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Abstract

Technetiun-99 m (°**™T¢) is a widely used and versatile radioisotope obtained from the beta decay of molybdenum (*’Mo).
%Mo can be produced by thermal fission or neutron activation process. Production of Mo via the neutron capture
method draws attention as an alternative to fission derived ®Mo due to non-proliferation issues. The main concern with
neutron capture-produced Mo (n, y) over the common fission-produced involves both lower Curie yield and lower spe-
cific activity. In this work, different adsorbents using low specific activity ® Mo for °™Tc generator have been discussed.
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1 Introduction

Commercially prepared radioisotope generators are vital
for the supply of short-lived radioisotopes. The radio-
isotope generators contain relatively long-lived parent
radioisotopes that continually replenish the supply of a
shorter-lived daughter nuclide through radioactive decay.
This daughter nuclide can then be chemically extracted for
conversion into a useful radiopharmaceutical to be used as
either treatment or diagnostic tool. The radionuclides that
are used in radiopharmaceuticals should [1, 2]:

e Possess sufficient half-life, decay mode.

e Be pure gamma emitter with sufficient energy for phys-
iological study of interest.

e Have high radiochemical and chemical purities.

e Possess suitable chemical properties for labeling.

e Be carrier-free or no-carrier added in order to limit the
toxicity.

e Follow or be trapped by the metabolic process of inter-
est.

e Have a short effective biological half-life so that it is
eliminated from the body as quickly as possible.

e Have a high target to non-target ratio so that the result-
ing image has a high contrast.

Among all radioisotopes, *°™Tc is the most widely used
medical isotope in the world. It is the “daughter”isotope of
molybdenum (Mo-99), which used in 80-85% of approxi-
mately 30 million diagnostic nuclear medical procedures
performed each year [3]. The first ?Mo/*°™Tc generator
was developed in 1958 at Brookhaven National Labora-
tory. A process called column chromatography is utilized
in most *°Mo/?°™Tc generators for chemical separation of
the parent and daughter isotopes [4]. Molydbenum-99
in the form of molybdate, MoO42‘, is absorbed onto alu-
minum oxide, Al,O5 (alumina) as an adsorbent, so that
when it decays the resulting pertechnetate, TcO,, is less
tightly bound to the alumina and can be removed via
saline flush [5].

The %Mo/**™Tc generator that is used in nuclear medi-
cine today follows the decay scheme in which *Mo decays
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into a meta-stable isomer of °Tc through emission of a
beta particle with a 66 h half-life (Fig. 1).

Technetium-99 m then (6 h half-life) decays into *Tc,
which is also unstable but has a long half-life (2.13 E5
years). The daughter product of this generator type,
9M™Tc, is a pure gamma-emitter (~0.14 meV) ideal for use
in medical applications. The ideal characteristics of “°™Tc
such as proper decay mode, half-life, adequate penetrat-
ing power, and minimal biological damage from absorbed
doses, make it a useful radiopharmaceutical that is used in
several diagnostic procedures [6]. The nuclear properties
of #Mc are ideal for medical imaging as it emits readily
available photon energy (~ 140 keV) that is sufficient to
determine the exact molecular structure of the coordi-
nation compounds by scintillation instruments such as
gamma cameras [7]. The data collected by the camera are
analyzed to produce detailed structural and functional
images of certain human organs that are otherwise dif-
ficult or impossible to image.

The problem now shifts toward obtaining significant
quantities of Mo at low cost and reliable availability. Since
%Mo does not occur naturally, it can be produced by ther-
mal fission or neutron activation of stable *®Mo (24.1 per-
cent abundance). A particle accelerator is also considered
an important technique to produce medical radioisotope
such as ®™c [8]. Currently, the majority of the world’s Mo
supply comes from the thermal fission of highly enriched
uranium (HEU, approximately 97 percent 23°U) as a target
material. This process, however, generates large quantities
of radioactive waste and does not permit reprocessing of
the unused uranium targets due to proliferation concerns
[9]. Low enriched uranium (LEU, 20 percent 2°U or less)
could be used as a substitute but would yield large vol-
umes of waste due to the large quantities of un-useable
238 present [10]. The cyclotron-based '®Mo (p, 2n) °™Tc
transformation has been proposed as a viable alternative
to the reactor based #°U (n, f) ®Mo — %™Tc strategy for
production of ™Tc [11]. However, the abundance of other
molybdenum isotopes other than '®Mo in the target and
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Fig. 1 Decay scheme of ®Mo and %°™Tc [3]
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beam energy is the main factor that determines the impu-
rities in the final ®™Tc product [12]. Many of these prob-
lems could be reconciled by a net production change to
the neutron activation method, but the presence of large
quantities of ®Mo in the samples would serve to act as a
contaminant and yield product of low specific activity [12].

Production of ®*Mo via the neutron capture method
draws attention as an alternative of fission-derived Mo
due to non-proliferation issues. The main concern with
neutron capture-produced Mo (n, y) over the common
fission-produced involves both lower Curie yield and lower
specific activity [13] which has impacts on the efficiency,
functionality and size of the ®Mo/*°™Tc generator. These
limitations, however, can be overcome by the use of adsor-
bent with higher capacity for molybdenum. Generators
that utilize neutron capture-produced *°Mo will need to
be larger or equipped with a more efficient absorbent to
accommodate the large quantity of *®Mo. The purpose of
this paper is to review the major technologies associated
with this unique radioisotope and its production as well
as possible ion-exchange resin based “’Mo/?*™Tc genera-
tor systems.

2 Methods of ® Mo production
2.1 Some basic aspects of radionuclide production

Nuclear data plays an important role for the production
of medical isotopes [14]. The basic concern in the produc-
tion of radioisotopes is to minimize radioactive impurities
while maximizing product yield. Therefore, it is necessary
to investigate all the possible factors such as physical form
of target material, energy range, and time of irradiation
etc,, to achieve the best results. In general, charge parti-
cle induced reactions, nuclear fission, neutron activation
processes, and radionuclidic generator (chemical method)
are the four principle methods of radionuclide production
[15]. Each method of radionuclide production process
provides useful isotopes with differing characteristics for
nuclear imaging and therapy. In this attempt, ®>Mo pro-
duction by charge particle induced reactions, nuclear fis-
sion, and neutron activation processes are discussed.

2.1.1 Fission

Radioisotope production via the fission route is accom-
plished through irradiation of special uranium targets
rather than by direct irradiation of the reactor fuel. The
majority of Mo produced for medical use comes from
the fission of highly enriched uranium (HEU) based tar-
get such as uranium-aluminum alloy. Production of Mo
is also possible from low-enriched uranium (LEU) based
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target. However, it would reduce the Mo yield to approxi-
mately 20% of that generated from HEU with respect to
target mass. The 23U content in the enriched uranium is
given in the Table 1.

In a nuclear reactor, the thermal energies and fission
neutron spectrum are important to produce *>Mo, as
the 23°U nuclei absorb thermal neutrons to induce fis-
sion. The fission of the 23°U nucleus produces two to
three lower mass nuclei referred to as fission fragments.
The target is monitored to determine optimum time to
remove from the reactor, which is based on the build-up
of Mo from the fission of 23°U. In practice, the uranium
targets are inserted into a research reactor and exposed
to a high neutron flux for five to seven days in which
%Mo is created from approximately six percent of the
fission. The amount of *’Mo produced in a target is a
function of irradiation time, the thermal neutron fission
cross section for 22°U, the thermal neutron flux on the
target, the mass of 23°U in the target, and the half-life of
%Mo. Figure 2 shows the example of fission fragments
and the fission yield as a function of mass number of the
fission product.

Table 1 Uranium enriched grade

The most common radioisotopes produced by fission
are ?Mo (which decays to ®™Tc), '*'l, and '*3Xe where
the pertinent fission reaction for this work is

235U+1nthermal —>236U—>99Mo+1345n+31n (.I)

Per Eq. (1) Mo will accumulate at a rate proportional
to both the amount of target material present (in this
case, 23°U) and thermal neutron flux. During the irradia-
tion process, some of the Mo is also lost due to radioac-
tive decay so that a simplified expression for the amount
present with respect to time can be developed (assum-
ing a thin target)

N _ POy_35 £ mo-99Nu-235,0
Mo-99 = [

1-— e—/l/vto—%f] 2)
AM0—99

where ¢ is the neutron flux, 4;,,_g is the decay con-
stant, N_,35 is the amount of target initially present
in the system, y,,,_q0 is the fission production probabil-
ity, and o,_,35 is the fission cross-section. A detailed
derivation of Eq. (2) is provided in “Appendix A”. Note
that reaction cross-sections are generally given in‘barn’
(abbreviated by the letter b) and describe the effective
cross-sectional area of a target nucleus as seen by an
incoming projectile where 1 barn is 1072 cm?. These

Uranium 235 content (%) Values are energy-dependent and reaction-specific so
that ratio of any particular cross-section (i.e., scattering
Natural uranium (NU) ~0.7 or absorption) to the sum of all cross-sections denotes
Low enriched uranium (LEV) <20 the probability of occurrence per collision.
High enriched uranium (HEU) >20
Weapon grade (HEU) >90
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Fig.2 aexample of fission fragments, and b the fission yield as a function of mass number of the fission product
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Table 2 Isotopic composition of natural and enriched molybde-
num [8, 16]

Isotope Natural Enriched Half-life
Abundance (%) Abundance (%)

Mo-92 14.85 0.06 Stable

Mo-94 9.25 0.03 Stable

Mo-95 15.92 0.06 Stable

Mo-96 16.68 0.08 Stable

Mo-97 9.55 0.67 Stable

Mo-98 24.13 98.63 Stable

Mo-100 9.63 0.47 1.2x 10" years

2.1.2 Neutron activation

The neutron activation of molybdenum is another route
for Mo production. Seven out of 35 known isotopes of
molybdenum occur naturally. Of these naturally occurring
isotopes, five are stable, with atomic masses from 94 to 98.
Molybdenum-98 (natural molybdenum) is the most com-
mon isotope, comprising approximately 24% of all molyb-
denum on earth. Table 2 shows isotopic composition of
natural and enriched molybdenum.

In this process, ® Mo is produced by the irradia-
tion of molybdenum (°®Mo) in a thermal neutron flux,
{®Mo(n,y)*’Mo}. The thermal (~0.025 eV) or epithermal
(0.025-1.0 eV) neutrons produced by the fission of ura-
nium in a nuclear reactor can be used to generate Mo
radionuclide by bombarding stable ®Mo target material

Fig.3 The neutron activation
of Mo to generate *°Mo [19]

Fig. 4 Excitation function of
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placed in the reactor [17, 18]. In this process, the Mo
nuclei capture neutron and transform into Mo isotope as
shown in Fig. 3. The excitation function of a typical neutron
capture reaction is shown in Fig. 4. Reaction cross-sections
such as the plot (Fig. 4) depict how the probability of a
particular reaction occurrence changes with respect to
projectile energy (in this case neutron energy). It can be
divided into a number of regions, with the most important
being: thermal (~ 0.025 eV), resonance, and fast [18].

Neutrons are produced by nuclear fission in the fast
region (1-2 meV) and pass through the resonance region
toward the thermal region as they lose energy from col-
lisions. As the neutrons enter the resonance region,
they may experience resonance absorption. The reso-
nance absorption occurs when a neutron is captured by
the nucleus and the energy of the resulting compound
nucleus is equal to the excited state of the nucleus. Note
that this region appears exaggerated in Fig. 4 due to the
use of a log scale.

The major interest is in the thermal energy region where
both the cross-section and the neutron flux are high. In
the thermal region, microscopic cross-section of Mo is
approximately 0.13b and the target containing **Mo are
irradiated with neutron flux of 103 to 10" ncm™2 s7".
Irradiation of molybdenum (natural or enriched) with
thermal neutron fluxes greater than 10> ncm™ s in a
nuclear reactor are necessary to produce *Mo with cer-
tain specific activities of practical importance [12]. Note
that enrichment refers to artificially increasing the amount
of %Mo present in the target relative to the approximate

D=3 E

1E-05 1E-03 0.1 10.0 1E+03

Incident Energy (MeV)

1E-07
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24 percent found in natural molybdenum. The enriched
%Mo usually has 4 times higher *®Mo atoms (up to fourfold
for >98% enrichment) compared to the natural Mo. It is
reported that the specific activity of Mo production with
8-day irradiation in a reactor with thermal flux 1.0x 10"
ncm~2 571 can reach the value of about 1.6 Ci Mo/ g of
natural and 6 Ci ®Mo/g of enriched molybdenum target
at the end of bombardment (EOB) [20].

