately composed by 25% **"Tc

and 75% *9Tc (ie., *"Tc /™9 Tc ratio equal to 0.25),
is reported to interfere with the function of some labelled
radiopharmaceuticals, thus reducing the effectiveness of Tc-
based scans. Unfortunately, it is not clear in [30] how such
an IP level should affect the diagnostic procedures, as neither
the radiolabelling processes nor the resulting SPECT images
quality are mentioned.

In order to get a reference, when technetium ( AR O
under pertechnetate form (TcO,), is eluted as a sterile
solution from a standard Mo/Tc generator after intervals
of 24h, the maximum **"Tc activity is reached and the
corresponding isotopic purity IP turns out to be about 0.26,
as may be inferred by the considerations reported by Alfassi
et al. [31]. On the other hand, on the basis of our theoretical
approach it can be noted that such a ratio is never higher
than 0.22 (see Table 4). It has to be reminded that the **"Tc
excitation function from the TENDL 2012 library shows the
peak located at the bottom of the uncertainty band from the
experimental measurements, as shown in Figure 4. Therefore,
it has to be reasonably expected that an IP value similar to Tc
generators might be obtained at both short irradiation times
and low bombarding energies (i.e., 1-2 hr, 15 MeV).

Once produced, and eventually chemically separated
from other radioactive and stable isotopes of other chem-
ical species, the expected evolution of both the isotopic
purity (IP) and the radionuclidic purity (RNP) for the

accelerator-produced *"Tc, against the decay time after
EOB, is finally shown in the three plots of Figure 8. The
sharp increase of RNP, with respect to the ones enlisted
in Table 4 up to values higher than 95%, occurs in just a
few minutes, mainly because of the quick decay of '*Tc.
The decays of other short-lived Tc isotopes lead the RNP
increase to values as high as 99% in about 1 hour after EOB,
considering the reference case of 3h irradiation at 20 MeV
energy. RNP values above 99% for accelerator-produced Tc
are quite important, considering that the same parameter
from the generator-produced Tc is about 99.99%. Such a limit
is basically approached (i.e., 99.58%) if the irradiations at
proton energies as low as 15 MeV are performed, whatever the
irradiation time chosen. Moreover, the accelerator produced
"¢, having RNP values never higher than 99% and IP ones
always lower than 10% 1h after EOB, clearly points out that
irradiations at 25 MeV have to be avoided, even using highly
enriched molybdenum material.

Some experimental investigations have been performed
in recent times to assess the influence of the IP parameter
on radiolabelling procedures, using *”"Tc from standard
Mo/Tc eluates at times as long as after 3 days from the
previous elution. In a recent study performed by Urbano
et al. [14], the **9Tc and oxidizing impurities amounts
present in different eluates were accurately determined
and their influence in radiochemical purity determina-
tion of different radiopharmaceuticals, for example, " Tc-
DTPA (diethylenetriaminepenta-acetic acid), 99mTec-MIBI
(methoxyisobutylisonitrile), and PM T HMPAO (hexam-
ethylpropylene amine oxime), was carefully evaluated. It was
found that the radiolabelling procedures of these commercial
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FIGURE 8: The evolution of **"Tc isotopic purity (IP) and radionuclidic purity (RNP) expected inside the target (or supposing a quick chemical

separation process of accelerator Tc produced) versus the decay time after EOB. 99.05% '°Mo-enriched metallic molybdenum in optimized
sample configuration bombarded at 15, 20, and 25 MeV protons and 1, 3, and 6 h irradiation times has been considered.

kits were not affected when using eluates at 72h and at
longer times from the previous one (i.e., solutions with an IP
value as low as about 0.08). Moreover, the USP requirements
were fulfilled in all the cases considered, even with those
radiopharmaceuticals whose stannous contents were low (i.e.,
MIBI and HMAPO). Such a consideration suggests that, as
shown in Figure 8, the useful time-window (1-10h) after
EOB for labelling procedures may be fulfilled by accelerator-
produced Tc at energies below 20 MeV and irradiation times
within 3 h.

It has to be noted that some interesting imaging in
vivo tests have also been performed on healthy rats, to
get a comparison between the generator-produced against
the cyclotron-produced #MTe, as reported in a newsline

of JNM by Guérin et al. [15]. After short irradiations (1.5-
3h) at 17 MeV using 99.5% '®’Mo-enrichment, the resulting
labeling, the resulting labelling efficiencies of **"Tc-MDP
and *"Tc-MIBI were above the USP requirements (>90%),
and identical patterns were found for the cyclotron- and
the generator-produced **"Tc radiopharmaceuticals, within
normal individual variations between each pair of animals.
Moreover, in vivo biodistribution studies in rats were per-
formed, using the cyclotron-produced **"Tc-BRIDA phar-
maceutical, whose radiochemical purity after the technetium
labelling procedure was above 97%, finding agreement with
the expected time behaviour of the kit in different organs
(Targholizadeh et al. [16]). Therefore, it may be concluded
that the long-lived isotopes **9Tc and **Tc, certainly present
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in the radiopharmaceuticals, seem to induce a marginal effect
(ifany) on the results of the diagnostic procedures. Additional
and more accurate investigations are however needed in
order to have clearer indications.

It should at last be reminded that the chemical separation
process described by Chattopadhyay [32, 33] may be com-
pleted very quickly, just within 1 h from EOB, as confirmed by
Guérin etal. [15]. In case of a direct **"Tc accelerator produc-
tion, it must be assumed that a fully dedicated radiochemical
plant for separation and purification processes, up to the final
radionuclides in GMP chemical form ready for use, should be
available in the same regional area of the production site. In
such a way, the already established distribution network for
short-lived radionuclides may be exploited.

5. Conclusions

In this work, a comprehensive feasibility study, aimed at
the *’Mo / **"Tc alternative production through high-perfo-
rmance cyclotron-based proton accelerators up to 70 MeV,
has been presented. For such a purpose, a wide set of
TENDL 2012 theoretical excitation functions have been used,
available for the reaction routes on all Mo isotopes present
inside '"’Mo-enriched molybdenum metallic material, up to
(p,6n), (p,p5n), and (p,2p4n) levels. No simplified constraints,
about either the magnitude of cross section values for the
various isotope productions (both ground or isomeric states)
or assumptions about jumps on the different decay chains
(based on the short mean life of radionuclide concerned) have
been adopted, thus following the most general theoretical
approach.

The estimated theoretical yields obtained in this study are,
on the whole, consistent with the previous ones performed
by Celler et al. [17], based on a different theoretical approach.
An agreement with the experimental results reported in the
works by Scholten [4], Takacs et al. [5], and Gagnon et al.
[12], mainly about the *’Mo and **"Tc and **?Tc yields by
direct reactions on '®Mo, has been found. For all of the
theoretical excitation functions taken into account about the
Mo isotopes present inside the target material, a benchmark
study has been performed as well in the EXFOR database
[34], collecting all of the experimental nuclear reaction
data available. A general agreement (although with some
deviations) has been found, as may be seen in Figures 2, 3, and
5 for the case of '°’Mo isotope, thus confirming the general
reliability of the TENDL 2012 theoretical excitation functions.

This study proves that the expected in-target specific
activities for the *Mo production (mainly in the 40-70 MeV
energy range), even using the incoming high-performance
cyclotron at LNL, are about a factor of 10* lower than the
one currently available inside the standard Mo/Tc generators.
Although the in-target yields estimated for the irradiation
parameters investigated may be considered enough, such
a route is however not interested as a production way, if
maintaining the current standard Mo/Tc generators manu-
facturing because of the high cost of the target material.

On the contrary, the direct proton-driven **"Tc pro-
duction is feasible and quite interesting. Although the
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in-target yields are improved moving towards beam energies
higher than 20 MeV, the production of other Tc contaminants
starts increasing to levels that are not negligible. Some
impacts may therefore occur on the quality of accelerator-
Tc radiopharmaceuticals, as well as on dosimetric aspects.
The calculation results clearly show that the energy region of
15-20 MeV is the best operative solution for the accelerator
production of **"Tc. In such a, case the main quality-
related parameters, that is, the isotopic purity (IP) as well
as the resulting radionuclidic purity (RNP) evolution some
hours after EOB, are indeed closer to the generator-produced
9MTe if short irradiations (i.e., not longer than 3h) are
chosen. Moreover, results also show that the expected specific
activity at EOB is similar to the one available from the
current Mo/Tc generators, that is, around 10° Ci/g for 15—
20 MeV proton beam. A good balance between production
yields and isotopic/radionuclidic purities concern is therefore
likely to be found within such constraints. A series of short
irradiations are thus preferable instead of a unique per
day, in order to minimize the amount of Tc-contaminants.
Moreover, a key parameter is the production of the ground
state **9Tc that has a strong influence on the IP parameter.
Although recent studies have shown that labelling procedures
performed on some commercial kits were not affected using
eluates from the standard Mo/Tc generator at 72 h and longer
from the previous one, such a consideration suggests that a
time window, ranging from 2h and up to 10h after EOB,
may be exploited for medical procedures with the accelerator-
%" Tc pharmaceuticals. Further studies and experimental
campaigns are however requested to validate the '%Mo(p,2n)

#97T¢ excitation function in the entire energy range and to
find out the acceptable IP and RNP limits preferably through
imaging in vivo tests. These basic aspects will be the subject
of future experimental investigations as well as the evaluation
of the amount of other technetium isotopes produced (e.g.,
95969798 ) from the irradiation of available enriched '*°Mo
targets.
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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,Si, 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 UAI, 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, 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 ~1gU/cm’

for highly enriched uranium (HEU) to approximately
2.6 gU/cm’ 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 4000 Ci
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



developed for research reactor core conversions. Dissolution
experiments of U;Si, in alkaline media by H,0, [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 of H, O, 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
UAIL -Al targets from HEU. Originally the up-to-date process
was developed and operated at KFK as an integral part
of a closed cycle. Figurel shows the scheme of the UAI,
production cycle.

The part of that process related to the Mo-99 separation
and the off-gas handling technology is actually operated at
the Mallinckrodt Medical Facility at Petten, The Netherlands.
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 worldwide with an average annual
release of 7.3 x 10"'Bq 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,) process had to fit to the proven process
concept. At KFK, the investigation program was successfully
completed and the process modifications 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 of major parts of the original HEU process
for the production of fission Mo-99 from irradiated
UALl, targets. The selection of U,Si, as the fuel com-
pound for the LEU targets had the same background
as had the choice of UAL, as the fuel compound for
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the HEU fuel. Both selected target types presented
just the adaptation of the type of research reactor
tuel throughout applied for the related U-enrichment,
resulting in UAI -based targets for HEU and U,Si,
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, Si, fuel of 4.8 gU/cm’ 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) Cladding material and dimensions of the U, Si,-based
LEU targets are very similar to the processed UAI, -
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/cm’. Such fuels were pro-
duced from the same named compound and were 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,
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permanently generated during such operation by radiation
degradation of HNO;.

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
the molybdenum 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; 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 oft-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 alkaline media
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 AGl
and Chelex-100. To prevent hydrogen formation during the
alkaline digestion step of the aluminum alloy of the target
cladding and the UAI, meat, in some processes, nitrate is
added. The alternative hydrogen oxidation to water 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 UAI, process. In case of the silicide
dissolution, the fluoride content in the alkaline solution is—
with solid mixture of Ca(OH), and CaCO; added to the
cement—forming insoluble CaF,.

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 “AIMgl”) together with
Al-matrix of the meat, the fueled part of the target, in
6 M 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
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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, 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,O,. 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
AG]. 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
AGI column after completion of the above described iodine
separation step on silver oxide. The eluate of AGI 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 AGI operation is split into two AGI columns
connected and acting behind each other. The first AGI 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 AGI 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,0,. The silicide
particles of the meat remaining on the sinter metal filter are
dissolved in ~6 M HF under catalyzed oxidation conditions
[23]. The oxidation agent is hydrogen peroxide. Suitable
catalytic agents are KI, KBr, and KClI or higher oxidation
states of halogen compounds such as hypochlorite, hypo-
bromite, or KIO;. The dissolution is carried out at ~20°C.
The oxidation agent is needed to oxidize the primary formed

insoluble layer of UF, to soluble UO,F,. The oxidation with
H,0, in absence of the catalyzing agent is inefficient because
a major amount of the H,0, 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,O, 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,0O, and related catalysing com-
pounds used for the oxidation of U" to U"! and its solution
in hydrofluoric acid:

U* +2H,0 s UO,*" + 4H" + 2¢ + 0.338V
H,0, + 2H" + 2e < 2H,0 + 1.77V
Cl" +H,0 < HCIO+H" +2e+ 150V (1)
Br +H,0 < HBrO + H' +2e + 133V
I'+H,0 s HIO+H" +2e+0.99V

The oxidized halogen compounds oxidize efficiently UF4 to
soluble UO,F, following the chemical formula:

UF, + HIO — UO,F, + HI + 2HF )

The complete dissolution formula for the silicide alloy is

U,Si, + 18HF + 6H,0, — 3UO,F, + 2H,SiF, + 6H,
(3)

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



enriched U;Si,, 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 ~8 M
KOH solution. The KOH excess is adjusted to a final total
molarity of ~3 M KOH. 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/Agl_ precipitate
is fed through the same AGI1 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 AGI Column. The loaded AGI 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;. 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 AGI
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; /HNO;.

