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Abstract

The radionuclide technetium-99m ( Tc) is utilized in 80-85% of in-vivo nuclear medicine diagnostics
due to its ideal physical and chemical properties, including a short half-life, gamma emission suitable for
imaging, and versatile chemistry. Its production relies onmolybdenum-99 ( Mo), traditionally generated
through uranium fission. However, the transition to low-enriched uranium (LEU) targets and growing de-
mand for Tc have driven the search for alternative production methods and materials. This study
investigates the potential of molybdenum silicide (MoSi2) materials as targets for neutron-activated Mo
production and as generators for Tc extraction. Three synthesis methods were explored to produce
nanoscale molybdenum silicides. A sol-gel carbothermic reduction method failed to produce MoSi2,
yielding elemental molybdenum, molybdenum dioxide, and molybdenum carbide due to oxygen con-
tamination. The sol-gel preoxidation method successfully coated commercial MoSi2 with an amorphous
silica layer, enhancing the material’s stability. The magnesiothermic reduction method successfully pro-
duced an oxide mixture intermediate (SiO2/MoO3) with nanosphere structures, initially containing 0.57
wt% molybdenum. The molybdenum content was later increased to 23.96 wt%. However, synthesis of
the Si/MoSi2 nanocomposites from this intermediate was not completed due to time constraints. The
chemical stability, extraction and retention behavior of commercial and silica-coated MoSi2 were eval-
uated in MilliQ and methyl ethyl ketone (MEK). The silica coating reduced molybdenum leaching and
exhibited selective Tc extraction. Retention studies highlighted the significant role of solvent inter-
actions in governing radionuclide adsorption. In MEK, the silica-coated material exhibited lower Tc
retention, likely due to reduced adsorption sites caused by solvent interactions with silanol groups, while
Mo retention could not be evaluated due to insufficient extraction data. The results demonstrate the

potential of silica-coated MoSi2 in Mo/ Tc generator applications. However, further work is needed
to optimize synthesis, increase surface area and evaluate long-term performance under irradiation. This
could pave the way for sustainable and efficient isotope production systems.
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1
Introduction

Cancer is one of the leading causes of death worldwide, accounting for nearly 10 million deaths in
2020 [1]. In recent decades, research in the field of preclinical molecular biology has led to significant
advances in our understanding of cancer at the cellular level. However, the challenge of translating
these findings into clinical applications persists, largely due to the lack of suitable tools for studying
molecular events in patients. This gap has driven the development of molecular imaging, which enables
non-invasive visualization, characterization, and monitoring of biological processes in cancer patients.
Several imaging methods such as X-rays, ultrasound, computed tomography (CT), single photon emis-
sion computed tomography (SPECT) and positron emission tomography (PET) have been investigated
to diagnose cancers and to evaluate the effectiveness of ongoing treatment procedures [2].

The advances in molecular imaging techniques have also required the development of innovative con-
trast agents and radionuclides, specifically designed to meet the unique diagnostic and therapeutic
needs of each patient. Among these, technetium-99m ( Tc) has become one of the most extensively
utilized medical radionuclides, playing a crucial role in nuclear medicine diagnostics [3]. It is currently
used in 80-85% of in-vivo nuclear medicine diagnostics, and its utilization is expected to increase by
3-8% each year [4]. Tc is preferred for medical use due to its relatively short half-life (t / = 6.01 h),
its unique chemistry that enables coordination with a wide range of organic compounds, and its emission
of a single gamma photon with a low energy of 141 keV. This energy, is very suitable for penetrating
tissues and is effectively detected by SPECT cameras from outside the body [5]. These advantages
make Tc highly effective for producing high-quality images of the target organs with minimal radia-
tion exposure for the patient [4].

The majority of Tc is produced by the decay of molybdenum-99 ( Mo) which has a half-life of 66
hours [3]. Mo decays to Tc (87.5%) which then decays to Tc through isomeric transition (IT).
The other 12.5% of Mo decays directly to Tc, followed by the decay of Tc (t / = 2.1 10 yr) to
the stable Ru (Figure 1.1).

Figure 1.1: Simplified decay scheme of Mo and Tc [6].
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2 1. Introduction

The current ’gold standard’ procedure for generating Mo for medical isotope use includes neutron
fission of U (i.e. U(n,f) Mo) in multipurpose research reactors [7]. Approximately 6.1% of the

U fissions result in Mo. This reaction has a larger cross-section 35.6ײַ) barns for Mo production
using thermal neutrons) than other methods of production.1 Multipurpose research reactors are ideal
for Mo production because of their ability to irradiate various targets at high neutron flux rates (usually
around 10 -10 neutrons per square centimeter per second (cm s ). Higher neutron fluxes mean
more neutrons are present per unit area, leading to an increased likelihood of reactions occurring. The

U nucleus absorbs a thermal neutron and initiates a fission process, producing two primary fission
fragments. These fragments undergo further radioactive decay, ultimately yielding over 200 distinct ra-
dionuclides, including Mo [4]. Most fission-based Mo was produced using Highly Enriched Uranium
(HEU) targets. However, because of the non-proliferation treaty, these targets are being converted to
Low Enriched Uranium (LEU) targets to avoid the risk of nuclear weapons. This has a significant impact
on the overall manufacturing costs and the quantity of nuclear waste, which increases by 200% [9].

