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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 on molybdenum-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 (MoSi,) 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 MoSis,,
yielding elemental molybdenum, molybdenum dioxide, and molybdenum carbide due to oxygen con-
tamination. The sol-gel preoxidation method successfully coated commercial MoSi, with an amorphous
silica layer, enhancing the material’s stability. The magnesiothermic reduction method successfully pro-
duced an oxide mixture intermediate (SiO,/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/MoSi, nanocomposites from this intermediate was not completed due to time constraints. The
chemical stability, extraction and retention behavior of commercial and silica-coated MoSi, 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
99Mo retention could not be evaluated due to insufficient extraction data. The results demonstrate the
potential of silica-coated MoSi, 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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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;2 =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 2 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 °99Tc through isomeric transition (IT).
The other 12.5% of “*Mo decays directly to *9Tc, followed by the decay of *°9Tc (t;,, = 2.1- 105 yr) to
the stable °°Ru (Figure 1.1).

99M0
N\

\
[ decay,> N
ti2=66h e 9mT

‘ y transition, ti2= 6.01 h
99gTC

\
\

¥ \
[ decay, N
t12=21x10°y % %Ru

Figure 1.1: Simplified decay scheme of Mo and °°™Tc [6].



2 1. Introduction

The current 'gold standard’ procedure for generating Mo for medical isotope use includes neutron
fission of 235U (i.e. 23°U(n,f)°?Mo) in multipurpose research reactors [7]. Approximately 6.1% of the
235(J fissions result in °*Mo. This reaction has a larger cross-section (~35.6 barns for ®*Mo production
using thermal neutrons) than other methods of production.! Multipurpose research reactors are ideal
for ®Mo production because of their ability to irradiate various targets at high neutron flux rates (usually
around 1013-101* neutrons per square centimeter per second (cm~2- s~1). Higher neutron fluxes mean
more neutrons are present per unit area, leading to an increased likelihood of reactions occurring. The
235U 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.,
%8Mo(n, y)*?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 23>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
99Mo generated by neutron fission, since only a small fraction of the molybdenum is converted to Mo
[11].2 Although °8Mo 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 1°°Mo (i.e. 1°°Mo(y,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, y)°°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 (MoO42_) [7]. When %Mo decays, it forms
pertechnetate (TcO, ), 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 mg Mo 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
[16e]17]018].

Another way of tackling this problem would be to develop a new generation of the 9Mo/°°"*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
99mTc 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, nanosized molybdenum 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 MoSi, 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.

"The 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 10724 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].



1. Introduction

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






Theoretical Background

2.1. Production of °°Mo

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 23>U radioisotope. These include
natural uranium (>*U content =0.72%), LEU (0.72% < 235U < 20%), HEU (20% < 235U < 90%) and
weapons-grade Enriched Uranium (235U 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 23°U nuclei absorb thermal neutrons to initiate fission. The fission of the 23U 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), 1311, and 133Xe. The relevant fission reaction for this is:

235 236U 929

U+ 1ntherma1 — Mo + **sn+3'n (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 (t1/2 = 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,y) cross-section

[%] [barn]
92Mo 14.65 0.08
94Mo 9.19 0.34
%Mo 15.87 13.4
9%6Mo 16.67 0.55
97Mo 9.58 2.20
98 Mo 24.29 0.13
100Mo 9.74 0.20
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98M0 + 1nthermal — 99MO +y (22)

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 296% 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

99Mo 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 nat.(y 238U(y,f)*°Mo 0.01
Electron Photon 100Mo 100Mo(y,n)**Mo 0.16
Deuteron accelerator Deuteron Neutron 100Mo 100Mo(n,2n)*Mo 1.5
Deuteron Deuteron 100Mo 100Mo(d,p2n)*°Mo  0.30
Proton accelerator Proton Proton 100Mo 100Mo(p,pn)*®Mo  0.15
100M0(p,2p)99Nb
—2Mo 0.16
Proton Proton 232Th 232Th(p,f)°’Mo 0.03
a-particle accelerator  a-particle a-particle 9%Zr 96Zr(a,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 238U(y,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 1°°Mo(y,n)**Mo.

Through bombardment of high energy neutrons on °°Mo, Mo can be produced following the nuclear
reaction 1°°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,y)°’Mo in the thermal region. Furthermore, a high-intensity
neutron flux of 21013 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 1°°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 1°°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 199Mo(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 *°"Tc (*’Mo/**"Tc generator)

A %9Mo/?°™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].

Evacuated Vial Saline Vial
A | Vent
Filter £ ™ One-Way Filter

| **Mo Column
Lead Shield_| /

L

(@) (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 (MoO42_) is adsorbed onto the alumina
column. °°Mo decays in the column, forming pertechnetate (TcO, ). 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 29" 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, t1 /2 mother » t1/2,daugnter- It is called transient equilibrium when t 5 motner > t1/2,aaugnter
as is the case in the 22Mo/°*™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:

dN,
N; = Nle~Mt (2.4)

Where N; indicates the number of ?Mo atoms at time t in sec., NJ is the amount of °*Mo atoms at t=0
s, and 4, is the decay constant of Mo in s71.

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

Growth rate = Production — Decay

dN.
d_t2 = 4Ny — N, = 4, Ne ™Mt — 1,N, (2.5)
A
N, = — = NO(e Mt — g=22t) 4 NOg 22t (2.6)
/12 - Al

Where N, is the amount of °*™Tc atoms at time t in sec., 1, is the decay constant of *°"Tc in s™! and
NJ is the amount of " Tc atoms at t=0 s.

To obtain an equation in terms of activity, one can use the relation: A = AN. This results in:
A, = Ade~Mt (2.7)
A2

A, = T Ad(e™Mt — =22ty 4 AQe =42t (2.8)
2— M

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 AJ 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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2.3. Utilizing hot atom chemistry principles

Hot atom chemistry (HAC) is the study of chemical reactions involving thermal-energy and high energy
atoms, molecules, ions, and radicals. Research includes the production of atoms and ions through pho-
tochemical processes, but mostly by nuclear processes [40]. In the latter, the chemical effects occur
during nuclear transmutations, for example due to activation and radioactive decay. One of these acti-
vation methods is neutron activation. This involves irradiation of a nucleus with neutrons, after which a
neutron is absorbed by the target nucleus. The compound nucleus that is formed is in a highly energetic
state and emits gamma rays, a proton, a neutron, or an alpha particle to get rid of its excess energy
[41]. Itis also possible for a radionuclide to undergo various decay transmutations, such as a-, 37- or
B*-decay, which is accompanied by the release of energy. This energy is distributed among the parti-
cles involved in the reaction and can be calculated by using the law of conservation of momentum. The
recoil energy received by the daughter nuclide, is dependent on the energies of the emitted particles or
photons [37]. These recoiling atoms are referred to as hot atoms because their kinetic energy is signifi-
cantly greater than thermal equilibrium values [42]. As chemical binding energies between atoms range
from 40 to 400 kJmol™1, or approximately 0.4 - 4 eV (1 eV = 96.5 kJmol~1), this bond can be broken
if the recoil energy is high enough, causing the produced radionuclide to be released from its chemical
bond [3].

This principle can be utilized to produce radionuclides with higher specific activity by separating isotopic
mother and daughter radionuclides, such as °®Mo and °°Mo. The majority of Mo-atom bonds have
an energy of around 5 eV so that prompt gamma energies of around 1000 keV are needed to acquire
high enough recoil energies to break them [43][44]. Approximately 14.0 - 15.7% of the emitted prompt
gammas have high enough energy to cause this [45]. Furthermore, when °°Mo decays to ?°"Tc there is
an 82% probability that the B~ -particles have the maximum energy of 1.23 MeV [46]. This results in the
daughter to have a recoil energy of approximately 12.5 eV. The recoiling atom will probably acquire part
of this energy and therefore the bond may not be broken by recoiling effects. Despite this, the change
of atomic number after §~-decay causes all electrons to be excited. The emission of electrons from the
shell generates excitation energy and can break chemical bonds [37].

Wolterbeek, H.T., and Bode, P. have reported methods to increase the specific activity (SA) of neutron
activated °?Mo using these principles [47]. Targets that have been used for this were molybdenum(0)
hexacarbonyl [Mo(CO)g], molybdenum(VI) dioxodioxinate [C4H3(0O)—NCsH3)], —MoO,], molybdenum
nanoparticles (~100 nm) and other molybdenum tricarbonyl compounds. The neutron irradiated targets
were first dissolved in organic solvents, after which the ®?Mo is extracted using an aqueous buffer solu-
tion. Doing so increased the specific activity of °?Mo by a factor of 1000, making the method comparable
to that of the high SA °Mo produced through fission of 23°U [43]. However, these organic compounds
were observed to be easily damaged by the gamma rays and neutrons during irradiation in the reactor
[48].

