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The cerium-based metal-organic framework UiO-66 (Ce) was examined as a potential adsorbent for the
9Mo/?*™Tc generator. The results showed that the adsorbent had an outstanding adsorption performance,
reaching up to 475 mg/g adsorption capacity at pH 3. An adsorption mechanism was proposed, where the
adsorption was governed by hydrogen bonds, Ce-O-Mo coordination, n-anions and electrostatic interaction.
Additionally, the adsorbent exhibited excellent radiation stability and good adsorption performance when

radioactive Mo was applied. A *°Mo/*°™Tc generator was fabricated with UiO-66 (Ce) as adsorbent and its
performance was evaluated over two weeks. The elution results showed that 92 + 3% of **™Tc elution efficiency
could be obtained with negligible cerium breakthrough, showing the great potential of UiO-66 (Ce) as adsorbent

for ©Mo/?*™Tc generators.

1. Introduction

Technetium-99 m, which is typically produced from the **Mo/*°™Tc
generator, is the most applied diagnostic radionuclide in nuclear med-
icine [1]. Technetium-99 m, which is the decay product of molybdenum-
99, can be separated from its parent radionuclide using various methods,
for example, column chromatography, solvent extraction, sublimation
and electrochemical separation [2]. Chromatographic separation is the
most often applied due to its high efficiency, simplicity and speed of
operation. When preparing commercial generators, °°Mo is obtained as
a 235U fission product with high specific activity, which is essential due
to the limited molybdenum adsorption capacity of the alumina adsor-
bent used (2 ~ 20 mg/g) in the commercial generators [3].

Alternative Mo production routes involving the irradiation of
molybdenum targets by the %Mo (n, 7) %Mo and the 1°%°Mo (y, n) Mo
reactions have received attention in the last few years [4]. These pro-
cesses have advantages such as lower cost, no nuclear waste and avail-
ability of many production places worldwide, i.e. nuclear research
reactors and accelerators [5]. However, these routes produce low spe-
cific activity ®°Mo, what restricts its application using conventional
alumina-based chromatography columns. To overcome this drawback,
many adsorbents have been prepared and their performance in
9Mo/?°™Tc generators has been explored. For example, Saptiama et al.

* Corresponding authors.

synthesized mesoporous alumina under high calcination temperature,
achieving maximum molybdenum adsorption of 41.6 mg/g [6]. The
99Mo adsorption capacity of polymer zirconium composites synthesized
by Tanase et al. could reach about 200 mg/g with °**™Tc elution yield of
80% [7]. Chakravarty et al. developed some nanomaterials with an
acceptable adsorption capacity from 70 to 250 mg/g, such as nano
titania, nanocrystalline alumina and nano zirconia [8,9]. These mate-
rials, however, have limited molybdenum adsorption capacity due to
their low surface area. Therefore, new adsorbents having higher
adsorption capacity and fast uptake are still required.

Over the past few years, metal-organic frameworks (MOFs) have
been extensively researched for diverse applications, due to their high
surface area, easy functionalization and tuneable pore size [10,11]. One
of the most studied MOFs is UiO-66 (University of Oslo), thanks to its
outstanding thermal, chemical and mechanical stability [12,13]. Our
previous work proved that UiO-66 (Zr) shows good performance and can
be applied as an adsorbent for **Mo/?*™Tc generator [14]. Meanwhile,
it was reported that cerium was a promising metal to use for MOF
fabrication due to its inherent conversion trend between Ce** and Ce3+,
which could result in different adsorption sites [15]. The first cerium-
based MOF with the UiO-66 structure was reported by Lammert., et al
in 2015 [16] and was applied in various fields, including gas separation,
catalysis and sensor [17-19].
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In this study, the potential of UiO-66 (Ce) as a molybdenum adsor-
bent for °°Mo/°*™Tc generator was explored. The molybdenum
adsorption performance of UiO-66 (Ce), including adsorption kinetics
and isotherms, was investigated by varying the molybdenum concen-
tration and the pH value. The interaction between adsorbent and mo-
lybdenum species was also analysed by a combination of different
characterization techniques, including zeta potential, Raman spectros-
copy and X-ray photoelectron spectroscopy. The radiation stability of
UiO-66 (Ce) was also investigated under gamma radiation. Furthermore,
a P°Mo/?°™Tc generator was fabricated with UiO-66 (Ce) and its per-
formance was investigated including elution yield, ®Mo breakthrough
and cerium breakthrough.