2.5. Mo-Loading on Hydrated MnO, and Dissolution of the
Loaded Matrix. The eluate of the AG1 column is acidified by
HNO; to a final acidity of ~1 molar. The adjusted Mo-solution
is fed through a column of hydrated MnO,. Molybdenum is
retained as cationic molybdenyl compound on the inorganic
exchanger. The Mo-loaded stationary phase is washed with
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a solution containing ~0.01M K,SO,. The amount of the
washing solution is adjusted such that the passing through
solution is free of nitrate. The addition of K,SO, is needed to
stabilize the lattice of the MnO, matrix by the larger potassi-
um cation.

The introduction of the MnO, column offers additional
benefits on top off all the concentration of molybdenum and
compact feed for the following purification step. The purified
productis released from the column, free of losses by a unique
operation [24]. Thereto the loaded matrix 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 ~2M H,SO, 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 x 10*. 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 x 10*, 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 ~10*.

2.7. Final Chromatographic Purification on AGI Column. The
following operation is introduced as a preparatory step for
the sublimation of MoV 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 the major 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, loaded with molybdenum, 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 AGI 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 2-4 M HNOj; 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. The gas stream is directly fed through washing
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 ~15 min
the condensed Mo-oxide is dissolved in ammonia solution.

The Mo-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,. 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 uranium by keeping the bulk of
the activity carriers and particularly plutonium in the residue.



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
[UOZ(CO3)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; % 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 the HCO,~/CO; 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 efhi-
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. The determined
retention efliciencies 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
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TABLE 1: Dynamic retention behavior of fission product traces on
inorganic exchanger columns: loading solution: 10 mL, washing
solution: 15 mL, total HCO,™/CO, *content: 1 M, column diameter:
9.7 mm, bed volume: 5.5mL, adsorber weight: 5g, loading speed:
30 cv/h.

Fiss. Prod. Ce Cs Ru Sb Sr Zr
ALO, 100 60 94 38 100 0
MnO, 100 7 82 100 100 100
SnO, 95 0 6 0 100 63
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FIGURE 6: Dissolution of ammonium diuranate at varying CO, >
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, as the stationary phase, Ce-141 being added as an
indicator. The figure shows the high efficiency of hydrated
MnO, 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, 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. The most probable explana-
tion for this behavior is the decrease in concentration of free
HCO, /CO; ™2 ions caused by the complex formation with
uranium. Higher HCO, /CO; > 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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MnO,, 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, /CO; >

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; in an organic phase containing
30vol% TBP in kerosine. The liquid/liquid extraction system
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FIGURE 9: U-elution with 4 M HNO;.

100

80

(=)}
(=}

Breakthrough (%)
5

383
(=}

M ! ! ! !
2 3 4 5 6 7 8 9 10

/4
0 !

0 1
|
Loading F

flowrate

Elution
(0.02m HNO;)

Washing
(3m HNG,)

——

Column volume [I]

—

Breakthrough after washing:
Ce-144:99.4%
Cs-137:99.9%

Nb-95: 99.0%
7r-95:99.4%

o

A Ru-106: 99.4%
o Sb-125:100.0%
e Uran: 3.8%

> «

F1GURE 10: Decontamination of uranium from fission product spe-
cies on TBP loaded SM-7 column.

is the best solution for middle 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 0f 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 of UO,(NOs;), 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; 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 1kg of the resin. The elution is carried out
by 4 M HNO; from the bottom to the top of the column
to prevent overpressure formation by the released CO,. The
eluent acid concentration also presents the optimal loading
HNO; 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 4 M HNO; from the Bio-
Rex5. The elution with 4 M HNO; considers acid losses by
adsorption during elution of the exchanger, resulting in an
approximate HNO; 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. After washing the
stationary phase with 3 M HNOj;, uranium is eluted by 0.02 M
HNO,. Figure 10 shows typical solid-bed extraction curves
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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;Os.

2.12. Preparation of the Uranium Silicide Alloy. The uranium
oxide is transferred to a nickel crucible and converted to UF,
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,-powder is transferred
to KUF; by melting the tetrafluoride with the stoichiometric
amount of potassium fluoride in the same oven at 850°C. The
conversion to KUF; 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 cooling with ethyl-alcohol containing few percent
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;Si,. 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;Si, 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, AIMgl. 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. The manufacturing 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/cm”.
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, and U,Si, 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. The produced LEU targets comprised varying
densities up to 5.0 gU/cm’. The U-densities of all irradiated
targets were 3gU/cm’. 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;Si,-based targets showed,
except the dissolution and the related off-gas handling oper-
ations, no difference to the processing of the UAI -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/cm’. 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/cm’
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
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designed for the long-term large scale operation. Relevant
features are as follows.

(i) Complete separation of the nuclear fuel from the Mo-
stream, already at the beginning of the separation
process, combined with 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
that UAL,_ 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, 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,. Figure 17 shows the operations needed for
both fuel target types and demonstrates the related
processing schemes for UAl, and U,Si,. In case of
the UAL, 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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This paper considers a composite cylindrical structure, with low-enriched uranium (LEU) foil enclosed between two aluminum
6061-T6 cylinders. A recess is cut all around the outer circumference of the inner tube to accommodate the LEU foil of open-cross
section. To obtain perfect contact at the interfaces of the foil and the tubes, an internal pressure is applied to the inner tube, thereby
plastically and elastically deforming it. The residual stresses resulting from the assembly process are used along with a thermal
stress model to predict the stress margins in the cladding during irradiation. The whole process was simulated as a steady-state
two-dimensional problem using the commercial finite element code Abaqus FEA. The irradiation behavior of the annular target
has been presented, and the effect of the assembly residual stresses has been discussed.

1. Introduction

The majority of the molybdenum-99 (Mo-99) produced
internationally is extracted from high-enriched uranium
(HEU) dispersion targets that have been irradiated. Mo-99
is the parent isotope of the radioactive tracer, technetium-
99m, which is used in medical imaging procedures. The
high concentration U-235 in HEU-based targets makes
them potential items of interest for rogue individuals. To
alleviate the potential of proliferation issues, low-enriched
uranium (LEU) targets are being mandated. Unfortunately
the conversion of HEU- to LEU- based dispersion targets
is accompanied by a reduction in Mo-99 production given
today’s dispersion target technology. An increase in the
density of uranium is needed in LEU-based targets in order
to recover the loss in Mo-99 production per target [1]. One
strategy to increase the uranium density is to use an LEU
metal foil placed within the 6061-T6 aluminum cladding [2].
A second advantage of the LEU foil-based target is that it
allows for the potential of the LEU foil to be removed after

irradiation so that it can be dissolved by itself, reducing the
liquid waste that would be generated by dissolving the entire
target, including the 6061-T6 aluminum cladding. In this
paper the aluminum 6061-T6 cladding will be simply referred
to as “aluminum cladding”

The function of the target is to contain the fission
products and to effectively dissipate the generated fission heat
to the reactor coolant. For dispersion target designs there is
generally little concern about heat getting dissipated to the
coolant as the target structure offers little resistance to heat
transfer. However, for the disassemble-able LEU foil target;
there is a potential of the cladding to separate from the LEU
foil and significantly increase the thermal resistance between
the LEU and cladding. The increase in thermal resistance
could lead to a rise in LEU temperature that might exceed
the limits set forth by the reactor. An analysis needs to be
conducted on this target structure to ensure safe usage both
during assembly and irradiation.

The target is assembled by wrapping a thin nickel foil
(~15um) around the LEU foil and placing it on the outer



circumference of the inner aluminum tube. The width of the
foil is such that it does not wrap all the way around the inner
tube, leaving a gap, as illustrated in Figure 1. The gap provides
a cutting street for postirradiation disassembly of the target.
An aluminum outer tube is slid over the inner tube and the
Ni-wrapped LEU foil. The nickel acts as a recoil barrier to
prevent the LEU foil from bonding with the cladding, while
aluminum is used as the cladding material due to its small
neutron absorption cross-section [3].

An internal pressure is applied to the inner surface of the
inner tube to close the gap between the foil and the outer
tube. The internal pressure can be applied by either a draw
plug or by using a pressurized hydraulic fluid [4]. The internal
pressure applied to the inner cylinder causes it to expand
and plastically deforms it. The magnitude of the required
internal pressure is calculated by applying the condition that
at the end of the process the LEU foil and the outer tube
share a common interface. This assembly process creates a
sandwiched structure where the interfaces between all the
target components are in contact with one another.

By design, the assembly process leaves residual stresses
in the aluminum cladding. Previous thermal-mechanical
analysis on annular targets with zero residual stresses has
shown that there is a tendency for a gap to open up between
the foil and the outer tube [2]. Hence, it is important to model
the irradiation process by including the assembly residual
stresses and to design the assembly process such that the
residual stresses help prevent any gaps from forming. It has
been shown that based on the direction of heat flow in a
sandwich cylinder, contact can be established or withdrawn
[5]. Though these annular targets have been safely irradiated
in the past [6], the magnitude of the resulting thermal stresses
is unknown. This paper will seek to establish, by means
of numerical analysis, the thermal stress margins in these
annular targets by including the residual stresses from the
assembly process.

2. Numerical Model

A numerical model of the annular target assembly was created
using the commercial finite element code Abaqus FEA [7].
A three-step analysis was created to model the assembly of
the tubes, the residual stresses, and the irradiation process. In
the first step, the hydroforming assembly process is simulated
by the application of a calculated internal fluid pressure.
The second step is a zero pressure step, where the applied
internal pressure is removed and the target is allowed to
relax. Any remaining stresses in the target are the residual
stresses that will help to keep gaps from forming between the
LEU and cladding. The final step simulated is the irradiation
heat generating process. This step is simulated by applying a
volumetric heat generation rate to the LEU foil.

The finite element mesh used in the analysis, consisting
0f 16000 elements and 51221 nodes with 10 elements through
the thickness of each assembly component, is illustrated in
Figure 2. Thus, the final assembly consisted of 30 elements
through all the components. It is important to note that
the assembly and the residual stress part were modeled as a
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Outer tube —

Foil ——
<—— Inner tube

FIGURE I: Exploded view of the target assembly.

Inner tube Foil Outer tube

FIGURE 2: Finite element mesh used in the three-step analysis.

fully coupled thermal stress problem instead of a static stress
analysis. This makes it easier to add a third step to run the
irradiation analysis. If a static stress analysis type is used for
the first two steps, an Abaqus script file is required to input
the residual stress data into the irradiation model which uses
a fully coupled thermal stress step. Fully coupled quadratic
reduced integration elements of type CPESRT were used in
the analysis.

2.1. Assembly and Residual Stress Model. The development
of the assembly model follows directly from the Argonne
National Lab (ANL) target design [6]. Since the mechanical
model was constructed in two dimensions, the relevant cross-
sectional area of the target occurs at the midpoint of the
target’s length, such that the inner tube, outer tube, and
uranium foil are all present in the model, as illustrated in
Figure 3.

As the model is based on the ANL target, all the tube
dimensions are precisely those described by the technical
drawing of that target. Again, because the cross-section
occurs at a length along the target that includes the uranium
foil, the dimensions of the inner tube correspond to the ANL
foil relief specifications. In addition, it should be noted that
the foil is assumed to be in perfect initial contact with the
inner tube. While this is not necessarily the case with physical
specimens, it is an essential simplification to the model. The
assembled stress state of a target is important as it can either
aid or hinder the disassembly process. In order to achieve a
stress state that encourages the target to open after being cut
longitudinally, the inner tube must be plastically deformed
and the outer tube must be only elastically deformed. To
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Outer tube

Inner tube

45°
Foil relief

Notes:

(1) Foil thickness: 125 um

(2) Inner tube ID: 26.210 mm

(3) Inner tube OD: 27.714 mm

(4) Outer tube ID: 28.220 mm

(5) Outer tube OD: 30.000 mm

FIGURE 3: Drawing of the geometry used for the assembly model in
the first analysis step.

simulate plastic deformation, a plastic material model must
be defined within Abaqus. This data must be given in the
form of true stress and plastic strain. In some cases, it may
be necessary to convert engineering stress and strain to true
stress and plastic strain. However, as the tube material being
investigated at the University of Missouri-Columbia is Al
6061-T6, the true stress and plastic strain data for aluminum
6061-T6 was obtained from [8], while the flow curve equation
based on [9] was used to construct the true stress versus
plastic strain curve for uranium as illustrated in Figure 4.