Using inorganic targets could be a better alternative, as they are much more stable when exposed
to the gamma rays [45]. A study on the chemical effects of the *®Mo(n,y)°*Mo reaction on molybde-
num(Il) chloride [(MogClg)Cl,] is one of these alternatives. It was concluded that this compound offers
good prospects for practical applications, with yields of around 80% [49]. Another work by Ngo, M.C.
investigated the use of MoO; targets and concluded it to be a promising irradiation target in produc-
ing 29Mo/?°™Tc by the (n,y) method. When using water for radioisotope extraction, extraction yields of
around 67% could be achieved [50]. Furthermore, a numerical study showed that 50% of activated Mo
could recoil out when molybdenum disulfide nanoparticles are irradiated with neutrons [51]. However,
comparing these different methods is difficult, as they all use different production methods.

It is good to note that none of the works presented addressed the extraction of 2 Tc using hot atom
principles. These works were rather focused on the potential of utilizing (in)organic molybdenum com-
pounds, as opposed to uranium-based °’Mo production, to produce high specific activity °*°Mo that is
compatible with existing technetium generators.
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2.4. Fundamentally different **Mo/**"Tc generator

As described in the previous section, the specific activity of Mo can be improved through the use of
hot atom chemistry. The high SA ®*Mo can then be loaded into conventional technetium generators to
produce the desired **™Tc. However, the disadvantage of this method is its difficulty to achieve both high
yields and significant enrichment factors.® A more efficient approach could be to retain °*Mo within the
material, allowing it to decay into °**™Tc. During decay, there would be additional opportunities for bond
rupture to occur through chemical effects such as recoil energy from radioactive decay or radiolysis,
potentially improving the extraction efficiency of *°™Tc.

In practice, such a system might pave the way for the development of an entirely new type of generator
that is not limited by the physical limits of alumina-based designs. As hot atom chemistry only affects
radioactive atoms, any unreacted or stable molybdenum will retain in the material. °**™Tc can be directly
extracted from the material, eliminating the need for an alumina adsorbent for separation. This provides
new opportunities for more compact and efficient generators. To extract °**™Tc, liquid-extraction tech-
niques can be utilized due to its easy usability, their widespread implementation in similar research and
acceptance in hospitals [50][53][54].

For this idea to work, the target material must meet certain key criteria. First and foremost, the material
must be highly stable, capable of withstanding high temperatures and irradiation damage while main-
taining structural integrity, ensuring that it can be reused after each irradiation cycle [55]. Additionally,
materials with high surface areas should be selected to minimize the amount of °*Tc that remains
"trapped” within the material, thus increasing the overall yield of the process. Once all the °**Mo has
decayed into °*™Tc, the target material can then be sent back to a reactor facility and be re-irradiated,
allowing for a continuous cycle of °®™Tc production until all molybdenum has been utilized. This pro-
cess could significantly improve both the sustainability and efficiency of medical isotope generation,
decreasing the dependency on traditional generator systems and aged reactors.

2.5. Molybdenum silicides

Molybdenum silicides belong to the group of transition metal silicides. This class of compounds exhibit
both metallic and ceramic properties, with the advantages of good electrical conductivity, high temper-
ature resistance and oxidation corrosion resistance [56]. The Mo-Si binary phase diagram (Figure 2.3)
shows that three stoichiometries have been found for molybdenum-silicon; Mo3Si, Mo5Si; and MoSis.
Both Mo3Si and MoSi, are stoichiometric compounds, whereas MosSi; has a homogeneity range of 3
at% Si.4

The crystal structure of these compounds vary (Figure 2.4). Mo3Si adopts a cubic A15 structure with
8 atoms in the unit cell, consisting of 6 molybdenum and 2 silicon atoms [58]. MosSi; possesses a
body-centered tetragonal structure with a larger unit cell, consisting of 32 atoms - 20 molybdenum and
12 silicon atoms. MoSi, features two phases: the C11, (a-phase) and the C40 (B-phase). The C11,
structure has [4/mmm symmetry, with sixfold-coordinated hexagonal MoSi, layers stacked in an ABAB
sequence along the [110] direction [59]. In comparison, the C40 structure exhibits P6222 symmetry,
consisting of identical hexagonal layers of MoSi, stacked in an ABCABC sequence. While the C11,
structure is stable up to the melting point of MoSi,, recent studies have shown that the previously re-
ported high-temperature C40 phase is likely stabilized by the presence of impurities [19].

3The enrichment factor is defined as the ratio by which the specific activity increases due to the Szilard-Chalmers method, compared
to when no separation is performed under identical irradiation conditions [52].
4A homogeneity range denotes the boundaries within which the quantity ratio of the individual metals may vary [57].
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Figure 2.4: Schematic illustrations of the crystal
Figure 2.3: Binary Mo-Si phase diagram [60]. structures of molybdenum silicides, (A) a-MoSi, (B)
MosSis, (C) Mo3Si and (D) 3-MoSi, [58].

Of these stoichiometric compounds, MoSi, has attracted most research interest due to its high melting
point (2030 °C), rather low density, high electrical conductivity and high oxidation resistance in the range
of 700 - 1700 °C [20][58]. They have important applications in the microelectronics industry as they are
used in integrated circuits for Schottky barriers, Ohmic contacts and low-resistance gates [59]. Beside
these applications, they are also used for heating components and structural parts at high temperatures.
Yet, applications are limited due to low toughness at room temperature, low strength at high tempera-
tures, and poor oxidation resistance at relatively low temperatures (500 - 600 °C) [61]. Reducing the
grain sizes below nanometers, can optimize the characteristics of MoSi,. Nanocrystalline MoSi, has
superior fracture toughness and flexural strength compared to coarse-grained materials [20].

Various methods have been investigated for the synthesis of MoSi, nanoparticles. These include self-
propagating high-temperature synthesis [62][63][64], shock wave synthesis [65][66], mechanical alloying
[67][68][69], sonochemical synthesis [70] and chemical vapor deposition methods [71]. However, none
of these methods are perfect. The sonochemical method induces a substantial amount of carbonaceous
contaminants from the solvent. Mechanical alloying introduces iron, nitride, and oxide impurities and the
obtained product has larger micro-sized particles with a nanocrystalline structure [20]. When following
self-propagating high-temperature synthesis, pores and cracks often form due to the reaction’s intense
nature, thermal shock, and steep thermal gradients [19], and shock wave synthesis result in fully reacted,
partially reacted and unreacted regions [66].

On the other hand, sol-gel processes have been studied as established methods for the preparation
of nanomaterials [72]. An overview of this method is shown in Figure 2.5. Through modification of
these processes, it should be possible to synthesize molybdenum silicides with dimensions confined to
the nanometer scale [20][73]. Additionally, molybdenum silicide nanomaterials have been successfully
synthesized through magnesiothermic reduction methods [74].

Wet Gel

Dense Ceramic

Alkoxide

Solution

Figure 2.5: Scheme of the sol-gel method [75].
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2.6. Measurement techniques

2.6.1. Brunauer-Emmett-Teller (BET) analysis

Brunauer-Emmett-Teller (BET) analysis is used to derive the specific surface area (m?/g) of the samples.
The fundament of BET theory is the adsorption of a gas on the material’s surface [76]. This phenomenon
originates from van der Waals forces generated by an adsorbate film composed of atoms, ions, or
molecules on the surface of a substance that adsorbs these particles. Adsorption can occur either
physically or chemically. Chemical adsorption results from a chemical reaction between the solid and
the adsorbate (gas), whereas physical adsorption is related to van der Waals forces. The quantity
of adsorbed gas on the adsorbent material can be attributed to its surface area. Several parameters
influence this process, including temperature, pressure, and material properties.

2.6.2. Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-Transform Infrared Spectroscopy (FTIR) is used to study the functional groups of the samples
by measuring the intensity and wavelength of the absorption of IR radiation [77]. It is based on the
shift in a molecule’s dipole moment, using the concept of vibrating molecular bonds and the subsequent
absorption wavelengths, which are determined by the atoms involved and the strength of intermolecu-
lar interactions [78]. In an IR spectrum, the % transmittance (or absorbance) is plotted on the y-axis,
whereas the x-axis represents the wavenumber (cm™1). The peaks in the spectrum are specific to the
frequencies of IR radiation that different types of bonds absorb [79].

