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Introduction 
Calcium molybdate (CaMoO4) is a robust, inorganic material known for its favorable 

physicochemical properties making it ideal for a wide scope of applications including optics (i.e., 
phosphors, scintillators, laser hosts, etc.) [1], nuclear waste encapsulation and disposal [2 – 5], 
corrosion inhibition [6], etc. Calcium molybdate occurs in nature as the mineral powellite, and the 
compound adopts the scheelite (CaWO4) structure-type with Mo fully oxidized in the +6-oxidation 
state [7]. This Mo-containing mineral phase exhibits limited solubility in aqueous environments 
and relative thermal stability at elevated temperatures. In the laboratory, CaMoO4 can be 
synthesized straightforwardly from the stoichiometric solid-state reaction of MoO3 with the 
respective calcium oxide or carbonate, e.g., CaO or CaCO3, at elevated temperatures, or 
alternatively via co-precipitation, sol-gel, or mechanochemical methods [8 - 10]. Depending on 
synthetic conditions, single phase nano-powders to monoliths can be generated and tailored for its 
successive application. Likewise, the scheelite structure type can incorporate different doping 
elements into the host lattice, such as Pb2+ or elements arising from the lanthanoid series, which 
are used for phosphor applications [11-13].

On the periodic table, Mo (Z = 42) is located on the 5th row within the transition metals and 
precedes the lightest, inherently radioactive element, technetium (Tc, Z = 43) [14]. Molybdenum 
is characterized by an assortment of naturally occurring isotopes (i.e., 92Mo 14.53%, 94Mo 9.16%, 
95Mo 15.84%, 96Mo 16.67%, 97Mo 9.60%, 98Mo 24.39%, and 100Mo 9.82%) making it a suitable 
starting material for the transmutation to an array of different Tc isotopes depending on isotope 
enrichment, particle beam type (e.g., proton, deuteron, electron, neutron, photon, etc.), and beam 
energy. One of the most recognized Mo-Tc radionuclidic parent-daughter couples is 99Mo-99mTc, 
where the daughter isotope 99mTc has been characterized as the workhorse of the nuclear diagnostic 
imaging industry used worldwide in 30 to 40 million procedures annually, i.e., ~ 9,000 6-day Ci 
at end of processing (EOP) per week [15]. As the international geopolitical attitude towards using 
highly enriched uranium (HEU) for the production of 99Mo begins to shift, the use of non-fission 
sources for the production of 99mTc is becoming increasingly more attractive, and new methods 
for production and separation are desperately being sought. For example, the United States of 
America currently has no domestic supply in place for the production of 99mTc, although it is 
responsible for half of the world’s usage.  

When considering both, the isotopic and physicochemical composition and properties of 
Mo and CaMoO4, strong arguments can be made to pursue the better understanding of CaMoO4 
and its relationship as a host material for direct transmutation of Mo → Tc and / or post-processing 
integration of Tc at the atomistic level to weight percentages in its fundamental structure. In this 
work, the synthesis and irradiation of CaMoO4 using a modular, fusion-based neutron source and 
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its successive characterizations are reported. Further discussions are presented considering these 
empirical data and their context with potential applications in the realms of nuclear medicine and 
materials. 

Materials and Methods 
Synthesis and Characterization of CaMoO4. Equimolar mixtures of powdered of MoO3 

(natural abundance of Mo isotopes) and CaO were intimately ground together as a slurry in ethanol 
with a mortar and pestle. The resulting powder was subdivided and pressed together as a green 
body pellet using an uniaxial press. The green bodies were reacted in a platinum-lined alumina 
crucible at 860 °C for 6 hr in a furnace under flowing argon gas or normal atmosphere. The samples 
were then re-homogenized, pressed into pellets, and reacted for an additional 4 hr. The resulting 
pellets weighed approximately 3.1 g with a total sample size of CaMoO4 for irradiation of ~ 12.1 
g.  