The plasticity data supplied by [9] is in the form of
strength coefficients and hardening exponents, K and #n. For
unalloyed uranium, the alloy used in this study, K and #, is
1.14 GPa and 0.23, respectively. These values are used in the
plastic flow equation given by the following:

o =K¢", 1

where o is true stress and ¢ is plastic strain. It should be noted
that according to [9] the values of the strength coefficient and
strain hardening exponent are only valid for plastic strains
between 0.001 and 0.01. The elastic material definitions are
much simpler to create, requiring only the elastic modulus
and Poisson’s ratio. For the aluminum tubes, the values used
were 68.9 GPa and 0.33, respectively. The elastic modulus
for uranium used was 208 GPa, and Poisson’s ratio was 0.23
(typical for unalloyed metals).

The desired internal pressure for hydroforming was
determined through a combined analytical and experimental

approach. According to analytical plastic theory, the critical
pressure which will cause yielding is given by the following as

_ g, b la* -1
P‘?(bz—/rz)’ @)

where P is the critical pressure, o, is the yield stress, b is
the outer diameter of a cylinder, and r is the location of
interest through the cylinder wall. Assuming r to be the inner
diameter (r = a) reduces (2) to

g, a’
P:?<l—ﬁ). (3)

Using the dimensions of the inner tube previously
described and a typical yield stress for A1 6061-T6 of 255 MPa,
the calculated critical pressure using (3) is 13.75 MPa. This
is the pressure that will initiate yielding in the inner tube.
The corresponding displacement for the critical pressure is
determined. A parametric study is performed to determine
the pressure that will nearly close the gap between the foil
and the outer tube and is found to be 16.3 MPa. However,
this 16.3 MPa does not induce enough plastic deformation
to keep the gap closed after unloading. After analytically
determining the proper order for internal pressure, several
tests were conducted to precisely determine the internal
pressure required to close the gap. This was accomplished
using a hydroforming test bench developed at the University
of Missouri. Hydroforming provides an advantageous testing
method because only the internal pressure is required to
assemble the target.

Through the experiments run with the hydroforming
test bench (Figure 5), the maximum allowable pressure (i.e.,
the maximum pressure that does not rupture the target)
was determined to be 36.4 MPa. Thus, the internal pressure
applied to the Abaqus model in the assembly step was
36.4 MPa as illustrated in Figure 6. It should be noted that
above this pressure, the targets ruptured, with both the
inner and outer tubes splitting along the longitudinal relief
where the inner and outer tubes were in direct contact,
without uranium in between. The application of the internal
pressure only constitutes the first step of the multistep model.
Simulation of the assembly requires the addition of a step
in which the internal pressure is returned to zero. There
are two purposes for the pressure relaxation step. First, this
simulates the actual target assembly process: an internal
pressure is applied to assemble the tube and foil and then
removed in order to remove the target from the hydroforming
rig. Because, at the applied pressures, the outer tube is not
plastically deformed, there is some elastic recovery upon
removal of the internal pressure. The remaining stresses in
the target are known as residual stresses, leading to the second
purpose for simulating the pressure relaxation. The residual
stresses are of interest in the assembly process as the residual
state can either aid or hinder the disassembly process. If
tensile stresses remain in the outer tube, it will “spring”
open when cut along the longitudinal relief for retrieval of
the uranium foil. However, compressive residual stresses will
cause the outer tube to collapse, increasing the time and
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FIGURE 4: True stress and plastic strain data for aluminum 6061-T6 and uranium.
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FIGURE 5: (a) Hydroforming test rig with annular target in place. (b) Assembled hydroforming test rig.

effort required to remove the irradiated foil from the target.
Thus, the simulation of pressure relaxation serves to verify a
favorable residual stress state, improving production.

2.2. Irradiation Model. To model the irradiation behavior
which takes into account the residual stresses from the
assembly process, a fully coupled thermal stress step was
added after the residual stress step. The loading conditions
and the contact definitions from the first two steps were
suppressed. A heat generation rate of 1.6 x 10'* W/m® was
applied to the foil, which corresponds to a heat flux of
100 W/cm? incident on the outer surface of the inner tube and
the inner surface of the outer tube. Water coolant flow at 323 K
through the inner and along the outer tubes was simulated
by defining a surface heat transfer coefficient and a sink
temperature. The heat transfer coefficient of 19000 W/m?* K
corresponds to a flow velocity of 0.83 m/s through the inner
tube and 1.86m/s along the outer tube. The loading and
boundary conditions for the irradiation model are illustrated
in Figure 7.

New contact definitions had to be made for the irradiation
model due to the different contact interaction property for the
normal behavior. For the irradiation model it is assumed that
the tubes may have a tendency to separate after they come
in contact, whereas for the hydroforming part, the normal
behavior does not allow any separation once the tubes are in
contact. This is the main difference in the mechanical contact
definition properties for the assembly and the irradiation

part. Due to the composite structure of the model and the
presence of interfaces, a thermal conductance had to be
defined while defining the contact interaction properties. As
the magnitude of the thermal conductance is unknown, an
infinite conductance was specified at zero clearance, and for
a clearance of 0.01 m the thermal conductance is assumed to
be zero. Abaqus interpolates between these values to obtain
the thermal conductance for any interfacial gap in the model.
It is assumed that there is conduction through the air, and
the effects of heat redistribution have not been considered in
modeling the gap.

3. Results

Figure 8 illustrates the displacement contour after the first
assembly step, which simulates the hydroforming process.
Though the applied internal pressure closes the gap between
the foil and the outer tube, a gap (~ 200 ym) still remains close
to the edges of the foil, in the region between the inner and the
outer tubes. The maximum displacement occurs in the inner
tube at 180° as illustrated in Figure 8.

Figure 9 illustrates the equivalent plastic strain across
the thickness of the annular target assembly. The Abaqus
parameter name for this is “PEEQ” and is used to evaluate
the yield condition. For isotropic hardening and Von Mises

plasticity, PEEQ is defined as \/(2/3)d€pl - deP. Tt is essen-

tially a scalar measure of all components of equivalent plastic
strain in a model, and a value of PEEQ greater than zero
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FIGURE 6: Loading and boundary conditions for the hydroforming model in the first analysis step.
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FIGURE 7: Loading and boundary conditions for the irradiation model in the third analysis step.

indicates that the material has already yielded. As expected,
the combined effects of heating and assembly stresses result
in a higher plastic strain at the end of the irradiation step than
in the previous steps. Also, the plastic strain remains the same
during the pressure relaxation step. This is because, when the
applied load is removed the inner tube elastically recovers,
but the plastic deformation due to the hydroforming process
remains in the inner tube. Figure 9 also illustrates the plastic
deformation in the outer tube. For the irradiation step, there
is a small amount of plastic deformation in the outer tube,
while there is zero plastic deformation in the outer tube for
the first two steps. This means that the plastic deformation in
the outer tube at the end of the irradiation step is purely due
to thermal effects.

One of the goals of the hydroforming process is to close
the gap between the foil and the outer tube by plastically

deforming the inner tube. The magnitude of the applied
hydroforming pressure should be such that it should be able
to close the gap between the foil and the outer tube and
induce sufficient plastic deformation in the inner tube so that
even during elastic recovery an interfacial bond is maintained
between the foil and the outer tube. Figure 10 illustrates
the separation between the outer tube and the foil. For the
hydroforming and the pressure relaxation step there is zero
separation. This means that the applied hydroforming pres-
sure of 36.4 MPa is sufficient to maintain the contact between
the foil and the outer tube when elastic recovery occurs.
However, a gap does open up during the irradiation step due
to thermal expansion mismatch and radially outward heat
flow.

Figure 11 illustrates the radial temperature distribution
in the inner tube and outer tube cladding. The temperature
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FIGURE 8: Postassembly numerical displacement contour and microscope images.
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FIGURE 12: Hoop stress distribution in the inner tube through various modeling steps at 6 = 270°.
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FIGURE 13: Hoop stress distribution in the outer tube through various modeling steps at 6 = 270°.

decreases from the outer surface to the inner surface for the
inner tube for radially inward heat flow and from the inner
surface to the outer surface for the outer tube for radially
outward heat flow. Due to the separation between the foil
and the outer tube, there is a small temperature drop at this
interface as illustrated in Figure 11. All the modeling was
done by assuming a heat generation value that corresponds
to a surface heat flux of 100 W/cm?®. Using this value of
heat flux along with the small temperature drop shown in
Figure 11 results in a negligibly small value of thermal contact
resistance. However, it remains to be seen if such a small
value of thermal contact resistance is significant. Efforts are
currently underway [10] at the University of Missouri to
experimentally quantify the thermal contact resistance using
surrogate foils.

Figure 12 illustrates the hoop stress across the inner tube
radius for all the steps in the model. Beginning with the
hydroforming step (Figure 12(a)), the hoop stress is greater
on the outer surface than on the inner surface of the
inner tube. As the load is removed, the resulting residual
hoop stresses drop by an order of magnitude. Figure 12(b)
illustrates the variation of residual hoop stresses during the
pressure relaxation step and during the irradiation step. These
residual hoop stresses are compressive in the inner surface,
and the magnitude of compressive stress gradually decreases
across the thickness. The maximum compressive stress is on
the inner surface as this is where yielding begins. Previous
analysis [2] has shown that for an elastic irradiation model
of an annular target that begins from a zero residual stress
state, the hoop stresses in the inner tube are completely
compressive and increase towards the outer surface of the
inner tube. This behavior can be obtained from Figure 12(b)
by subtracting the residual stresses from the postirradiation
hoop stresses. This would effectively give the hoop stresses in
a tube for zero residual stress state. Thus the tensile residual
stresses reduce the amount of postirradiation hoop stresses in
the inner tube.

The hoop stresses in the outer tube through the three
modeling steps have been illustrated in Figure 13. For the
hydroforming process, the hoop stresses are greater on the
inner surface than on the outer surface of the outer tube. The

internal pressure applied during the hydroforming process
causes the outer surface of the foil to be displaced towards
the inner surface of the outer tube. When these interfaces
meet, the inner surface of the outer tube is displaced outwards
resulting in compressive stresses. The residual stresses from
the assembly process are completely compressive in the outer
tube with the hoop stresses being higher on the inner surface.
The resulting hoop stresses from the final irradiation step are
compressive on the inner surface and tensile on the outer
surface. This can be attributed to radially outward heat flow
through the outer tube. The outer surface of the outer tube is
unrestrained and therefore free to expand. The free expansion
of the outer surface results in tensile stresses being generated
across the outer half of the tube, but expansion of the inner
surface is resisted by the elements across the thickness of the
tube.

4. Conclusions

The goal of this paper was to integrate the assembly process
of the annular target along with the irradiation analysis to
analyze the behavior of the target and assess the effect of
residual stresses. A three-step elastoplastic model was built
using the commercial finite element code Abaqus FEA [7].
The first analysis step simulated the hydroforming process
using an internal pressure of 36.4 MPa, and this was followed
by a pressure relaxation step to simulate the recovery. The
third step simulated the irradiation process by including the
residual stresses from the previous step.

The results from the analysis show that the applied inter-
nal pressure is adequate to induce enough plastic deformation
to maintain the bond at the interface of the foil and the outer
tube. The residual stresses from the assembly process tend to
negate and decrease the hoop stresses in the inner and outer
tubes at the end of the irradiation step. This is favorable from
a material standpoint as the inner and outer tubes are unlikely
to fail under the applied heat generation of 1.6 x 10'® W/m”.
This corresponds to a heat flux of 100 W/cm?* incident on
the outer surface of the inner tube and the inner surface of
the outer tube. The postirradiation compressive hoop stresses
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in the inner tube are greater than the stresses in the outer
tube, which move from being compressive to tensile across
the thickness. Hence, the inner tube is likely to dictate the
failure of the target.
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An innovative process for fission based *’Mo production has been developed under Isotope Technologies Dresden (ITD) GmbH
(former Hans Wilischmiller GmbH (HWM), Branch Office Dresden), and its functionality has been tested and proved at the
Pakistan Institute of Nuclear Science and Technology (PINSTECH), Islamabad. Targets made from uranium aluminum alloy clad
with aluminum were irradiated in the core of Pakistan Research Reactor-1 (PARR-1). In the mean time more than 50 batches
of fission molybdenum-99 (*’Mo) have been produced meeting the international purity/pharmacopoeia specifications using this
ROMOL-99 process. The process is based on alkaline dissolution of the neutron irradiated targets in presence of NaNO,, chemically
extracting the *’Mo from various fission products and purifying the product by column chromatography. This ROMOL-99 process

will be described in some detail.

1. Introduction

The present sources of molybdenum-99 (*’Mo; T; ;2 = 66h)
are research reactors by neutron-induced fission of **°U,
which results in high-specific activity * Mo, or using the (1, )
nuclear reaction with **Mo (natural Mo or enriched **Mo =
24%), resulting in low-specific activity *’Mo. Generally, the
specific activity of molybdenum produced by fission is more
than 1000 times higher than that obtained by (n;y) pro-
cess. The almost universal means by which technetium-99m
™ T T, 2 = 6h) is made available for clinical applications
is from the elution of generators containing high-specific
activity fission-based *Mo.