In the epithermal region, the cross-section has a reso-
nance character and the integrated cross-section (reso-
nance integral) has a high value for %Mo. For instance,
the resonance integral Mo is of 0.7b. Therefore, the
effective cross-section by resonance neutrons is 50
times higher than the thermal neutron cross-section.
Several studies investigated the thermal and resonance
neutrons input into the ®Mo activation process.[16, 17,
21]. Ryabchikov et al. [21] reported that the resonance
part of the neutron spectra enhance the yield of Mo
significantly by increasing the effective cross-section of
%Mo(n, y)*’Mo reaction from 0.14b to 0.7b. These experi-
ments were carried out in a reactor with neutron flux of
1.7x 10" n%2 57", Due to the contribution of resonance
integral, after irradiation of MoO; sample for 120 h, the
specific activity of Mo was reported to be 3.4 Ci/g for
natural molybdenum and 15 Ci/g for enriched **Mo.
Matyskin et al. [16] investigated the effect of thermal
and resonance neutrons input into *®Mo activation pro-
cess. It was reported that the effective cross-section of
%Mo(n, y)*’Mo reaction, for the activation of Mo in a
reactor with total fluxes of 7.5x 10" n cm™2s7", found to
be 0.4-0.5b, compared to 0.136b for thermal neutrons.
After 120 h of irradiation, the specific activity of Mo was
reported to be 16 GBqg/g (~0.432 Ci/g) for enriched sam-
ple and 5 GBq/g (0.135 Ci/g) for natural sample. Yields
of Mo can be significantly enhanced by the epithermal
neutron activation, hence the selection of the irradiation
position is critical particularly in lower flux reactors [12,
20]. Toth et al. [22] reported that there are several factors
such as self-shielding, parasitic absorption, and depletion
of the product that must be accounted to identify the
effective cross-section as these factors may change the
results by 10 to 50%. Blaauw et al. [17] reported that the
careful estimation of the epithermal neutron contribu-
tion and neutron self-shielding correction can provide
specific saturation activity of > Mo with good accuracy
for the ®Mo(n, y)°*’Mo reaction. It is reported that the
use of enriched Mo has a minor effect of the activation
rate through the self-shielding of epithermal neutron by
the other Mo isotopes [17, 21]. In (n, y) process, the tar-
gets are not irradiated indefinitely as Mo decays while in
the reactor. Therefore, a balance must be struck between
specific activity, processing cost, and reactor operation
cost [12]. The high energy components of the neutron

spectrum contributions to the formation of the (n, y)
product are often neglected since both the reaction
cross-section and the neutron flux have low values com-
pared to the fission (n, f)-based product.

The Mo produced by the neutron capture method is
not“carrier free”as it contains some unreacted **Mo which
is chemically identical with ®*Mo. Thus, the specific radio-
activity (defined as radioactivity per unit mass) achieved
in an (n,y) (neutron capture) reaction is about 4 to 5 orders
of magnitude lower than fission *Mo. Note that the use
of highly enriched “®Mo enhance the yield of Mo and its
specific activity by a factor of about 4. In comparison to
the fission process, the radionuclide “’Mo produced by
neutron capture process would require a larger generator
system in order to produce the same activity required for
medical procedure. For the production of considerable
quantities of Mo, a very large target is required. Note
that the specific activity cannot be artificially increased
by *Mo isotopic enrichment (i.e., removal of the *®Mo) as
current methods require long time periods in which large
quantities of Mo would be lost to decay.

As with fission production, the amount of Mo pro-
duced in a target is a function of irradiation time, the
thermal neutron capture cross section for %Mo, the ther-
mal neutron flux on the target, the mass of Mo in the
target, and the half-life of ?Mo. Molybdenum-99 will
accumulate at a rate proportional to both the amount of
target material present (in this case, %Mo) and thermal
neutron flux. During the irradiation process, some of the
%Mo is also lost due to radioactive decay so that a sim-
plified expression for the amount present with respect to
time can be developed (assuming a thin target)

PO 110-98No—o8,0 [

Nuo—99 = 1 — e wo-oof] 3)

AMo—99
where ¢ is the neutron flux, 4,,_q is the decay constant,
Nyo—os0 is the amount of target initially present in the sys-
tem, and oy,,_og is the neutron absorption cross-section.
A detailed derivation is provided in “Appendix B". Equa-
tion (3) can be changed to express the sample activity by
multiplying both sides by the decay constant

ACtyo—09 = ©On0_0gNio—sg0|1 — €~ 40" 4)

In where, the reaction cross section for 2 Mo(n, y)**Mo
is approximately 0.13 barns so that

10724 cm?

o =(0.13b)< >

) =13%x107% cm? (5)

And the decay constant for “?Mo (66 h half-life) is
determined by
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It is important to note that *Mo will accumulate dur-
ing target exposure to a neutron flux while simultaneously
decaying via beta emission. After removal from the flux, no
more *Mo is created so that the only change in its popula-
tion is due to radioactive decay.

2.1.3 Accelerator

Particle accelerators are generally used to study the nature
of matter and energy. It is also considered as an impor-
tant technique to produce medical radioisotopes such as
99M™Tc, The most widely discussed accelerator-based routes
of ®Mo or *™Tc production are summarized in Fig. 5 [23].

In a linear accelerator (linac), an alternating voltage
of high magnitude is applied to push particles along in a
straight line. A cyclotron is somewhat like a linac wrapped
into a tight spiral. In accelerator-based technologies, the
isotope ?°™c or its parent Mo can be produced directly
by the interaction of bombarding particles with the tar-
get material. The primary accelerated charged particles
(electrons, protons, deuterons, etc.) can also be used to
produce energetic secondary particles (photons, neutrons)
which are then interacted with the target material to pro-
duce *Mo. The binding energy of a nucleon is roughly
8 MeV and the Coulomb barrier for the incoming proton
is approximately 1.75 meV. Based on the binding energy
of nucleon and Coulomb barrier for incoming proton, it
is reported that the bombardment energy of 22-24 meV

100Mo target

is sufficient to irradiate a 500-micron thick target foil [24].
Ruth [25]. reported that a photon of around 14 meV is
needed to knock out a neutron efficiently. Thus, electron
energy of 35-50 meV can provide photons that cover the
energy region of 10-20 meV with sufficient intensity. In
Proton accelerator [Reaction of %Mo (p, 2n)*°™Tc] route,
99MTc is directly produced for immediate use via the reac-
tion of an accelerated proton with a '®Mo nucleus yielding
99MTc and two neutrons [26]. This technology is useful for
small-scale local production because *™Tc is a short-lived
radioisotope. In electron accelerator [Reaction of '®°Mo
(v,n)?’Mo], ®°Mo can be produced through the photon-
to-neutron reaction (y, n) on a molybdenum target with
enriched Mo [27]. The isotope '®Mo, which is mostly
used in accelerator or cyclotron to produce *Mo or #°™Tc,
comprises about 9.6% of the isotopic composition of nat-
urally-occurring molybdenum (Table 2). An electron accel-
erator is used to irradiate a special target made of purified
1Mo to produce ’Mo using the photo-neutron reaction.
Photons for this reaction are provided from the electron
deceleration radiation. This technology uses high-energy
X-rays produced by a 30-35 meV, 100 kW electron beam
to irradiate a '®Mo target. The induced X-rays, from inci-
dent electrons on a specific target, transmute the 'Mo
into “Mo.

Ruth, T. reported that high-energy photons produced
at accelerators has the potential to be used for the pro-
duction of high specific activity Mo via photo-fission of
naty [28]. The photo-fission cross-section of "'U is 0.16b.
The yield of Mo would be several orders of magnitude
lower than that in the neutron induced fission of 23°U. A
high intensity beam is needed to overcome the smaller

99mTc production via

\ J
|

Proton
accelerators
Heavy nucleus
target (Pb, Ta,
W, U, etc.)
Particle
accelerators Electron Bremsstrahlung
accelerators target
accelerators =

(p. 2n) reaction on °°Mo

%Mo production via
(n,Y) reaction on **Mo

238U

%Mo production via
(n, ) reaction

%Mo production via
(y, f) reaction

%Mo production via
(Y, n) reaction

%Mo production via
(n, 2n) reaction on Mo

1

| Primary particle |

I Secondary particle |

Fig.5 Summary of potential accelerator-based **Mo/*™Tc production technologies
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cross-section factor for this reaction versus neutron fission
of 233U but this has yet to be demonstrated [9, 29]. In deu-
teron accelerators [Reaction of '°®®Mo(n, 2n)*’Mo] **Mo is
produced through the '®Mo (n, 2n) ®Mo reaction using
an enriched '®Mo target [24, 30]. High energy neutrons
for this reaction are provided by energetic deuterons bom-
barding a natural carbon target.

2.2 Comparison of Mo production process

The current demand of medical isotopes in the diagnostic
area has increased the interest for an economically feasible
production technology for medical isotopes. The produc-
tion of Mo from the fission of highly enriched uranium
(HEU) enables the supply of high specific activity *Mo.
This has been threatened by reactor closings, concern over
the safety of processing and waste disposal, and the use
of HEU targets as approximately 97 percent of the ura-
nium is unused during the process and handled as waste.
Significant work has been done to lower the uranium
enrichment present in the targets to lower the prolifera-
tion concerns, but this simply results in the need for more
targets to obtain the same Curie content and therefore
larger quantities of hazardous waste for the same amount
of end-product.

Neutron capture of stable Mo can be accomplished
using either a natural molybdenum target, or in one
which the ®Mo content has been enriched to provide
higher probabilities of interaction. The specific activity of
enriched ?°Mo is factor of about 4 times more than the
natural molybdenum source. Therefore, it is possible to
conceive of an approach using enriched Mo targets
to produce (n, y) %Mo in reactors with a neutron flux of
8x 10" t02x10"ncm™2s"! for alumina column genera-
tors and recovery of enriched **Mo from spent generators
for recycling [31].

Direct ®™c production using cyclotrons has potential
advantages in terms of cost, waste management, pro-
liferation resistance, and ease of approval, but can only
provide local needs. The technology also needs significant
amounts of highly enriched molybdenum (®Mo). As a
result, a large number of cyclotrons would be required to
meet the US demand. The technology based on the pho-
tonuclear reaction %Mo (y, n) Mo has high production
yield, but has the same difficulties as the reactor-based
neutron activation technology. This technology requires
highly enriched molybdenum targets and would require
recycling to improve economics. The predicted specific
activity of molybdenum from this route is not sufficiently
high to use in existing technetium generators. Rather, a gel
generator or other types of generators would be needed
as in the neutron activation route.

Although, all the accelerator-based strategies are under
development as major alternatives but the issues related
to the practical limits of irradiation volumes and low cross-
sections of the reaction routes need careful assessment
[3]. For example, the direct *™Tc production from proton-
bombarded '°°Mo-enriched targets using cyclotron is
considered as reliable and cost-effective alternative pro-
duction routes [32]. Qaim et al. [33] reported that the ratio
of atoms of long-lived **9Tc and *®Tc to those of *™Tc is
appreciably higher in cyclotron production than in gen-
erator production of ®™Tc. This may adversely affect the
preparation of #™Tc-chelates, affect the image resolution
and contrast, and moreover additional radiation dose to
patient [34].

Itis reported that the number of isotopes produces dur-
ing proton-bombarded '®Mo-enriched target depends on
isotopic composition of the target, cross-section of each
isotope, beam energy, and irradiation time [35, 36]. There-
fore, controlling isotopic composition of the starting mate-
rial together with irradiation parameters may improve
the radioisotopic purity of the final product [34]. Several
studies investigated the effect of isotopic composition of
the target and irradiation parameters for the radionuclidic
purity of cyclotron-produced *°™Tc [34-37]. Selivanova
et al. [35] reported cyclotron-produced ?*™Tc-pertech-
netate by the irradiation of enriched '°°Mo (99.815%;
0.17% 2®Mo; 0.003% each Mo-*"Mo) at 24 meV for 2 h.
They demonstrated that the cyclotron-produced *™Tc-
pertechnetate obtained at 17 meV was safe in humans.
Uzunov et al. [38] investigated cyclotron-produced *™Tc
using '°Mo(p,2n)**™Tc reaction at a proton beam energy
in the range 15.7-19.4 meV. The isotopic composition
of the enriched molybdenum material that was used in
these experiments was '°’Mo (99.05%), Mo (0.54%), °’Mo
(0.07%), “®Mo (0.11%), *Mo(0.10%), **Mo (0.05%), and
%Mo (0.08%). It was reported that the energy region of
15-20 MeV is the best operative solution for the accelera-
tor production of *™Tc. It was further noted that the image
properties obtained using cyclotron-produced *°™Tc are
comparable with those from the generator eluted *°™Tc.
In order to make ?*™Tc production effective by cyclotron,
following basic requirements are suggested [29]:

e Use of highly enriched '®Mo target, including efficient
recycling of enriched 1%0Mo,

e Radiochemical separation immediately after irradiation,

e Daily production schedule,

e Good logistics.

A summary of the methods discussed in this section is
shown in Table 3.
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3 Separation of *™Tc radionuclide
in a ®Mo/°°™Tc generator

High elution yield and low breakthrough of Mo [40]
are the two basic requirements for a good generator sys-
tem. Several studies reviewed the separation technolo-
gies that have been traditionally used for the fabrication
of #Mo/?™c generator systems. A detail discussion on
comparative advantage, disadvantage, and technical chal-
lenges toward adapting the emerging requirements are
discussed in these studies [20, 41]. A number of methods
including column chromatography, solvent extraction,
sublimation and elution of metallic molybdenum gel [42]
have been reported for the separation of daughter *™Tc
nuclide from the parents with a varying degree of success.
Among these techniques, the alumina based chromato-
graphic column are used most widely in ®Mo/**™Tc gen-
erator systems.

3.1 Column chromatography

In a typical column chromatography, Mo in the form of
molybdate, MoO;?~ is adsorbed onto acid alumina (Al,05)
as an adsorbent in a column. In *Mo loaded alumina
column, when the Mo decays it forms pertechnetate
(TcOy) which, because of its single charge, is less tightly

PMo02~

l

99 — . .
MTc 04 <«—— (0.9%) Saline solution

l

Ion-exchange

bound and has very limited interaction to the alumina.
When saline (0.9% NaCl) is passed through the column,
an ion exchange process takes place between the chloride
and pertechnetate ions so that the *™Tc is washed off or
eluted, from the column containing Mo loaded alumina
as sodium pertechnetate, which should be crystal clear in
appearance. With a pH of 4.5-7.5, hydrochloric acid and/or
sodium hydroxide may have been used for pH adjustment.
Over the life of the generator, an elution will contain a
yield of > 80% of the theoretical amount of *™Tc available
from the molybdenum Mo on the generator column. A
typical elution profile is given in Fig. 6.