Powder X-ray diffraction (PXRD) was performed on the synthesized samples using a 
Bruker D8 Advance diffractometer employing Cu Kα1 radiation. Representative areas from each 
puck were manually removed and ground with a mortar and pestle. The samples were blended 
with a silicon metal line standard and distributed on a low-background silicon wafer XRD sample 
holder. The samples were scanned in the region of 10-120° 2θ and analyzed using Topas 4.0 
software.  

Neutron irradiation of CaMoO4. The synthesized CaMoO4 pellets were stacked within a 
50 mL polypropylene centrifuge tube in between pieces of high-density polyethylene (HDPE), in 
so that they were located at the approximate center of the tube or roughly 12 cm from the neutron 
source while situated within the holder. The tube and its contents were placed in a HDPE cavity 
and situated adjacent to a neutron source. The point source had a neutron output of approximately 
109 neutrons per second (~ 106 neutrons∙cm-2∙s-1) with energies of 2.45 MeV at the origin of 
production, and the CaMoO4 was irradiated for roughly 1.5 hr. Total neutron production over the 
irradiation period was ~ 1.54 x 1012 neutrons. Following end of bombardment (EOB) resulting 
99Mo-99mTc activities were measured on a NaI gamma spectrometer for a count time of ~ 200 s; 
activities were corrected for decay incurred during transfer from the point source to the 
spectrometer after EOB.  Information on detector efficiencies nor geometric positioning on the 
NaI detector have been provided, instead these values in a system of 100% capture efficiencies are 
assumed and used for correlating subsequent production rates. 

Results and Discussion 
Synthesis and Characterization of CaMoO4 
Calcium molybdate samples were synthesized using a method similar to that reported by 

Abdel-Rehim [8, 16]. This method yielded dense pucks that fluoresced under a UV light source as 
is shown in Figure 1. The effect of atmosphere on the synthesis of these materials was negligible 
as can be seen in Figure 2. When pulverized, the bulk material also fluoresced demonstrating an 
overall homogeneity within the monolith and formation of the intended compound. A quantity of 
these materials was removed and analyzed by PXRD. Analysis of the diffraction profiles indicated 
that some unreacted starting materials were still present in the sample (i.e., CaO), however, in 
relatively small amounts; these samples were reground with a mortar and pestle and reacted again 
at 860 °C for 4 hr. In Figure 3, the CaMoO4 samples and the irradiation container and 
configuration used for irradiation are presented.  
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Figure 1. Synthetic scheelite (CaWO4) and powellite (CaMoO4) samples observed under 
ambient versus UV lighting showing fluorescent properties. Left: room lighting conditions. Left: 

UV lamp. Figure adapted from Ref. Ошибка! Закладка не определена.. 

Figure 2. Comparison of synthetic powellite samples produced under an air or argon atmosphere 
at elevated temperatures. Left: room lighting conditions. Middle: UV light. Right: ground 

powder under UV lamp. Figure adapted from Ref.  

Figure 3. CaMoO4 target material and irradiation containment used in this study. Ruler shown 
for scale. Inset: a representative pellet of CaMoO4. 

Phase analysis and quantification of the bulk powder CaMoO4 was performed by PXRD 
and subsequent Rietveld structure refinement, an example of which is shown in Figure 4. Results 
indicated that the composition of the bulk powder was CaMoO4 with some unreacted starting 
materials, depending upon the sample. The CaMoO4 was fit with the scheelite structure type with 
I41/a symmetry (unit cell parameters of a = 0.52266(4) nm and c = 1.1435(1) nm) consistent with 
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previous studies [7]. Phase characterization of samples produced under an inert atmosphere 
yielded similar results (not presented here).  

Figure 4. PXRD analysis of reaction products from MoO3 and CaO at elevated temperature 
under air after 6 hours reaction time. Silicon is used as an internal standard. Figure adapted from 

Ref.  

Neutron Irradiation of CaMoO4 and 99Mo-99mTc Production 
The samples of CaMoO4 and canister design were placed into a moderating block and 

irradiated adjacent to a neutron point source of ~109 n/s for 1.5 hr. The resulting samples were 
analyzed for activated products and more specifically for 99Mo and 99mTc and the respective 
activity of each. In Figure 5 and Figure 6, the gamma spectra of the irradiated samples are 
presented at different times after EOP.  

