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Molybdenum-99 (®*Mo) is the parent radioisotope of technetium-99m (**"Tc),
an essential medical radioisotope for diagnostic agents in nuclear medicine.
In **Mo/**™Tc generator, a chromatography column system with **Mo adsorbent as
a filler is usually used to produce **™Tc in hospitals. However, it is still challenging
to find high-performance adsorbents for Mo adsorption. We have synthesized both
ordered and disordered mesoporous alumina and compared their performance as
%Mo adsorbents. These materials were prepared via a soft-templated method using
a triblock copolymer as the template, followed by air calcination at 400 °C.
The amount of nitric acid (HNO3) and the drying time were adjusted systematically
to synthesize the ordered mesoporous alumina. The obtained ordered and disordered
mesoporous alumina were characterized by low-and wide-angle X-ray diffractions
(XRD), nitrogen adsorption-desorption, thermogravimetric analysis (TGA),
scanning electron microscopy (SEM), and transmission electron microscopy (TEM).
The **Mo adsorption capacities of these materials were evaluated by using the batch
method. The experimental results show that the ordered mesoporous alumina has
a higher **Mo adsorption capacity of 72.06 mg (Mo) g™ than the disordered
mesoporous alumina (50.12 mg (Mo) g™). The results indicate the excellent
potential of ordered mesoporous alumina as an adsorbent for the Mo/®™Tc
generator column.

© 2021 Atom Indonesia. All rights reserved

INTRODUCTION

According to the pore size, materials can be
mesoporous,
Microporous

classified as microporous,
macroporous  materials.

formed using surfactant micelles as structure-
directing agents. The resulting mesoporous materials
exhibited narrow pore size distribution, high surface
area, and tunable pore size, depending on the
preparation method. Since then, the number of

and
materials

possess pore size less than 2 nm, while mesoporous
materials exhibit pore size between 2 nm and 50 nm,
and macroporous materials exhibit pore size greater
than 50 nm [1]. Mesoporous materials have been
used in a wide variety of applications, including
catalysis [2], adsorption [3-6], drug delivery systems
[7,8], gas sensors [9,10], energy storage [11,12],
and radionuclides separation [13,14]. The ordered
mesoporous material was prepared using a soft-
templating method, where the templates were
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studies on mesoporous materials has greatly
increased [15-17]. Ordered mesoporous materials
are preferred as support materials to non-ordered,
noncrystalline materials due to the ease of
functionalization with organic compounds.
Mesoporous alumina is an intriguing material
with broad uses because of its unique adsorption,
catalytic, and physical properties; thus, the control of
the properties of this material is the key topic of
current research. In general, mesoporous alumina
has been prepared by template-assisted methods by
utilizing various templates, including cationic and
anionic surfactants, nonionic surfactants, and ionic
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liquids [18-20]. The template-assisted synthesis
of mesoporous materials typically involves (1)
template assembly, (2) template-directed synthesis
of materials, and (3) template removal [1].
The “soft-templated” methods have several
advantages, including fine-tuning the structure of
inorganic materials and mechanically strengthening
the organic functional structures. Pluronic P123
(EO4-PO7-EO,0) is a commercial surfactant used as
a template for synthesizing mesoporous alumina
with larger pores. The pore size of mesoporous
alumina determines its functional performance,
especially in adsorption and separation.

Since its discovery in 1937 by Carlo Perrier
and Emilio Segre, Technetium-99m (**™Tc) has been
commonly used in medical imaging for diagnostic
purposes [21,22]. The most exciting feature of *™Tc
is its short half-life (T1,) of 6 h and its ability to emit
pure gamma-ray with an energy of 140 keV that is
suitable for imaging by single-photon emission
computed tomography (SPECT) [23,24]. *™Tc is an
artificial radionuclide resulted from the radionuclide
decay of p-emitter molybdenum-99 (**Mo).
There are two primary methods for producing **Mo,
namely (1) irradiation of uranium-235 (**U) from
highly- or lowly-enriched uranium via route U
(nf *Mo, and (2) irradiation of natural
molybdenum (MoOs) via route *Mo (n,y) *Mo [25].
Commonly, *™Tc is obtained from *Mo produced
by the first method because the **Mo radionuclide as
a fission product has high specific activity [26].
However, the separation process of *Mo from *°U
fission reaction is complicated and expensive and
requires extensive purification before use, while also
producing large amounts of radioactive waste with a
long half-life [27]. Furthermore, the shortage of
%Mo is a severe problem due to the restrictions on
the distribution of HEU-235 imposed by the United
States Congress to prevent its abuse and prolong the
supply of *Mo. Therefore, an alternative method is
needed to address the *Mo shortage. Neutron
activation of *Mo in a nuclear reactor is relatively
simple in postirradiation processing, safety,
and waste management. Nevertheless, ®Mo obtained
by this method produces low specific activity due to
the low abundance of natural ®*Mo (24.2 %).
Therefore, it is desirable to develop materials with
high adsorption capacities for *Mo.