2.6.3. Germanium gamma counter

The germanium gamma counter is a device used to measure the gamma spectrum of radioactive sam-
ples to assess their (relative) activity. This instrument consists of a semiconductor radiation detector
assembly and signal processing devices that are connected to a pulse height analyzer and computer
[80]. The detector is made of a semiconductor crystal that sits in between two conductor electrodes.
Between the electrodes, a potential difference is created so that an electric field is produced in the semi-
conductor. When a y-ray photon reaches the semiconductor, it generates free charge carriers in the
crystal that are proportional to the energy lost by the photon. The electric field causes charge migration,
which results in an induced current pulse in the external circuit. The integrated current pulse is propor-
tional to the energy lost by y-ray photons. These pulses are then sent to a multichannel pulse-height
analyzer, which sorts and stores them, producing a pulse-height graph. The counts for a particular
nuclide can be obtained by integrating over a certain region of interest.

2.6.4. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is an analytical technique that can be used to
measure elements in small concentrations [81][82]. In the sample introduction system, liquid samples
are nebulized to create a fine aerosol that is then transferred to the argon plasma. The sample is
then atomized and ionized by the plasma, producing ions that are subsequently extracted through the
interface region and into an electrostatic lens set known as the ion optics. The ion beam is directed and
focused into the quadrupole mass analyzer by the ion optics. lons are separated by the mass analyzer
based on their mass-charge ratio (m/z), and the detector measures these ions. An internal standard is
usually used to correct for deviations in instrument operating conditions or sample specific matrix effects
that could alter the analyte signal. Every sample has the same amount of internal standard added to it.
The analyte to internal standard signal ratio is then used to calculate the results.

2.6.5. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a method used to visualize the size and morphology of samples.
A highly focused electron beam is directed from an electron gun situated at the top of the sample [83].
When an electron beam meets the sample, it emits X-rays and three types of electrons: back scattered
(primary), secondary, and Auger electrons. SEM uses both primary (back scattered) and secondary
electrons. The identification of elemental compositions is achieved through the utilization of the charac-
teristic X-rays, employing a technique known as Energy Dispersive Spectroscopy (EDS). This technique
provides an overall mapping of the sample by analyzing near-surface elements and estimating the ele-
mental proportion at different positions.



2. Theoretical Background 13

2.6.6. Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is a technique that can be used to obtain chemical and crystal-
lographic characterization of samples with high spatial resolution [84]. When the electron beam interacts
with the material, diffraction occurs. The intensity of this diffraction is dependent on the plane’s orien-
tation with respect to the electron beam. At certain angles, the beam is strongly diffracted, whereas
it is transmitted at other angles. The specimen’s holders can be tilted in order to achieve a specific
diffraction condition. Placing the aperture in such a way that the deflected electrons are blocked, allows
unscattered electrons to pass through, resulting in a contrast image known as the light field. Using the
deflected electrons to create an image is also possible, resulting in a "dark field image” [83].

2.6.7. X-Ray Diffraction (XRD)
X-ray diffraction is a method that is used to characterize the crystal structure of powder samples based
on the diffraction of X-rays. The principle of XRD can be understood from Bragg'’s law of diffraction [85]:

nA = 2d x sin @ (2.9)

Here the n stands for the diffraction order, A is the wavelength of the incoming x-ray beam in m, d stands
for the ‘grating constant’ also called the lattice spacing in m and 6 is the angle between the ray of incident
on the plane surface and the sample.

X-Ray diffraction patterns are created by interference of a beam of X-rays scattered at specific angles.
The distribution of atoms within the lattice determines peak intensities [86]. This information is converted
into a graph where the intensity of a peak is plotted against the angle of diffraction 26. The samples
are subjected to XRD analysis to provide insight into their structural characteristics, including phase
identification.






Materials & Methods

This chapter gives an overview of the materials used and explains the experimental process.

3.1. Materials & Devices

The chemicals used can be found in Table 3.1.

Table 3.1: Overview of chemicals.

Chemical Chemical Formula Purity Supplier
Ammonia NH3 (aq) 28-30% Merck Sigma
Ammonium heptamolybdate (NH4)gM07024:4H,0  >99% Merck Sigma
Ethanol C,yHgO 299.9% Sigma-Aldrich
Hydrochloric acid HCI 230% Merck Sigma
Hydrofluoric acid HF 248% VWR
Isopropanol C3HgO =299.8% Honeywell
Magnesium Mg - J.T. Baker
Methyl ethyl ketone C4HgO 299% Sigma-Aldrich

- Ultrapure water system,
MiliQ H20 i Advantage A10, Merck

0,

Molybdenum disilicide MoSi, 'E\)/lgfg Wi% min. Alfa Aesar

o . . . Shanghai Macklin
Silicon dioxide, microspheres 30 nm  SiO, 99.9% Biochemical Co., Ltd.
Silicon dioxide, 50 wt% in H,O SiO, 50 wt% Alfa Aesar
Sucrose C12H2044 - J. T. Baker
Tetraethyl orthosilicate Si(OCyHs), 99.0% Sigma-Aldrich

The instruments and apparatuses used can be found in Table 3.2 and Table 3.3, respectively.

15
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Table 3.2: List of all the instruments used.

Instrument Type Supplier

Semi-Micro Analytical

Balance balance GR-202 A&D instruments LTD
FTIR spectrometer Nicolet iS50 FTIR Thermo Scientific
HPGe detector Ge(Li) detector model 1G22 Princeton Gamma-Tech
ICP-MS NexION 2000 ICP-MS Single quat  PerkinElmer

S§ann|ng Electron Microscope (SEM) JSM-IT100 JEOL

with X-ray spectroscopy

Surface Area and Porosity analyzer TriStar 11 3020 Micromimetics
Transmission Electron Microscope (TEM) JEM-1400 Plus TEM JEOL

X-ray Powder Diffractometer X'Pert Pro MPD TTK-450 PANalytical

Table 3.3: List of all the apparatus used.

Apparatus Type
Centrifuge (15-50mL) Mega Star 600R centrifuge
Centrifuge (Eppendorf) Micro Star 17R microcentrifuge

Furnace Carbolite TF tube furnace
Magnetic stirrer Heater and magnetic stirrer Arec
Oven Carbolite HTCR oven

Oven Ventricell ecol line

Pipette (2-20 pL) Biohit

Pipette (1 mL) Gilson

Pipette (5 mL) Gilson

Sonic bath 5800 Ultrasonic cleaner

Vacuum oven Vacutherm

3.2. Material synthesis

In this study, three distinct methodologies were employed to synthesize molybdenum silicides. These
methods are outlined below.

Method 1: Sol-gel and carbothermic reduction method

The first synthesis is based on the method by J. Xu, et al. [87]. 3 g of ammonium heptamolybdate
tetrahydrate [(NH,4)sMo07;054-4 H,O] and 3.5 g of sucrose were dissolved in 32 mL of deionized (DI) water
in a glass beaker and stirred for 15 minutes using a magnetic stirrer. After this, 5.5 mL of concentrated
hydrochloric acid (10 M) was added while stirring continuously for 1 hour until the solution turned dark
blue. Subsequently, 7.6 mL of tetraethyl orthosilicate (TEOS) and 10 mL isopropanol were added to
the mixture, which was stirred for another hour at 50 °C. The resulting solution was left to dry at room
temperature for 18 hours. Afterward, 6 mL of ammonia solution was added, and the resulting wet gel
was dried under vacuum at 110 °C for 5 hours. The dried gel was cooled and transferred into an alumina
crucible and put in the sintering furnace under an argon atmosphere. The gel was heated at 200 °C for
2 hours before being ramped up at 10 °C/min to 1100 °C and sintered for another 2 hours. Finally, the
product was rinsed with a 5% hydrofluoric acid (HF) solution, MilliQ and ethanol, and dried at 50 °C in a
vacuum oven overnight yielding the final product.