2. Experimental section
2.1. Materials

1,4-benzenedicarboxylate (BDC, 98%), ammonium cerium(IV) ni-
trate ((NH4)2Ce(NO3)g, greater than95.5%) and N,N-
dimethylformamide (DMF, 99.8%) were purchased from Sigma
Aldrich. Molybdenum oxide (> 99.95%) was purchased from Alfa Aesar.
All chemical reagents were used without any purification.

2.2. Synthesis of Ce-based MOF

Ui0-66 (Ce) was synthesized based on previously reported literature
[16]. First, 1,4-benzenedicarboxylate (85.2 mmol) was dissolved into a
glass bottle containing DMF (4.8 mL). Then, the aqueous solution of
cerium ammonium nitrate (0.5333 M, 0.8 mL) was added to the mixture
and the glass bottle was heated at 100 °C for 20 min using magnetic
stirring. Afterwards, the precipitate was washed two times with DMF
and ethanol, respectively. The obtained powder was dried at 70 °C for
12 h.

2.3. Characterization

The X-ray diffraction patterns of prepared MOF were recorded by a
PANalytical X’pert Pro PW3040/60 diffractometer with Cu Ko radiation
with an angular 26 ranging from 5 ~ 40°. The surface area of the sam-
ples was determined by nitrogen adsorption at liquid nitrogen temper-
ature by a Micromeritics Tristar II and calculated using the Brunauer-
Emmett-Teller (BET) method. Inductively coupled plasma optical
emission spectrometry (ICP-OES, Optima 4300 DV, Perkin Elmer) was
applied to determine the molybdenum concentration before and after
adsorption. The Zeta potential of the samples was performed within a pH
range of 2 ~ 12 using a Malvern Zetasizer Nano S at room temperature.
X-ray photoelectron spectra (XPS) were obtained on Thermofisher Sci-
entific electron spectroscopy with Mg K-alpha source. The optical ab-
sorption property of sample was collected by a UV adsorption
spectrophotometer (UV-6300PCC, VWR). The morphology and elements
distribution of the adsorbent were studied using scanning electron mi-
croscopy (SEM, JEOL ISM-IT100) and energy dispersive spectroscopy
(EDS, JEOL ISM-IT100). Raman spectroscopy of the sample was per-
formed by a Raman spectrometer (LabRAM HR, HORIBA Scientific) with
a green laser (A = 532 nm) at room temperature. The prepared sample
was irradiated by a Co-60 source with different doses (100 kGy, 350 kGy
and 550 kGy) at a dose rate of 0.53 kGy/h.

2.4. Molybdenum adsorption

The effect of pH on the molybdenum adsorption uptake of UiO-66
(Ce) was studied for a pH range of 2 ~ 12. Typically, 6 mg of the
adsorbent was added to Eppendorf tubes with different molybdenum
concentrations (0.1 ~ 20 mg/mL). All tubes were shaken for 20 h at
room temperature by a temperature-controlled vibrator. Then, the ad-
sorbents were separated using a centrifuge and the supernatant solution
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was diluted at appropriate times for concentration measurement using
ICP-OES. The uptake (q) was defined by the following equation:

4=(Cp-Co)*V/m

Where Cp and C, (mg/mL) are the molybdenum concentration before
and after adsorption, respectively. V (mL) and m (mg) represent the
volume of molybdenum solution and mass of adsorbent, respectively. All
adsorption experiments were performed in triplicate. The details about
column preparation of the ®Mo/?°™Tc generator and the separation of
radionuclides were described in Supporting Information S-1.

3. Results and discussion
3.1. Characterization

The morphology and elemental distribution of UiO-66 (Ce) were
determined by SEM and EDS. As shown in Fig. 1, it can be observed that
the prepared sample had spherical particles with a diameter of around
400 nm. The EDS mapping showed the presence of uniformly distributed
C, O, Ce. Fig. 2 (a) shows the XRD patterns of UiO-66 (Ce) before and
after molybdenum adsorption. The pattern of UiO-66 (Ce) prior to mo-
lybdenum adsorption displayed all diffractions peaks consistent with the
simulated XRD pattern (also shown in Fig. 2 (a)) and no impurities were
observed. Fig. 2 (b) displays the Ny adsorption-desorption isotherms of
UiO-66 (Ce) at 77 K. The adsorption isotherms belong to the type I
adsorption curve. The calculated BET surface area and micropore vol-
umes were 1140 m2/g and 0.4 cm®/g, respectively. The XRD and Ny
adsorption results of UiO-66 (Ce) after molybdenum adsorption in Fig. 2
will be discussed later.