The first chemical process for separation of fission **Mo
was described by the Brookhaven group, USA [1]. In this pro-
cess the target (93% enriched U-235 alloyed with Al) was dis-
solved in 6 M nitric acid catalyzed by mercuric nitrate. In the
former Zentralinstitut fiir Kernforschung (ZfK) Rossendorf,

a fission-based *’Mo separation technology became opera-
tionally ready in 1963 which was actually the basis of the
first fission-based **Mo/**™Tc generator in Europe. Metallic
natural uranium pellets were used as target material and
the dissolution of the irradiated U-pellets was done with
concentrated HCL. Quartz and glass apparatus was used in
chemical processing, and yield of * Mo was ~70% [2]. In 1980,
this process was replaced by the AMOR process (AMOR:
Anlage zur Mo Production Rossendorf), developed in the
same institute [3]. The AMOR process made use of original
fuel elements of the RF-reactor as qualified target which
was dissolved in HNO;/Hg. Batch-wise adsorption at Al,O4
and sublimation technique were used for separation and
purification of the *’Mo. This process was in operation until
the shut-down of the Rossendorf Research Reactor in 1991.
Another small-scale production process for fission **Mo
was proposed by the Rossendorf group in which natural
uranium as uranium oxide was used as target material [4].
This procedure was particularly interesting for those which



do not dispose of enriched nuclear fuel material. Approxi-
mately 400 g of uranium oxide enclosed in irradiation cans
are dissolved in nitric acid after irradiation for 100 hrs at a
neutron flux of 5 x 10" cm®s™" in a research reactor. The
separation of *’Mo from the fuel-fission product solution
is performed by ion exchange with alumina in a chro-
matography column. Final purification includes the repeated
chromatography separation and subsequently a sublimation
stage.

Based on their own long-term experiences and consider-
ing international achievements in °’Mo production, scientists
of the Radio-Isotope department of the former Rossendorf
institute ZfK designed a new process for fission-based **Mo
production named ROMOL-99 [5-7]. The basic principles of
this process are as follows (see also the flow scheme, Figure 1).

(i) The dissolution of the UAlx/Al-clad targets shall be
performed in a mixture of NaOH/NaNO; without H,
generation, under reduced pressure conditions.

(ii) The Xe shall be trapped cryogenically after passing a
gas treatment line.

(iii) The NH; generated in the dissolving process shall be
separated prior to Mo separation.

(iv) The radioiodine shall be separated prior to **Mo-
separation as well.

(v) During dissolving process nitrite is generated which
shall be eliminated prior to the *’Mo separation.

The basic parameters of this process has been developed
with modern nonradioactive analytical techniques by the
IAF-Radiodkologie GmbH Dresden, while the active testing
and optimization of the process has been carried out at
PINSTECH Islamabad under supervision of the German
scientists. In this paper the chemical process of the ROMOL-
99 technology will be described in some detail.

2. Materials and Methods

All chemicals were purchased from E. Merck (Germany) and
were of guaranteed reagent grade (GR) or analytical reagent
(AR) grade. Al,O; (90 active acidic for column chromatog-
raphy, 70-230 mesh ASTM) was used. Silver-coated alumina
was freshly prepared at institute. Organic anion-exchange
resin was purchased from BioRad, USA.

The non-radioactive development work was performed
using uranium-free Al-plates (purchased from PINSTECH)
having the same composition as the material used for the
original targets.

Tracer experiments were performed using '>'I tracer
activities which were taken from the PINSTECH routine
Bodine production, and the *’Mo tracer was taken from
the routine PAKGEN **™Tc generator production (**Mo
imported from South Africa).

2.1. Irradiation of Target. Qualified HEU/AI alloy clad with
high purity aluminum target plates [8] were irradiated for
12-18 h at a neutron flux of ~1.5 x 10" cm™s™" inside the
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FIGURE 1: Process flow scheme of the ROMOL-99 process.

core of the Pakistan Research Reactor-1 (PARR-1). After 24 h
cooling, the irradiated target plates were transferred to the
%Molybdenum Production Facility (MPF) for separation of
*’Mo from the uranium, actinides, and fission products. For
the warm test runs, targets were irradiated for short times at
lower flux density, but the target composition was identical
with those for production runs. The irradiation conditions
were chosen in a way that the total activity inventory for the
development work was of the order of 4 GBq.

2.2. Process Control and Quality Control. Gamma ray spec-
troscopy high-purity Ge detector (Canberra Series 85 multi-
channel analyzer) was used to determine the activity balance
during all process steps and for the determination of radionu-
clide impurities in the final Mo product. This concerns
mainly "'T and '”Ru, "**Te. Beta counting of **Sr and *Sr
was done by a liquid scintillation analyzer (Tri-Carb 1900
TR, Packard Canberra Company) after separation by ion-
exchange and precipitation with the aid of carrier. Con-
tamination of alpha emitters was done with the a-counter
(UMF-200). Radiochemical purity of [*’Mo] molybdate
was determined by means of paper chromatography with a
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mixture of hydrochloric acid, water, ether, and methanol (5:
15:50:30) as mobile phase. The chemical purity was occa-
sionally determined after decay by optical emission spec-
trometry (Optima 3300XL, Perkin Elmer). It was used for the
determination of toxic elements such as Cr, Co, As, Sn, Cd,
Pb, and U; the detection limits in ppm were 2,5, 5, 5,1, 5, and
2, respectively.

The final Mo product was dispensed and assayed by
means of a calibrated ionization chamber. Radioactivity con-
centration (MBq/cm®) was calculated by dividing the total
product activity by the final volume of the product solution.
All required nuclear data were taken from NuDat 2.5 [9].

3. Results and Discussion

3.1. The Dissolving Process. When dissolving the target plates
in the solvent, 3M NaOH/4 M NaNOj, 3 reactions must be
considered leading to different reaction products as follows:

8Al + 3NaNO, + 5NaOH + 2H,0 —

8NaAlO, + 3NH,, W

Al + 1.5NaNO; + NaOH —
NaAlO, + 1.5NaNO, + 0.5H,0, @
Al + NaOH + H,0 — NaAlO, + 1.5H,, (3)

The most important is reaction (1), where the Al reduces the
nitrate ion down to NH;. Close to the end of the dissolving
process the nitrate is reduced only to nitrite (2). This fraction
is of the order of 10 to 15%. The theoretically possible
reduction (3) generating hydrogen is nearly suppressed. Gas
chromatographic determination of hydrogen in the off-gas
from the dissolving process did not show any signal for H,,
meaning, the upper limit for H, generation is <2% and is
therefore without any danger.

Under the conditions that x represents the mass unit of
the target matrix that undergoes to nitrite formation and
consequently (1 — x) represents the mass units of the target
matrix that undergoes under NH; formation, we obtain the
“master equation” for dissolving the targets following:

Al +0.0085U + (0.3814 + 1.125x) NaNO,
+(0.6271 + 0.375x) NaOH
+(0.2585 — 0.75x) H,0 —> (4)
NaAlO, + 0.00425Na, U, 0,
+ (1 — x) 0.3814NH, + 1.5 x NaNO,.

The value x, representing the fraction of the aluminum that is
dissolved under nitrite formation, ranges between 0.1 < x <
0.16.

The solvent volume needed for the process is determined
by the solubility of the sodium aluminate (NaAlO,) which
is 21 M/L corresponding to 57 g/L Al Furthermore, the Na
concentration should be kept as high as possible, in order to
reach safely the saturation concentration for the precipitate

Na, U,O,. A high nitrate concentration is needed for avoiding
the formation of hydrogen, while the viscosity of the solution
should be suitable for easy filtration. We found a composition
of 3M NaOH/4 M NaNO; as most suitable for the dissolving
process.

The dissolving process is strong exothermic (close to
600 kcal are generated for dissolving 100 g Al), and in addi-
tion the dissolving speed increases with the second power
of the temperature. Thus, the reaction is self-accelerating.
Following the experiences collected in Dresden (IAF) and
PINSTECH, the control of the dissolving process is easy and
safely possible by short heating and cooling pulses. With these
techniques one can easily adjust the dissolving temperature at
around 70-80°C. Furthermore, the process can be performed
at slightly reduced pressure conditions (see Figure 2). The
dissolving process is performed in a special, dissolving vessel,
equipped with heater and cooling jacket.

3.2. NH; Distillation. Since the iodine shall be removed from
the process solution using a silver-coated column material,
the NH; is recommended to be eliminated because it has
potential to influence the efficiency of the iodine removal
at the Ag-coated column. The simplest way to separate the
NH; is the distillation from strong basic solution. Preliminary
experiments have shown that 150-200 mL distilled volume
is sufficient. This volume can be distilled off from the target
solution within about 20 minutes. In the production runs, the
distilled NH; is trapped in 5N H,SO, solution.

3.3. Filtration. The precipitate that is formed during the dis-
solving process is composed of mainly 2 components: the Na-
diuranate and in addition the nonsoluble hydroxides, oxides
or carbonates of several alloying metals of the Al-matrix
that are coprecipitated together with the Na,U,O,. Based
on analytical data of the Al-matrix material used for the
target preparation, the following quantities for the precipitate
should be expected (Table 1).

Assuming a density of the precipitate of 4.4 g/cm® (based
on ~30% porosity) and the uranium in the form of Na, U, O, x
6 H,0, one would obtain a precipitate volume of ~2.37 cm’,
which corresponds to a filter bed thickness of d < 1.5 mm.

The target element uranium after dissolution must be
present exclusively in the chemical form of Na, U, O, because
it is well known that uranium species of lower oxidation stage
absorb *’Mo and consequently lower the production yield.
Dissolving the same targets alone in NaOH or KOH (without
NaNO;) [10], an additional oxidation process (usually H,0,)
is required to reach the oxidation stage of +6 for both of the
U and the Mo.

As shown from the crystallographic analysis, the target
element uranium was found after our ROMOL-99 dissolving
process straight as sodium diuranate (Na,U,O,) in the
precipitate (Figure 3) without any further treatment.

The time needed for filtration is mainly determined by
the surface area and the porosity of the used filter plate and
the filter cake, the viscosity of the solution and the filtration
pressure. The filter plate consists of a 3 mm thick metallic
(INOX) sinter plate with a porosity of ~30 yum. The cold
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FIGURE 2: Temperature gain during controlled dissolving process (a) and the pressure situation during the dissolving process (b).

TaBLE 1: Composition of the target material and the related compo-
sition of the precipitate after the dissolving process.

Alloying Content_ (% %;geg[rlgl Precipi.tated 1I;1 rfé;ll};)t?z
element of Al-weight) targets species 3 targets
Fe 0.14 128,8 Fe(OH), 20714
Mn 0.002 1,84 Mn(OH), 3.03

Si 0.01 9,20 Sio, 19.33
Ca 0.16 147,2 CaCO, 950.43

C 0.1 92 C 92.00

U 5.16 5100 Na,U,0,  6814.85

and hot runs showed that first of all the precipitate can be
filtrated from the target solution with the above given alloying
components, and in addition sufficient filtration speed (200-
300 mL/min) is achieved in 10-20 min at a temperature of
around 50°C.

3.4. Iodine Removal. In order to minimize the risk of iodine
release in later production steps and waste, the adsorption
on silver is the most promising approach for trapping the
radioiodine before the Mo is separated. During the produc-
tion process, we have to deal with '** (2.3 h half-life, daughter
of Te), 31 (20.8h half-life), and *'I (8.02d half-life).
Freshly prepared silver-coated Al,O; material has shown to
be the most appropriate material; this material has been
prepared according to the Wilkinson et al. method [11]. The
iodine removal process is performed by controlled filtration
of the filtrated target solution over a column filled with
this material. The flow rate needs to be controlled. Since
the optimal flow rate for high iodine trapping efficiency
is identical with the speed for introducing the basic target
solution into the strong acid reaction vessel (next process
step); there is no technological separation of both steps, thus,
while transferring the basic solution into the nitric acid for
acidification the radioiodine is removed simultaneously. The
transfer process lasts for about 60-90 minutes. The efficiency

for iodine trapping has been determined to be >98%. The Ag-
column also traps a good fraction of the Ru (see Figure 4);
%Mo could not be detected within a detection limit of 3%.

3.5. Acidification and Nitrite Destruction. For the main sep-
aration step—the separation of the *’Mo from the process
solution after iodine removal—Al,O; column chromatog-
raphy has been selected. Molybdate is adsorbed from weak
HNO;-acid media at Al,O; (this principle is used in the
%Mo/**™Tc-generator technology). Thus, the strong basic
process solution needs to be acidified. This is not an easy
step, since the Al-concentration is high. An anion-exchange
process, as it is used in cases were only NaOH or KOH is
involved for dissolving the targets under H, generation, is
not possible due to the high NO;~ concentration. Many test
experiments have been performed in order to determine the
optimal conditions for this step. When introducing strong
basic aluminate solution into strong acid HNO; solution
in the first step, AI(OH), is precipitated. This hydroxide
needs to dissolve immediately, otherwise it may transmute
into nonsoluble configurations which may create problems
in the further production steps. When the basic solution
is introduced with moderate speed (50-70 mL/min) under
strong mixing, one observes first a thick white precipitate that
is redissolved relatively fast. Due to neutralization heat the
solution is warming up. In order to bring the solution to boil
additional heating is required.