Figure 5. Gamma spectrograph of irradiated CaMoO4 indicating 99Mo and 99mTc measured 10 hr 
after EOP. Other unlabeled peaks are associated with unidentified, short-lived impurities in the 

matrix and background contributions, e.g., 40K. 
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Figure 6. Gamma spectrograph of irradiated with identified 99Mo and 99mTc approximately 21 hr 
after EOB. Other unlabeled peaks are associated with unidentified, short-lived impurities in the 

matrix and background contributions, e.g., 40K. 

Encapsulation and Immobilization of 99Tc Nuclear Wastes 
Technetium-99 is a long-lived (t½ = 214,000 yrs) nuclear byproduct of 235U (~ 6% yield) 

fission, where it is found associated with the epsilon (ɛ) phase which contains, most notably, Mo-
Tc-Ru-Rh-Pd. This metallic phase is highly resistant to corrosion, though Mo and Tc can be 
removed during nitric acid reprocessing activities [17]. Previous research has shown that these 
particles can be selectively separated using fluorine containing compounds in an inert atmosphere 
at elevated temperature [18]. They are difficult to recover due to their sub-nano radius and are 
found as colloidal inclusions that are removed by filtration and/or centrifugation after fuel 
dissolution. In direct-heated melter systems for waste glass fabrication, the formation of metallic 
globules can clog waste glass draining and the associated heat dissipation in the area of the bottom 
drain of the melter, resulting in lower melt temperature and higher viscosities. Due to the high 
melting point of these particles, methods such as plasma arc melting or induction techniques are 
required to process metallic billets greater than 10 g. These particles have also been shown to be 
associated with iodine (I) retention before uranium oxide, e.g., UO2, dissolution occurs. This result 
suggests that these compounds could play an important repository role in slowing the rate of both 
99Tc as pertechnetate ([TcO4]-) and 129I as diatomic iodine (I2) via the with interaction Ag and Pd 
nano-particles [19]. Tc is also problematic during glass melting processes where oxidizing 
conditions promote the formation of volatile Tc oxides and hydroxides that must be trapped in the 
off-gas scrubbing system and reprocessed back into a final waste form [20]. 

In nuclear spent fuel reprocessing, the spent fuel is dissolved in nitric acid and [TcO4]- and 
uranyl ([UO2]2+) are co-extracted in tributylphosphate (TBP) (30 vol%) in dodecane or kerosene. 
Following extraction, Tc and U are both back-extracted into dilute nitric acid, and an anion 
exchange resin is used for the final separation of Tc from [UO2]2+. Thereafter, Tc is transformed 
into a robust material, such as metal / alloy or a glass, for final disposition [21]. The Closed End-
to-End (CETE) demonstration was an exercise that applied the Uranium Extraction (UREX) 
process to yield mg quantities of Tc metal via hydrogen reduction post fuel dissolution. This Tc 
was eventually incorporated into stainless steel (SS-316)/Zirconium (Zr), SS-316 [Pd-Rh-Ru], and 
pure epsilon phases (Mo-Tc-Ru-Rh-Pd) [22]. These phases have been shown to be robust waste-
forms for Tc and possibly I when fuel is stored via the “once-through cycle” after placed in a 
hypothesized geological long-term repository. 

Particularly problematic is the highly soluble and mobile form of Tc, the pertechnetate 
anion [TcO4]-, which is a byproduct of reprocessing and nuclear medicine scenarios and a potential 
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hazard to the biosphere when released in an uncontrolled fashion. Methods to encapsulate soluble 
[TcO4]- have been explored using large and / or bulky organics containing soft-base donor ligands, 
primarily comprised of carbon and nitrogen. Although this form is suitable for subsequent 
processing into metal, it is not feasible to process most legacy waste, nor low specific activity 
(LSA) ground state Tc wastes biologically rejected from patients undergoing 99mTc SPECT 
imaging via urine. Specifically for Tc, due to the cost and volume burdens of the waste, it does not 
seem economically viable to recover low activity 99Tc from these patients; however, the 
introduction of an element, which only occurs in ultra-trace quantities naturally, into the 
environment is not advisable and should be avoided. Therefore, it is proposed that the co-
precipitation of CaMoO4 and Ca(TcO4)2 could be explored as a method to specifically encapsulate 
Tc into a glass, ceramic, or metallic waste form precursor across all waste classes. 