This synthesis was repeated, resulting in two separate batches, from this point onward referred to as
P1 and P2.
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Method 2: Sol-gel preoxidation method

The second synthesis followed the research of L. Guo, et al. [73]. 5 g of molybdenum disilicide (MoSi,)
was dispersed in 50 mL of ethanol and treated with ultrasonic dispersion for 30 minutes to ensure homo-
geneous distribution. Subsequently, 1.43 mL of silicon dioxide solution (50 wt% in H,O) was added to
the mixture dropwise. The suspension was stirred at 500 rpm for 4 h using a magnetic stirrer to maintain
a well-dispersed solution and prevent the sedimentation of MoSi, particles. The resulting suspension
was centrifuged at 3,500 rpm for 30 min to collect the powder, followed by drying in an oven at 105 °C
for 2 h and then at 220 °C for an additional 2 h. Afterward, the sample was ground with a mortar and
pestle to break the agglomerates and preoxidized by heating to 800 °C in air for 2 h in the furnace to
obtain the final product.

Method 3: Magnesiothermic reduction method

The third synthesis was done according to research of L. Wu, et al. [74]. First, SiO, nanoparticles were
synthesized according to the modified Stéber method. 18 mL of ammonia solution (NH3-H,O), 32 mL
of ethanol and 50 mL of MilliQ were mixed and stirred at room temperature to obtain a homogeneous
solution, labeled as "solution A”. A second solution, solution B, was obtained by adding 9 mL of tetraethyl
orthosilicate (TEOS) to 91 mL of ethanol. Subsequently, solution B was immediately added to solution
A. After continuously stirring for 2 h, the SiO, nanoparticles were obtained by centrifugation at 9,000
rpm for 10 min, washing it with MilliQ and drying at 80 °C.

To synthesize the Si/MoSi, nanocomposites, 0.1 g of ammonium heptamolybdate tetrahydrate
[(NH4)sM070,4-4 H,0] and 1 g of SiO, were dissolved in 50 mL MilliQ and stirred for 30 min to obtain a
homogeneously distributed solution. The suspension was then stirred at 100 °C to remove water, and
the obtained powder was calcined at 400 °C for 2 h, resulting in SiO,/MoO3; powder. To increase the
molybdenum content, the synthesis was also conducted using 1.46 g of ammonium heptamolybdate.
After this, SiO,/MoO3; was mixed with magnesium powder with a mass ratio of 1:1 and put in a furnace
under argon atmosphere. The furnace was first heated to 400 °C at a rate of 5 °C/min and then to 700
°C with a ramp rate of 2 °C/min where it was kept for 6 h. The Si/MoSi, nanocomposite was obtained
after immersing the obtained powder in 2 M HCI solution for 6 h, then washing it with MilliQ and vacuum
drying at 60 °C.

3.2.1. Characterization

The particle size and morphologies of the compounds were analyzed using Scanning Electron Mi-
croscopy (SEM). A thin layer of sample was put on double-sided carbon tape and analyzed at 15 keV
acceleration voltage. The elemental distribution and purity of the materials were qualitatively and quan-
titatively determined by Energy Dispersive Spectroscopy (EDS) through detectors attached to the SEM.
Transmission Electron Microscopy (TEM) was used to analyze particle sizes and check for particle ag-
glomeration. This was done at an acceleration voltage of 120 keV. Generally, 2 mg of sample was dis-
persed in 0.5 mL of MilliQ and sonicated to achieve a homogeneous suspension. An aliquot of this sus-
pension was drop-cast onto a TEM grid (200 mesh copper). These were air-dried at room-temperature
before being analyzed by TEM.

Phase identification and degree of crystallinity were determined from XRD patterns on a diffractometer
using a Cu-K, radiation source. The data were collected in a scanning region between 26 = 5-90° at
a voltage of 45 kV and a current of 40 mA (scan rate = 1.55 °/min). The samples were analyzed using
an open sample holder. Acquired data was analyzed using the software Match! and compared to the
Powder Diffraction Files (PDF) from the International Centre for Diffraction Data (ICDD) [88].

To study the surface chemical groups of certain materials, Fourier-Transform Infrared Spectroscopy
(FTIR) analysis was performed. This was done using solid samples.

Nitrogen adsorption-desorption isotherm measurements were done at 77 K on ~100 mg of sample. The
specific surface area was determined from Brunauer-Emmett-Teller (BET) analysis. Before measure-
ments, the samples were degassed at 120 °C for 15 hr to remove adsorbed species.

3.3. Stability tests

The stability of the commercial and silica coated MoSi, was tested in MilliQ and methyl ethyl ketone
(MEK). These experiments were done in triplicate. For experiments where the material was washed, 10
mg of material was dispersed in 500 pL media and sonicated for 2 min. The samples were transferred into
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centrifugal filters and centrifuged (13,000 rpm, 1 min). The filtrate was then transferred into a separate
tube for Mo breakthrough analysis, and 500 uL fresh media was added to the centrifugal filters. This
was repeated 9 times, so that the samples were washed for a total of 10 times by either MilliQ or MEK.
The samples containing MEK were dried at 80 °C overnight so that all MEK was evaporated, after which
500 pL of 1% HCI was added into each tube.

After this, the stability of these samples over time was tested. This was done by again adding 500 puL
of fresh media to the centrifugal filters after the washes and leaving them for 1 and 24 hrs to determine
the Mo breakthrough over time. Again, the filtrate was taken after soaking and fresh media was added
to soak for the next time period.

Aliquots of 25 pL for MilliQ samples and 200 uL for MEK samples were diluted to 5 mL with 1% HCI
prior to ICP-MS measurements. The percentage of molybdenum washed off from the materials was
determined based on the measured concentration of “®Mo.

3.4. Irradiation experiments

The irradiation experiments were performed at the Hoger Onderwijs Reactor of the Reactor Institute
Delft BP3 pneumatic irradiation facility. The estimated neutron fluxes in the BP3 facility for a reactor
power of 2.3 MW can be found in Table 3.4.

Table 3.4: Neutron fluxes of the PB3 pneumatic system of the Hoger Onderwijs Reactor of the Reactor Institute Delft operating

at 2.3 MW [89).
Neutron type Neutron flux
Thermal neutrons (0-0.5 eV) 451012 cm~2s7!
Epithermal neutrons (0.5 eV-1 keV) 8.7-101° cm~2s~!
Fast neutrons (1 keV-20 MeV) 3.3-10 cm™2%s71

All experiments were done in triplicate. The uncertainties were reported as one standard deviation from
the mean in absolute terms. All samples were counted by the germanium gamma counter and the
(relative) activity of °*™Tc and Mo were assessed by measuring the specific gamma rays emitted by
the radioisotopes (140 keV and 740 keV, respectively) [90].

3.4.1. °°Mo and °°"Tc extraction yield

To measure the extraction yield of Mo and °°™Tc, 35-40 mg of material was irradiated for 10 hours
followed by a cooling period of 10 hours to allow the decay of short-lived activation products. After cool-
ing, the capsules containing the irradiated materials were transferred to vials containing 3.5 mL of either
MilliQ or methyl ethyl ketone (MEK). The solution was sonicated for 15 min and further homogenized
by repeated pipetting. Subsequently, 500 uL of sample was transferred to a centrifugal filter and cen-
trifuged (13,000 rpm, 1 min). The filtrate was collected and an additional 500 puL aliquot was centrifuged.
These two filtrates combined were the first wash. Afterward, 500 uL of fresh media was added to the
centrifugal filter and centrifuged. The filtrate was collected and this was done for an additional 3 times
so that the material was washed for a total of 5 times. The obtained samples were then analyzed using
a germanium gamma counter to assess the Mo breakthrough and °°™Tc extraction.

To determine whether additional extraction of °*™Tc or ??Mo could be achieved over a longer time period,
500 pL of fresh media was added to the centrifugal filter containing the irradiated material and allowed to
soak for 24 hours. Following this soaking period, the filter was centrifuged, and the filtrate was collected.
The collected filtrate was subsequently analyzed for °*Mo breakthrough and °°™Tc extraction.

3.4.2. °°Mo and *°"'Tc retention

Obtaining stock solution

To prepare the stock solution for the retention determination of ®*Mo and °°™Tc in the materials, the
same initial procedure as in the extraction yield experiments was followed: approximately 35-40 mg
of material was irradiated for 10 hours, followed by an 8-hour cooling period. The irradiated material
was suspended into 2 mL of media (MilliQ or MEK), sonicated for 15 min and further homogenized by
repeated pipetting. After this, 500 uL aliquots of the sample were sequentially filtered as described in
the extraction method, with the filtrates combined to form the stock solution.
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Retention experiments

To test the retention of Mo and °°™Tc in the synthesized compounds, approximately 10 mg of non-
irradiated material was weighted and transferred to a centrifugal filter. A 500 pL aliquot of the stock
solution was first analyzed for °*™Tc and Mo using gamma counting, and then added to the centrifugal
filter. The filter was centrifuged (13,000 rpm, 1 min) and the filtrate was collected. Next, 500 pL of fresh
media (either MilliQ or MEK) was added to the centrifugal filter, which was centrifuged under the same
conditions. The second filtrate was collected in a separate vial. Both filtrate samples and the residue
were subsequently analyzed to assess the retention of Mo and *°™Tc.