As said before, we also have nitrite in the system, which
is recommended to be destroyed. Simultaneously with the
acidification process the nitrite is reduced with urea under
nitrogen formation according to

(NH,),CO + 2HNO, — 2N, + CO, + 3H,0.  (5)

In test experiments, this gas generation looked like very fine
silk. This gas generation is mixing the solution only a little,
because of the microscopic fine bubbles, this effect is by far
insufficient; additional strong stirring is required. The com-
plete nitrite destruction and the re-dissolving of the primary
precipitated hydroxides require refluxing under stirring for
one additional hour after complete solvent transfer.
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FIGURE 4: Gamma spectrum of the Ag-coated Al,O, column after
passing the filtrated target solution. The measurement was done
from large distance. Only gamma signals from iodine radionuclides
and Ru could be identified.

The reaction gases of this acidification process and in
addition a slight carrier gas flow release also remain volatile
iodine species (from iodine residue and decay of Te-parent
nuclides) and radio Xe (mainly from '**I-decay). The radio
iodine is retained in a gas adsorption trap filled with Ag-
IONEX. This is a Zeolite exchange material that adsorbs at
T > 100°C volatile inorganic and organic iodine species that
is widely used in fuel reprocessing process for decontamina-
tion of acid off-gases. After passing the IONEX filter, off-gas
from the acidification process that still may contain some Xe
is introduced into the gas process line for further treatment.

When the nitrogen formation and iodine release is fin-
ished, the solution is cooled down to room temperature and
is ready for the Al,O; column process.

3.6. Alumina Column Process. The separation of the *’Mo
from the acidified target solution is achieved via anion
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FIGURE 5: Potentiometric titration of 1mL of the acidified target
solution after nitrite destruction diluted to 100 mL with 0.100 N
NaOH.

exchange chromatography using week acid Al,O; as column
material. The adsorption efficiency for Mo depends mainly on
the salt concentration and the acidity of the solution and not
so much on the absorber material itself. For the optimization
of the column parameters, the control of the free acidity
in the FEED solution played an important role. Due to the
high salt concentration (especially that of AI’*), a direct pH-
measurement is not possible. A potentiometric titration did
not show the required precision (see Figure 5).

The safe and better is to dilute a sample of the solution by a
factor 1:100 with distilled water. This solution could perfectly
undergo a pH measurement with an ordinary glass electrode.
The pH determined in this way was always in the region of
2.2 < pH < 2.6, which means that the free acid concentration
in the original FEED solution under practical conditions was
in the range of about 0.15 < [H] < 0.7 M.

Under practical conditions, the volume of the loading
solution (FEED) is around 6 L (for ~100 g target material).
After the loading process, the column shall be washed with
0.5-1.0 L of 0.5 M HNO, 500 mL water and then with 1500 mL
0.01 M NH,OH. The *’Mo is then eluted with up to 2000 mL
of 1M NH,OH solution. One obtains a raw *’Mo product of
already >99% radionuclide purity.

In order to define the optimal Al,O; column parameters
one needs to consider

(i) the adsorption capacity of the exchange material
Al O,

(ii) the selectivity related to the separation from radioac-
tive contaminations,

(iii) the possible and needed loading- and elution speed
which is relevant for the duration of the process.



TABLE 2: Optimal parameters for the alumina column process.

Al O, column About 50 mm X 145 mm, bottom G 3 frit

Al, O, weak acid 250 g, size ~60 ym, density 1.25mL/g,
material porosity 0.875
. FEED volume ~5.8 L, 0.15< [H'] < 0.7 M,
Loading process: .
~120 min

(1) Wash process 1000 mL 0.5 M HNO;, time about 15 min
(2) Wash process 500 mL water, time about 7 min
(3) Wash process 1000 mL 0.01 M NHj, time about 15 min

Liquid waste volume: 8300 mL
Elution 1000 mL 1-2 M NH;, time about 30 min

Alumina column
process:

Total time about 3 h.

The capacity of AL,O; for Mo adsorption is known to be
~30mg Mo/g Al,O; column material. In test experiments
using 50 mL of model-target solutions containing a Mo-
concentration of 20-33 mg Mo/L and columns with 2 g Al, O,
column material (0.7 x 5.6 cm column dimension) using a
flow rate of 7 cm/min corresponding to 2.7 mL/min the Mo
could be adsorbed with an average yield of >90%. Thus, in
these experiments only a small fraction (1.5-2.5%) of the
capacity of the exchanger has been utilized. This corresponds
to 0.5-0.8 mg Mo/g Al,O;. Based on this data one would need
for processing of 3 target plates theoretically 140 g of Al, O,
corresponding to 152 mL Al, O, for the separation process.

For defining the column dimensions one needs to find
a compromise between the needed amount of the Al O,
material and reasonable high applicable elution speed. Fur-
thermore one has to consider losses due to irreversible bound
Mo with increasing Al, O, quantities. Assuming the following
practical conditions:

(i) the total volume of liquids that has to pass the column
is ~11 L composed from 5.8 L acidified target solution,
3.3 L wash solutions, and 2.0 L elution volume,

(ii) the linear filtration speed is 7 cm/min (50 mL/min for
loading and eluting and 80 mL/min washing),

(iii) the diameter of the column shall be 5 cm,

one obtains a volume flow speed of 137 mL/min under prac-
tical conditions.

Considering the previous determined 140g or 152mL
Al,O; absorber material, one would obtain an absorber bed
height of 7.8 cm. If one increases the dimensions by at least a
factor 2 for compensating not optimal conditions, the length
of the Al,O; column becomes 15.6 cm filled with 304 mL
Al,O; absorber material.

During the commissioning, it has been demonstrated that
a 250 g alumina column bed is acceptable which corresponds
to a column bed volume of about 275 mL. Table 2 summarizes
the Al,O; column process parameters.

Using the parameters shown in Table 2, the profile for
eluting the * Mo from the Al,O, column has been performed.
As seen in Figure 6, the Mo is eluted in a relatively
sharp peak and 1000 mL of 1.0 M NH; solution is sufficient.
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FIGURE 6: Elution profile for Mo elution from the Al,O, column
with 1M NHj using the parameters shown in Table 2.

The *Mo retention at the column using model solutions was
practically 100%, and the **Mo recovery was measured to be
91.2%.

The Al used in the target material contains some quan-
tities of Si. It is well known that Si forms very unpleasant
nonsoluble Mo Si-species which may cause dramatic losses in
the ®Mo yield. Certain limited quantities of Mo-carrier can
help solving this problem. The other way around would be to
elute the Al,O; column with higher-concentrated NH; (2M
instead of 1 M) or with NaOH.

3.7. DOWEX-1 Column Process. Molybdenum in its anionic
form MoO,”" is adsorbed directly from the ammonia solu-
tion eluted from the Al,O; column at strong basic anion
exchange resins as DOWEX-1 (configuration OH™). The
distribution coefficients has been determined to be K, = 270
for adsorption from 1M NH,OH and K, = 0.8 for the
desorption with 1M (NH,), CO; solution.

The dimensions of a suitable DOWEX-1 column and
its operation parameters are determined in a similar way
as demonstrated for the Al,O; column. For a column of
about 26 x 120 mm, a linear flow speed of 13 cm/min is the
maximum. If the volume of the Mo solution is 2000 mL
one would need theoretically 54.6 g of the ion exchange
resin. DOWEX-1in the dry form. Considering the density of
0.65 g/mL resin, this would give an 84 mL volume of the resin.
For rinsing the column, 4 bed volumes are required which
correspond to 340 mL. Table 3 summarizes the parameters
for the DOWEX column process. The corresponding elution
profile is shown in Figure 7.

3.8. Evaporation Step. The purification step at the DOWEX
column delivers 200 mL of the *Mo molybdate in 1M
(NH,),CO; solution. In the following step this eluted solu-
tion is evaporated to the dryness in a special evaporator,
with condenser. During evaporation, the (NH,),CO; is being
decomposed; thus no additional salts are introduced into the
final configured [*Mo] molybdate solution.

The residue is redissolved in the desired volume of
diluted NaOH solution forming the final product solution
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TABLE 3: Optimal parameters for the DOWEX-1 column process.

DOWEX-1 column About 26 mm X 120 mm, bottom G 3 frit

. %Mo-solution in 1 M NH,; volume ~1.0L,
Loading process:

~15 min
(1) Wash process 170 mL water, time about 3 min
(2) Wash process 170 mL water, time about 3 min
Liquid waste ~1.4 L (depending on FEED and wash
volume: volume)
Elution 200 mL of 1 M (NH,),CO; solution, time
about 10 min
DOWEX column Total time about 35-40 min
process:
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FIGURE 7: ** Mo elution profile from the DOWEX-1 column with 1 M
(NH,),COj;-solution using the parameters shown in Table 3.

[*’Mo]Na,MoO,. This final product solution is then trans-
ferred into a corresponding plastic vial and transferred into
the hot cell 3 for further processing, precise measurement and
distribution.

A sublimation step (at 1000°C) is foreseen as an additional
reserve for improving purity, if required. In this case the
residue after evaporation shall be redissolved in diluted
HNO; or NH,OH.

3.9. Radioactivity Balance during the Process. Careful studies
have been performed to obtain a full picture on the behavior
of the *Mo, of the most important impurities in *’Mo
preparations, for other fission products, and for the target
element itself. On one hand, tracer activities of Mo and **'1
have been used, and after having optimized the separation
conditions the same full protocol has been applied to study
the separations technology with weak irradiated original
target material (activity level ~4 GBq). Figure 8 summa-
rizes gamma-spectroscopic measurements that illustrate how
powerful the individual separation steps are. Segments of
original measured gamma spectra are shown in one graph.
Signals of the most critical radionuclides are clearly identi-
fied. In order to have a good overview, the original data of the
different spectra have been expanded using a factor shown in
the graph.

The upper spectrum has been taken from a small fraction
of the filter cake (precipitate) followed by the spectrum from
a sample from the filtrate. It is clearly seen that only few
gamma lines are left in the filtrate, which correspond to ** Mo,
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FiGURE 8: Gamma spectra of samples from the precipitate, filtrate,
FEED solution (filtrate after iodine removal), from the final product
illustrating the different separation and purification steps (for more
details see text).

its daughter **™Tc, the radioiodines, and some fractions of
Ru. The strongest signals in the precipitate (***Np, and '*’La)
are not seen in the filtrate solution. As said before the filtrate
is passed through a silver-coated Al,O; column prior to
the acidification process. Thus comparing the spectra 2 and
3, one clearly sees that iodine is missing in the FEED solution
(see also Figure 4). When interpreting spectrum 3, one needs
to consider that the strongest gamma signal from *’Mo is
739keV with the branching of 12.13% (not shown in this
graph). The two gammalines here at 181 keV and 366 keV have
a branching of only 5.99 and 1.19%, respectively. Finally the
last spectrum below is taken from a sample of the final **Mo
preparation. All measurements have been performed using a
Pb absorber to suppress the strong gamma signal from **™Tc
(and other low-energetic radiation).

3.10. Radioactivity Distribution between Precipitate and Fil-
trate. In total the precipitate collects more than 60% of the
radioactivity formed in the nuclear process in the chemical
form of hydroxides, oxides, or carbonates of the fission
products. This corresponds to the fission products of Ba and
Sr, the rear earth elements and actinides, Zr/Nb. Te and
Sb are nearly quantitatively collected in the precipitate. The
results of a corresponding tracer experiment, are summarized



TABLE 4: Radioactivity distribution between precipitate and filtrate
after dissolving irradiated " U-targets of original composition.

Nuclide Precipitate (%) Solution (%)
Np 100 <1
B2Te 100 <3

W Ce 100 «1

M Ce 100 «1
10, 100 «1

b 100 «1

Bl 0.60 99.39
Ry 20-40 60-80
Mo 0.57 99.43

Note: Ru behaves in different experiments differently, thus these data provide
just an estimate.

TABLE 5: Radioactivity distribution of *’Mo and the most important
impurities during the process.

%Mo 03 p0 S BI]
Filter cake <0.5% 19.20% 96.30% n.d.
Filtrate >99.5% 80.70% 3.70% 100%
Ag-column n.d. 22.70% 1.00% >98%
FEED >99% 66.90% 1.60% <2%
Al,O; column 10.6% 0.10% 1.10% n.d.
Al-waste n.d. 75.40% n.d. n.d.
DOWEX column  0.003% 0.06% n.d. n.d.
Final 86.5% <0.001% <0.001% <0.001%

The % values relates to the individual content of the specified nuclide and not
to **Mo.
(n.d.: not detected).

in Table 4. In this experiments target plates of the original
composition were used.