In this work, we have synthesized both
disordered and ordered mesoporous alumina by the
soft-templating method with the use of symmetric
triblock copolymer of poly(ethylene oxide) (PEO)
and poly(propylene oxide) (PPO) (Pluronic-123) as
a soft template. The amount of nitric acid and the
drying method was optimized to obtain highly
ordered mesoporous alumina. The disordered and
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ordered mesoporous alumina were characterized by
small-angle X-ray scattering (SAXS), wide-angle

X-ray diffraction (XRD), scanning electron
microscopy  (SEM),  transmission  electron
microscopy (TEM), and nitrogen adsorption-

desorption. Finally, the ®Mo adsorption properties
of both disordered and ordered mesoporous alumina
were evaluated using the batch method.

EXPERIMENTAL METHODS
Materials

Aluminum isopropoxide (CqH,;AlO;, 98 %),
aluminium(l1l) nitrate nonahydrate (Al(NO3)3.9H,0,
99.5 %), and ethanol (C,HsOH, 99.9 %) were
purchased from Wako Pure Chemical Industries,
Ltd., Japan. Poly(ethylene glycol)-block-poly
(propylene glycol)-block-poly(ethylene glycol) or
PEG-PPG-PEG or Pluronic P123, molybdenum(V1)
oxide (MoOQg), and nitric acid (HNO;) were obtained
from Sigma-Aldrich. All chemicals were used
without further purification.

Synthesis of ordered and disordered
mesoporous alumina

Mesoporous alumina was synthesized as
follows: 20 mL of ethanol was added to 1 g of
Pluronic P123 under vigorous stirring in a flask.
After 1 hour, 2 g of aluminum isopropoxide, and
400 mg of aluminum nitrate were added, and the
mixture was maintained at room temperature for
30 minutes. Different amounts of concentrated nitric
acid (HNOj) were then added to the sol, and the
mixture was kept under gentle stirring for 24 hours
at room temperature. Next, the mixture was poured
into Petri dishes to evaporate the solvent in the oven
at 60 °C and at room temperature with different
drying times. Finally, the obtained white powders
were calcined in air at 400 °C for 4 hours with a
heating rate of 1 °C min™. Table 1 summarizes the
mesoporous alumina samples produced in this work.

Table 1. List of mesoporous alumina samples.

Samples HNO;3 Drying Drying
(uL) Times Temperature (°C)
MA-1 0 24 h 60
MA-2 250 24 h 60
MA-3 500 24 h 60
MA-4 750 24 h 60
MA-5 1000 24 h 60
MA-6 1000 48 h 60
MA-7 1000 6d RT

h: hours, d: days, RT: room temperature
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Characterization

Scanning electron microscopy images were
taken using a Hitachi S-4800 field emission SEM.
Transmission electron microscopy images were
obtained with a JEOL-3000F TEM operated at an
accelerating voltage of 200 kV. The TEM samples
were prepared by dispersing the samples in ethanol
by ultrasonication before the samples were dropped
onto a carbon-coated microgrid. Small-angle X-ray
scattering (SAXS) and wide-angle XRD patterns
were acquired with NANOviewer spectrometer
(Rigaku) and X-ray diffractometer RINT-2000
(Rigaku), respectively. Nitrogen (N,) adsorption-
desorption measurements of the samples were
performed at 77 K using a BELSORP-mini Il
sorption system. The multipoint BET method at a
relative pressure range of 0.05-0.3 was applied to
calculate the specific surface area, and the Barrett-
Joyner-Halenda (BJH) method was used to calculate
the total pore volume. Before the measurement,
all the samples were degassed under vacuum at 150
°C for 24 hours. Thermogravimetric analyses (TGA)
were carried out with a Hitachi HT-Seiko Instrument
Exter 6300 TG/DTA. The measurements were
conducted from room temperature to 1000 °C under
air atmosphere with a heating rate of 10 °C min™.