To test the effect of extended soaking, the previously obtained filtrate was placed back in the centrifugal
filter and allowed to soak for 24 hours. Following this period, the filter was centrifuged, and the filtrate
was collected. The collected filtrate was then analyzed using the gamma counter.






Results & Discussion

In this chapter, the results of the experimental method are presented and discussed.

4.1. Synthesis and characterization of molybdenum silicides

4.1.1. Sol-gel and carbothermic reduction method

Characterization of P1

Figure 4.1 depicts the SEM images of P1 along its surface elemental composition (Table 4.1). The SEM
images reveal that the particle sizes are in the micrometer range. However, TEM images (Figure 4.2)
indicate the aggregation of nanosized particles. Elemental mapping via EDS demonstrated a homoge-
neous distribution of elements, though a significant amount of oxygen was also detected (Table 4.1).
Further characterization using XRD was performed to identify the phases present in the sample.

Sep 27, 2024 m : et Element Wt% At%

(a) (b) Mo 574 199
Si 9.5 11.2
0 33.2 689

Table 4.1: Elemental surface
composition of P1 acquired from EDS.

(c) (d)

Figure 4.1: Characterization of P1: (a) SEM image of EDS mapped section, (b) Mo
mapping, (c) Si mapping, (d) O mapping.
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Figure 4.2: TEM images of P1.

To identify the phases in P1, XRD analysis was performed (Figure 4.3). The diffraction peaks, compared
to reference patterns, revealed no formation of molybdenum silicides. Instead, the products included
elemental molybdenum (PDF: 96-151-2522) and molybdenum dioxide (PDF: 96-154-8821). The broad-
ening of the peaks, suggests the material having low crystallinity.

According to the original synthesis method, the process begins with the formation of silica and molyb-
denum trioxide. Subsequently, molybdenum trioxide undergoes carbothermic reduction to produce el-
emental molybdenum (Equation 4.1), which then reacts with silica to form molybdenum silicides (Equa-
tion 4.2).

MoO; + 3C —> Mo + 3CO @.1)
Mo + 2 SiO, + 4 C — MoSi, + 4 CO 4.2)

Elemental mapping confirmed the presence of silicon and oxygen, suggesting that silica had formed.
However, the absence of silica peaks in the XRD pattern indicates that the silica is amorphous and
cannot confirm its presence. The peaks corresponding to elemental molybdenum confirm successful
carbothermic reduction, though the presence of MoO, peaks suggest incomplete reduction of molybde-
num trioxide or reoxidation of molybdenum.

This incomplete reduction could be attributed to issues with the tube furnace, which showed cracks in
the tube after some uses. It is possible that oxygen leaked into the system during heating, leading to
simultaneous oxidation and reduction reactions. The final synthesis step involves washing the sample
with 5% HF to dissolve produced oxides and purify the product. However, as MoO, is insoluble in HF
[91], any residual MoO, would remain in the final product.
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Figure 4.3: XRD pattern of P1 (top) and reference diffraction peaks for Mo and MoO, (bottom).

As the desired product had not formed, this synthesis was repeated, and the results are outlined below.
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Characterization of P2

The second attempt of method 1 was first analyzed with SEM-EDS to determine particle sizes and
elemental distribution (Figure 4.4). As shown in Figure 4.4a, the particle size distribution was uneven,
and the particles were not confined to nanometer scale. Elemental mapping, revealed the presence of
molybdenum, silicon, oxygen, and carbon. While carbon is typically attributed to the carbon tape used
during sample preparation, a comparison of Figure 4.4b and 4.4e shows an overlap of both elements,
indicating that carbon was also present in the material. Figure 4.4c and 4.4d highlight regions with
increased amounts of silicon and oxygen, hinting to the formation of SiO,.
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Figure 4.4: Characterization of P2: (a) SEM image of EDS elemental mapped section, (b) Mo mapping, (c) Si mapping, (d) O
Mapping and (e) C Mapping.

The phases in P2 were identified through XRD analysis (Figure 4.5). Similar to P1, no diffraction peaks
corresponding to molybdenum silicides were observed. Instead, the product was found to be a mix-
ture of molybdenum dioxide (PDF: 96-154-8821) and dimolybdenum carbide (PDF: 96-153-9796). The
broadening of the peaks and the mismatch in relative intensities with references patterns, indicate a low
crystallinity of the material.

The formation of MoO, can be attributed to the same reasoning as previously described for P1. As noted
by J. Xu, et al. [87], sol-gel processes are "established processes for the preparation of nanocrystalline
oxides and carbides”. They further explain that carbides are likely formed firstly when using carbon as
reduction agent, explaining the formation of Mo,C.

Additionally, improper heat distribution caused by the malfunctioning tube furnace may have led to side
reactions, preventing the formation of molybdenum silicides. Cracks in the tube may have allowed oxy-
gen to leak into the system, further disrupting the reaction and contributing to the observed results.
Earlier EDS analysis showed possible formation of SiO,. However, the absence of SiO, diffraction
peaks in the XRD pattern, indicate it is probably amorphous.
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Figure 4.5: XRD pattern of P2 (top) and reference diffraction peaks for MoO, and Mo, C (bottom).

Since this synthesis was performed twice, with both attempts failing to produce molybdenum silicides,
the method was not further investigated, and alternate synthesis methods were explored.

4.1.2. Sol-gel and preoxidation method

Characterization of commercial MoSi,

Figure 4.6a shows the SEM images taken of the commercial MoSi, material. The as-received MoSi,
particles exhibit varying particle size and irregular shape, together with partially flat surfaces, as well
as sharp or blunt edges. EDS mapping (Figure 4.6b, 4.6¢) for Mo and Si showed a homogeneous
distribution of elements. In addition, quantifying the elemental distribution of the sample resulted in
the composition being 61.7 wt% Mo and 38.3 wt% Si, which show good agreement with the theoretical
values for MoSi, of 63.1 and 36.9 wt%, respectively. The slight difference can be attributed to the relative
error of £ 5% inherent in the quantification analysis performed using SEM-EDS [92].

= L
SED 15.0kVWD12mmP.C.30 HV x2,500 10pm —--E__
Nov 14, 2024 ~.

(b) (c)

Figure 4.6: Characterization of commercial MoSi,: (a) SEM image with EDS elemental
mapped section highlighted, (b) Mo mapping, (¢) Si mapping.
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The crystallinity and phase identification were analyzed using X-Ray Diffraction (XRD). Figure 4.7 (top)
displays the obtained XRD pattern alongside the reference pattern for a-MoSi, (PDF: 96-101-0283)
(bottom). The XRD pattern indicates high material crystallinity and purity, as no additional peaks are
observed.
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Figure 4.7: XRD pattern of commercial MoSi, material (top) and reference diffraction peaks for a-MoSi, (bottom).

Characterization of silica-coated MoSi,

To improve the stability of MoSi, a silica coating can be formed around the material. This increases its
low-temperature oxidation resistance by improving the structural integrity of the material [73]. The silica-
coated MoSi, particles were prepared from commercial MoSi, material using a sol-gel process, followed
by preoxidation at 800 °C (method 2). Figure 4.8a depicts SEM images taken of the final product. After
coating the as-received MoSi,, the size of the particles did not change and the material still exhibited
varying particles size and irregular shape in the range of micrometers. Elemental mapping through EDS
(Figure 4.8b, 4.8c and 4.8d) for Mo, Si and O showed a homogeneous distribution of elements. As EDS
provides information on elements to a depth of 2 microns [83], it is expected that the X-Rays generated
by the Mo atoms below the silica-coating can be measured as well.