3.1.1 The chemistry of molybdenum in aqueous solution

Molydbenum-99 in the form of molybdate, MoO42*,
is highly soluble in alkaline than acidic solution. The
degree of molybdenum ionization in an aqueous solu-
tion depends on the equilibrium concentration as well as
the pH value of the solution [43]. Figure 7 shows that at
pH of approximately 3, /\/Io7023(OH)5_ is the predominant
species primarily at higher concentrations [approximately
50% of the molybdate species with approximately 22% of
both Mo, 08, andMo7022(OH)‘2‘_] [44]. It is reported that
at relatively high and low pH values both the MoOﬁ‘ and
various isopolyanions (mainIyMo7og;) predominate [45].

The MoOi‘ anion undergoes formation of many differ-
ent polyanions in acidic solutions where the presence of
both para Mo, 0, molybdate and octa Mog O3, molybdate
anions in the solution at acidic pH values (pH ~ 4) [46-48].
The formation of polyanions may be represented by the
following equations:

7MoO;™ + 8H* < Mo, 0%, + 4H,0 7)

8MoO;™ + 12H* & MogO5; + 6H,0 )

Figure 7 shows that Mo, 0%, is present in the solution in
the pH range of 2-6. Saptima et al. [49] reported that the
Mo anions, both MoO?~ and Mo, 0%, are commonly found

In column Eluate
Mo02~ Nat(TcO,)~
Fig.6 Typicssor
Fig.7 Typical example of 100
species distribution of the 00 4+
hydrolysis products formed in 80 4 —
the H*-Mo(VI) system in the pH 70 4 iy Qs (RS
range 1.0-6.0 [44] £ 60 ﬁ_ /H2M004
-
% 50 ¥
= 40 4
30 4
20 4

10 4

Mo,0%; MoO2-
2 I 4
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Fig.8 Chemical reaction structure of MoO; with alumina surface [50]

in the pH range of 6-8, whereas MoOi‘ predominates at a
higher pH than 8. It is reported that even if the polyanion
is present in the solution the adsorption still occurs via
MoOﬁ‘ formation [45, 50]. The degradation of polyanions
in the solution occurs due to an increased local pH close
to the adsorbent surface [50].

3.1.2 Properties of alumina

In general alumina is used for radiochemical separation
of isotopes due to its high radiation resistance and affin-
ity for certain inorganic ions [51]. Alumina can exhibit
both anion and cation exchange characteristics based
on the surface treatment and chemical environment.[52].
Depending on the solution pH, the surface sites of alu-
mina can undergo protonation, and the extent of protona-
tion will be dependent on the solution pH. Therefore, the
surface charge on the alumina will determine the type of
bond formed between the metal ion and the surface sites
of alumina. It is suggested [47, 53] that surface charge of
alumina appears due to dissociation at surface of AIOH
groups and detachment of either H* or OH™. In simplest
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term this can be represented by dissociation equilibria
equations [53, 541

Al—O—H < Al* + OH™

Al—O-—Ho Al-0" +H*

3.1.3 Reaction mechanism of Mo with alumina

Acid treatment of alumina in a technetium generator is
common practice so it is assumed that at acidic pH <4,
the surface sites of alumina become protonated. The
anions can then be adsorbed onto the surface of alu-
minum oxides either by ion-pair formation with positively
charged surface sites or ligand exchange with surface
hydroxyl groups [55]. Steigman [48] concluded that acid
treated aluminum ions on the surface will complex with
some octahedral polymeric variety of MoO3, most likely
via hydroxyl group displacement. Based on the hydroxyl
group surface protonation of alumina, the molybdenum
species can undergo different chemical reactions with
the alumina surface. It is suggested that the adsorption of
MoO2~ on the surface of alumina is either monofunctional
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or bifunctional type [45, 56, 57]. The chemical structures
that may form are shown in Fig. 8.

3.1.4 Chromatographic column preparation

It is important to note that the preparation of column
using alumina is very important. The adsorbent should be
packed very carefully into the column in order to avoid any
channeling or disruption in the bed. Failure to do so will
result in excessive amounts of breakthrough. The prepara-
tion procedures of a typical chromatographic generator
(100 mCi generator) from °Mo produced by irradiating
%Mo and adsorbing it on alumina are as follows [58]: In
this process, approximately 10 g of acid alumina (80-100
mesh) was transferred to a glass column containing a glass
frit at the end and a Teflon disc was placed on top of the
alumina bed. The column was then washed with sterile
pyrogen free 0.1 N HCl or 0.1 N HNO; until the effluent is
strongly acidic (pH ~ 1-2). In another attempt, a solution
containing predetermined concentration of Mo with
solution pH~ 3.0 was prepared. The solution was then
passed through the alumina column slowly and allowed
to drain. The column was then washed with pyrogen free
0.1 N HCI. The column was further washed with isotonic
(0.9% NaCl) solution. In order to check the Mo break-
through, a few drops of isotonic wash solution (effluent)
was collected in a vial containing a few mg of potassium
ethyl xanthate. To this, about two drops of 2 N HCl was
added. No red color should be observed. If a red color is
observed, Mo is breaking through the column and the
column should be rejected. A final check for ®Mo should
be made on this spot test sample by y-ray spectrometry.

Neediles

The column is then sealed at both ends with septa and
placed in a shield and autoclaved. It is reported [59] that
the procedure for preparing a fission product *’Mo/**™Tc
generator is significantly less complex than the (n,y) Mo
generator described above as the fission product *°Mo is
carrier-free and therefore a much smaller alumina column
can be used for the same activity. A schematic and cross-
section of a commercial **™Tc- Mo generator is shown
in Fig. 9.

3.1.5 #™c accumulation and *Mo decay kinetics

Since #*™c is produced from the decay of Mo and lost
through its own decay to *°Tc, its kinetics can be described
with the following rate equation.

AM0—99

_ oot o=re—oomt
Nrc_oom = Nuo—99,0 [e o897 — @ Te-9om ]

(n

Derivation of Eq. 11 is presented in the “Appendix C".
To determine the time at which the maximum amount of
9™Tc is present in the system, it is necessary to take the

derivative of Eq. (11) with respect to time and setting it
equal to zero so that

In ( AM0—99 )
ATe—99m (12)

(}'Mo—99 - j'Tc—99m)

/ITC—99m - )'Mo—99

t =

max

Itis important to realize that while this maximum time
value is constant, the maximum amount of available activ-
ity will decrease with time due to the constant decay of
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Fig.9 Schematic diagram of a typical *Mo/**™Tc Generator [59]
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Fig. 10 Profile of transient
equilibrium in *™Tc-**Mo
generator
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the parent isotope. A good rule of thumb to follow is that
Eg. (12) can be approximated by four daughter half-lives.
As with previous Eq. 11, a detailed derivation of Eq. (12) is
shown in Appendix C.

The activity of ®™Tc is maximum after approximately
23 h as shown in Appendix C. As shown in Fig. 10, the
production rate of daughter (**™Tc) and the decay rate
of Parent (*Mo) are equal after approximately 23 h and
the parent and daughter are said to be in transient equi-
librium. The daughter (**™Tc) can be repeatedly eluted
(extracted) from the parent/daughter pair in a column
(Fig. 9) as pertechnetate (**™TcO, 7) using saline (0.9%
NaCl) solution.

3.1.6 Different adsorbents for molybdenum
in the generator

The chemical structure mentioned in the Fig. 8 depends
on several factors:

e pH of the solution that defines the dominant species
present in the solution

e Concentration of Mo in the solution

e The surface charge of the adsorbent

e The pore structure of the adsorbent materials

Molybdate in acid forms quite stable heteropoly com-
plexes with a large number of cations, including AI** [48].
The adsorption capacity of alumina for molybdenum is
reported to be in the range of 2-26 mg/gram of alumina
[60, 61]. Several studies described processes to enhance
adsorption capacity of alumina for molybdenum [51, 62,
63]. Takahashi et al. [51] studied molybdenum adsorption
capacity for commercially available alumina. They found
that molybdenum uptake capacity of alumina increases
when it was heated at 400 °C for 10 h and subsequent
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treatment with boiling hydrochloric acid (2 N) for 1 h.
The adsorption capacity of treated alumina for molybde-
num is reported to be pH dependent. They also observed
that the dissolution of treated alumina is least in sodium
chloride solution compared to sodium hydroxide, hydro-
chloric acid, nitric acid, and ammonium hydroxide. Suzuki
et al. [62] studied the effect of sintering temperature on
molybdenum uptake by Gibbsite-Al,0;, P-Boehmite-
Al,O;, and Bayerite- Al,O;. They reported that the molyb-
denum adsorption properties are influenced by the crys-
tal structure and specific surface area of the alumina. The
average adsorption of molybdenum on Gibbsite- Al,O;,
P-Boehmite- Al,O;, and Bayerite- Al,O; samples sintered
at 300 °C was reported to be 67.5,82.4,and 91.1 mg/g of,
respectively. Guides-Silva et al. [63] investigated effect of
sintering temperature on alumina phases and their subse-
quent molybdenum uptake capacity. They reported that
the alumina powder calcined at 900 °C for 5 h had high
chemical stability. The molybdenum adsorption capac-
ity of the alumina heated at 900 °C was reported to be
92.45 mg Mo/g alumina.

Chakravarty et al. [60] studied molybdenum uptake on
to nanocrystalline Al,O; that was prepared by solid state
mechanochemical reaction of aluminum nitrate with
ammonium bicarbonate. It was reported that the sorb-
ent possessed selectivity properties for Mo and demon-
strated a maximum sorption capacity of 200+ 5 mg Mo/g,
which is ~10 times higher than that of ordinary acidic
alumina. In this work, a tandem columns generator con-
cept has been proposed using two columns containing
%Mo loaded mesoporous alumina that were connected
in series. A 26 GBq (700 mCi) “Mo/?™Tc generator was
developed using (n,y)*’Mo having specific activity of
~18.5 GBq (500 mCi)/g of Mo. In this method *™Tc eluted
from the first column was fed to the second column to
achieve higher radioactive concentration (RAC) as well as
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the purity of #™Tc. It was reported that the double tan-
dem column generator provided consistently high yields
(>82% of the theoretical yields) of *™Tc over a period of
1 week while the single column generator gave low yields
(~50% of the theoretical yields). The ®™Tc eluted from the
generator possessed high radionuclidic, radiochemical,
and chemical purity and was amenable for the prepara-
tion of ®™Tc-labeled radiopharmaceuticals.

Several studies investigated the adsorption char-
acteristics of enriched molybdenum-98 on to alumina
[64-66]. Skurudin et al. [64] investigated the effect of
acid treatment on the adsorption capacity of aluminum
oxides for enriched molybdenum-98. It was reported that
the adsorption of molybdenum occurs through chem-
isorption on to the active surface sites of acid treated
alumina instead of weak physical adsorption. The maxi-
mum adsorption capacity of enriched molybdenum was
23.5 mg/ g of activated alumina. The adsorption of *™Tc
under static and dynamic conditions was also carried
out on acid treated aluminum oxides [65]. Upon reduc-
tion of *™Tc with bivalent tin, approximately 93% %°™Tc
was reported to be adsorbed on to aluminum oxide. It
was envisaged that *™Tc with high specific activity can
be obtained by concentrating **™Tc onto nanosized col-
loidal particles of aluminum oxide. In another work Sku-
rudin et al. [66] investigated the factors that influence the
elution characteristics of ™Tc in a generator column. The
chromatographic generator column was prepared from
%Mo produced by irradiating enriched *Mo and adsorb-
ing it on alumina. The *™Tc elution profile of the genera-
tor is reported to be dependent on the adsorbed mass
of molybdenum. It was suggested that a higher yield of
99™Tc can be obtained from a pretreated alumina column
filled with molybdenum approximately 85% of its uptake
capacity. It was noted that a generator column loaded
with 50-60% of its capacity requires additional volume of
normal saline to complete “™Tc elution. At lower uptake,
99MTc can occupy the vacant active sites of aluminum oxide
thus reduce the yield.

A review article by Le, V.S [20]. provided a detail descrip-
tion of available Mo sources and also the technical
aspect of #™c generators. This review discussed tech-
nical solution for overcoming the shortage of Mo sup-
ply and various technologies to recover *™Tc from high
and low specific activity *Mo/°°™Tc generators systems.
Various processes using selective sorbents used to purify
and concentrate *™Tc from low specific activity *’Mo are
also discussed. Chattapadhya et al. [67] reported a *°™Tc
delivery system using (n, y)99Mo adsorbed onto a large alu-
mina column tandem with Dowex-1, a strong base anion-
exchange resin, column and column with AgCl. In their
work, a ®™Tc generators containing as much as 80-100 g
alumina for holding 14.8-18.5 GBq (400-500 mCi) *Mo

(at the reference time) has been discussed. A large volume
of saline solution (50-70 mL) was used to elute pertech-
netate from the Mo loaded alumina column. The eluate
with low specific activity *™Tc was then passed through
the Dowex-1 column to concentrate the ®™Tc in it. About
5-6 mL of 0.2 M Nal solution was used to elute pertechne-
tate from the Dowex-1 column followed by washing with
1.5-1.8 mL water. lodide was removed from the pertech-
netate eluate by passing it through a 1 g AgCl column.The
average yield of ®™Tc was 70-80% compared to the yield
of 80-90% from the conventional chromatographic gen-
erator systems. In another attempt, Chattopadhyay et al.
[68] discussed the possibility of using Dowex-1 column to
separate °™c from *°Mo. In their work, low to medium
specific activity “?Mo-molybdate solution of 7.4-18.5 GBq
(200-500 mCi) in sodium hydroxide was passed through a
tiny Dowex-1 column (25 mg) to separate the ™Tc from
the *Mo. #*™Tc was then eluted using tetrabutylammo-
nium bromide (TBAB) solution (1 mg/5 ml methylene chlo-
ride). The TBAB solution containing *™Tc was then passed
through a small alumina column where *™Tc retained in
the column. ®™Tc was finally eluted with 5 mL saline solu-
tion. The average separating yield was reported to be 90%
(n=10).