Molybdenum-99 adsorption measurements

The **Mo adsorption capacities of the samples
were evaluated using the batch method. The
nonradioactive molybdenum solution was prepared
by dissolving molybdenum(V1) oxide (MoQO3) in 4 N
sodium hydroxide. In brief, 20 mg of the sample was
added to 2.0 mL of sodium molybdate solution
(Na;MoO,) with a concentration of 10 mg
(Mo) mL™ and spiked with ~370 kBq of *Mo.
The pH of the solution was adjusted to 3 by adding
nitric acid (HNO3) in a small glass vial at room
temperature. Next, the suspension was slightly
shaken for 1 hour, and the solid was filtered.
A multichannel analyzer was used to measure the
concentration of Mo and calculate each sample’s
the Mo adsorption.

RESULTS AND DISCUSSION

Low-angle XRD profiles of the mesoporous
alumina samples with increasing HNO; are shown in
Fig. 1. The MA-4 and MA-5 patterns show a single
broad peak, indicating the poorly ordered
mesoporous structure. The 2D images from the
CCD camera also show unclear rings, suggesting
the less periodic structure in these samples.
For samples MA-1, MA-2, and MA-3, with lower
HNO; additions, no peak is observed, as seen in

Figs. 1 (a)-(c), thus indicating their disordered
mesoporous structure.
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Fig. 1. Low-angle XRD patterns and 2D images taken from

the CCD camera (insets) for (a) MA-1, (b) MA-2, (c) MA-3,
(d) MA-4, (e) MA-5.

As shown by the wide-angle XRD patterns in Fig. 2,
no apparent peaks are observed in the diffraction
patterns of MA-1 to MA-5, indicating their
amorphous nature. It has been suggested that the
ordered mesoporous structure is formed by a
self-assembly process, in which the cross-linked
aluminum species arrange around the triblock
copolymer [28]. The condensation step has to
be carefully controlled to achieve an ordered
mesoporous structure. Nitric acid serves as a
pH controller and coordination agent in the
synthesis system to preserve medium acidity [29].
In acidic conditions, protons promote a
connection between polyethylene oxide (PEO)
blocks and aluminum precursors to form the
mesoporous  structures  [30]. Moreover, the
concentration of the acid controls the rate of the
condensation reaction. The acidic environment may
reduce the condensation rate and provide enough
time for the polymer blocks to form an ordered
mesoporous structure [31]. Nevertheless, the degree
of ordering of the mesopores in these samples is still
not so high.

Intensityy (a.u.)

10 20 30 40 50 60 70 80
26 ()
Fig. 2. Wide-angle XRD patterns for (a) MA-1, (b) MA-2,
(c) MA-3, (d) MA-4, (e) MA-5.
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To improve the ordering degree, the drying
conditions, especially the drying time and the
drying temperature, were systemically controlled.
Samples MA-6 and MA-7 were obtained by
prolonging the drying time and lowering the drying
temperature  down to room  temperature.
Interestingly, these samples exhibit slightly sharper
peaks and more clear rings (Fig. 3) compared to
other samples (MA-1 to MA-5), indicating the
higher degree of ordering of the mesopores and
the existence of periodic mesoporosity in these
two samples. The XRD patterns of MA-6 and
MA-7 show peaks at 1.16° (d = 7.6 nm) and 1.23°
(d = 7.1 nm), respectively.
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Fig. 3. Low-angle XRD patterns and 2D images taken from the
CCD camera for (a) MA-6, (b) MA-7.

Assuming that an ideal 2D hexagonal mesostructure
is formed, the pore-pore distance is estimated to be
ca. 8.8 nm and 8.3 nm for MA-6 and MA-7,
respectively. The crystallinity of the samples was
characterized by wide-angle XRD, as shown in Fig.
4. Again, no obvious peaks can be observed,
revealing that most of the frameworks are still
amorphous. The prolonged drying time and lower
drying temperature result in highly ordered
mesopores due to the well-controlled hydrolysis
conditions.