3.2. Molybdenum adsorption studies

3.2.1. Effect of pH

The pH of the solution influences the formation of molybdenum
species and therefore its effect on the molybdenum adsorption was
investigated [20]. Fig. 3 (a) shows the zeta potential of UiO-66 (Ce) and
its isoelectric point (IEP) was somewhere between 8 and 11.5, meaning
that the adsorbent was positively charged when the pH was lower than
the pH value of the IEP. The M07022; complexes are the dominant mo-
lybdenum chemical species at a pH range of 2 ~ 5 and the major species
is MoO?{ at pH greater than 5 (Figure S3), when molybdenum concen-
tration is 5 mg/mL [21]. The negatively charged molybdenum species in
an acidic and neutral environment are beneficial for the adsorption on
the positively charged UiO-66 (Ce). Fig. 3 (b) shows the effect of pH on
the adsorption capacity of UiO-66 (Ce). The molybdenum uptake of UiO-
66 (Ce) decreased gradually from 400 to 250 mg/g with increasing pH
from 2 to 5, reaching eventually 220 mg/g at pH 8. This trend is
consistent with the zeta potential of UiO-66 (Ce), suggesting that elec-
trostatic attraction plays a key role in molybdenum adsorption. How-
ever, the adsorption capacity of UiO-66 (Ce) is still 182 mg/g when the
zeta potential of the adsorbent was negative, indicating that electrostatic
attraction was not the only interaction mechanism involved in the mo-
lybdenum adsorption.

3.2.2. Adsorption kinetics

Batch experiments were carried out to investigate the molybdenum
adsorption isotherms and adsorption kinetics of Ui0-66 (Ce). The mo-
lybdenum adsorption uptake was investigated at pH 3 for different in-
cubation times, as shown in Fig. 4 (a). Ui0-66 (Ce) showed an initial
rapid molybdenum adsorption uptake, reaching 80% of the equilibrium
value after 30 min for all studied concentrations. This fast adsorption
kinetics could be due to the existence of many available sites on the
external surface, which prompts molybdenum ions to diffuse into the
adsorption sites [22]. The uptake was more than 90% of the equilibrium
value after 1.5 h and reached saturation after 3 h, due to the diffusion of
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Fig. 1. SEM images and EDS mapping of UiO-66 (Ce) before molybdenum adsorption (b) C, (c) O and (d) Ce.
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Fig. 2. (a) XRD patterns and (b) N2 adsorption-desorption isotherms of UiO-66 (Ce) before and after molybdenum adsorption at pH 3 in equilibrium concentration.
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Fig. 3. Effect of pH on (a) zeta potential and (b) uptake of UiO-66 (Ce), the initial Mo concentration of 5 mg/mL.

molybdenum species into the inner pores of UiO-66 (Ce). Moreover, the adsorption kinetics, the pseudo-first-order and pseudo-second-order ki-
equilibrium uptake of UiO-66 (Ce) increased when increasing the con- netic models were applied to fit the adsorption kinetics. The fitting re-
centration and then remained stable when the initial molybdenum sults of these models are displayed in Figure S4 and Table S1. These
concentration was 10 mg/mL, suggesting that the molybdenum results indicated that the adsorption process was better described by the
adsorption is closed to reach saturation. To further characterize the pseudo-second-order model, which according to the model indicated
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Fig. 4. Adsorption (a) kinetics non-linearly fitted by the pseudo-second-order model and (b) isotherms of UiO-66 (Ce) non-linearly fitted by the Langmuir and

Freundlich models.

that the adsorption rate was dominated by chemical interaction [23]. In
addition, the intraparticle diffusion model was employed to better un-
derstand the adsorption process. As shown in Figure S5 and Table S2, it
can be observed that the first stage has a fast adsorption rate on the
surface or adsorption sites of UiO-66 (Ce). In contrast, molybdenum
species diffuse into inner pores showing a slower adsorption rate.