Xu et al. [69] reported mesoporous alumina materials
prepared from the precursors of aluminum isopropox-
ide/HNO; in the presence of glucose in aqueous sys-
tem. In another study Chakravarty et al. [70] prepared
mesoporous alumina using the process given by Xu et al.
[69] and developed clinical scale ®Mo/*°™Tc generator.
The molybdenum adsorption capacity of the prepared
mesoporous alumina was reported to be 225+ 20 and
168+ 12 mg Mo/g of sorbent under static and dynamic
process. It was reported that the *Mo strongly and selec-
tively retained by mesoporous alumina at acidic pH con-
dition. ?™Tc was obtained from the generator in >80%
yields with high radionuclidic (> 99.99%) and radiochemi-
cal purity (>99%). The compatibility of the product in the
preparation of ®™Tc-radiopharmaceuticals was evaluated
by radiolabeling standard kits with >95% yield. Saptiama
et al. [71] investigated the calcination temperature, sur-
face area, and crystallinity of mesoporous alumina prepa-
ration and their effect on molybdenum uptake capacity.
They found that the molybdenum uptake capacity was
12.5 mg/g, 31 mg/g, and 17.5 mg/ g of alumina sample
that was prepared at 600 °C, 700 °C and 900 °C, respec-
tively. Denkova et al. [72] have investigated the potential
of mesoporous aluminum oxides as adsorbent materials
for 2?Mo/*°™c generators utilized in nuclear medicine. It
was reported that the maximum adsorption capacity of
the mesoporous alumina sample was 112 mg/g. Further-
more, they added that approximately 40-50% of *°™Tc
could be removed from the molybdenum loaded sorbents
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in a single elution with negligible loss of Mo but the alu-
minum breakthrough was reported to be higher than the
NRC accepted limit (10 mg/L).

In another study, Saptiama et al. [58, 73] reports the
fabrication of alumina-embedded mesoporous silica (MPS)
particles by solution-phase method. In this work different
ratio of Al/ Si and calcination temperature was chosen to
prepare the adsorbent material. The Mo adsorption experi-
ments conducted using the batch method show the fol-
lowing trend in Mo adsorption capacity in relation to the
calcination temperature: 750 °C>600 °C>900 °C> 1050
°C and Al/Si molar ratio: Al0.1-MPS < Al0.3-MPS < Al0.5-
MPS < Al0.6-MPS. Among all the studied samples, the
Al0.6-MPS sample calcined at 750 °C shows the highest
Mo adsorption capacity (16.8 mg Mo/g of adsorbent).

Lee et al. [74] reported that Sulfated alumina or alu-
mina-sulfated Zirconia exhibits adsorption capacity that is
superior to that of conventional alumina adsorbents, and
is stable and is thus loaded in a dry state in an adsorption
column. The molybdenum adsorption capacity of sulfated
alumina was reported to be 392 mg/g from a solution of
10,500 mg/L molybdenum solution under dynamic condi-
tion and subsequent ?™Tc elution efficiency was reported
to be 60-80%. Qazi and Mushtaq [75] studied hydrous tita-
nium oxide as an adsorbent for ®™Tc generator. Adsorp-
tion behavior of molybdate on hydrous titanium oxide was
evaluated at boiling water bath temperature (~100 °C)
using radiotracer technique. The effect of pH, molybde-
num concentration in solution, incubation time etc., on
molybdenum uptake by the titanium oxide were evalu-
ated. The performance of a generator loaded with 230 mg
of ®Mo (~14 mCi) on 1 g of hydrous titanium oxide column
showed that the elution efficiency of *™Tc was 85-90%
and more than 90% of the activity was obtained in the first
2 mL of saline. In order to comply with US Pharmacopoeia,
an additional mini column of alumina for the removal of
excess *’Mo was suggested. In another work, Chakaravarty
et al. [76] reported polymer embedded nano crystalline
titania based adsorbent for ?Mo/*°™Tc generator. The
surface area of this polymer was 30 m?/g with an aver-
age pore size of 40 nm. The adsorption capacity of molyb-
denum for this adsorbent was found to be 100 mg/g. A
9Mo/*™c generator with 30 mCi Mo activity level dem-
onstrated 80% ?*™c recovery and the data was reported to
be consistent over a period of one week using this adsor-
bent. Toth et al. [22] has proposed the use of self-absorbed
monolayers on mesoporous support (SAMMS) materials
for its proven ability to selectively remove ionic species
from aqueous solutions and complex liquids as a potential
separation mechanism for Mo/*™Tc. It was reported that
SAMMS material can adsorb almost 70 mg molybdenum/
gram of resin.
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Le [77] described a process for the synthesis of polymer
compound of Zirconium (PZC) based adsorbent and its use
in chromatographic *Mo/*™Tc (n,y) generators with low
specific activity. It was reported that a PZC based genera-
tor with specific activity ranging from 200 to 1000 mCi
Mo-99 can be satisfactorily used in the clinical nuclear
medicine application. Tanase et al. [78] reported an inor-
ganic polymer adsorbent (PZC) for use in low specific activ-
ity ®Mo generators synthesized from heating a solution of
zirconium chloride and isopropyl alcohol. It was reported
that about 200 mg *Mo(Mo) was adsorbed on to per gram
of PZC resin from a molybdenum solution containing Mo
(1.8 mCi/mL). Meta-stable technetium-99 was eluted with
a small volume of saline solution for 80% yields. In addi-
tion, the Mo breakthrough was reported to be less than
0.5% in good test conditions.

A US patent is reported by Hasan [79] described an
alternative adsorbent of alumina in neutron activation
(n,y) ®Mo based ™c/*’Mo generator. This work describes
a method of preparing biopolymer based microporous
composite material (MPCM) resin. It is reported that the
MPCM resin, porous in nature, is found to be resistant to
radiation exposure (50 MRad), extreme pH conditions,
strong oxidizing agents, and temperatures exceeding
100 degrees Celsius without substantial physical degra-
dation of the resin [79]. Molydbenum-99 in the form of
molybdate, MoO42‘, is absorbed onto resin, so that when
it decays the resulting pertechnetate, TcO,, is less tightly
bound to the resin surface and can be removed via saline
flush [80]. Figure 11 shows possible reaction mechanism of
molybdenum uptake on to MPCM resin. Figure 12 shows
the surface charge pattern for Mo (V1) loaded MPCM sam-
ple with or without oxidization. It was reported that the
chitosan-based composite (MPCM) resin requires further
surface charge conditioning by oxidation to facilitate #™Tc
release from the column [79]. A detailed description of the
adsorption mechanism of Mo on to resin and simultane-
ous release of #™c from the column has been described
based on surface charge analysis of the MPCM resin [79].

Chattopadhyay et al. [81] reproduced Hasan's work and
reported that the molybdenum adsorption efficiency of
the resin is approximately 50-60% (500-600 mg Mo/g of
resin) of the loaded activity. A column prepared with the
resin was evaluated for routine elution of ®™Tc with 30 mL
saline. The Na[**™Tc]TcO,” eluates obtained were clear
solutions with pH 5-6 and the radiochemical (RC) purities
of 99%. The Mo breakthrough in the *™Tc fraction with
alumina guard column (0.5 g) was 0.002£0.003 (n=9).The
Al'and Mo content in the eluted ®™Tc was less than 10 ug/
mL. The RC purity of the labeled compounds was greater
than 95%. The radionuclidic purity of ®™TcO, ~ was more
than 99.99%. It was concluded that chitosan resin based
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%Mo/**™c generator using low-specific activity (n, )Mo
may find an application in nuclear medicine.

In case of molybdenum (Mo) uptake onto MPCM resin,
Hasan [79] reported that the adsorption follows Type-1

isotherm and the Mo adsorption mostly occurs at the
monolayer of active surface sites of the resin. Based on the
above findings [79], Hasan [82] pointed out that the critical
structures of the resin that absorb irradiated molybdenum
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needs to be protected from the negative impact of higher
radiation dose. In order to address this issue, following
points are considered [82]:

o Since the active region of the resin structure is assumed
to be thin, due to range consideration; a new type of
shielding concept can be used to protect the criti-
cal structure of the resin from the negative impact of
absorbed dose.

e The possibility of micro-shielding on the critical sur-
face of the resin needs to be investigated which may
reduce the impact of high radiation flux and minimize
the radiolytic effect on to the resin surface.

e High Z elements, for instance Hf, can be used as micro-
shielding candidate which, may cut down the dose on
the active surface sites of the resin.

e Other high Z elements with higher stopping power are
also good candidates as micro-shielding materials.

e Since the main constituents of MPCM resin are low
Z elements (with less stopping power), the negative
impact of high energy particles can also be minimized
by maintaining a proper aspect ratio of the column.

It was reported that the radiation tolerance limit and
selectivity of the MPCM resin for certain isotopes, was fur-
ther enhanced by the high Z element crosslinked MPCM
resin as it was not being limited by the radiolytic driven
reaction [82]. The micro-shielded resin was termed as
MPCM-Z resin. The performance of the MPCM-Z resin for
molybdenum was evaluated using batch process. It was
found that the resin is capable of adsorbing > 95% of avail-
able molybdenum (500-600 mg Mo/gram resin) within
an hour from 1% solution at solution pH ~ 3.0, when the
solid to liquid ratio was 2:100. A generator consisting of
MPCM-Z resin loaded with low specific activity (n, y)*’Mo
was prepared. The ™Tc recovery was + 70% when sodium
nitrate (1 g/L) as an additive was used with saline solution.
The breakthrough of “Mo and the pH of the eluent that
pass through an alumina guard column were within the
US Pharmacopeia limit.

Several studies reported technetium selective resin
such as Dowex, TEVA (TetraValent Actinides), ABEC (aque-
ous biphasic extraction chromatographic) resin for the
selective adsorption of pertechnetate from aqueous solu-
tion [83-85]. The possible uses of these technetium selec-
tive resins in the integrated production of *™Tc-generator
are promising provided that **™Tc can be collected and
concentrated in a small column and then eluted easily
with saline, water or any suitable solvents. Keiko et al.
[84] described a method for separating and purifying
technetium from technetium-containing molybdenum
using TEVA resin. However, the strong acidic solution (8 M
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HNO;) required for recovery of TcO,~ ions from the TEVA
resin. In practice, pertechnetae in strong acid solution is
not preferred on the basis of daily use in nuclear medi-
cine [20]. Wojdowska et al. [86] studied the separation of
9mTc from large excess of molybdenum using column
containing Dowex-1 and AnalLig Tc-02 resin, respectively.
It was reported that **™Tc is quantitatively bound to both
Dowex-1x8 and AnaLig Tc-02 resin whereas molybdenum
was found to be retained slightly and that can be rinsed
out with 2 M NaOH. ™Tc was eluted with TBAB solution
from the Dowex-1 column and the elution yield amounted
to 78%. In case of AnalLig Tc-02 resin, ®°™Tc was eluted
using small volume of water. The recovery was equal to
about 85%. A US patent by Le VS et al. [87] described the
preparation process for silica-based multifunctional resin.
The molybdenum adsorption capacity of this multifunc-
tional resin was reported to be 456-692 mg Mo/g and
313-445 mg Mo/g of sorbent under static and dynamic
process. Due to its high capacity for molybdenum uptake,
this multifunctional resin can be considered as a potential
candidate for ®Mo/*°™Tc (n, y) generator. It was reported
that one derivative of this multifunctional resin can be
used to purify and concentrate *™Tc in a small column.
It was further noted that the recovery yield of the daugh-
ter nuclide °™Tc was greater than 95%. An integrated
generator system using this multifunctional resin and its
derivative can be used to concentrate *°™Tc, therefore,
99MTc with high specific activity (1 Ci/mL) is possible from a
%Mo/*™c (n, y) generator. Table 4 shows typical example
of adsorption capacity of different sorbents for molybde-
num from aqueous solution.