The most important impurities have been followed up
quantitatively throughout the process as good as gamma-
spectroscopy could do under practical conditions with lim-
ited measuring time. The results are summarized in Table 5.
The FEED solution (filtrate after passing the silver column)
contains already relatively clean *’Mo, however in presence
of high salt concentration (Al, Na including **Na and fission-
Cs). Up to 80% of the Ru is found in the filtrate, at the
silver column already about 22% are retained. The remaining
Ru is passing the Alumina column during the loading
procedure. Careful washing avoids the transfer of Ru to the
next purification steps. Ru shows a nonstandard behavior,
sometimes we observed significant higher Ru-retention in the
filter cake.

The 'Te is nearly quantitatively coprecipitated. The
highest **Te-content in the filtrate was 3.7% of the original
quantity. About half of this fraction is retained at the silver
column, the other half fraction at the Alumina column. In
the filtrate and wash solutions from the Alumina column
the "**Te could not be detected any more (with the applied
spectrometric parameters).

The iodine is nearly quantitatively retained at the silver
column. The small fraction that is passing the silver column
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TABLE 6: Quality parameters of fission Mo produced at PIN-
STECH meeting international standard.

P <5x 10~ MBq/GBq *Mo

Gamma 103 -2 99
Ru <5 x 10" MBq/GBq Mo
Beta ¥y <6 x 10* MBq/GBq *’Mo
08¢ <6 x 10~ MBq/GBq *’Mo
Alpha <1 x10"° MBq/GBq *’Mo

Other gamma <1x10™ MBq/GBq *’Mo

is then distributed throughout the system, mainly in the waste
solutions through the washing procedures of the columns.
Summarizing, the separation and purification process is
efficient and easy.

3.11. **Mo Production Facility at PINSTECH. The *’Mo Pro-
duction Facility (MPF) is installed at PINSTECH Phase-1
building near reactor hall of PARR-1. The technical realization
of the ROMOL-99 process in a semiautomated separation
facility has been carried out by ITD Dresden GmbH (former
Hans Wilischmiller (HWM) GmbH, Branch office Dres-
den). The main working areas of this facility are the Hot
Cell complex (3 Hot Cells), interim liquid storage tanks,
charcoal filter beds for iodine retention, xenon delay tanks,
and the operator and service areas interconnected with it.
Additionally, there are the so-called lock rooms through
which the activated targets, the final product, and solid and
liquid wastes are moved. Still, there are areas for personnel,
preparation of reagents, storage, dosimetry, measurement,
and decontamination. Further equipment in other rooms or
buildings, which participate in the ®*Mo production, is the
existing equipment of the main exhaust system with filter
chamber, Secomak blowers and the main exhaust blower. The
spent target material (loaded filter plates enclosed in screw
shut cans) is stored in Spent Fuel bay of PARR-1. The solid
low-radioactive wastes (spent ion-exchange columns, tubes,
interconnections, and other one-way materials) are stored,
while decayed radioactive liquid waste is cementized in the
radioactive waste management Group building.

More than 50 commercial batches of fission based **Mo
using ROMOL-99 process have been successfully completed.
After the evaporation step, the residue is dissolved in the
desired volume of diluted NaOH solution forming the final
product solution [*’Mo]Na,MoO,. This final product solu-
tion is then transferred to the PAKGEN *™Tc generator
production site at PINSTECH. These generators are then
distributed to the 35 nuclear medical centers in Pakistan.
The performance of these generators is comparable to
that of generators produced from imported fission *°Mo.
The quality of the Mo preparations produced at PINSTECH
corresponds to the required international standard (Table 6).
Details about the preparation of PAKGEN *™Tc generators
and their quality control have already been reported [12].
The next steps at PINSTECH related to the routine **Mo-
production are upscaling the production capacity and trans-
mutation to LEU (low enriched uranium) as target fuel.



Science and Technology of Nuclear Installations

4, Conclusion

The ROMOL-99 process allows dissolving UAIx/Al clad
dispersion targets under reduced pressure conditions without
generation of hydrogen at temperatures between 70 and 80°C.
The technology implements the separation of NH; and radio-
iodine prior to the *’Mo separation. Generated nitrite is
safely destroyed during the acidification process by urea to
N,. The technical realization of the ROMOL-99 process in
a semiautomated separation facility has been carried out by
ITD Dresden GmbH (former Hans Wilischmiller (HWM)
GmbH, Branch Office Dresden). More than 50 commer-
cial batches of fission-based *’Mo using the ROMOL-99
process have been successfully completed at PINSTECH.
PAKGEN **™Tc generators were prepared by using this
locally produced high purity fission **Mo and distributed to
35 nuclear medical centers in Pakistan. The performance of
these generators is comparable to that of generators produced
from imported fission **Mo.
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At Legnaro laboratories of the Italian National Institute for Nuclear Physics (INFN), a feasibility study has started since 2011
related to accelerated-based direct production of **™Tc by the ®Mo(p,2n) > Tc reaction. Both theoretical investigations and
some recent preliminary irradiation tests on '’ Mo-enriched samples have pointed out that both the P8¢/ *™T¢ ratio and the
P™T¢ specific activity will be basically different in the final accelerator-produced Tc with respect to generator-produced one, which
might affect the radiopharmaceutical procedures. The aim of this work was to evaluate the possible impact of different 98T/ ™ T
isomeric ratios on the preparation of different Tc-labeled pharmaceutical kits. A set of measurements with **"Tc, eluted from
a standard *Mo/ > Tc generator, was performed, and results on both radiochemical purity and stability studies (following the
standard quality control procedures) are reported for a set of widely used pharmaceuticals (i.e., **™Tc-Sestamibi, **™Tc-ECD,
PMTCMAG3, ™Tc-DTPA, P Tc-MDP, “*™Tc-HMDP, ™ Tc-nanocolloids, and *™Tc-DMSA). These pharmaceuticals have
been all reconstituted with either the first [99"‘TCO4]' eluate obtained from a *Mo/ ™ Tc generator (coming from two different
companies) or eluates after 24, 36, 48, and 72 hours from last elution. Results show that the radiochemical purity and stability of

these radiopharmaceuticals were not affected up to the value of 11.84 for the ***Tc¢/*™Tc ratio.

1. Introduction

#mTe, with its peculiar physical-chemical properties, still
continues to be the most important radionuclide used in
diagnostic nuclear medical procedures. In particular, the
developments of technetium chemistry have opened new
perspectives in the field of diagnostic imaging [1]. More
than 80% of the radiopharmaceuticals are currently labeled
with this radionuclide [1] by reconstitution with sodium
pertechnetate [2-4] [Na99mTcO4] commercial kits containing
in lyophilized form the various reagents required for the
preparation of each radiopharmaceutical. Its routine applica-
tions are ensured by the availability of portable *Mo/”*™Tc
generators in which Mo is bound as molybdate anion

to alumina columns. Current global interruptions of **Mo
supply that involved uranium fission of highly enriched **U
targets, aging reactors, and the staggering costs of their
maintenance, focused on the search for alternative method of
the **™Tc production [5]. One of the possibilities is to replace
the reactors with particle accelerators, aiming at a regional
production and distribution. At Legnaro laboratories of the
Italian National Institute for Nuclear Physics (INFN), a
feasibility study related to accelerated-based direct produc-
tion of *™Tc by the '“Mo(p,2n) **™Tc reaction [6, 7] has
started since 2011. Theoretical investigations and some recent
preliminary irradiation tests on '°’Mo-enriched samples
point out that both the **#Tc/**™Tc ratio and **™Tc specific



TaBLE 1: Radiopharmaceuticals used in the study.

Name

Neurolite (Brystol-Myer Squibb)
Cardiolite (Brystol-Myer Squibb)
Stamicis (IBA)

Technemibi (Mallinckrodt)

Radiopharmaceutical
M Te-ECD (™ Te-Bicisato)
99mTc-SESTAMIBI
99mTc-SESTAMIBI
99m T SESTAMIBI

TechneScan (Mallinckrodt) M- MAG3
Pentacis (IBA) #mTe-DTPA
Medronato II (GE Healthcare) mTe_MDP
Osteocis (IBA) mT._HMDP
Nanocoll (GE Healthcare) 9 Te-nanocolloids
Renocis (IBA) #MTc-DMSA

activity will be basically different in the final accelerator-
produced Tc with respect to generator-produced one, due
to the concomitant production of Tc contaminant nuclides,
such as *8Tc, ®Tc, “™Tc, and *8Tc. In particular, the
amount of the ground-state long-lived 8~ emitter **®Tc,
useless for diagnostic procedures, might have a negative effect
in the radiopharmaceutical procedures going to compete with
#MTe for the formation of the corresponding chemically
identical radiopharmaceuticals. The presence of an excess
of **®Tc might be responsible for a value of radiochemical
purity lower than the standard required for some radiophar-
maceutical preparations. In fact, the **¢Tc present in solution
could consume reagents of reaction, and in particular the
reducing agent (SnCl,). As a result, unreacted [*™TcO,]”
may remain in the solution, or radioactive by-products not
useful for the specific diagnostic procedure may be formed.
The quality of **™Tc is then fundamental for the assurance
of radiopharmaceuticals quality [8-10]. The aim of this work
was therefore to perform a set of measurements with *™Tc,
eluted from a standard **Mo/**™Tc generator, in order to first
check possible impact of different **8Tc/*™ Tc isomeric ratios
on the preparation of different Tc-labeled pharmaceutical
kits. Results on both radiochemical purity and stability stud-
ies (following the standard quality control procedures) are
reported for a set of widely used pharmaceuticals (i.e., ™ Tc-
Sestamibi, **™Tc-ECD, *™Tc-MAG3, *™Tc-DTPA, *™Te-
MDP, ™ Tc-HMDP, *™Tc-nanocolloids, and *™Tc-DMSA).
These pharmaceuticals have been all reconstituted with either
the first [gngcO4]_ eluate obtained from the **Mo/”™Tc
generator (coming from two different companies) or eluates
after 24, 36, 48, and 72 hours from last elution.

2. Materials and Methods

The preparation of radiopharmaceuticals reported in Table 1
was carried out with sodium pertechnetate eluates coming
from two different *Mo/**™Tc generators: a “dry” DRYTEC
generator (GE Healthcare, Via Galeno 36 20126, Milan), and
a “wet” Elumatic III generator (IBA-CIS Bio International,
Route Nationale 306, Saclay BP 32, 91192 GIF SUR YVETTE,

Cedex France).
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All generators, with *’Mo calibrated activity of 10 GBq,
were eluted with 5mL of saline solution as indicated by each
manufacturer. From each generator, we analyzed and com-
pared the three first elutions, performed just after generator
delivery (time elapsed between manufacturing and first use
can be estimate in 2-3 days), and 3 elutions were carried out
after 36, 48, and 72 hours from the previous elution.

2.1. Quality Control of ** Mo/*®" Tc Generator Eluates. Gener-
ator eluates have been subjected to all the tests [11] required by
European Pharmacopoeia [14], and Italian Pharmacopoeia,
12th edn., Norme di Buona Preparazione dei Radiofarmaci
per Medicina Nucleare, All. A, p.to A.2 “Generatore di
*Mo/*™Tc (molibdeno/tecnezio)”,

2.1.1. Generator Elution Yield. It was expressed as % of the
ratio between the eluate radioactivity measured immediately
after elution using a dose calibrator (V) and the theoretical
radioactivity (V-) calculated on the basis of the date of
calibration and multiplied by the factor 100 [3]. The elution
efficiency should be within the range of 90%-110%.

2.1.2. Eluate Visual Inspection. All eluates were visually
inspected, pulling the vial from its shielded container. The
operation was performed within an adequately shielded cell
for radiopharmaceuticals manipulation; the vial containing
the pertechnetate eluate was manipulated by operators using
a pair of pliers to guarantee an adequate distance from the
hands of the operator.

2.1.3. Eluate pH. Generator eluate is itself a preparation for
injection; ideally it should have a pH as close as possible to the
physiological, between 7 and 8. The Pharmacopeia requires
that eluates have pH values within the range of 4-8. Since
the molybdenum is adsorbed onto the alumina in an acid
environment, the pH values of eluates are slightly acid (4.5-
6). It was measured by means of pH usual indicator strip
(range 0-14) and checked by electronic pH-meter.

2.1.4. Aluminum Content. It was determined by a semiquan-
titative procedure employing indicator strips (Tec-Control
Biodex Medical, New York, USA) together with standard
aluminium solution [12,13]. A drop of standard solution with
a concentration less than 5 yg mL™" of aurintricarboxylic acid
was deposited on indicator paper; subsequently, by side a
drop of eluate was deposited. If the coloration produced by
the latter is lower than the one produced by the standard solu-
tion, it can be assumed that the concentration of aluminium
in the eluate is less than the maximum acceptable level of
5ugmL ™" provided by Official Pharmacopoeia [14].