It is expected that Ca(TcO4)2∙xH2O would have a range of solubilities over a range of Ca 
concentrations – this is particularly important when considering charge balance in transmuted 
samples associated with Mo(VI) → Tc(VII) where a cationic excess would be present. 
Additionally, several [TcO4]- salts with monocationic metals exhibit the scheelite-type structure 
and theoretically would be ideal for incorporation [22]; however, density functional theory (DFT) 
calculations have demonstrated that Tc would occupy the interstitial sites in the CaMoO4 and 
CaWO4 structures. To date, there is a significant gap in the literature associated with the solid-
state synthesis of the mixed phases via co-precipitation of the compounds discussed in this paper. 

Production and Separation of 99Mo-99mTc. 
The first (serendipitous) demonstration of using a Mo target for the production of Tc was 

the experiment performed via the international collaboration of American and Italian scientists 
Ernest Lawrence, Emilio Segre, and Carlos Perrier where molybdenum metal foil, a component of 
the Berkley cyclotron, was activated by the bombardment with a deuteron beam. Subsequent 
analysis of the radioactive Mo yielded the undiscovered, missing element Z = 43, which was later 
named technetium, alluding to the Greek word “τεχνητός” meaning “artificial” [23]. The use of 
Mo and Mo-containing targets for the production of 99Mo-99mTc specifically was later applied for 
the use in the emerging field of nuclear medicine and has since rapidly expanded with the 
development in detection methods, radiolabeling, etc. Whereas this was the original pathway for 
99Mo-99mTc production in the first protype generators, it was soon replaced by the use of highly 
enriched uranium (HEU) fission-based 99Mo, which eventually became the “gold standard” for the 
radiopharmaceutical community. This change in direction was primarily driven by the fact that 
greater yields of 99Mo could be produced with higher specific activities; processing and separation 
protocols were developed and have sustained the industry for several decades since this turn. 
However, the global community, reverting from the use of HEU, is actively pursuing alternative 
production methods for 99Mo-99mTc, primarily the direct irradiation of Mo and Mo-containing 
target sources. Concerning this, there have been several production routes identified, typically 
dependent upon the particle beam utilized, e.g., photon, proton, deuteron, neutron, etc. and 
respective energy on either natural Mo, enriched 100Mo or 98Mo, or a combination of these. 
Particularly problematic with this route of production is the generation of LSA 99Mo, which makes 
separation and radiolabeling increasingly difficult and inefficient with decreasing specific activity. 
To overcome this for the separation of the parent-daughter, various methods have been proposed 
where 99mTc in high specific activity (HSA) can be isolated from LSA 99Mo target material. The 
technology options include liquid-liquid extraction (LLE) with methylethyl ketone (MEK), 
column chromatography with aqueous biphasic extraction chromatography (ABEC) or ion 
exchange (IE), chemical precipitation / gel generator, and thermal chromatographic separations 
[24, 25]. For the latter, thermal chromatographic separations were first demonstrated in the 
laboratory and in the clinical environment in Hungary [26]. This method has since been adopted 
and improved by scientists in Japan, where the problem of low(er) yields of 99mTc milking has 
been vastly improved [27]. Large enhancements in the process have involved: 1) the use of a MoO3 
target, in which the generated 99mTc is in its fully oxidized state in an oxygen-rich matrix allowing 
for the facile formation of volatile Tc oxides, and 2) complete sublimation of molten MoO3 at 
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elevated temperatures (~ 840 °C) to overcome the low diffusion rates of transmuted 99mTc from 
the target. Other target materials for thermal separations that have also been investigated include 
molybdenum carbide Mo2C and titanium molybdate [28, 29]. Some drawbacks observed for these 
techniques and materials have been associated with the regeneration of the Mo / Mo-containing 
target after thermal treatment, price of target production (enrichment increases costs significantly 
whether through HEU or Mo-enrichment), ease of target synthesis, and amount of Mo content 
available for transmutation.  