3.2 Molybdate gel-generator

Several researchers proposed a zirconium molyb-
date based gel generator which is applicable to * Mo
obtained easily by the (n, y) reaction of natural molyb-
denum [90-92]. EI-Amir et al. [93] prepared cerium
(IV) tellurium molybdate based gel bed for chromato-
graphic ®Mo/*°™Tc generator. The °™Tc elution yield
from this generator was 77.8 + 3.0% with a radionuclidic
purity of >99.99%, radiochemical purity of 96.5+1.3%
(as #™cO, 7) and pH-value in the range of 5-7. Sarkar
et al. [94] reported zirconium [*’Mo]lmolybdate (Zr®Mo)
gel column generator. Generator was prepared using
6-7 g Zr*Mo gel column containing up to 22.2 GBq
(600 mCi) ®°Mo. The radioactive concentration of *°™Tc
up to 4 GBg/mL (110 mCi/mL) was obtained on the first
day of use. An acidic alumina guard column was used
to remove the co-eluted traces of ®>Mo and to retain the
pertechnetate. The overall recovery of #™Tc was > 90%,
%Mo breakthrough was 107 to 107%% and the duration
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Table 4 Adsorption capacity of various adsorbents for molybdenum

Adsorbent Adsorbent conditioning Initial conc. (mg/L) Exposure pH Uptake (mg/g) Reference
time
(Hour)
Nanocrystalline Al,O4 - 10,000 0.17 3 200 [60]
Gibbsite-Al,O5 300 °C 10,000 3 4 67.5 [62]
P-Boehmite-Al, O, 300°C 824
Bayerite-Al,O; 300°C 91.1
AlLO; 900 °C 1000 0.5 1.5 92.45 [63]
Alumina 2-3 20-25 [67]
Mesoporous Al,O; 24 Acidic 225 [70]
Mesoporous Al,O; 600 °C 886 2 3 125 [49]
Mesoporous Al,O, 700 °C 732 31.0
Mesoporous Al,O; 900 °C 877 17.5
Commercial-Al,O5 - 842 426
Al,O; embedded mesoporous Silica - 1000 2 3 35 [73]
600 °C 1.7
750 °C 16.8
900 °C 10.0
1050 °C 3.6
Sulfated AL,O, - 10,500 Dynamic  10.5 392 [74]
Polymer embedded nanocrystalline tita- 10,000 1 Acidic  ~100 [76]
nium
Activated alumina Acidic 235 [64]
Al,O; nanofiber - 5.1 197 [88]
Zr-based material Neutral 177 [89]
pzC 13,350 24 Neutral 285 [88]
pzC Neutral 200-295 [78]
Chitosan based microporous composite Partially oxidized 10,000 1 3 500 [79]
Mesoporous silica- based resin Static dynamic - - - 436-692 [87]
313-445
ool procosmgplant 03] | tmdied oo, |
| | ZroCl, H,0 |
| Dissolution in NaOH | I
.l | Dissolution in H,O |
| pH adjustment | T
| Fillrfnion | | Heating to 50 °C |

of concentration was 3-5 min. Monoroy-Guzman et al.
[91] suggested to prepare gels from molybdate solu-
tions at pH 4.5, where a mixture of Mo,0S, and Mo, O}~

Gel preparation

= 1

| pH adjustment

1

| Filtration

1

| Drying

1

| Granuling and Sieving |

1

| Pouring in to column |

=

ions is present, and 0.1 mol/ L ZrOCl,.8H,0 solutions
aged for 1 day, where the formation of ZrOOH"* ions is
favored. The overall reaction is given in Eq. 13 [91]:
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ZrOOH* + wMo, 0, (OH) > ¥~

8x—y—2z

- |2r0,.(x = w)H,0.Mo, 0,(OH)'>* ™

(8x—y—22)] + wH,0

(13)

A typical zirconium molybdenum gel preparation flow
sheet is given in Fig. 13. Marageh et al. [92] reported that
the produced sodium pertechnetate solution from the zir-
conium molybdate gel-type Mo/ **™Tc generators ful-
fills all requirements of U.S. pharmacopoeia as all of these
generators provide high-yield and pure elution as well as
sterile and pyrogen-free pertechnetate solutions. In addi-
tion, it shows favorable-quality features to prepare various
9MTc complexes.

Several difficulties of the gel preparations have been
reported due to its dependence on many complex factors
such as molybdenum and zirconium concentrations (ratio
of Mo and Zr in the gel) and gel reaction temperatures
which can greatly influence the *™Tc elution.

Chakravarty et al. [95] uses electrochemical method to
concentrate ™Tc obtained from a zirconium molybdate
(Zr*°Mo) gel generator. The overall recovery of *™Tc was
90% with 99.99% radionuclidic purity and 99% radio-
chemical purity. Saraswathy et al. [96] reported the effect
of subtle variations on zirconium molybdate->’Mo gel
preparatory conditions to achieve high **™Tc release and
minimal Mo breakthrough upon elution with normal
saline. They prepared Zirconium molybdate-*’Mo gels at
a pH of 4-5 by reacting [Zr]: [Mo] in the mole ratio of 1.25:
1. Monoroy-Guzman et al. [91] reported that a rigid and
regular lattice (structure) of the zirconium molybdate gels
acts as a “molecular sieve” preventing the mobility of the
9M™Tc in the gel and causing the decrease of the generator
efficiency. The best performances of the Mo/**™Tc zirco-
nium molybdate gel generators are attained using gels
with random network which allow a more diffusion of the
9MTc0,” increasing the generator efficiency.

Table 5 Various methods used to separate *™Tc from Mo [4, 41, 97]

3.3 Solvent extraction

The ®Mo/?*™Tc separation processes in solvent extrac-
tion systems are carried out in well shielded hot cells usu-
ally installed within the premises of a nuclear research
establishment under the supervision of well trained and
qualified staff. It essentially consists of a glass-quartz or
stainless steel apparatus in which activated *MoO; is dis-
solved in an acid or base (HC1, NaOH) and mixed with an
organic solvent such as methyl-ethyl-ketone (MEK) to pref-
erentially concentrate *™c over *Mo. Once equilibrium is
reached, the organic solvent containing decay-produced
9MTc is separated from the aqueous layer into a different
vessel and evaporated out leaving behind a white powder
of technetium salt. This water soluble salt is then dissolved
in a sterilized physiological saline solution (0.9% NaCl) for
distribution to the users in hospitals after proper quality
control procedures have been satisfactorily performed.
The parent ®Mo contained in the aqueous layer continues
to produce further ®™Tc which, after a proper equilibration
period of approximately one day, is ready for subsequent
extractions with an organic solvent.

3.4 Sublimation generator

The separation of ™c from Mo in the sublimination
generator is achieved by subjecting the activated MoCj; to
high temperatures of over 900 °C to sublimate an oxide of
99MTc for collection and dissolution in a physiological saline
solution. While sublimation systems produce *™Tc of the
highest purity and high radioactivity concentration, they
must be installed in a shielded hot cell.

3.5 Comparison of separation techniques

Alternative technologies for *™Tc generator using rela-
tively low specific activity Mo produced by the neutron

Separation of ®*Mo and %Mo  Physical/chemical property Separation Advantage Disadvantage
9mTe efficiency of
99MTC (%)
Chromatography (Fission  (n,f) Charge 80-95 Simple, portable High cost
process)
Chromatography (Neutron (n,y) Charge 80-95 Simple, portable Low specific activity; Small
capture process) scale
Solvent extraction (n,y) Hydrophobicity 50-75 Low cost, high separation ~ Complex, fire hazard;
efficiency Limited prospect
Sublimation (n,y) Vapor pressure 30-50 No chemical processing Complex, fixed
Further development
required
Gel (n,y) Solubility 80-95 Simple, portable Low specific activity; Small
scale
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activation of natural molybdenum would provide a less
complex, less expensive, and more practical route for indige-
nous production and use of ®™Tc. Many attempts have been
made to develop different alternative technologies based
on (n,y) Mo by exploiting the differences in the volatility
of technetium and molybdenum oxides (sublimation gen-
erators) [4]. The separation can be achieved by extraction,
usually by using methyl ethyl ketone (extraction genera-
tor). The chromatographic-type generators are very simple
to use and safe for handling. It has several advantages over
other separation methods that include compact size, easy
transportability, single step rapid operation, radiological and
pharmaceutical safety, and *™Tc separation with high yield
and purity [97]. Note that solvent extraction and sublimation
separation techniques are also widely utilized in India, Peru,
and Thailand with low specific activity Mo while Kazakh-
stan and Romania employ gel-generators. Typical example
of different separation methods used in *°™Tc/*Mo genera-
tor systems to separate ™Tc is given in Table 5.

4 Generator performance

The performance of a chromatographic generator involves
several factors including elution profile, elution efficiency,
radionuclidic purity, chemical purity, and the radiochemical
purity of the eluted *°™Tc [97].

4.1 Elution efficiency

The elution efficiency of a generator can be defined as the
fraction of the theoretically available ™Tc activity in the
system which is separated during the elution process. In
practice, the ®™Tc elution efficiency is determined by the
following relation:

ATc(measured)

Elution Yield(%) = ———— x 100 (14)

Tc(theoretical)

where Ay measured) IS the activity of **™Tc measured in the
eluate, and Az eoretican IS the activity of **™Tc calculated
according to the activity of ?Mo adsorbed on the column
and time elapsed after adsorption or previous elution. The
elution efficiency of a generator mainly depends on physi-
cal size and shape of a generator. It may vary randomly
time to time, possibly due to complex chemical, physico-
chemical and radiochemical processes in the generator [4].

The valence state of technetium may also play a role
on elution yield [98]. Boyd [97] concluded that exten-
sively washed and frequently eluted generators have the
sharpest elution profiles and highest elution efficiencies.
Improper eluent, reduction of pertechnetate by radioly-
sis, organic impurities, mechanical problems etc., are few
noted factors that may cause low elution yield [48, 58]. The

dissolved oxygen aids in keeping the technetium in the
pertechnetate form i.e., oxygen is essential in maintaining
a high elution yield.

4.2 Breakthrough

One major concern with *™Tc generators is *’Mo ‘break-
through”i.e., partial elution of the ®>Mo parent along with
9mTc from the generator. From the stand point of patient
radiation safety, the amount of Mo in the elution should
be as low as possible because the presence of Mo in the
elution may interfere with labeling process and lead to
clumping of red blood cells and possible microemboli. In
case of alumina as adsorbent in the column, some possible
causes of *Mo breakthrough are [58]:

Exceeding the ion exchange capacity of the alumina
pH of the alumina is greater than 7

channeling or disrupted alumina bed

excessive elution

According to NRC regulation, the acceptable limit of
%Mo breakthrough is 1.0 uCi *Mo/mCi **™Tc (10-3Bq* Mo/
Bq”°™Tc), not to exceed 5 uCi (185 kBq) per human dose at
the time of injection. The breakthrough of a generator can
be calculated as follows:

A99
Breakthrough = Mo (15)

99mTc

where As,,, is the measured activity of the Mo and
Assmr, that of #™Tc. A Nal (TI) counting systems is capable
of detecting the activity of ® Mo in the presence of much
larger amounts of ®™Tc and some dose calibrators with
a lead-lined container are available specifically for this
purpose.

4.3 Radionuclide purity

Radionuclidic purity for ®™Tc refers to the percentage of
radioactivity of #™Tc present in the total radioactivity of
product. For effective utilization of the radioisotope *™Tc,
it must be free of isotopic contamination when it is used
for labeling or intravenous administration to humans.
Current U.S. Pharmacopeia requires *™Tc from a genera-
tor (fission) to be at least 99.96% pure as a radionuclide,
whereas European Pharmacopeia expects 99.88% radio-
activity due to *™Tc. Boyd [97] reported that an ideal
generator would produce *™Tc with a purity that satisfies
Pharmacopoeia specification for a period of three *°™Tc
half-lives (~ 18 h). Table 6 shows that the sodium pertech-
netate (**™Tc) injection should contain not less than 90%
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Table 6 Sodium pertechnetate (**™Tc) injection (fission) US and European Pharmacopeia [99, 100]

Parameters Units Limits
US pharmacopeia European pharmacopeia
Sources of Mo Fission-based Fission-based
Characteristic A clear colorless solution. Half-life of A clear colorless solution. Half-life of *™Tc
99™Tc 6.02 h, emits gamma radiation 6.02 h, emits gamma radiation 140 keV
140 keV
pH S.U 4.0-8.0 4.0-8.0

Radionuclidic purity

Radiochemical purity
Chemical purity
Sterility and pyrogenicity

Endotoxins

% of Total activity
% of Total activity
% of Total activity
% of Total activity
% of Total activity
% of Total activity

% of Total activity

% of ™c activity
pug/mL
Injections- USP Chap 1

Injections- USP Chap 1

%Mo < 0.15uCi%Mo/mCi®*™Tc (0.015%)
1311 <0.05 pCi/mCi**™Tc (0.005%)

193Ru <0.05 pCi/mCi®™Tc (0.005%)
8951 <0.0006 pCi/mCi®™Tc (6 x 107°%)
905r < 0.00006 pCi/mCi®*™Tc (6 x 1075%)

a-emitting impurities <0.001nCi/
mCi®™c (1x 107%)

other y emitting impurities <0.01%of
99MTc activity

>95% as pertechnetate
Al<10

Pass sterility test-71
Pass pyrogens test-151

Pass endotoxin test y [85]

%Mo < 0.15uCi%Mo/mCi®*™Tc (0.015%)
1311 £0.05 uCi/mCi®®™Tc (0.005%)

193Ru <0.05 pCi/mCi®™Tc (0.005%)
8951 <0.0006 pCi/mCi®™Tc (6 x 107°%)
9051 <0.00006 pCi/mCi®®™Tc (6 x 1075%)

a-emitting impurities < 0.001nCi/mCi®*™Tc
(1x107%)

other y emitting impurities < 0.01%of
99™Tc activity

>95% as pertechnetate
Al<10
Release before completion of test

Release before completion of test

Radioactivity (yield of ™ Tc) % of declared activity ~ 90-110%

90-110%

and not more than 110% of the declared °™Tc radioactiv-
ity stated on the label at the reference date and time.
The European and the US Pharmacopeia specifies the
limits of radionuclidic impurities that should not exceed
at the time of administration (Table 6). The most probable
radionuclide contaminant in the final product of *°™Tc
is the parent Mo (most likely due to excessive break-
through). The choice of target material and its purity are
also important factors as some radionuclidic impurities
may occur from the activation of impurities present in the
target. The radioactivity due to Mo does not exceed 0.1%
of the total radioactivity of the test solution. Other y-ray
emitting radionuclidic impurities including *Mo, '3'l, 13,
193Ry, and #Sr shall not exceed 0.5 pCi per mCi of *°™Tc at
the time of administration. Some of the possible causes of
fission-product contamination are [58, 101]:

e production route of the parent Mo

® Improper separation procedures used in the manufac-
ture of the Mo

¢ Insufficient washing of the generator during prepara-
tion

4.4 Chemical purity

The presence of chemical impurity in the final **™Tc prod-
uct may cause detrimental effect on the clinical application
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and is to be controlled strictly. The chemical impurity of
99mTe, that reflects the composition of non-radioactive
components, may originate from the generator bed or
from the eluent. The most probable chemical impurity that
may be detected in the eluent is aluminum. In general,
the generator column is prepared using aluminum oxide
(alumina) as a support for the parent *Mo. Aluminum cati-
ons can be formed during adsorption of Mo as the bed
is expose to acidic pH condition. Cationic aluminum can
be washed away from the generator column during the
subsequent elution of the daughter radionuclide *°™Tc
(pertechnetate). The aluminum ion concentration in the
eluent should not be more than 10 ug/mL of the genera-
tor eluate.