2.1.5. Radionuclidic Purity. Radionuclidic purity is the per-
centage of total radioactivity which may be attributed to
the daughter radionuclide. In the case of fission-produced
generator, the largest potential source of contamination that
could exceed the minimum value detectable can be due to the
parent (®*Mo) [15]. Trace amount of other fission impurities
[16, 17] may be usually present in negligible amounts.
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om e
Y #Mo Ay = A} + A =0.010506 hours™ T, = 65.976 hours
Mo 1, #MTe A, = 0.1154 hours™! Ty, = 6.0067 hours
P =0.876
/\’1,\‘99 Decay of ™ Tc: IT p = 140keV + IC (10%)
Tc

FIGURE 1: Simplified decay scheme of Mo to **®Tc.

The early and quick evaluation of the eluate content
of Mo was provided by the following procedure, which
involved the use of a lead shield of appropriate thickness
(0.6 mm of lead) in order to attenuate >>™Tc emission [18].
The activity contained in the unshielded elution vial was
measured with a dose calibrator (PET-dose, Comecer, Castel-
bolognese, Italy); for measuring ** Mo activity, the elution vial
was then placed within the lead shield and its activity was
recorded. The thickness of the shield was enough to largely
attenuate the 140 keV photons [19], and only partly those
greater than 700 keV. The measured activity, multiplied by a
suitable correction factor which accounts for the attenuation
of 740-780 keV photons due to the lead shielding, provides
an estimation of the *’Mo activity. This value should not
exceed 0.1% of the *™Tc activity according to the European
Pharmacopoeia.

For a more accurate determination of the radionuclidic
purity [17, 20], the same eluate sample was examined again
(reassayed) after 7-15 days by means of high-resolution
gamma spectrometry using a solid-state, high-purity germa-
nium detector [16].

2.1.6. Radiochemical Purity. It was checked by paper chro-
matography, Whatman no.1 paper strips and saline as mobile
phase. According to this procedure, **"TcO, migrates with
the solvent front (R = 1), whereas reduced hydrolyzed #me
remains at the origin (R = 0). The radioactivity distribution
was measured by a scanning radiochromatography detection
system for thin layer chromatography (Cyclone instrument
equipped with a phosphor imaging screen and an OptiQuant
image analysis software (Packard, Meridien, CT)). Eluate
radiochemical purity should be greater than 95%.

2.1.7.%9'T¢ to Active *™ Tc Ratio. **Mo decays to **8Tc (12.4%)
and *™Tc (87.6%), and the latter, with a physical T, jo of
6.0067 h, decays to *!Tc (T, ;2 = 21L100 years). Due to
this particular branching decay of *’Mo, even fresh elutions
from a generator always contain both isotopes (*”™Tc and
%%8Tc), indistinguishable from the chemical point of view.
The amount (ug) of total technetium present in the eluate is
directly related to the amount of *’Mo atoms present on the
column (i.e., Mo activity) and the time that elapsed since
the previous elution. The total number of Tc atoms, namely,
the sum of **®Tc and **™Tc, has been calculated as follows:

. At
Nictotal) = Noopgo (1 —e™ )’ 1

where Ns,, is the initial *’Mo atoms number present on the
column, A, is the decay constant of *’Mo (0.0105 hours '),
and t is the time that elapsed since the last elution. The
number of *™Tc atoms has been calculate as follows:

A

1 o At Ayt
Ngngc =P —Az — /‘1 N99M0 (6 —e )a (2)

where 1, is the decay constant of **™Tc (0.1149 hours™") and
P is the decay probability (P = 0.876). A simplified decay
scheme of **Mo to **8Tc is shown in Figure 1. From the above
equations the number of **8Tc atoms can be easily calculated
as follows:

Nggch = NTotach - Ngg"“Tc (3)

and thus the *¢Tc to active **™Tc ratio can be estimated.

The determination of the **®Tc content in a fresh eluate
requires an immediate measurement after the elution of
the *™Tc activity and a later measurement of the total
activity of *®Tc (in a few months almost all the *Mo
and *™Tc atoms decay into **¢Tc). The evaluation of *™Tc
activity in the sample has been performed by using a dose
calibrator (PET-dose, Comecer, Castelbolognese, Italy), while
the evaluation of **®Tc activity has been performed using
the TRI-CARB 2810TR liquid scintillation analyzer (Perkin
Elmer Inc., Monza, Italy). The samples for **8Tc activity
measurements were prepared taking an aliquot of 0.8 mL
from an eluate decayed for 60 days (total volume of the
eluate: 5mL) and adding 5.4 mL of liquid scintillator (Ultima
Gold LLT cocktail, Perkin Elmer Inc., Monza, Italy). The
measurement of **8Tc activity was performed using the 0-
295 keV energy window.

2.2. Radiopharmaceuticals Labeling. The elutions were used
to label different commercial kits (Table 1). Kits reconsti-
tution was performed according to the methods described
in the package included within the commercial kits. The
radiochemical purity (RCP) of radiopharmaceuticals was
evaluated immediately after preparation (f = 0) and at the
end of the stability period indicated by the manufacturer.
The radiochemical purity and stability were measured using
methods specified by manufacturer, with the exception of
TechneScan (Mallinckrodt) for which the following chro-
matographic system was used [21]: mobile phase, 54/45/1
(physiological/methanol/glacial acetic acid) and stationary
phase, RP-18 (Merck). Thin-layer chromatography plates
were analyzed with a Cyclone instrument equipped with a
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TABLE 2: pH, %Mo, '®Ru, and ' amounts and radiochemical purities (mean + standard deviation) of the evaluated generators’ elutions.

Type of generator Type of elution pH %Mo % "% Ru % BT o RCP %
I° eluate 6.0+0.3 (2.1£0.2) x 107 (1.9+0.2) x10°° (1.4+0.4)x 1077 99.8 £0.3
Drytec-GE 36h 6.0 0.4 (3.9+0.5) x 1072 — 99.7 +0.3
48h 6.1+0.3 (3.7 £0.4) x 1072 — 99.8 +0.2
72h 6.0+0.2 (3.1£0.2) x 107 — 99.7 0.3
1° eluate 62+0.1 (2.7 £0.3) x 1072 (1.7 £0.5) x 10”7 (22+0.3)x 1077 99.8 +0.1
Elumatic I1T 36h 62+0.3 (2.5+0.5) x 107 — 99.8 +0.3
48h 6.2+0.4 (2.5+0.1) x 107 — 99.6 +0.2
72h 6.1+0.2 (2.5+0.3) x 107 — 99.4 +0.1

EP. 4.8-8.0 <0.1% <5%x107° <5%107° >95.0

E.P: European pharmacopoeia; 36, 48, and 72 h indicate the time from the previous elution; the amount of ° Mo represents the % of total radioactivity in the
generators’ eluates determined with “rapid method”; ' Ru (0.497 MeV) and ™' (0.365 MeV) are the most common gamma radionuclide detectable by gamma
spectrometry, and in the table are reported the % of total radioactivity in the generators’ eluates.

TaBLE 3: RCP of radiopharmaceuticals at t = 0, prepared with generator DRYTEC GE Healthcare eluates at time superior to 24 h from the
last elution.

Commercial name Radiopharmaceuticals RCPy RCP,q RCP,, RCP requirements
Neurolite M. ECD 98.57 + 0.45 99.41 + 1.51 98.73 + 1.85 >90%
Cardiolite 99MTe-Sestamibi 97.91 +0.38 98.35 + 1.02 99.40 + 1.23 >94%
Stamicis 99MTe_Sestamibi 97.88 + 0.28 97.90 + 0.15 98.16 + 0.11 >94%
Technemibi 99MTe_Sestamibi 98.18 + 0.23 97.77 £ 0.33 98.53 +0.27 >94%
TechneScan PmTc MAG3 98.89 + 0.64 99.10 + 0.44 99.31 +0.14 >95%
Pentacis PmTc DTPA 98.84 + 1.01 98.91 + 0.24 99.12 + 0.33 >95%
Medronato II M. MDP 99.01 + 0.24 98.44 +0.16 99.63 + 0.64 >95%
Osteocis m T HMDP 99.22 +0.14 98.01 + 0.52 99.13 +0.11 >95%
Nanocoll (PRC = 40 min) 99mTe_nanocolloids 99.34 + 0.09 99.38 +0.16 98.94 + 0.41 >95%
Renocis M. DMSA 99.55 + 0.08 99.22 + 0.77 99.11 + 0.03 >95%

RCPs 45 7, indicate the radiochemical purity carried out with eluates obtained 36, 48 and 72 hours after the previous elution.

phosphor imaging screen and an OptiQuant image analysis
software (Packard, Meridien, CT).

2.3. Imaging Studies. Three **™Tc eluates produced by **Mo/
#MTe generator with different **$Tc/**™Tc ratio R were used
for imaging studies; the R values were 4.16, 9.51, and 15.2,
respectively. Each tomographic acquisition has been per-
formed by filling a NEMA phantom NU 4-2008 with 74 MBq
of #™Tc-pertechnetate solution, and the data have been
acquired with the YAP-(S)PET small animal scanner proto-
type [22] and reconstructed by using an EM-ML algorithm.

3. Results and Discussion

The results of the quality control (Table2) performed on
all eluates obtained from two different generator (DRY-
TEC GE Healthcare and Elumatic III IBA) are consistent
with the European Pharmacopoeia requirements [12]. For
simplicity, data of visual inspection, yield of elution, and
the aluminum content in eluates are not reported, because
they fell within European Pharmacopoeia requirements.

The radiochemical purity (RCP) values of all radiopharma-
ceuticals labeled with each eluate are reported in Tables
3 and 4. Results refer to the RCP evaluated immediately
after the preparation (¢ = 0). For simplicity, data at
the end of the stability period specified by the manufac-
turer are not reported, because they fell within the spec-
ifications required by the manufacturer. Tables 5 and 6
report the RCP data obtained from reconstitution of the kits
with the first eluate. The values refer to the checks carried
out immediately after the preparation (t = 0) and at the
end of the stability period specified by the manufacturer in
the package insert of each radiopharmaceutical. The values
of radiochemical purity are always superior to the standards
required by the manufacturer. The results show that the total
amount of technetium (**8Tc + *™Tc) present in the first elu-
ate and in the eluates obtained at longer intervals, from 24 h
up to 72 h, did not affect the radiochemical purity of the final
products. Table 7 shows an estimation of the total amount
of technetium present in an eluate obtained from a *™Tc
generator with *’Mo calibrated activity of 10 GBq. The ratios
R of three ™ Tc eluates at 24 hours and two **™Tc first eluates
at 48 hours have been measured, and the results have been
R,y =3.23+0.15and Rygy, = 6.68 +0.31, respectively. While
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TaBLE 4: RCP of radiopharmaceuticals at ¢ = 0, prepared with generator Elumatic IIT (IBA) eluates at time superior to 24 h from the last
elution.

Commercial name Radiopharmaceutical RCPy RCP,q RCP,, RCP requirements
Neurolite M e ECD 98.77 + 0.89 99.21 + 0.71 98.68 + 0.95 >90%
Cardiolite 99MTe-Sestamibi 97.88 + 0.78 98.83 + 0.92 99.13 + 0.63 >94%
Stamicis 99MTe_Sestamibi 98.78 + 0.23 98.90 + 0.20 98.00 + 0.19 >94%
Technemibi 99MTe-Sestamibi 98.45 + 0.09 98.17 + 0.23 98.11 + 0.06 >94%
TechneScan 9Om T MAG3 99.79 + 0.64 98.10 + 0.44 99.44 +0.14 >95%
Pentacis ¥mTe-DTPA 99.14 +0.12 98.88 + 0.15 98.12 + 1.03 >95%
Medronato II ¥9mTe-MDP 99.11 +0.33 99.44 +0.15 99.11 + 0.43 >95%
Osteocis T HMDP 99.01 +0.24 98.44 +0.16 99.63 + 0.64 >95%
Nanocoll (PRC =40 min) #9mTe_nanocolloids 98.99 +0.03 99.18 +0.49 98.11 +0.11 >95%
Renocis M DMSA 99.35 +0.22 98.67 +0.17 99.03 +0.29 >95%

RCPs 45 7, indicate the radiochemical purity carried out with eluates obtained 36, 48 and 72 hours after the previous elution.

TaBLE 5: RCP of radiopharmaceuticals at t = 0 and at the expired time specified by the manufacturer, prepared with the first eluate obtained
from DRYTEC GE Healthcare generator.

Commercial name Radiopharmaceutical RCP (t =0) RCPex RCP requirements
p q
Neurolite M. ECD 99.17 +0.25 99.13 + 0.21 >90%
Cardiolite 99MTe_Sestamibi 97.67 +1.24 97.71 + 1.13 >94%
Stamicis 99MTe-Sestamibi 98.65 + 0.40 98.57 + 0.57 >94%
Technemibi 99mTe-Sestamibi 98.15 + 0.11 98.01 + 0.04 >94%
TechneScan mTe-MAG3 98.79 + 0.02 98.11 +0.15 >95%
Pentacis #m T DTPA 99.03 +0.24 99.88 + 0.11 >95%
Medronato II 99m T MDP 98.10 + 0.13 98.02 + 0.15 >95%
Osteocis M. HMDP 99.23 +0.18 98.15 +0.16 >95%
Nanocoll (PRC = 40 min) 99mTe-nanocolloids 98.22 +0.13 98.33 + 0.39 >95%
Renocis 99mT- DMSA 99.28 + 0.07 98.55 +0.21 >95%

RCPex indicates the radiochemical purity at the end of the expired time.