Another reactor-based method for the production of Mo is through neutron activation of Mo (i.e.,
Mo(n, έ) Mo). While this method has the potential to become a dominant reactor-based production

route, it faces significant limitations due to the very small activation cross-section (0.13 barns for thermal
neutrons), compared to the production cross-section of U fission (37 barns for Mo specifically) [10].
As a result, Mo produced through this method has a specific activity 2 to 4 times lower compared to
Mo generated by neutron fission, since only a small fraction of the molybdenum is converted to Mo

[11].2 Although Mo neutron activation has remarkable potential for generating Mo, its application
in Mo/ Tc generators using the existing alumina adsorbent is challenging. Finally, Mo can be
produced through photofission of Mo (i.e. Mo(έ,n) Mo) where energetic photons are obtained by
the irradiation of heavy targets with electron beams coming from linear accelerators. The cross-section
for this reaction is similar to that of the Mo(n, έ) Mo, being 0.16 barn [13].

Most commercial Mo/ Tc generators are based on column chromatography, where Mo is ad-
sorbed onto the acidified alumina in the form of molybdate (MoO4

2– ) [7]. When Mo decays, it forms
pertechnetate (TcO4

– ), which binds less tightly to the alumina due to its lower charge. As saline so-
lution (0.9% NaCl) passes through the column, an ion exchange process occurs between the chloride
and pertechnetate ions, so that Tc is eluded as sodium pertechnetate. However, because of the low
adsorption capacity of alumina (only 20 mgMo per g alumina [14]) combined with the low specific activity
of neutron activated Mo, a large amount of alumina is needed in order to adsorb a significant amount
of Mo [15]. Studies are being conducted to address the issue of low specific activity products by ex-
ploring strategies such as enhancing Mo capacity through the use of nanomaterial adsorbents [15], or
employing alternative separation processes such as solvent extraction and electrochemical approaches
[16][17][18].

Another way of tackling this problem would be to develop a new generation of the Mo/ Tc generator,
where the material would be used as both the target material for neutron-activated Mo production and
generator material for Tc extraction. In doing so, the use of alumina adsorbents could be eliminated.
To achieve the aforementioned dual functionality, several characteristics are required for the generator
material. The material should have a high surface area, as this would minimize the amount of generated

Tc that remains ’trapped’ in the material itself, thereby increasing Tc extraction. Additionally, the
material should be highly stable both in solution and during irradiation. Lastly, a high retention capacity
for Mo is desirable to reduce impurities.

In this research, nanosizedmolybdenum silicides were investigated to be used as both target material for
neutron-activated Mo production and generator material for Tc extraction. Molybdenum silicides
are known to be stable at high temperatures and in harsh conditions, and exhibit excellent oxidation
resistance [19][20]. Nanostructured variants would provide a large surface to volume ratio, resulting in a
high overall surface area [21]. Nanostructured materials of MoSix have not yet been neutron irradiated
and analyzed for their extraction potentials of Mo and Tc, while also thinking about their reusability.
This thesis aims to fill this research gap.

1The cross-section indicates the likelihood that a given nucleus will undergo a particular nuclear reaction. The probability term is
measured in cm and referred to as the reaction’s cross-sectional area. The used unit is barn, where one barn equals 10 cm
[8].

2The specific activity is defined as the amount of radioactivity of a particular radionuclide per unit mass of that radionuclide, normally
expressed as Bq/g [12].
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The main objectives to be achieved during this research were:

1. Synthesize nanostructured molybdenum silicides

2. Study the chemical stability of this material in various solvents

3. Investigate the extraction potential of Mo and Tc from this material

4. Study the retention of Mo and Tc in the material





2
Theoretical Background

2.1. Production of 99Mo
2.1.1. Fission-produced Mo
Mo can be produced in a variety of ways, one of which is the fission of uranium targets in a reactor.