3.2.3. Adsorption isotherms

Fig. 4 (b) shows the Mo adsorption isotherm on UiO-66 (Ce) obtained
by the varying initial molybdenum concentration from 0.1 to 20 mg/mL
at pH 3. The adsorption uptake of the adsorbent increased abruptly at
low concentrations, reaching a capacity of approximately ~ 350 mg/g at
5 mg/mL, which was more than 80% of the maximum adsorption ca-
pacity. Eventually, a plateau of around 475 mg/g, which is consistent
with the results of the adsorption kinetics, was achieved. To further
understand the molybdenum adsorption process, the Langmuir model
and Freundlich models were employed to fit the experimental data. The
non-linear fit results and calculated parameters are displayed in
Table S3. The Langmuir model (R2 = 0.997) can fit the experimental
data better than the Freundlich model. The maximum adsorption ca-
pacity calculated by the Langmuir model was 485 mg/g, which is much
higher when compared to that of UiO-66 (Zr) in our previous work [14].
Although the UiO-66 (Ce) has the same crystal structure as UiO-66 (Zr)
and has a relatively lower surface area, the Ce-based MOF displayed a
much higher molybdenum adsorption capacity, which is probably
related to the inherent characteristics of cerium and will be discussed in
the adsorption mechanism part of this paper. Moreover, this material
exhibited the highest molybdenum adsorption capacity reported so far
(Table S4).

3.3. Adsorption mechanism

XRD was utilized to analyse the structure of the UiO-66 (Ce) after
adsorption (Fig. 2 (a)). The XRD analysis showed that all diffraction
peaks still matched well with the sample before adsorption, which
indicated that Ce-MOF-Mo kept its crystalline structure upon molybde-
num adsorption. However, all diffraction peaks decreased in intensity
after molybdenum adsorption, which was attributed to the trapped
molybdenum species, causing the diminished X-ray contrast [24,25].
The Ny adsorption—-desorption experiment of the Ce-MOF-Mo was also
carried out after adsorption (Fig. 2 (b)). The BET surface area and pore
volumes were 8 m2/g and 0.0009 cm3/g, respectively. This dramatic
decline in pore volume and surface area indicated that the molybdenum
species completely filled the pores of the adsorbent. Furthermore, the
EDS mapping (Figure S6) showed that the adsorbed molybdenum was
distributed uniformly. (Table S5).

The Raman spectra of UiO-66 (Ce) before and after molybdenum
adsorption at equilibrium concentration is presented in Fig. 5. The main

—— Ui0-66 (Ce)-Mo
Ui0-66 (Ce)

Intensity (a.u.)

600 900 1200
Raman shift (cm™)

300 1500

Fig. 5. Raman spectroscopy of UiO-66 (Ce) before and after molybde-
num adsorption.

peak at 453 cm ! is assigned to the symmetric stretching vibration of Ce-
O bonds in metal clusters [26]. After molybdenum adsorption, the peak
of Ui0-66(Ce)-Mo at 440 cm~' showed a blue-shift, which could be
caused by the introduced molybdenum species or defects sites formed in
the sample [27,28]. The broad and weak peaks at 313 em~! and
813 cm ™! were assigned to Mo = O bending vibrations and Mo-O-Mo
antisymmetric stretches, respectively. A peak observed at 890 cm ™!
was attributed to the Ce-O-Mo stretching vibration mode [29], which
indicated that molybdenum species were anchored on the adsorbent by
Ce-O-Mo coordination [30,31].

To further explore the adsorption mechanism, XPS spectra of UiO-66
(Ce) before and after adsorption were performed. The XPS spectra sur-
vey showed the existence of C, O and Ce elements in UiO-66 (Ce) before
and after adsorption (Fig. 6 (a)). The new binding energy peaks for Ce-
MOF-Mo at 228 ~ 240 eV and 410 ~ 420 eV were attributed to Mo 3d
and Mo 3p spectra, respectively [32]. The lower binding energy peaks
could be deconvoluted into two doublets at 232.0 eV and 235.1 eV
(Fig. 6 (b)), which are assigned to Mo 3ds,2 and Mo 3d3,», respectively,
indicating the presence of Mo®" [33]. The XPS Ce 3d spectrum of UiO-66
(Ce) before and after adsorption is shown in Fig. 6 (c). The whole
spectrum could be deconvoluted into 8 peaks corresponding to two
different valence states (Table S6). This is related to the electron
configuration of Ce ([Xel4f'5d'6s%) and the low-lying nature of the
empty 4f band, causing the formation of Ce*" and partial reduction to
Ce3* [34,35]. The presence of Ce3" cations could cause structural de-
fects such as linker vacancies. These defects would induce the formation
of Ce-OH groups [36-38], which are favourable for molybdenum
adsorption. In addition, the shift of binding energy to a lower value
indicates that the electron density of the Ce atoms increased after
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Fig. 6. (a) XPS survey spectrum, high-resolution XPS spectra of (b) Mo 3d, (c) Ce 3d and (4) C 1 s.