I. Saptiama et al. / Atom Indonesia Vol. 47 No. 1 (2021) 45 - 53

Intensityy (a.u.)
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Fig. 4. Wide-angle XRD patterns for (a) MA-6, (b) MA-7.

Figure 5 shows the nitrogen (N,) adsorption-
desorption isotherms and pore size distribution
curves of all mesoporous alumina samples. The
textural characteristics of these samples are
summarized in Table 2. All the isotherm of resulting
samples exhibit a type IV. Except for the adsorption
isotherms of MA-1, MA-2, and MA-3, which show
relatively small adsorption, capillary condensation in
small pore channels, and broad pore size
distribution, the isotherms of the remaining
mesoporous alumina samples (MA-4 to MA-7)
display steep capillary condensation steps, indicating
the relatively uniform mesopores and narrow pore
size distribution, as seen in Fig. 5 (inset) [4,32]. The
average pore diameters of MA-4, MA-5, MA-6, and
MA-7 (i.e., ordered mesoporous alumina samples)
are 4.27, 5.41, 4.19, and 4.76 nm, respectively. In
comparison, the average pore diameters of MA-1,
MA-2, and MA-3 (i.e.,, disordered mesoporous
alumina samples) are 2.30, 2.59, and 2.91 nm,
respectively. This trend reveals the increase in
average pore diameter with increasing HNO;
addition. As discussed earlier, HNO; addition not
only leads to acidic conditions but also affects the
micelle size. The increased amount of HNO; leads to
an increase of micelle size due to the affinity of
protons to the PEO blocks and the increase of nitric
ion concentration at the water interface of
mesoporous material, thus leading to a larger
average pore diameter [30,31]. Due to the higher
surface areas than the remaining samples, MA-1 and
MA-6 were selected as the representative samples
for disordered and ordered mesoporous alumina,
respectively.

Table 2. Textural characteristics of mesoporous alumina samples.

Sample Surface area Pore volume Average pore  Ordered/
(m*g? (cm®g™)  diameter (nm) disordered

MA-1 268 0.47 2.30 Disordered

MA-2 127 0.35 2.59 Disordered

MA-3 195 0.25 291 Disordered
MA-4 211 0.25 4.27 Low-ordered
MA-5 256 0.38 5.41 Low-ordered
MA-6 231 0.29 4.19 High-ordered
MA-7 216 0.27 4.76 High-ordered

Volume Adsorbed (cm3g™) Volume Adsorbed (cm®g™) Volume Adsorbed (cm3g™)
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Fig. 5. Nitrogen (N,) adsorption-desorption isotherms and
Barrett-Joyner-Halenda (BJH) pore size distribution curves
(inset) of the mesoporous alumina samples: a) MA-1,b) MA-2,
c) MA-3, d) MA-4, ) MA-5, f) MA-6, g) MA-7.

SEM images of the MA-1 and MA-6 samples
are displayed in Fig. 6. It can be observed from
Figs. 6(a) and 6(b) that disordered mesoporous
alumina with a rough appearance is obtained
without HNO; addition. Meanwhile, the ordered
mesoporous alumina obtained using the optimal
amount of HNO; exhibits a relatively smooth
surface, as shown in Figs. 6(c) and 6(d). TEM
images of MA-6 obtained at an optimized HNO;

50

and aging condition is presented in Figs. 7 (d)-(f).
In agreement with the SAXS pattern, the TEM
images in Figs. 7 (d)-(f) confirm the formation
of highly ordered mesoporous structure. Meanwhile,
MA-1, which was synthesized without HNO;,
displays a dense structure and an irregular
shape (Figs. 7 (a)-(c)), indicating its disordered
mesoporous structure.

© (d)

Fig. 6. Low- and high-magnification SEM images of
(a, b) MA-1 (disordered mesoporous) and (c, d) MA-6
(ordered mesoporous).