4.5 Radiochemical purity

Radiochemical purity of radiopharmaceuticals is defined
as the proportion of the total radioactivity in the sample
associated with desired radiolabeled species [102]. For
instance, the presence of ®™Tc in pertechnetate form
(+7 state) is most desirable as this species can easily be
converted to other oxidation states prior to complexation
with suitable ligands [70]. Radiochemical purity is also
used as the index of biological performance of radiophar-
maceuticals that are administered to human. The possible
radiochemical contamination in the ™Tc labeled product
may occur from decomposition due to action of solvent,
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change in temperature or pH, light and radiolysis in the
generator systems [103]. The presence of any undesirable
radiochemical impurity will reduce efficacy of the final
radiopharmaceutical product.

5 Conclusion

The growing demand of **™Tc and the inherent prob-
lem associated with ®?Mo production from fission prod-
ucts has increased the interest for economically feasible
alternative sources of ®?Mo. Production of ®Mo via the
neutron capture method can be a feasible alternative to
fission derived ®°Mo but the significant lower Curie yield
and lower specific activity is of great concern. Therefore,
use of lower specific activity molybdate is only feasible
with a more efficient absorbent to reduce the generator
size. Several highly efficient adsorbents for molybdenum
have been reported in the literature with some success.
In addition, several technetium selective resins are also
reported for their use in purification and concentration
of #MTc. Therefore, it was envisaged that *°™Tc with high
specific activity can be obtained by adding a concentra-
tor column unit in a chromatographic *Mo/*°™Tc (n,y)
generator system.

Appendix A: Fission Production Derivation

Molybdenum-99 (**Mo) is generally produced through
the thermal fission of highly enriched uranium (HEU). The
amount of *Mo produced from this reaction is dependent
on the thermal neutron flux, the amount of 23°U present
in the system, and the time exposed. Since the amount
of %Mo present in the system is continuously changing,
it is first necessary to establish the 23U population with
respect to time. Since 2*U is long lived (half-life of seven
billion years) and is not being produced by other reactions,
loss due to decay is neglected so the change in its popula-
tion is due entirely to thermal neutron interactions. There-
fore, the amount of 2°U present in the system at time, t, is
determined through integration of

dNy_535
“dt ~0(0y_2350 + Ou_235¢) Ny_235 (16)

where @ is the neutron flux, 6_,35, and 6_»3s5 are the
thermal neutron absorption and fission cross sections,
respectively, and N;,_,s is the number of *°U nuclei pre-
sent in the system at time t. Note that it is assumed that
the neutron cross sections and flux are constant with

respect to time. Both sides of Eq. (1) are divided by N;_535
to separate the variables and yield

dN,_
/ 5 = _/(P<0'U—235,a +0y_y35)dt (17)

NU—235

Both sides of Eq. (2) may now be integrated so that

In (NU—235) = _(P(O'U—zas,a + 0'U—235,f)t +C (18)

where Cis a constant of integration. The imposed initial
condition is

Ny_235(t = 0) = Ny_y350 (19)

where Nj;_,55 o is the number of 22U atoms present prior to
exposure to the neutron field. The initial condition is used
to determine the constant of integration

C =1In(Ny_s3s0) (20)

which is then substituted back into Eq. (3) to yield

In (Nu—zas) —In (NU—235,O) = —p(0y-35a + 5u—235,f)t
21)
Finally, Eq. (21) is rearranged and the natural log terms
removed with exponentials to express the number of 23°U
atoms present at time, ¢

= - _2350T0U_ t
NU—235 = NU—235,Oe @(0y_235,4+0y-2351) (22)

Now that the amount of target material is known, it
is necessary to develop an expression for the amount of
%Mo present in the system at time, t. Molybdenum-99
is produced by approximately six percent of all thermal
fissions of Uranium and can be lost through radioactive
decay or further neutron capture. The amount of Mo
present in the system at time, t, is determined through
integration of
ANyo—o9 _
ar POy_235, YMo-99NU_235 = Amo-99Nmo-99 = POMo—99No—99

(23)

where Ny,,_oq is the number of Mo atoms present with
respect to time, o),,_qq is the thermal neutron absorption
cross section, y4,_q is the probability of Mo production
through fission, and 4,,_os is the decay constant which is
calculated using ®Mo’s half-life as

In(2) _ 0.693
t: 66 hours

2

Mtoos = = 0.0105 hours™' (24)

The terms corresponding to the “Mo population are
moved to the left side of Eq. (23) while Eq. (22) is substi-
tuted into the right side so that
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AdNuo—99 _ ®0y_235YMo-20NU—235,0 00y r350+00 2357 )t _ okt
dt " (iMo_gg + @059 )Nyo-o9 (25) Nito-so = k= @(0y_350 + Oy_2351) [e ( N
= ¢6u—235,fVMo—99Nu—235,0e_w(UU’Bs'"MU’BS'f)t (34)
and the final answer can be obtained by combining
Egs. (34) and (26)
Nypgo0 = ©Oy_235£YMo-99Nu—2350 [ e~ P(0u 2350+ 0y 2357 )t _ e—(xMo,ggwaMo,gg)r] (35)
Apo—g9 T (/’(GMo-99 —Oy_235q0 — Uu-zas,f)

The integral can be further simplified by defining a
dummy variable

k = Apo-99 + ®Oh10-99 (26)
and multiplying both sides of Eq. (25) by the integrat-

ing factor

IF = e 27)

so that Eq. (25) reduces to

dN,,._
—Mo—99 okt kNo_o9€"

= POyY_235£YMo-99Ny-235 oe(k_(”(””-m”+°U-235f))t

and then further reduces to

/ d(Nyo-se€) = / POY_235 £ Vto-99Ny_z35 g€t o331
(29)
Both sides of Eq. (29) may now be integrated so that

ki _ PO U—235fYMo—99Nu-2350

e(k—tﬂ(aufns,a+<7u7235,f))r +C
k- (P(f’u—zss,a + Uu—zas,f)

Npo—g0€

(30)

Since the Mo is created entirely from the six percent
of 33U fissions, it can be assumed that there is none pre-
sent at the beginning of irradiation so that

Nyo_so(t = 0) = 0 (31)

which can be used in conjunction with Eq. (30) to deter-
mine the constant of integration

POy_235FYMo—99Ny—2350
C=- (32)
k — §0(°'U—235,a + °'u—235,f)

and can be substituted back into Eq. (30) to yield

o] N
Kt _ POY-235YMo-99"VU-2350 [e(k_(,,(,,U7235’a+,,ufz35!))t_ 1]

Nio-g0€ P
— @(0y_2350 + Ou-235f)

(33)

Equation (33) can now be expanded by dividing both
sides by the integrating factor
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Note that Eq. (35) can be simplified to

o U—235,fVMo—99Nu—235,o [

Npo—g9 = 1T- e_AM"’”r] (36)

AM0—99

by neglecting secondary absorptions.

Appendix B: Neutron Capture Production
Derivation

Molybdenum-99 (*’Mo) can also be produced via neu-
tron capture in which a *Mo target is bombarded with a
neutron flux for a given time. As with the thermal fission
case, the amount of *’Mo produced from this reaction
is dependent on the thermal neutron flux, the amount
of ®Mo present in the system, and the irradiation time.
Since some amount of *®Mo will be consumed by the
reaction, it is first necessary to establish the variable
%Mo population. Since Mo is stable and is not being
produced by other reactions, the change in its popula-
tion is due entirely to thermal neutron capture. There-
fore, the amount of Mo present in the system at time,
t, is determined through integration of

dN,,,_
$ = —®0p0-98Nmo—os (37)

where @ is the neutron flux, 6,,_eg is the thermal neutron
absorption cross section for Mo, and N,,,_o is the num-
ber of Mo nuclei present in the system at time t. Both
sides of Eq. (37) are divided by N,,,_o5 to separate the vari-
ables and yield

dN,,._
/—MO %= _/(PGMo—%dt (38)
NM0—98

Both sides of Eq. (38) may now be integrated so that
In (Nyio—0g) = —®0po—sgt + C (39)

where C is a constant of integration. The imposed initial
condition is

Npto—og(t = 0) = Nyo_og0 (40)
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where Nj,,_og ¢ is the number of Mo atoms present prior
to exposure to the neutron field. The initial condition is
used to determine the constant of integration

C =1In(Nyo_os0) (41)

which is then substituted back into Eq. (39) to yield

In (Nio—og) = In (Nyo—080) = —@Ouo_ost (42)

Finally, Eq. (42) is rearranged and the natural log terms
removed with exponentials to express the number of Mo
atoms present at time, t

— —@00_ogl
Npto—og = Npo_gg g™ #7Mo-% (43)

Now that the amount of target material is known, it
is necessary to develop an expression for the amount of
%Mo present in the system at time, t. Molybdenum-99 is
produced only through the neutron capture of **Mo and
can be lost through radioactive decay or further neutron
capture. The amount of Mo present in the system at time,
t, is determined through integration of

Lo N
w  PoMo-98"VMo—98,0 e(k_(p"Mo—Qs)t e

Njo—go€™ = (48)
Mo—99 K — 900 o8

Since the *Mo is created entirely from the *Mo being
consumed in the neutron field, it can be assumed that there
is none present at the beginning of irradiation so that

Npo-go(t =0) =0 (49)

which can be used in conjunction with Eq. (48) to deter-
mine the constant of integration

(PO'Mo—gsNMo—gs,o

C =
k — @oyo-os

(50)

and can be substituted back into Eq. (48) to yield

c N
kt _ POMo-98"Mo-980 [e(k_(,mm_gs)t _ 1]

(51)
k = @0po-0s

Npto—g9€

Equation (51) can now be expanded by dividing both
sides by the integrating factor

PO n10-98Nmo-08,0

N — e~ Pomo-ost _ e—kt
AdNyo—o9 Mo-99 k — @o10_08 ] (52)
dr = @O po-98NMo—08 — Amo—99NMo—99 — POMo—90No-09
(44) and the final answer can be obtained by combining
Egs. (52) and (26)
Nyo_oo = 0 po-98Nmo-g80 [e_wM"‘%t _ e_(’lMo—99+(p5M0—99)t:| (53)
Apo—og + (P(C’Mo—99 - 6Mo—98)

where N,,,_oq is the number of Mo atoms present with
respect to time and oy,,_q4 is the thermal neutron absorp-
tion cross section. The terms corresponding to the Mo
population are moved to the left side of Eq. (44) while
Eq. (43) is substituted into the right side so that
% + (Ant0-99 + POn0-99) Nito—99 = POto—08Nuo—og0€~ 7o
(45)
The integral can be further simplified by using the
dummy variable defined in Eq. (26) and integrating factor
in Eq. (27) so that Eq. (45) reduces to

dN
Mo—99 _kt kt __ Kk—®00_9s )t
dr e + kNyo_g0€™ = ¢5Mo—98NMo—9s,oe( o-ss)

(46)
and then further reduces to

/ d(NMo—99ekt) = / (pGMo—98NM0—98,0e(k_quo_98)tdt 47)

Both sides of Eq. (47) may now be integrated so that

As with Eq. (35), Eq. (53) can be simplified to

PO 110-98Nmo-o8,0 [

Npo—go = 1— e_AM"'”t] (54)

AM0—99

if secondary absorptions are neglected.