SED 15.0kVWD11mmP.C.30 HV  x5,000  5um
Sep 27, 2024

(b) (c) (d)

Figure 4.8: Characterization of silica-coated MoSi,: (a) SEM image with EDS elemental mapped section highlighted, (b) Mo
mapping, (¢) Si mapping, (d) O mapping.
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The surface chemical groups of the coated MoSi, material were analyzed using FTIR spectroscopy, with
the spectra before and after coating presented in Figure 4.9. The FTIR spectrum of the uncoated ma-
terial shows no significant absorption bands across the measured range. In contrast, the coated MoSi,
exhibits absorption bands at approximately 1075 cm~* and 800 cm™1, corresponding to the asymmetric
and symmetric stretching vibrations of the Si-O-Si network [93]. These findings confirm the presence of
a silica encapsulating layer on the surface of the MoSi, particles.
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Figure 4.9: IR spectra of commercial MoSi, and the silica-coated MoSi,.

The XRD spectrum of SiO,-coated MoSi, (Figure 4.10, top) predominantly exhibits diffraction peaks
corresponding to a-MoSi, (PDF: 96-101-0283), with additional low-intensity peaks attributed to Mo5Sis;
(PDF: 96-153-7675). During preoxidation at 800 °C, two thermodynamically feasible oxidation reactions
for MoSi, can occur [94]:

2 MoSis(s) + 7 05(g) — 4 SiO4(s) + 2 MoO3 (g) (4.3)
SMoSis(s) + 7 05(g) — 7 SiO5(s) + 2 MosSiz(s) (4.4)

Both reactions have negative Gibbs free energy values, indicating spontaneity. As MoOs; is volatile at
800 °C [99], it evaporates during heat treatment, leaving no trace in the final product. The presence of
minor MosSi3 peaks in the XRD spectrum suggests partial oxidation of MoSi, via eq. 4.4.
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Figure 4.10: XRD pattern of SiO,-coated MoSi, material (top) and reference diffraction peaks for a-MoSi, and MosSis (bottom).
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The BET specific surface area of the SiO,-coated MoSi, material was determined to be 11.19 + 0.03
m?/g. This value is consistent with the findings of Molotovska, Liliia, et al. [96], who reported specific
surface areas of MoSi, particles in the range of 6 - 15 m?/g for particle sizes between 0.1 and 5 pm.
Although this reference is not directly related to the synthesis in this study, it supports the reasonableness
of the observed surface area value.

4.1.3. Magnesiothermic reduction method

Characterization of intermediates

The first step in the synthesis of Si/MoSi, nanocomposites (method 3) was the preparation of SiO,
nanoparticles. Figure 4.11a shows a SEM image of the resulting product, which reveals nanosphere
structures with diameter between 300 - 400 nm. The XRD pattern of the SiO, precursor (Figure 4.11b,
top) reveals its amorphous structure. Additionally, the SiO,MoQO5 intermediate product was analyzed
via XRD, as shown in the same graph. A comparison with the reference pattern of MoO3; (Figure 4.11b,
bottom, PDF: 96-900-9670) indicates successful oxidation and incorporation of molybdenum. As the
paper reported low Mo incorporation, the synthesis was adjusted to increase the Mo content. The XRD
pattern of the SiO,MoO3 intermediate with the increased Mo content is also shown in Figure 4.11b.
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Figure 4.11: (a) SEM image of the synthesized SiO, precursor. (b) XRD pattern of the synthesized SiO, precursor (top),
SiO,MoO3 intermediate (middle) and SiO,,MoOj3 intermediate with increased Mo content (bottom) along with the reference
diffraction peaks for MoO3.

Surface mapping with EDS was performed to acquire compositional data for both SiO,MoO5 interme-
diates, as shown in Table 4.2. This clearly reveals an increase in the wt% of Mo.

Table 4.2: Weight percentage of Mo, Si and O elements in SiO,,MoO3 intermediates as determined by EDS elemental analyses.

Mo Si (o]
SiO,,Mo0O3 0.57 28.73 70.70
SiO,MoO3 (increased Mo) 23.96 10.69 65.35

Characterization of final products

Due to time limitations, only the original SiO,MoO3; powder was used to try to synthesize the final
products. The results of this are discussed below. XRD analysis was performed to determine whether
the Si/MoSi, nanocomposites had been successfully synthesized (Figure 4.12). Analysis using Match!
software identified several compounds in the sample, including MoO, (PDF: 96-154-88210), Si (PDF:
96-901-3109), MgSiO3 (96-900-5903) and SiO, (PDF: 96-412-4054). However, no molybdenum sili-
cides were detected.
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According to the synthesis paper, the overall reactions occurring should be as follows:

Si0, + 2 Mg — Si+ 2 MgO (4.5)
MoO3; + 3Mg — Mo + 3MgO (4.6)
2 Si+ Mo — MoSi, (4.7)

The heat released from the exothermic reactions (eq. 4.5 and 4.6) is intended to drive the formation of
MoSi, (eq. 4.7).

The unsuccessful synthesis could be attributed to the extended heating time of the sample. Although the
correct program was set for the tube furnace, it failed to cool down after the program had ended. Con-
sequently, the sample remained at 700 °C for approximately 18 hours, instead of the desired 6 hours.
A paper by Yan, M. et al. [97] reported that extended reaction times or improper magnesium quantities
could lead to side reactions. One such side reaction, as shown in eq. 4.8, involves the formation of
MgSiO5 due to excessive heat buildup:

Si0, + MgO — MgSiO5 (4.8)

The heat buildup could be caused by the low molybdenum content in the oxide powder before reduction
(Table 4.2). With insufficient molybdenum, eq. 4.7 cannot proceed effectively, preventing the utilization
of heat from the exothermic reactions and allowing heat to build up inside the tube.

Additionally, the presence of MoO, and SiO, indicates incomplete magnesiothermic reduction, likely
due to an insufficient amount of magnesium. Based on these observations, it was concluded that the
synthesis should proceed using the oxide powder with higher molybdenum content. However, due to
time limitations, this synthesis could not be performed.
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Figure 4.12: XRD pattern of the final product (top) and reference diffraction peaks for MoO,, Si, MgSiO3 and SiO, (bottom).

4.2. Chemical stability

The stability of the commercial and silica-coated MoSi, was evaluated in two different solutions, MilliQ
and MEK. MilliQ was investigated due to its ability to provide a baseline for understanding the behavior
of *™Tc and Mo in a highly pure, polar solvent. MEK was investigated because of its proven efficacy
in the solvent extraction of °®™Tc, providing high separation efficiency for the extraction of **™Tc from
low-specific activity (n,y) ®*Mo [17][98][99]. Before investigating the extraction potential and retention
behavior, the stability of the materials in these solutions at room temperature and atmospheric pressure
was tested.

The results from the ICP-MS measurements of the washes of the commercial and silica-coated MoSi,
materials are depicted below in Figure 4.13a and 4.13b, respectively. From the ten washes that were
done on the material, wash 1-5 and the 10th wash are displayed. Both graphs show a lower molybdenum
breakthrough in MEK when comparing it to data acquired from washes in MilliQ. At room temperature,
MoSi, forms a layer of SiO, and MoO3 [100]. MoOg is able to dissolve better in polar, aqueous solutions
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like MilliQ than in less-polar organic solvents like MEK, resulting in higher values for molybdenum break-
through in MilliQ when compared to MEK [101]. This is again confirmed when looking at the stability
of the materials after leaving them in solution, as can be seen in Figure 4.13c and 4.13d. Data on the
first wash in MilliQ for commercial MoSi, has a large error. It is possible that the molybdenum was not
evenly distributed in one of the samples when the 25 pL aliquot was taken for ICP-MS measurements,
leading to a higher or lower concentration in the analyzed portion and causing variation between the
triplicates. It is possible that the vials containing the first wash were not adequately homogenized dur-
ing the preparation of the ICP-MS samples, leading to variations in the Mo content and resulting in a
large error. Therefore, this experiment should be repeated to confirm the trend of a higher molybdenum
breakthrough in MilliQ.