TaBLE 6: RCP of radiopharmaceuticals at ¢ = 0 and at the expired time specified by the manufacturer, prepared with the first eluate obtained
from Elumatic III (IBA) generator.

Commercial name Radiopharmaceuticals RCP (t =0) (n=13) RCPex (n = 3) RCP requirements
Neurolite #mTe-ECD 98.38 + 0.54 98.74 +0.25 >90%
Cardiolite 99mTe-Sestamibi 97.68 + 0.56 97.77 + 0.88 >94%
Stamicis 99mTe-Sestamibi 98.42 +1.02 99.03 + 0.48 >94%
Technemibi 99MTe-Sestamibi 97.99 +0.11 98.15 + 0.14 >94%
TechneScan M- MAG3 98.11 + 0.62 98.43 +0.29 >95%
Pentacis PmTe_DTPA 99.16 + 0.32 99.19 +0.11 >95%
Medronato II 9m T MDP 99.13 + 0.04 98.77 + 0.08 >95%
Osteocis 9om T HMDP 99.17 +0.12 98.76 + 0.29 >95%
Nanocoll (PRC = 40 min) 9mTe-nanocolloids 98.79 + 0.16 98.92 + 0.59 >95%
Renocis #mTe-DMSA 99.11 + 0.35 99.01 + 0.32 >95%

RCPex indicates the radiochemical purity at the end of the expired time.

TaBLE 7: Evaluation of total technetium amount in *™Tc eluates coming from a generator with *’Mo calibrated activity of 10 GBq, at different
times by previous elution.

Time by the Amount of total 9% Tc/*™Tc ratio Amount of total 9% Te/*™ Tc ratio
previous elution Tc calculated calculated Tc found found

72h 0.30 ug 11.84

48h 0.22 g 6.50 0.22 +0.01 6.68 +0.31
36h 018 g 434

24h 0.13 ug 2.54 0.12 £0.01 3.23£0.15




FIGURE 2: Reconstructed SPECT trans-axial slices of NEMA NU 4-
2008 filled with **™Tc-pertechnetate solution. Top images (a) have
R = 4.16, middle images (b) have R = 9.51, and bottom images (c)
have R = 15.2.

the experimental value of first eluates at 48 hours is in good
agreement with thetheoretical value of 6.5, the experimental
value of eluates at 24 hours shows a large difference with
respect to the theoretical value of 2.55. This discrepancy could
be explained by taking into account the elution efficiency
e = 0.91 of Mo generators used in our work. Indeed, the
recalculated ratio R at 24 hours is included in the range (2.78-
3.38) and depends on temporal sequence of previous elutions.
The reconstructed SPECT images of NEMA phantom, for the
different **8Tc/**™Tc ratios R used, are shown in Figure 2. The
average reconstructed activity along the phantom axis, for the
three values of R, is shown in Figure 3. The visual inspection
on the images doesn’t show significant difference in image
quality and radioactivity distribution. Currently, CERETEC
is the only commercial product for which the use of a fresh
eluate, obtained from a generator eluted for not more than
24 hours, is required. This exception is linked to the low
amount of tin chloride dehydrate in its formulation (7.6 ug),
which makes its radiochemical purity strongly influenced by
the amount of **Tc present in the eluate. All formulations
studied possess significantly higher amount of tin. A further
limitation to the use of eluates characterized by greater
amount of *#Tc (elution intervals > 24 h) could be due to
radioprotection reasons related to the physical characteristics
of 8Tc (t,, = 2 x 10°y, P = 292keV). However
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FIGURE 3: The average activity for reconstructed 40 slices of NEMA
NU 4-2008 phantom filled with **™ Tc-pertechnetate solution having
R=4.16,R=9.51,and R = 15.2.

the amount of radioactivity associated with the mass value
is very low (e.g., 1 ug of **8Tc corresponds to 630 Bq).

4, Conclusion

In order to first check the possible impact of different
P8Tc/*”™Tc isomeric ratios on the preparation of dif-
ferent Tc-labeled pharmaceutical kits, the radiochemical
purity and stability of **™Tc-Sestamibi, **™Tc-ECD, **™Tc-
MAG3, *™Tc-DTPA, *™Tc-MDP, *™Tc-HMDP, *™Tc-
nanocolloids, and **™Tc-DMSA were studied by using *™Tc
eluates coming from **Mo/**™Tc generator eluted at different
times from the previous elution. The results prove that radio-
chemical purity and stability of these radiopharmaceuticals
are not affected up to **8Tc/**™Tc ratio of 11.84.

A future goal will be to repeat the experiments with
#MTe eluates coming from generators with *Mo calibrated
activity higher than 10 GBq, in order to check the possible
impact of **8Tc in higher *™Tc activities solutions at different
%8 T/ ™ Tc ratio.

Another future goal will be to study the impact of
accelerated-based **8Tc and other Tc-isotopes on the image
quality and determine the allowed limit for **¢Tc and other
Tc-isotopes in the final accelerator-produced Tc.
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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 and Wilcox 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 3 MeV 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,, 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



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 Graaft 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" x 2" with a width of 1/8" and a mass
of ~150g. 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 40 micron particle size) were obtained from Zirchrom
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 3 MeV Van 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 8 M nitric acid using a
reaction kettle, equipped with a heating mantle, kettle cover,
and reflux condenser. The uranyl nitrate solution was 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 (1-18 M) 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;Og, forming
uranyl peroxide, and redissolving it in dilute sulfuric acid.
Uranium metal is oxidized in a furnace at a temperature near
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720°C for full conversion and usually takes about 24 h for a
single metal plate (~150 g). Approximately 5 mL of 30% H, O,
per gram of U;Oy and a stoichiometric amount of H,SO, are
added to the U;Og4 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 by Versatile 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 Fluid Metering Inc. (FMI) pump and a
stainless steel column at the Van de Graaff. Subsequent wash
and Mo elution steps were carried out using an AKTA 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 solution was loaded in the upflow direction
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 (0.1-1 M) and then water. Mo
was eluted using 0.1 M NaOH heated to 70°C, and a final water
wash was performed.

The experimental setup for measuring 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 3.0 MeV 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).



Science and Technology of Nuclear Installations

Separation is achieved with a 13X molecular 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 3.0 MeV electron beam is set to 20 ¢A, and the sample
is irradiated for approximately five hours. At 30-minute
intervals, a sample of the headspace gas is withdrawn into the
evacuated “Sampling Manifold” for analysis. The gas removed
is replaced with helium to keep a constant pressure in the
system. Prior to these experiments, oxalic-acid dosimetry was
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;/U;04 and
dissolve it in a mixture of H,0, and H,SO,, with heat, (2) dis-
solve U metal in HNOj,, use a calcination process to convert
uranyl nitrate to UO;, and dissolve UO; in H,SO, [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 in more 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 uranium metal
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 I: Distribution ratios for Mo in the presence of sodium sulfate
and sodium nitrate solutions.
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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 (107°-10"° M), the K;, 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 of Mo 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
Purdue University [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 system due to competition from sulfate. Table 2 shows



TABLE 2: Plant-scale column designs for MIPS and SHINE using 110-
pm Sachtopore sorbent.

. . Length Column
Solution Inner diameter (cm) (cm) volume (L)
Uranyl nitrate 12 9.7 L1
Uranyl sulfate 12 13 L5

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, a Mo concentration near
10> M, 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, 0,*, 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 0.50 V [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 Graaft 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 700 Gy/h, no
changes in Mo 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 700 Gy/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
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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 1 M H,SO, 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, " [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 somewhat misleading 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 Pu will 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
740
680
690

160
180
160
170

0.9
0.7
0.6
0.2

0.3
15
11
2

100 0.5
92 1
100 1
95 0.5

a radiation source [18]. Gases produced during irradiation
were analyzed, and final pH measurements were taken postir-
radiation. After sodium salt irradiations were completed,
a set of uranyl nitrate and uranyl sulfate solutions were
irradiated at the Van de Graaft to measure 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
nitrate media 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 increased more 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 (0.74 M and 0.95 M), 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 + 08 Gy was applied to a
solution containing 2.52 M NO;™ [18].

The total production of hydrogen and oxygen was fairly
consistent for uranyl nitrate solutions containing 128-226 g-
U/L. A H,/O, 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, to O, ratio is
much closer to 2 with a value of 1.75, which agrees with the
fact that the pH did not change. Sodium nitrate solutions were
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,/O, ratio decreases. This is most likely due to ammonia
formation, which increases as nitrate increases and can
reduce the amount of H, 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,O and NO during the
irradiation of uranyl nitrate solutions at the Van de Graaff. In
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FIGURE 2: Hydrogen evolution measured during irradiation of
UO,(NO,), solutions at the Van de Graaff.

Table 5, ND indicates that the analyte was not detected during
the experiment. The table shows the number of pumoles
detected at each sampling time (¢). 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, compounds are very
reactive. NO reacts with oxygen to form NO,, which is a
brown toxic gas. It also can react in the presence of oxygen
and water to form nitrous acid, HNO,. Considering the
reactive nature of the NO, species, it was decided that the
best way to report the data are as total ymoles detected at
time (¢) instead of total accumulated gmoles. N, 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 ymoles of each analyte (either hydrogen
or oxygen) versus accumulated dose (Gy) during each five-
hour experiment. The H,/O, 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



—a— 76g-U/L uranyl nitrate
—e— 128g-U/L uranyl nitrate

—A— 175g-U/L uranyl nitrate
—v— 226 g-U/L uranyl nitrate

FIGURE 3: Oxygen evolution measured during irradiation of
UO,(NO,), solutions at the Van de Graaff.

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,O from radiolysis. Sodium sulfate
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TABLE 4: Experimental data obtained from the irradiation of uranyl nitrate solutions at the Van de Graaff.
Uranium
. Energy s . Total ymoles  Total ymoles ~ GvalueH, GvalueO, H,t0O,
E;_néjil)t ration deposited (Gy) Initial pH  Final pH H, produced O, produced  (H,/100eV) (O,/100¢V) 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: N,O and NO in gmoles measured at sampling time for irradiated uranyl nitrate solutions.
Sampling time (min) 76 g-U/L 128 g-U/L 175g-U/L 226 g-U/L
N,O NO N,O NO N,O NO N,O 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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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,/O, ratios increased as the concentration of sulfate
increased. The ratio of H, : O, 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 Final

uranium Energy uranium . . Total Total G value H, G value O, H, to O,
deposited Initial pH  Final pH pmoles H,  pmoles O, .

conc. (Gy) conc. oduced roduced (H,/100 eV) (0,/100eV) ratio

(g-U/L) v (g-U/L) P P

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.
Uranium Energy Did sample Total yumoles  Total ymoles .
Catalyst concentration (g-U/L) deposited (Gy) precipitate H, produced O, produced H, t0 0, ratio
Cu(II), 62.5mg-Cu/L 126 2.20E + 08 No 410 290 1.42
KIL, 9.94 mg-1/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 260 220 117
Zirconium 298 2.32E + 08 Yes 1110 460 2.42
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FIGURE 5: Hydrogen evolution measured during irradiation of
UO0,S0, 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,/0, 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-
Iytically generated hydrogen peroxide. Fe(II) added as FeSO,
has been shown to accomplish this at concentrations as low
as 1 ppm. In order to expand the available options for use in

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

Dose (Gy)

—4— 88g-U/L uranyl sulfate
—<4— 138g-U/L uranyl sulfate
—»— 298g-U/L uranyl sulfate

FIGURE 6: Oxygen evolution measured during irradiation of
UO0,S0, solutions at the Van de Graaft.

the SHINE system, other salts were tested because of their
known ability to catalyze destruction of H,0O,. 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 2 mL 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,O, destruction catalysts discussed above. Each sample
contained a different catalyst at the concentration shown.
Figures 8 and 9 show the total pmoles of each analyte
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FIGURE 7: Hydrogen to oxygen ratios measured for UO,SO, solu-
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FIGURE 8: Hydrogen evolution measured during irradiation of
126 g-U/L UO,SO, 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,-to-O, 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,-to-O, ratio from ~2:1to ~1.4: L

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 Zr metal exhibited similar behav-
ior to the irradiated uranyl sulfate solutions where 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,SO, solutions in the presence of potential peroxide cata-
lysts at the Van de Graaft.
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FI1GURE 10: Hydrogen to oxygen ratios measured during irradiation
0f126 g-U/L UO, SO, solutions in the presence of potential peroxide
catalysts at the Van de Graaff.

were generated, and H,-to-O, 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,: O,
ratio. The H,: O, ratio was 117, 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,-to-O, 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 sulfate media. 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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