Appendix C: Radioactive decay derivation
Once the ®Mo has been removed from the reactor, it can
only be lost through radioactive decay so that

dNMo—99
dt

= —AMo-99Npo—99 (55)

where Ny,,_oq is the number of Mo atoms present with
respect to time and A,,,_o is the decay constant which is
calculated using *Mo’s half-life as

In(2) _ 0693
t 66 hours

2

Ato—go = = 0.0105 hours™' (56)
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Both sides of Eq. (55) are divided by N,,,_qq to separate
the variables and yield

dN,,,_
/—MO 2= _//lMo—99dt (57)
Npto—o9

Both sides of Eq. (57) may now be integrated so that
IN (Nyo—99) = —Anto-9ot + C (58)

where Cis a constant of integration. The imposed initial
condition is

The terms corresponding to the *™Tc population are
moved to the left side of Eq. (62) while Eq. (61) is substi-
tuted into the right side so that

dN7c_gg
% + Arc—9omNrc—90m = Apmo—99Numo—99 (65)

_ oot
= Apto—99Nwo—-g9,0€” M=

an integrating factor may be used to simplify the dif-
ferential equation

IF = e*re-9omt (66)

so that Eq. (64) reduces to

dN

%eﬁ"’ggmr + Arc_oomNre_oom€" " = Aypo_gNyo_gg,ge{e-smm=mo-)t (67)
and then further reduces to

Npto—99(t = 0) = Nyo_g90 (59)

where Ny,_qq is the number of ?Mo atoms present after
the sample is removed from the neutron source. The initial
condition is used to determine the constant of integration

C = In (NMO—99,0) (60)

which is then substituted back into Eq. (58) to yield

In (Nio—09) = 1N (Nio_99,0) = —Amo_oot (61)

Finally, Eq. (61) is rearranged and the natural log terms
removed with exponentials to express the number of Mo
atoms present at time, t

Nito—09 = Niyo_gg g€~ #e-5" (62)

Since the purpose of creating the ®Mo is to obtain a
continually replenished supply of ®™Tg, it is necessary to
determine the amount of ®™Tc present in the system with
respect to time. Technetium-99 m is produced solely from
the decay of Mo and is lost through gamma decay to **Tc
with a six hour half-life. Therefore, the amount of °™Tc pre-
sent in the system at time, t, is determined through inte-
gration of

dNrc_og
% = Amo—99NMo-99 — A1c—90mNrc—90m (63)

where Ny._qq, is the number of °™Tc atoms present with
respect to time and A;,_qq,, is the decay constant which is
calculated using *°™Tc’s half-life as

_In( _ 0693 _ .
/IMO—99 = T = 6 hours = 0.1155 hours (64)
2
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/ d (Nrc_gome’™m") = / Ato-99Nio— g9 g€(17e-m=no- )t it
(68)
Both sides of Eq. (68) may now be integrated so that

i
eATc—99mr — %NM(F%Oe(irc—99m_/1Ma—99)f +C

(69)

Although ?°™Tc accumulates during the irradiation
period, it is assumed that all traces are removed from
the *Mo source prior to creation of the generator. There-
fore, it is assumed that there is no °*™Tc present initially
so that

N Tc—99m 1 —2
Tc—99m ‘Mo—99

NTc—99m(t =0)=0 (70)
which can be used in conjunction with Eq. (69) to deter-
mine the constant of integration

A
C= &Nﬂm—%,oe (Are-om=Awo-59)¢ (71)

)”Tc—99m - /1Mo—99
and can be substituted back into Eq. (69) to yield

A
Arc—gomt Mo—99
NcggeTc99m [ A —

[e(lrcfa%—i/wofgq)f -1
'1Tc—99m - AM0—99

NM0—99,0

(72)

The final answer can be obtained by removing the
integrating factor from the both sides

’%Mo—99

- ool _ pre_somt
Nre_gom = Nyto—g9,0 (€40 — e*re-oon]

/1Tc—99m - AM0—99
(73)

The °Mo /°°™Tc generator is eluted with saline to
remove the *™Tc for use in diagnostic and treatment
facilities. Due to the nature of this type of decay, there
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is a optimum time required between elution so that the
maximum amount of *™Tc is acquired. To determine the
time at which the maximum amount of *™Tc is present
in the system, it is necessary to take the derivative of
Eq. (73) with respect to time so that

dNTc—99m — < j'Mo—99

Nyto—99,0
dt Atc—gom — AMo—99> o

—re_oomt —po-sot
[A1c—g0me ™75t — Apyo_gg€™ o]

(74)

Setting the right side of Eq. (74) equal to zero and solv-

ing for time
0= )'MO—99 N

- A ) Mo—99,0

Te—99m ~ AMo-99 (75)
—Ate—ggmt; —ApMo—99t,
[ATC—QQme Tc-99mimax — AM0—99e Mo-99 max]

A e_AM0—99rmax = A e_j'T(—99mtmax (76)

Mo—-99 — *Tc-99m

AMO—QQ e_}‘TE—99mrmax
In </1— =In|———)= (}'Mo—99 - /ITC—99m)tmax

Tc—99m e_/lMo—gg fmax
(77)

|n < /1M0—99 )
)‘Tc—99m

()”Mo—99 - ’ch—99m)

(78)

max —

So, the maximum amount of *°™Tc¢ will accumulate
every
0.0105 hour™"
n <01155hour—1 )
= . = 22.8371 hours
(0.0105 hour=" — 0.1155 hour~")

max

(79)

So that elution should occur every 22.8371 h to obtain
the maximum amount of *™Tc from the generator.

References

1. Synowieckil MA, Perk LR, Nijsen JFW (2018) (2018) Production
of novel diagnostic radionuclides in small medical cyclotrons.
EJNMMI Radiopharm Chem 3:3. https://doi.org/10.1186/54118
1-018-0038-z

2. International Atomic Energy Agency (IAEA), Technical Reports
Series No. 465: Cyclotron production radionuclides: principles
and practices, IAEA-2008. https://www-pub.iaea.org/MTCD/
publications/PDF/trs465_web.pdf

3. Pillai MRA, Das A, Knapp FF Jr (2013) Sustained availability of
99MTc: Possible path forward. J Nuclear Med 54(2):313-323

4. Vucina JL (2001) Elution efficiency of Mo-99/Tc-99m generators.
FACTA Univ Ser: Phys Chem Technol 2(3):125-130

5. Zolle | (2007) Performance and quality control of the
99Mo/99mTc generator. In: Zolle | (ed) Technetium-99m Phar-
maceuticals. Springer, Berlin, pp 77-90

20.

21.

22.

23.

24.

25.

26.

Green CH (2012) Technetium-99m production issues in the
United Kingdom. J Med Phys 37(2):66-71

Uranium, Committee & Board, Nuclear & Studies, Division &
Council, National (2009) Medical isotope production without
highly enriched uranium. https://doi.org/10.17226/12569.

. Martin TM, Harahsheh T, Munoz B et al (2017) Production of

9Mo/**™Tc via photoneutron reaction using natural molybde-
num and enriched '®Mo: part 1 Theoretical analysis. J Radio-
anal Nucl Chem 314(2):1051-1062

Lyra M, Charalambatou P, Roussou E, Fytros S, Baka J (2011)
Alternative production methods to face global molybde-
num-99 supply shortage. Hell J Nucl Med 14(1):49-55

. LeeS-K, Beyer GJ, Lee JS (2016) Development of industrial-scale

fission ®Mo production process using low enriched uranium
target. Nucl Eng Technol 48:613-623

. Gagnon K, Banard F, Kovacs M et al (2011) Cyclotron production

of 9°Tc: experimental measurement of the 100Mo(p, x) *9Mo,
mTc and *°gTc excitation function from 8 to 18 MeV. Nucl Med
Biol 38:907-916

. Hetherington ELR, Boyd RE (1999) Targets for the production

of neutron activated molybdenum-99. In production technolo-
gies for molybdenum-99 technetium-99m, IAEA, Vienna, 1999,
IAEA-TECDOC-1065, pp 19-23

. International Atomic Energy Agency (1999) Production tech-

nologies for Molybdenum-99 and Technetium-99m IAEA,
VIENNA, 1999 IAEA-TECDOC-1065.

. Qaim SM (2001) Nuclear data for medical applications: an over-

view. Radiochim Acta 89:189-196

. Currie GM, Wheat JM, Davidson R, Kiat H (2011) Radionuclide

production. Radiographer 58(3):46-52

. Matyskin AV, Ridikas D, Skuridin VS, Sterba J, Steinhauser G

(2013) Feasibility study for production of ®™Tc by neutron irra-
diation of MoO3 in a 250 kW TRIGA Mark Il reactor. J Radioanal
Nucl Chem 298:413-418

. Blaauw M, Ridikas D, Baytelesov S et al (2017) Estimation of

%Mo production rates from natural molybdenum in research
reactor. J Radioanal Nucl Chem 311:409-419

. Glasstone S, Sesonske A (1994) Nuclear reactor engineering,

reactor design basics, 4th edn. Volume one, Chapman and Hall,
Inc.

. National Research Council (2009) (2009) Medical Isotope Pro-

duction Without Highly Enriched Iranium. National Academic
Press, Washington, DC

Le VS (2014) **™Tc generator development: Up-to-Date *™Tc
Recovery Technologies for increasing the effectiveness of ®>Mo
Utilisation, Hindawi Publishing Corporation, Science and Tech-
nology of Nuclear Installations, Volume 2014, Article ID 345252.
https://doi.org/10.1155/2014/345252

Ryabchikov Al, Skuridin VS, Nesterov EV, Chibisov EV, Golovkov
VM (2004) Obtaining molybdenum-99 in the IRT-T research
reactor using resonance neutrons. Nucl Instrum Method Phys
Res B 213:364-368

Toth JJ, Greenwood LR, Soderquist CZ, et al. (2011) Produc-
tion of molybdenum-99 using neutron capture method, 2011,
PNNL-19895, RPT-59331-01

NEA (2010) The supply of medical radioisotopes- review of
potential 99Mo/99mTc production technologies. Nuclear
Development, OECD, Paris

Montgomery K (2010) An accelerator based temporary solution
to the medical isotope shortage. Can Undergrad Phys J V(IIl)
issue (2)

Ruth TJ (2014) The medical isotope crisis: How we got here and
where we are going. J Nucl Med Technol 42:245-248. https://
doi.org/10.2967/jnmt.114.144642

Bertsche K (2010) Accelerator production options for *Mo. In:
Proceeding of IPAC'10, Kyoto, Japan

SN Applied Sciences

A SPRINGERNATURE journal


https://doi.org/10.1186/s41181-018-0038-z
https://doi.org/10.1186/s41181-018-0038-z
https://doi.org/10.17226/12569
https://doi.org/10.1155/2014/345252
https://doi.org/10.2967/jnmt.114.144642
https://doi.org/10.2967/jnmt.114.144642

Review Paper

SN Applied Sciences (2020) 2:1782 | https://doi.org/10.1007/s42452-020-03524-1

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Chemerisov SD, et al (2010) Argonne activities for the pro-
duction of ®Mo using linac irradiation of '®Mo. In: RERTR
2010-32nd International meeting on reduced enrichment for
research and test reactors, October 10-14, SANA Lisboa Hotel,
Lisbon, Portugal, 2010

Ruth T (2009) Accelerating production of medical isotopes.
Nature 457(29):536-537

Qaim SM (2012) The present and future of medical radionuclide
production. Radiochim Acta 100:635-651

Nagai Y, Hatsukawa Y (2009) Production of ®*Mo for nuclear
medicine by %Mo (n, 2n) ®Mo. J Phys Soc Jpn 78(3):2009
Ramamoorthy N (2009) Commentary: supplies of molybde-
num-99—need for sustainable strategies and enhanced inter-
national cooperation. Nucl Med Commun 30:899-905
Melendez-Alaforta L, Ferro-Flores G, Bello N, Bello M et al
(2019) Internal radiation dose assessment of radiopharma-
ceuticals prepared with cyclotron-produced **™Tc. Med Phys
46(3):1437-1446

Qaim SM, Sudar S, Scholten B et al (2014) Evaluation of excita-
tion functions of '°Mo(p, d+pn’*9Mo and '®0Mo (p,2n’*’mTc
reactions: Estimation of long-lived Tc-impurity and its implica-
tion on the specific activity of cyclotron-produced *mTc. App!
Radiat Isot 85:101-113

Selivanova SV, Lavallée E, Senta H et al (2015) Radioiso-
topic purity of sodium pertechnetate °*™Tc produced with a
medium-energy cyclotron: Implications for internal radiation
dose, image quality, and release specifications. J Nucl Med
56:1600-1608

Selivanova SV, Lavallée E, Senta H et al (2017) (2017) Radio-
isotopic purity of sodium pertechnetate *™Tc produced with
a medium-energy cyclotron: Biodistribution and safety assess-
ment in patients with abnormal thyroid function. J Nucl Med
58:791-798

Hou X, Tanguay J, Buckley K et al (2016) Molybdenum target
specifications for cyclotron production of *™Tc based on
patient dose estimates. Phys Med Biol 61:542-553

Skliarova H, Cisternino S, Cicoria G et al (2019) (2019) Innova-
tive target for production of technetium-99m by biomedical
cyclotron. Molecules 24:25. https://doi.org/10.3390/molec
ules24010025

Uzunov NM, Melendez-Alafort L, Bello M et al (2018) (2018)
Radioisotopic purity and imaging properties of cyclotron-
produced %*™Tc using direct '®Mo(p,2n) reaction. Phys Med.
Biol 63:185021

International Atomic Energy Agency (1998) Management of
radioactive waste from Mo-99 production, IAEA, Vienna, IAEA-
TECDOC-1051, ISSN 1011-4289

Vucina J, Luki¢ D (2002) Radionuclidic generators for the pro-
duction of Technetium -99m and Rhenium-188. Phys Chem
Technol 2(4):235-243

Dash A, Knapp FF Jr, Pillai MRA (2013) %°Mo/*°™Tc separa-
tion: asn assessment of technology options. Nucl Med Biol
40:167-176

International Atomic Energy Agency (1995) Alternative tech-
nologies for ™Tc generators. IAEA, Vienna, IAEA-TECDOC-852,
ISSN 1011-4289

El Shafei GM, Philip CA, Moussa NA (2001) Adsorption of molyb-
denum on to titania from aqueous solutions. J Colloid Interface
Sci 234(1):142-148

Guibal E, Milot C, Roussy J (1999) Molybdenum sorption by
cross-linked chitosan beads: dynamic. Stud Water Environ Res
71(1):10-17

Shafei GMS, Philip CA, Moussa NA (2000) Association of molyb-
denum ionic species with alumina surface. J Colloid Interface
Sci 228:105-113

SN Applied Sciences

A SPRINGERNATURE journal

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Merce ALR, Lopes PP, Mangrich AS et al (2006) Molybdenum(VI)
binded to humic and nitrohumic acid models in aqueous solu-
tions. Salicylic, 3-Nireosalicylic, 5-Nitrosalicylic and 3,5 Dinitro-
salicylic acids, Part-2. J Braz Chem Soc 17(3):482-490
Carvalho FMS, Abaro A (1997) Sorption and desorption of
molybdenum in alumina microsphere. J Radioanal Nucl Chem
218(2):259-262

Steigman J (1982) Chemistry of the alumina column. Int J Appl
Radiat Isot 33:829-834

Saptima |, Kaneti YV, SuzukiY et al (2017) Mesoporous alumina
as an effective adsorbent for molybdenum (mo) toward instant
production of radioisotope for medical use. Bull Chem Soc Jpn
90:1174-1179. https://doi.org/10.1246/bcsj.20170184
Jezlororowski H, Knozinger H (1979) Raman and ultra-violate
spectroscopic characterization of molybdenum on alumina. J
Phys Chem 83(9):1166-1173