A comparison of the two materials reveals that coating with SiO, reduces molybdenum breakthrough.
While the silica coating does not entirely prevent molybdenum leaching, it significantly limits the extent of
leaching, thereby enhancing the material’s stability. In MEK, both materials exhibit a relatively constant
molybdenum loss after the first two washes, averaging (2.5 + 0.7)-1073 and (0.9 + 0.2)-1073% per wash
for the commercial and coated MoSis,, respectively. A similar trend is observed in MilliQ, but only for the
coated material, where an average of (0.4 + 0.1)-1072% is washed off after the first two washes. From
this, it can be concluded that most of the loosely bound or surface-accessible molybdenum is removed
after the first two washes. For the non-coated material, this means that two washes are not enough to
wash off the easily leachable molybdenum, and more washes are needed to reach a constant value.
Soaking the materials in MilliQ for 0, 1 and 24 hrs sequentially showed an increase in molybdenum break-
through over time. For commercial MoSi, in MEK, the molybdenum breakthrough remained stable and
did not increase. Molybdenum compounds exhibit higher solubility in MilliQ, leading to an increased
leaching over time. In contrast, their solubility is limited in organic solvents like MEK [101]. This reduced
solubility minimizes the leaching of molybdenum into the solvent, leading to stable breakthrough levels
over time. For SiO,-coated MoSi,, the breakthrough after 24 hrs of soaking was lower than after 1 hr.
This could be explained by the removal of a significant portion of easily leachable or surface-accessible
molybdenum after 1 hr of soaking. With longer soaking times, the remaining molybdenum that could
potentially leach out may have been minimal, leading to a reduction in breakthrough over time. To verify
these conclusions, it is necessary to repeat these stability tests.
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Figure 4.13: Stability of MoSi, in chemical environments. The graphs show the percentage of Mo washed off over the course of
10 sequential washes in MilliQ and MEK for (a) commercial MoSi, and (b) silica-coated MoSi,. Percentage of Mo washed off
after soaking for 0, 1, or 24 hrs in (c) MilliQ and (d) MEK for commercial and silica-coated MoSi,
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A rough comparison with the regulatory amount of stable elements allowed in lutetium-177 solutions for
radiolabeling can provide insights into the permissible amount of *® Mo that might leach into solution after
24 hours. Data on lutetium-177 is chosen due to the absence of data on allowable stable impurities in
99mTc, whereas limits for lutetium-177 are well-documented and are relevant for injectable radiopharma-
ceuticals [102]. This comparison helps determine whether the observed leaching levels are low enough
for practical use, or if adjustments are necessary. The allowable contamination is typically in the range
of ng/GBq or tens of pg/Ci. To produce 1 Ci of *™Tc, approximately 40 mg of MoSi, is required (Ap-
pendix A). Using this quantity, the estimated amount of Mo leached from commercial MoSis, is 68 +
4 pg in MilliQ and 0.32 + 0.02 pg in MEK. For silica-coated MoSi, the leaching value is significantly
lower in MilliQ at 3.6 £ 0.5 pg, and similar in MEK at 0.5 £ 0.3 pg. These results indicate that MEK
inherently limits breakthrough to very low levels, already falling below the regulatory threshold. Coating
the material further reduces leaching, placing it well below the permissible limit. While this comparison
is approximate and based on a rough estimation, it provides valuable insights into the behavior of the
materials in different solvents.

4.3. Influence of media on °’Mo and °°"Tc extraction yield

Commercial and silica-coated MoSi, materials were irradiated and investigated for their extraction po-
tential (Figure 4.14). ldeally, for the material to be effectively used in a new generation *°Mo/?°™Tc
generator, the highest amount of °™Tc and lowest amount of Mo should be extracted. The oxida-
tion states of °?Mo and °*™Tc during their extraction from MoSi, into MilliQ and MEK are influenced
by the chemical environment of the solvent and the chemical behavior of MoSi, itself. When MoSi, is
exposed to air or a medium like MilliQ containing dissolved oxygen, molybdenum tends to oxidize to
its hexavalent state, forming MoO3, which dissolves as the molybdate ion (MoO42_) [103]. This aligns
with a study by Shaw, L. [100] which shows that MoSi,, when oxidized, forms a double oxide layer of
SiO, and MoO3, highlighting its tendency to stabilize as Mo(VI). Similarly, °™Tc is likely to oxidize to its
heptavalent state, forming TcO, [104]. In contrast, when MoSi, is dispersed in MEK, a non-oxidizing
organic solvent, the oxidation environment is significantly milder. However, in an open system where
atmospheric oxygen can dissolve into MEK, both nuclides will still be found as MoO42_ and TcO, "~ ions
[105].

The results of the first extraction (Figure 4.14a) show a clear dependence on the solvent used. In
MilliQ, both materials exhibit relatively higher extraction yields for both radionuclides compared to MEK.
For commercial MoSi,, the extraction yields for Mo and °*™Tc are nearly equal, at 2.2 + 0.1% and
2.1 £ 0.2%. On the other hand, for the silica-coated material, “™Tc is extracted more efficiently than
99Mo, with a yield for ®*Tc of 1.7 + 0.1%, while the °**Mo extraction yield is 0.5 + 0.1%. This difference
suggests that the silica coating influences interactions with the radionuclides. It is possible that the silica
coating acts as a diffusion barrier, decreasing the oxidation and dissolution of molybdenum, thus limiting
the formation of extractable MoO42_ [73]. In contrast ™ Tc, primarily present as the pertechnetate ion
(TcO, ), is less impacted by the silica coating due to its reduced chemical interaction with the silica
surface [106]. While the results for the first °*Mo and ?°"Tc extraction from the silica-coated material
in MilliQ look promising, the subsequent extractions do not substantiate this. To draw definitive conclu-
sions, it would be necessary to repeat these experiments to confirm for reproducibility.

Furthermore, it is important to note that the first extraction also includes the contribution of recoiled
atoms. During neutron irradiation, °® Mo undergoing the (n,y) reaction can obtain sufficient kinetic energy
to break its own chemical bonds and those of nearby molecules [107]. This phenomenon is therefore
able to release Mo into the solvent. Because of this, the extraction yield of * Mo in MilliQ is higher in
the first extraction compared to the following extractions. In MEK this phenomenon is less pronounced

due to the lower affinity of MEK for MoO42_ [108].

The second extraction (Figure 4.14b) reveals a lower extraction yield in MilliQ compared to the first ex-
traction. This reduction can be attributed to the absence of the contribution from the recoiling effect, as
well as adsorption effects resulting from prolonged interaction with the solvent. The impact of this pro-
longed interaction will further be discussed in section 4.4. Notably, the lowered extraction yield is much
more pronounced in MilliQ, while the second extraction yield in MEK is similar to the first. Additionally,
the second extraction shows a greater difference between Mo and °°™Tc extraction yields in MEK
compared to MilliQ, with a relatively higher extraction of °®™Tc and a lower extraction of °*Mo. This
can be explained by the increased affinity of pertechnetate ions (°**™TcO, ") for MEK [108]. In contrast,
MilliQ, being a protic polar solvent [109], better facilitates the solubility of anions than aprotic solvents
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like MEK [110], resulting in more similar extraction yields for both radionuclides. The trends observed in
the first two extractions are supported by the third extraction (Figure 4.14c).
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Figure 4.14: Influence of media on extraction yield of °*Mo and °°™Tc: Extraction after (a) 0, (b) 24 and (c) 48 hrs.

Comparing the two materials and solvents, the most promising results are achieved with the silica-coated
material in MEK, which shows the largest relative difference between °°Mo and °°™Tc extraction yields
favoring °®™Tc extraction. Despite these promising trends, the overall extraction yields remain relatively
low. To improve these yields, increasing the surface area of the materials is necessary to facilitate more
interaction with the solvent. This can possibly be achieved by using nanoparticles, as is substantiated
by a study into molybdenum sulfide materials, which showed increased extraction yields with nanosized
materials [111]. Specifically, the extraction efficiency of 2 Tc from molybdenum sulfide materials with
specific surface areas of 124.6 + 35.39 m?/g and 15 + 9.53 m?/g was 12.6 + 0.50% and 3.0 + 0.79%,
respectively, in MEK. These findings highlight that an increased surface area may enhance the extraction
efficiency.

4.4. Influence of media on °°Mo and °°"Tc retention in the material

Lastly, the influence of the media on the retention of ®*Mo and °°™Tc in the commercial and silica-coated
materials was investigated. Retention refers to the proportion of a radionuclide that remains attached
to the material after interaction with the solvent, as opposed to extraction, which measures the fraction
of radionuclide released into the solvent. These experiments were done to gain insights in the selec-
tivity of radionuclide interactions with the materials. Ideally, ®Mo retention should be high to minimize
its extraction alongside ?°™Tc. On the other hand, low retention of °**™Tc is favorable to maximize its
extraction yield.