In consideration to the results reported here, CaMoO4 exhibits compositional stability at 
elevated temperatures under oxidizing environments and yields workable amounts of generated 
99mTc. Additionally, the range of synthetic routes, such as precipitation, high-temperature 
treatment, and mechanochemical formation, with an equally diverse possibility in material 
properties, like controlled nano-sized crystallization that have been reported in the literature, 
makes CaMoO4 an ideal candidate as a Mo-containing material for 99mTc production coupled with 
thermal chromatographic separation techniques for use in the nuclear medicine industry, for 
example as a solid-state 99mTc generator following bombardment, though this is not yet known to 
be viable. The applicable use of this material has been evaluated and is provided in Figure 7 for 
use as a 99mTc generator as it relates to the possible total ‘patient doses’ of 99mTc versus time of 
irradiation using neutron outputs ranging from 109 to 1015 n/s, where a ‘patient dose’ is defined as 
20 mCi of 99mTc at time of use to a patient receiving a SPECT image. With approximately 40 
million patient doses used annually worldwide, this is approximately 154,000 doses required daily, 
5 days a week, 52 weeks a year. At EOB we correlate that over the course of the week, ~400,000 
doses would be available, thus far exceeding the supply requirements of patients worldwide at the 
maximum neutron outputs of current day systems, i.e., reactors and spallation neutron sources. By 
exploiting a target of this nature, the market has room for expansion if the distribution chain does 
not contain the same inefficiencies of that observed from fission produced 99Mo using HEU, i.e. 
decay losses are minimized due to decentralization of production and distribution. Therefore, 
natural samples bombarded within a reactor of decent neutron fluxes will generate similar patient 
doses. 

In the heavier Tc homolog, rhenium (Re), several isotopes (186Re and 188Re) have been 
used for radiotherapeutic treatments. Unlike the 99Mo-99mTc couple, these isotopes are typically 
produced only from tungsten (W) or osmium (Os) targets, as neither of these Re isotopes nor their 
parent isotopes are generated in the fission process. Concerning this, literature has reported the 
cyclotron irradiation of mixed Mo-W and Mo-Os sulfide targets, i.e., MoS2, WS2, and OsS2, for 
the use as a Tc-Re generator for simultaneous radiotherapeutic-diagnostic treatments. Likewise, 
because of the of the scheelite solid-solution series with powellite and the similar volatile oxides 
formed for Tc and Re, i.e., M2O7, HMO4, etc., mixed CaMoO4-CaWO4 target materials could be 
used employing these thermal volatilization methods [31, 32].
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Figure 7. Predicted patient doses of 99mTc as a function of time and neutron source output 
(sequentially from 109 n/s (bottom blue) to 1015 n/s (top purple)) under ideal conditions as 

determined from activity measured within this study and proportionally scaled up to equivalent 
reactor fluences. One patient does of 99ms Tc is equivalent to 20 mCi. 

Conclusions 
The use of CaMoO4 and some of its innate chemical and physical properties as a target 

material for the production of 99Mo-99mTc via neutron irradiation have been investigated. The 
material was synthesized using solid-state techniques, and upon neutron irradiation with a low-
flux point source, both 99Mo and 99mTc were observed in the target material post-irradiation by 
gamma spectrometry. With these results, the potential applications of CaMoO4 and how they can 
be applied in various sectors of the nuclear industry, such waste encapsulation and disposal as well 
as the production of valuable radioactive isotopes for medical diagnostic and therapeutic 
procedures, were discussed. The authors believe that CaMoO4 and similar powellite and scheelite 
materials have significant implications for application in commercial and industrial setting, 
especially those addressing the global shortage of 99mTc. 
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