The classification of these targets is based on the content of the fissile U radioisotope. These include
natural uranium ( U content ≈0.72%), LEU (0.72% < U < 20%), HEU (20% < U < 90%) and
weapons-grade Enriched Uranium ( U content > 90%) [4]. The majority of Mo for medical applica-
tion is created through the fission of highly enriched uranium (HEU)-based targets, such as uranium-
aluminum alloys. Mo can also be produced using low-enriched uranium (LEU) targets. However, it
would only produce around 20% of the Mo yield compared to HEU for the same target mass [22]. In
nuclear reactors, thermal energy and the fission neutron spectrum play a crucial role in the production of
Mo. The U nuclei absorb thermal neutrons to initiate fission. The fission of the U nucleus yields

two to three lower mass nuclei known as fission fragments. In a nuclear reactor, uranium targets are
exposed to a high neutron flux for five to seven days, resulting in the production of 6% Mo (produc-
tion cross-section = 37 barns) [23]. The most common radioisotopes produced by fission include Mo
(which decays to Tc), I, and Xe. The relevant fission reaction for this is:

235U+ 1nthermal ⱠⱠⱠ⅛ 236U ⱠⱠⱠ⅛ 99Mo+ 134Sn+ 3 1n (2.1)

After irradiation, targets are transferred to processing facilities with hot cells to separate and purify Mo
from other fission products. The carrier-free purified Mo solution is then loaded in the Mo/ Tc
generator. As Mo has a relatively short half-life (t / = 66 h), this must be done in as little time as
possible, to minimize the decay of Mo. The quantity of Mo generated is referred to as the ”six-day
Curie”, the amount of Mo radioactivity that is still present 6 days after processing [24].

2.1.2. Neutron-capture-produced Mo
Molybdenum has several naturally occurring isotopes, Table 2.1, amongst which Mo is the most abun-
dant with 24.29%. Natural or enriched Mo targets can be activated by the capture of thermal neutrons
in the thermal flux of conventional research reactors to yield Mo (eq. 2.2).

Table 2.1: Naturally occurring molybdenum isotopes [25].

Isotope Abundance
[%]

Thermal (n, ) cross-section
[barn]

Mo 14.65 0.08
Mo 9.19 0.34
Mo 15.87 13.4
Mo 16.67 0.55
Mo 9.58 2.20
Mo 24.29 0.13
Mo 9.74 0.20

5



6 2. Theoretical Background

98Mo+ 1nthermal ⱠⱠⱠ⅛ 99Mo+ έ (2.2)
Only a little amount of molybdenum is converted to Mo, resulting in a Carrier-Added (CA) product with
poor specific activity [26]. In other words, Mo activity is diluted by the presence of the inactive Mo
target. Using enriched Mo target material improves the specific activity. The increase is proportional
to the enrichment factor. Using enriched targets with a Mo content of ≥96% can increase the specific
activity yield of Mo by four-fold [4]. One of the main factors that limit the specific activity is the small
neutron capture cross-section of Mo targets (0.13 barns for thermal neutrons). If the irradiation is
carried out in the epithermal energy zone, this number can be raised to 6.7 barns [27]. However, there
are very few nuclear reactors which are sensitive specifically to neutrons in the epithermal energy region
[28].

2.1.3. Accelerator-based Mo production
Mo can also be produced using modern particle accelerators. This route would eliminate the need

for HEU targets as well, and generate relatively low amounts of radioactive waste compared to the use
of nuclear reactors [13]. The principle behind it is to accelerate charged particles, such as protons,
deuterons, or electrons, in order to cause nuclear reactions in the material of interest. The accelerated
particles can sometimes even interact with the target material to directly produce Mo or even Tc. An
overview of the main production routes for accelerator-based Mo production can be found in Table 2.2.

Table 2.2: The main accelerator-based production routes for Mo [4][13][29][30][31].

Facility Accelerated particle Incident particle Target material Nuclear reaction Production
cross-section
[barn]

Electron accelerator Electron Photon .U U(έ,f) Mo 0.01
Electron Photon Mo Mo(έ,n) Mo 0.16

Deuteron accelerator Deuteron Neutron Mo Mo(n,2n) Mo 1.5
Deuteron Deuteron Mo Mo(d,p2n) Mo 0.30

Proton accelerator Proton Proton Mo Mo(p,pn) Mo 0.15
Mo(p,2p) Nb

→ Mo 0.16
Proton Proton Th Th(p,f) Mo 0.03

Ϋ-particle accelerator Ϋ-particle Ϋ-particle Zr Zr(Ϋ,n) Mo 0.185

With electron accelerators, a high-intensity electron beam strikes a dense target material to generate
Bremsstrahlung photons. These photons are then used to produce Mo through two different methods;
a photon-induced fission reaction or photon-induced nuclear reaction. In the photon-induced fission
reaction, high specific activity Mo can be obtained from the reaction U(έ,f) Mo. However, when
comparing it to the neutron-initiated uranium fission method, the production output is around 3700 times
lower as it has a much smaller reaction cross-section (0.16 barn) [13]. Following the photonuclear
transmutation reaction, one can produce Mo according to the reaction Mo(έ,n) Mo.