Fig. 7. Low- and high-magnification TEM, HRTEM images of
MA-1 (a, b, ¢) and MA-6 (d, e, f).
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MA-1 and MA-6 exhibit similar thermal
decomposition behaviors, as seen in Fig. 8. For both
samples, three main weight loss steps are observed.
The first weight loss at below around 150 °C is
attributed to the removal of physisorbed and
chemisorbed water molecules; the second weight
loss step between 150 °C and 600 °C is attributed to
the conversion of boehmite into transition alumina
and the decomposition of organic constituents; the
last weight loss step is assigned to the dehydration of
transition alumina [5,26,29]. Furthermore, a robust
exothermic peak is observed between 200 and
250 °C in the DTA curves of MA-1 and MA-6,

indicating the oxidation, decomposition, and
elimination of the template [31].
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Fig. 8. TG-DTA curves for (a) MA-1 and (b) MA-6.

Molybdenum adsorption experiments have
been conducted using MA-1 and MA-6 as
representative samples via the batch method
(Table 3) to examine their potential as adsorbents for
“Mo/®™c generator columns. The Mo adsorption
experiments were conducted at an optimum pH of 3
based on previous findings [4-6]. Ordered
mesoporous alumina (MA-6) shows a higher Mo
adsorption capacity of 72.06 mg (Mo) g* than
disordered mesoporous alumina (MA-1) (50.12 mg
(Mo) g™), despite its slightly lower surface area
(Table 2). It has been reported that ordered

mesoporous alumina has a higher intra-particle rate
constant than disordered mesoporous alumina [33].
The lower intra-particle rate constant of the
disordered mesoporous alumina can be attributed to
the diffusion resistance inside the mesoporous
tunnels of alumina. Initially, the molybdate ion
(MoQOy) was adsorbed by the outer surface of the
mesoporous alumina. Once the adsorption at the
outer surface reaches saturation, the molybdate ions
enter via the pores and are adsorbed by the inward
surface of the particles. When the molybdate ions
diffuse into the mesoporous alumina pores, the
diffusion resistance increased, leading to a decrease
in the diffusion rate. With the decrease of molybdate
concentration in the solution, the diffusion rate
becomes gradually lower, and eventually, the
diffusion processes reach equilibrium. MA-6
exhibits ordered mesopores that help decrease the
liquid transfer resistance so that the molybdate ions
can move easily into the adsorption sites. In contrast,
MA-1 has disordered mesopores, as seen in Fig.
5(a), which will restrict the flow of molybdate ions
in the solution through the tunnels and lower the
adsorption rate.

The Mo adsorption capacities of both samples
are more significant than the limit of 2-20 mg (Mo)
per g (samples) previously reported for commercial
alumina in *Mo/**™Tc generators [34]. The ordered
mesoporous alumina prepared in this study is
better than several other Mo adsorbents, as seen in
Table 3. However, polyzirconium compound (PZC)
exhibits the highest Mo adsorption capacity
among the reported samples, namely 198.7 mg (Mo)
per g (samples). PZC is a zirconium-inorganic
polymer able to catch molybdenum dependent on the
number of Cl atoms bonded to Zr atom in the
molecule [35]. It is assumed that PZC structure has a
great affinity toward molybdenum ion compare to
the other reported materials.

In the future, the as-prepared mesoporous
alumina samples will be tested using radioactive
®Mo to assess the practical applicability to
Mo/®™c generator columns.

Table 3. Comparison of the Mo adsorption capacities of the
mesoporous alumina samples prepared in this study with
previously reported Mo adsorbents.

Mo adsorption

Samples - 1 Ref.
capacity (mg g™)

Ordered mesoporous alumina .
(MA-6) 72.06 This study
Disordered mesoporous alumina .
(MA-1) 50.12 This study
Poly-zirconium compound (PZC) 198.7 [35]
Nanocrystalline titania 141.0 [36]
Alymlna-embedded mesoporous 16.80 4]
silica
Mesoporous alumina nanospheres 56.20 [5]
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CONCLUSION

In  summary, ordered and disordered
mesoporous alumina were prepared, characterized,
and applied for molybdenum-99 adsorption. Ordered
mesoporous alumina was obtained by the soft-
templating method with the optimal amount of
HNO; and prolonged drying time. The molybdenum
adsorption capacity of the ordered mesoporous
alumina sample (MA-6) is higher than that of the
disordered mesoporous alumina sample (MA-1).
This observation is attributed to ordered mesopores
in MA-6, which can enhance the diffusion and
transportation of the molybdate ions. These results
indicate the excellent potential of ordered
mesoporous alumina as Mo adsorbent for
%Mo/®™T¢ generators in hospitals.
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