Retention of the radionuclides was initially measured over a short time period by passing the stock so-
lution through the materials without soaking (Figure 4.15a). In MilliQ, the silica-coated material showed
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less retention of both radionuclides, indicating that the SiO,-coating may inhibit the adsorption of °?Mo
and ?°Tc. At neutral pH, SiO, surfaces can acquire a negative charge due to deprotonation of silanol

groups [112]. This negative surface charge can repel anionic species like MoO42_ and TcO, , result-
ing in a decreased adsorption. For experiments in MEK, retention data for °°Mo is absent due to the
low initial extraction of ®°Mo in the MEK stock solution, which resulted in insufficient gamma counts
and high uncertainties. °™Tc retention in the silica-coated material was lower than in the commercial
material. MEK can engage in hydrogen bonding with silanol groups present on the silica surface [113].
This occupation of silanol groups by MEK reduces the number of active sites accessible for radionuclide
adsorption.

In the second set of retention measurements, the materials were soaked in the stock solution for 24 hours
(Figure 4.15b). In general, retention values increased for all samples, indicating that prolonged contact
time facilitates adsorption [114]. After 24 hours in MilliQ, similar results were obtained for both materials
and radionuclides, indicating that the SiO,-coating had no significant effect on adsorption under these
conditions. As in the short-term experiments, no retention data for °*Mo in MEK is presented due to
insufficient gamma counts caused by the low initial extraction of °*Mo into the MEK stock solution. For
99mT¢, retention in the silica-coated material remained consistently lower than in the commercial mate-
rial after 24 hours of soaking. This reduced retention is likely due to the interaction of MEK with silanol
groups on the silica surface, as mentioned before.

The observed difference in retention between the two materials in two different solvents, highlights the
critical role of solvent interactions in governing radionuclide adsorption. This emphasizes that the reten-
tion behavior is not only dependent on the material’s properties, but also on the medium in which the
experiments are done. Combined with the low extraction of ° Mo in MEK as previously discussed in
section 4.3, the lowest retention of *™Tc after 24 hours makes the silica-coated material in MEK the
most promising of the investigated options.
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Figure 4.15: Influence of media on the retention of °°Mo and °°™Tc after (a) 0 and (b) 24 hrs.



Conclusions

This study investigated the production and viability of molybdenum silicide (nano)materials as irradia-
tion targets for a new generation °?Mo/°°™Tc generator. In this generator, the material will be used as
both the target material for neutron-activated °Mo production and generator material for °>™Tc extrac-
tion. The production of molybdenum silicides was investigated through different synthesis methods: a
combination of sol-gel and carbothermic reduction method, a sol-gel preoxidation method, and a mag-
nesiothermic reduction method. Through characterization, stability tests and irradiation experiments,
key insights into the performance and limitations of these materials were obtained.

The sol-gel and carbothermic reduction method failed to produce molybdenum silicides, yielding elemen-
tal molybdenum and molybdenum dioxide, as confirmed by XRD analysis. This incomplete reduction
was likely caused by oxygen contamination in the tube furnace. A second attempt produced molyb-
denum dioxide and molybdenum carbide and also failed, prompting the use of alternative synthesis
methods. The sol-gel preoxidation method successfully formed an amorphous silica coating around
commercial molybdenum silicide, confirmed by Si-O-Si absorption bands in IR spectra and XRD analy-
sis. SEM revealed micrometer-scale particle sizes. Synthesis of Si/MoSi, nanocomposites was partially
successful. An intermediate with nanosphere structures (300 - 400 nm) was synthesized, containing
MoO3; and amorphous SiO,. Initially, the intermediate had a low Mo content (0.57 wt%), which was
later increased to 23.96 wt%. Attempts to use the low-Mo intermediate for nanocomposite synthesis
resulted in MoO,, Si, MoSiO3 and SiO,, as shown by XRD analysis. Further synthesis with the high-Mo
intermediate was planned, but could not be completed due to time limitations.

Experiments on the chemical stability of commercially available and silica-coated MoSi, were done in
MilliQ and MEK. Silica-coated MoSi, demonstrated a lower molybdenum breakthrough in both solvents.
In MEK both materials showed a relatively constant molybdenum loss after 2 washes, averaging (2.5
+ 0.7)1073 and (0.9 + 0.2)-1073% per wash for the commercial and coated MoSi,, respectively. A
similar result was obtained in MilliQ for the silica-coated MoSi, with an average of (0.4 + 0.1)-1072% of
molybdenum washed off after the first two washes, concluding that most of the loosely bound or surface
accessible molybdenum is removed after the first two washes.

Extraction measurements from these materials showed an increased extraction of both radionuclides
in MilliQ. However, the second and third extraction showed a more favorable extraction in MEK where
relatively more °™Tc was extracted and a lower amount of °?Mo was extracted. The most promising
results were found for the silica-coated material in MEK which showed the largest relative difference
between Mo and °°™Tc extraction yields, favoring ™ Tc extraction. However, the overall extraction
yields remained relatively low.

The retention studies showed that solvent interactions significantly influence radionuclide adsorption in
both commercial and silica-coated materials. In MilliQ, the silica-coated material exhibited lower initial
retention for °*Mo and ?°"Tc, likely due to the silica’s surface negative charge repelling anionic species.
After 24 hours, retention values increased, indicating time-dependent adsorption processes. In MEK,
retention for Mo could not be evaluated due to low initial extraction, but ™ Tc retention was lower in
the silica-coated material, attributed to reduced active sites from solvent interactions with silanol groups.
These findings highlight that the silica-coated material in MEK, with lower °™Tc retention and limited
99Mo extraction, shows promising results for its use in new °?Mo/°*™Tc generators.
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Recommendations

Several suggestions for additional research are made in light of the findings and conclusions from this
project.

The successful synthesis of a Si/MoSi, nanocomposite should be pursued with the aim of producing
nanosized particles with a higher surface area. This is expected to significantly increase the extrac-
tion potential of radionuclides, as the increased surface area facilitates greater interaction between the
solvent and the particle surface. Additionally, the molybdenum content in the material could be further
increased, possibly by increasing the amount of ammonium heptamolybdate tetrahydrate used during
this synthesis. This could result in higher radionuclide extraction yields per unit mass of material.

The use of nanoparticles, due to their higher surface area-to-volume ratio, could increase the extraction
potential, but would possibly also facilitate greater adsorption [115]. While this increased retention may
counteract the desired selectivity, the potential for nanoparticles to enhance radionuclide extraction re-
mains an important factor to consider. To mitigate this, surface modifications of the silica coating could
be employed to reduce the retention. For instance, hydrophobic groups introduced via methyl trimethoxy
silane (MTMS) could decrease the adsorption of polar or ionic species like TcO4 ™ . By carefully optimiz-
ing nanoparticle design and surface chemistry, it may be possible to maximize extraction efficiency while
maintaining selectivity.

Furthermore, the silica coating has showed promising results in the enhancement of the material’s sta-
bility while yielding relatively good extraction results in MEK. Building on this, in the future, Si/MoSi,
nanocomposites with a silica coating could be synthesized and further investigated. This approach
could combine the benefits of nanosized particles, having a larger surface area, with the enhanced sta-
bility of the silica coating. Would these syntheses be successful, the material’s stability as well as their
extraction and retention potentials could be investigated. This would hopefully lead to higher extraction
yields together with high material stability in solvents.

The stability tests conducted on commercial MoSi, in MilliQ showed some variability, particularly in the
first wash. To address this, the experiment should be repeated to obtain more accurate and consistent
data. Additionally, stability tests over time should be repeated for the SiO,-coated material in MEK to
verify and refine the conclusions drawn from the initial experiments. This will help ensure that the data
is reliable and reproducible.

In order for the extracted °™Tc to be used for medical applications, the °**™Tc has to be extracted from
MEK with a purity that complies with EU Pharmacopeia regulations — this value being 0.1 pCi of *°Mo
/ mCi ?°™Tc in the eluted product at the time of administration [116]. Would it be needed to extract the
impurities, the solutions could be purified by a combination of a small alumina column to remove traces
of Mo and a MEK evaporator to remove MEK from the final product. This has already been investigated
by Chattopadhyay, S., et al. [104].
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Appendix A: Activity calculations

Figure A.1 and A.2 show screenshots from activity calculations performed using the VIPS software [117]
at the Reactor Institute Delft. These calculations, based on neutron flux data from the High Flux Reactor
at NRG Petten [118], were used to calculate the amount of MoSi, needed to produce approximately 1
Ci 99" Tc.

Activiteitsberekening
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Figure A.1: Activity calculations immediately after irradiation.
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Figure A.2: Activity calculations after cooling.
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