Through bombardment of high energy neutrons on Mo, Mo can be produced following the nuclear
reaction Mo(n,2n) Mo. The cross-section for this reaction is about 1.5 barn, which is ten times
higher than the cross-section for Mo(n,έ) Mo in the thermal region. Furthermore, a high-intensity
neutron flux of ≥10 n/cm s and an irradiation period of more than 8 days are needed [32]. However,
low specific activity Mo will be produced even when 100% enriched Mo is used, due to the inability
to chemically separate the radionuclides [4].

Lastly, much research is done into other possibilities that make use of protons or deuterons for the
production of Mo. An example of this is the Mo(p,pn) Mo reaction. However, this reaction has a
low cross-section (0.15 barn) and yields low amounts of Mo [29]. In contrast, the reaction cross-section
of Mo(d,p2n) Mo is twice as high (0.30 barn). However, irrespective of the higher cross-section, low
specific activity Mo will be produced.
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2.2. Production of 99 Tc (99Mo/99 Tc generator)
A Mo/ Tc generator, also known as ’technetium generator’, is a device utilized for the extraction of
technetium produced from Mo. A typical generator includes a small alumina column, tubing, valves,
and filters for technetium extraction, as well as lead shielding for radiation protection (see Figure 2.1).
Alumina is used as it is known to have high radiation resistance and affinity for specific inorganic ions
such as Mo [33].

(a) (b)

Figure 2.1: (a) External view of a technetium generator produced by TechneLite. (b) Schematic diagram of the internal structure
of a technetium generator [7][23].

In a typical technetium generator, Mo in the form of molybdate (MoO4
2– ) is adsorbed onto the alumina

column. Mo decays in the column, forming pertechnetate (TcO4
– ). Because pertechnetate has a

single charge, it is less tightly bound and has relatively limited interaction with the alumina. On passing
saline (0.9% NaCl) solution through the column, an ion exchange process occurs between chloride and
pertechnetate ions [34]. Over the generator’s lifespan, the elution yields more than 80% of the theoretical
amount of Tc from the molybdenum Mo column [22]. There are two types of columns available:
dry and wet column generators [33]. In dry generators, a set volume of saline is used for each elution.
Saline is pulled through the column by a vacuum that is created by an evacuated vial attached to the
outlet. In a wet generator, a saline reservoir is permanently attached to the inlet. During elution, saline
is replaced from the reservoir, keeping the column full of liquid between elutions [35]. Generally, the wet
generator has a higher Tc elution efficiency (>85%) than the dry generator (>80%) [36]. However, it
is challenging to load consistent levels of Mo during wet generator fabrication.

Due to the decay of Mo in the generator, a continuous in-growth of Tc takes place. As the mother
nuclide ( Mo) has a longer half-life than the short-lived daughter ( Tc), a radioactive equilibrium is
established. This state is called either a secular or transient equilibrium, dependent on the ratio of the
half-lives. Secular equilibrium arises when the mother’s half-life is much bigger than that of the daugh-
ter nuclide, t / , » t / , . It is called transient equilibrium when t / , > t / , ,
as is the case in the Mo/ Tc generator system [37]. This transient equilibrium is reached after
approximately four elapsed half-lives of Tc [4].
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Figure 2.2: Radioactive decay of Mo and build-up of Tc for multiple elutions of a technetium generator [38].

From Figure 2.2 it can be seen that during the Tc ingrowth, its production is a lot faster than its decay.
Once the equilibrium is established, the Tc decay and growth rate are equal. Following elution, the
generator repeats the process, with Mo decaying to produce fresh Tc. As a result, Tc begins
to be regenerated again. The correlation between the Tc growth and the decay of Mo can be
explained using the Bateman equations [4][39]:
The decay of Mo can be expressed as:

= Ⱡ (2.3)

= (2.4)

Where N indicates the number of Mo atoms at time t in sec., N is the amount of Mo atoms at t=0
s, and is the decay constant of Mo in s .

As the production of Tc equals the decay of Mo, the growth rate of Tc can be written as:

Growth rate = ProductionⱠ Decay

= Ⱡ = Ⱡ (2.5)

= Ⱡ ( Ⱡ ) + (2.6)

Where N is the amount of Tc atoms at time t in sec., is the decay constant of Tc in s and
N is the amount of Tc atoms at t=0 s.

To obtain an equation in terms of activity, one can use the relation: A = N. This results in:

= (2.7)

= Ⱡ ( Ⱡ ) + (2.8)

Here, A is the activity of Mo in Bq at time t (s), A is the activity of Mo in Bq at t=0 s, A is the
activity of Tc in Bq at time t (s) and A is the activity of Tc in Bq at t=0 s.

Equation 2.8 can be used to quantify the eluted radioactivity.
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