Takahashi S, Shikata E, Amano H (1970) Studies on fundamental
properties of alumina adsorbent for radioisotope production.
J Nucl Sci Technol 7(3):130-136

Goldberg S, Davis JA, Hem JD (1996) The surface chemistry
of aluminum oxides and hydroxides, Chapter 7. In: Garrison
Sposito (ed) The environmental chemistry of aluminum, 2nd
edn. CRC Press Inc., pp 271-331

Goldberg S (2010) Competitive adsorption of molybdenum
in the presence of phosphorous or sulfur on gibbsite. Soil Sci
175(3):105-110

Ntalikwa JW (2007) Determination of surface charge density
of a-alumina by acid-base titration. Bull Chem Soc Ethiop
21(1):117-128

Goldberg S, Froster HS, Godfrey CL (1996) Molybdenum
adsorption on oxides, clay minerals, and soils. Soil Sci Soc Am
J5(60):425-432

Desikan AN, Huang L, Oyama ST (1992) Structure and disper-
sion of molybdenum oxide supported on alumina and titania.
J Chem Soc Faraday Trans 88(22):3357-3365

Sarrazin P, Kasztelan SS, Payen E, Bonnelle JP, Grimblot J (1993)
Interaction of oxomolybdenum species with yc-A1203 and yc
-A1203 Modified by Silicon 2. The Mo03/yc-A1203 and MoO3/
Si02/yc-A1203 systems. J Phys Chem 97:5954-5961

Molinski VJ (1982) A review of *™Tc generator technology. Int
J Appl Radiat Isots 5(33):811-819

Dash A, Knapp FF Jr, Pillai RA (2013) Industrial radionuclide
generators: a potential step towards accelerating radiotracer
investigations in industry. RSC Adv 3:14890-14909
Chakravarty R, Ram R, Dash A, Pillai MRA (2012) Preparation
of clinical-scale ®Mo/?*™c column generator using neutron
activated low specific activity Mo and nanocrystalline y-Al,O,
as column matrix. Nucl Med Biol 39:916-922

Hasan S, Centofanti L 2014) A novel micro-porous sorbent for
Mo-99/Tc-99m generator using (n,y) Mo-99, Mo-99 topical
meeting, June 24-27, Washington, DC

Suzuki Y, Kitagawa T, Namekawa Y et al (2018) Molybdenum
adsorption and desorption properties of alumina with different
surface structures for Mo/?*™c generators. Trans Mat Res Soc
Jpn 43(2):75-80

Guedes-Silva C, Ferreira TdosS, Carvalho FMS et al (2016) Influ-
ence of alumina phases on the molybdenum adsorption capac-
ity and chemical stability for ®*Mo/?*™Tc generators columns.
Mater Res 19(4):791-794

Skuridin VS, Stasyuk ES, Nesterov EA, Sadkin VL, Rogov AS
(2012) A procedure for sorbent pretreatment for the produc-
tion of high-activity ®>Mo/°*™Tc generators based on enriched
%Mo. Radiochemistry 54(4):391-394

Skuridin VS, Stasyuk ES, Nesterov EA, Sadkin VL, Rogov AS
(2011) (2011) Adsorption of *Tc on aluminum oxide. Radio-
chemistry 53(5):529-533


https://doi.org/10.3390/molecules24010025
https://doi.org/10.3390/molecules24010025
https://doi.org/10.1246/bcsj.20170184

SN Applied Sciences (2020) 2:1782 | https://doi.org/10.1007/542452-020-03524-1

Review Paper

66.

67.

68.

69.

70.

71.

72.

73.

74,

75.

76.

77.

78.

79.

80.

81.

82.

Skuridin VS, Chernov VI, Sadkin VL, et al (2016) “Factors affect-
ing eluation characteristics of sorption generators of Techne-
tium-99m”in clinical medicine. In: AIP conference proceedings
1760, (American Institute of Physics Inc., Tomsk, 2016) pp 1-5
Chattopadhyay S, Das MK, Sarkar SK et al (2002) A novel *™Tc
delivery system using (n, y?9Mo adsorbed on a large alumina
column in tandem with Dowex-1 and AgCl columns. Appl
Radiat Isot 57:7-16

Chattopadhyay S, Das SS, Das MK, Goomer NC, N.C. (2008)
Recovery of *™c from Na,[*Mo]MoO, solution obtained
from reactor-produced (n, y) °9Mo using a tiny Dowex-1 col-
umn in tandem with a small alumina column. Appl Radiat Isot
66:1814-1817

Xu B, Xiao T, Yan Z et al (2006) (2006) Synthesis of mesoporous
alumina with highly thermal stability using glucose template in
aqueous system. Microporous Mesoporous Mater 91:293-295
Chakravarty R, Ram R, Mishra R et al (2013) Mesoporous
alumina based (MA) double column approach for develop-
ment of clinical scale ®Mo/**™Tc generator using (n, y'*9Mo:
An enticing application of nanomaterial. Ind Eng Chem Res
52:11673-11684

Saptiama |, Kaneti YV, Suzuki Y et al (2017) Mesoporous alu-
mina as an effective adsorbent for molybdenum (Mo) toward
instant production of radioisotope for medical use. Bull Chem
Soc Japan 90:1174-1179

Denkova AG, Terpstra BE, Steinbach OM et al (2013) Adsorp-
tion of molybdenum on mesoporous aluminum oxides for
potential application in nuclear medicine. Sep Sci Technol
48(9):1331-1338

Saptima |, Kaneti YV, Oveisi H et al (2018) Molybdenum
adsorption properties of alumina-embedded mesoporous
silica for medical radioisotope production. Bull Chem Soc Jpn
91:195-200

Lee et al (2012) Adsorbents for radioisotopes preparation
method thereof, and radioisotope generators using the same,
US 2012/0244055 A1.

Qazi QM, Mushtaq A (2011) Preparation and evaluation
of hydrous titanium oxide as a high affinity adsorbent for
molybdenum(®**Mo) and its potential for use in °°™Tc genera-
tor. Radiochim Acta 99:231-235

Chakravarty R, Shukla R, Gandhi S et al (2008) Polymer embed-
ded nanocrystalline Titania Sorbent for ®Mo-"™Tc generator.
J Nanosci Nanotechnol 8:4447-4452

Le VS, Dien PN, Nghia TH, et al (2003) Procedure for the produc-
tion for the of PZC based chromatographic Tc-99m generator
to be available for clinical application, The Annual Report for
2003, VAEC, pp 101-110, VAEC-AR03-16

Tanase M, Tatenuma K, Ishikawa K et al (1997) A °™Tc generator
using a new organic polymer adsorbent for (n, y*9Mo. Appl
Radiats Isotopes 48(5):607-611

Hasan S (2014) Preparation of chitosan based microporous
composite material and its applications, US Patent 8911695B2,
December 16, 2014.

Cardenas G, Cabrera G, Taboda E et al (2006) Synthesis and
characterization of ionically cross-linked chitosan hydrogels
for biomedical applications. Eur J Pharm Biopharm 57(1):19-34
Chattopadhyay S, Das SS, Alam MN, Madhusmita S (2017) Prep-
aration of ®Mo/**™Tc generator based on cross-linked chitosan
polymer using low-specific activity (n, y) °9Mo. J Radioanal Nucl
Chem 313:647-653

Hasan S (2019) Preparation of chitosan based microporous
composite material-US Patent No. US 10500564 B2, December,
10,2019.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

PaucovaV, DrabovaV, Strisovska J, Balogh S (2012) A compari-
son of extraction chromatography TEVA resin and MRT Ana-
Lig_Tc-02 methods for 99Tc determination I. Radioanal Nucl
Chem 293:309-312

Keiko T, Shigeo U, Koutaro N, et al (2013) Method and device for
separating technetium from technetium-containing molybde-
num and purifying same, and method and device for recover-
ing molybdenum, EP 2 620950 A1 Bulletin 2013/31.

Horwitz et al. (2006) Multicolumn selectivity inversion genera-
tor for production of ultrapure radionuclides, US 6,998,052 B2.
Wojdowska W, Pawlak D, Parus JL, Mikotajczak R (2015) Stud-
ies on the separation of 99mTc from large excess of molyb-
denum. Nucl Med Rev Cent East Eur 18(2):65-69. https://doi.
org/10.5603/NMR.2015.0017

Le VS, Le MK (2018) Multifunctional sorbent materials and uses
thereof, US Patent No. 10,058,843 B2

Le VS (2006) Chemical synthesis and application of zirconium
and titanium polymer compounds for the preparation of Tc-
99m and Re-188 chromatographic generators, Presented at
the European Institute of Oncology “Development of Genera-
tor Technologies for Therapeutic, Radionuclides, 3-7 April 2006,
Milan, Italy

Saptima |, Lastari E, Sarmin E et al (2016) “Development of
9Mo/*™Tc generator system for production of medical radio-
nuclide ®™Tc using a neutron activated Mo and zirconium-
based material (ZBM) as its adsorbents. Atom Indonesia
42(3):115-121

Osso JA, Ana Lucia VP, da Silva NG, et al. (1998) Preparation
of a gel of zirconium molybdate for use in the generators of
9Mo-*’™Tc prepared with *’Mo produced by the Mo (n,y)
%Mo reaction. Presented at the 1998 international meeting
on reduced enrichment for research and test reactors 1998,
October 18-s23, Sao Paulo, Brazil

Monoroy-Guzman F, Verdnica Diaz-Archundia L, Hernandez-
Cortés S (2008) * Mo/ *™c generators performances prepared
from zirconium molybate gels. J Braz Chem Soc 19(3):380-388
Maragheh MG, Davarpanah MR, Fazlali M et al (2010) Industrial-
scale production of ®™Tc generators for clinical use based on
zirconium molybdate gel. Nucl Technol 5(269):279-284
El-Amir MA, Mostafa M, Ramadan HE (2014) Preparation and
characterization of cerium (IV) tellurium molybdate gel and its
application as a bed for chromatographic 99Mo/99mTc genera-
tor. J Nucl Radiochem Sci 14(1):1-5

Sarkar SK, Saraswathy P, Arjun G, Ramamoorthy N (2004) High
radioactive concentration of 99mTc from a zirconium [99Mo]
molybdate gel generator using an acidic alumina column for
purification and concentration. Nucl Med Commun 25:609-614
Chakravarty R, Sarkar SK, Venkatash M, Dash A (2012) An elec-
trochemical procedure to concentrate *™Tc availed from a
Zirconium[*Mo] molybdate gel generator. App Radiat Isotope
70(2):375-379

Saraswathy P, Sarkar SK, Arjun G et al (2004) *™Tc gel genera-
tors based on Zirconium molybdate-99Mo: Influence of prepar-
atory conditions of zirconium-molybdate-*Mo gel generator
performance. Radiochim Acta 92:1-6

Boyd RE (1982) Technetium-99m generators- The available
options. Int J Appl Radiat Isot 33:801-809

Cifka J (1982) Lower oxidation state of *™Tc in the generator
product- its determination and occurrence. Int J Appl Radiat
Isotope 33:849-855

Mushtaq A, Pervez S, Hussain S et al (2012) Evaluation of Pak-
gen *™Tc generators loaded with indigenous fission *’Mo.
Radiochim Acta 100:793-800

SN Applied Sciences

A SPRINGERNATURE journal


https://doi.org/10.5603/NMR.2015.0017
https://doi.org/10.5603/NMR.2015.0017

Review Paper SN Applied Sciences (2020) 2:1782 | https://doi.org/10.1007/s42452-020-03524-1

100. US Pharmacopeia, https://ftp.uspbpep.com/v29240/usp29 103. Boyd RE (1997) The gel generator: a viable alternative

nf24s0_m80740.html source of **™Tc for nuclear medicine. Appl Radiat Isotope
101. Shivarudrappa V, Vimalanath KV (2005) High purity materials 48(8):1027-1033

as targets for radioisotope production: needs and challenges.

Bull Mater Sci 28(4):325-330 Publisher’s Note Springer Nature remains neutral with regard to

102. Bozkurt MF, Kiratli PO, Konyali D et al (2009) Quality control jurisdictional claims in published maps and institutional affiliations.
of instant kit ®™Tc-mercapto acetyl triglycine with inter-and
intra-operator measurements. Hell J Nuc Med 12(1):59-62

SN Applied Sciences

A SPRINGERNATURE journal


http://ftp.uspbpep.com/v29240/usp29nf24s0_m80740.html
http://ftp.uspbpep.com/v29240/usp29nf24s0_m80740.html

	Molybdenum-99 production pathways and the sorbents for 99Mo99mTc generator systems using (n, γ) 99Mo: a review
	Abstract
	1 Introduction
	2 Methods of 99Mo production
	2.1 Some basic aspects of radionuclide production
	2.1.1 Fission
	2.1.2 Neutron activation
	2.1.3 Accelerator

	2.2 Comparison of 99Mo production process

	3 Separation of 99mTc radionuclide in a 99Mo99mTc generator
	3.1 Column chromatography
	3.1.1 The chemistry of molybdenum in aqueous solution
	3.1.2 Properties of alumina
	3.1.3 Reaction mechanism of Mo with alumina
	3.1.4 Chromatographic column preparation
	3.1.5 99mTc accumulation and 99Mo decay kinetics
	3.1.6 Different adsorbents for molybdenum in the generator

	3.2 Molybdate gel-generator
	3.3 Solvent extraction
	3.4 Sublimation generator
	3.5 Comparison of separation techniques

	4 Generator performance
	4.1 Elution efficiency
	4.2 Breakthrough
	4.3 Radionuclide purity
	4.4 Chemical purity
	4.5 Radiochemical purity

	5 Conclusion
	References