adsorption, which was probably due to the formation of Mo-O-Ce co-
ordination bonds [39], matching with the observations of the Raman
analysis. Fig. 6 (d) shows the C 1 s spectra of UiO-66 (Ce) before and
after molybdenum adsorption. The C 1 s spectra could be deconvoluted
into four peaks, which were assigned to n-1*, O = C-O, C-O and C-C/C-H
(Table S7) [40]. After adsorption, the negative shift by 0.23 eV suggests
a strong chemical interaction between C-C/C-H and molybdenum spe-
cies via hydrogen bonds. The satellite peak at 290.1 eV was determined
to be the n-n* component and its percentage decreased from 6.16% to
2.15% after molybdenum adsorption, suggesting the n-anions interac-
tion between adsorbent and molybdenum species. Fig. S7 shows the UV
absorbance spectra of UiO-66 (Ce). A peak was detected at 240 nm,
which was ascribed to the n-n* transitions [40,41]. However, this peak
disappeared after molybdenum adsorption, indicating that the n-t*
component reacted with the molybdenum species, which is consistent
with the C 1 s XPS results. Based on the above analysis, the interaction
between the adsorbent and Mo species is governed by electrostatic
attraction, hydrogen bonds formation, Mo-O-Ce coordination and
m-anions.

(a)

Intensity (a.u.)

5 10 15 20 25

2 O (degree)

3.4. Radiation stability of UiO-66 (Ce)

To further evaluate the adsorption performance of UiO-66 (Ce) as
adsorbent for the °°Mo/**™Tc generator, adsorption experiments
involving ®Mo were carried out. The results showed that the adsorption
capacities of the adsorbent were 11 mg/g, 184 mg/g and 304 mg/g,
respectively, when the initial Mo concentrations were 0.1 mg/mlL,
1.5 mg/mL and 5 mg/mL. This adsorption uptake was consistent with
the adsorption capacity using the non-radioactive Mo solution. More-
over, the crystal structure of the adsorbent after adsorption was char-
acterized by XRD (Fig. 7 (a)) and they all showed the same diffraction
peaks as the original material, suggesting that the crystal structure of the
adsorbent was not affected after *°Mo adsorption. In addition, the ra-
diation stability of UiO-66 (Ce) is an essential characteristic for its use in
the 2°Mo/*°™Tc generator. Fig. 7 (b) shows the XRD patterns of UiO-66
(Ce) after exposure to different doses of gamma-ray originating from a
Co-60 source. It can be confirmed that this adsorbent kept its good
crystallinity after 550 kGy gamma irradiation, exhibiting an outstanding
radiation resistance.

(b)

Intensity (a.u.)

As-synthesized

5 10 15

20 25 30 35
2 © (degree)

40

Fig. 7. XRD patterns of Ui0-66 (Ce) (a) after 99Mo adsorption at pH 3 for 20 h and (b) after exposure to gamma-ray irradiation.
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3.5. Performance of Ui0-66 (Ce) as adsorbent in *’Mo/*°™Tc generator

A *°Mo/°°™Tc generator was packed using UiO-66 (Ce) particles as
column bed. After loading *Mo, the adsorption capacity of the UiO-66
(Ce) generator was determined to be 297 mg/mL, which was consistent
with the previous results when non-radioactive molybdenum was
applied. Then the column was rinsed with 0.9% saline solution to
remove the loosely absorbed molybdenum ions. The practical adsorp-
tion capacity of UiO-66 (Ce) was calculated to be 246 mg/g, which was
close to the uptake value in the pH range of 5 to 8 (as shown in Fig. 3
(b)). Afterwards, the column was eluted daily using 0.9% saline solution
(pH = 6) for two consecutive weeks. The elution yield and cumulative
yield curve of °*™Tc as a function of the volume of the eluted saline
solution are shown in Fig. 8. It was observed that the elution yield of
99mTc decreased sharply with the increasing volume of the saline solu-
tion. More than 99% of °*™Tc could be collected after passing 6 mL of
saline solution through the generator. In Table 1, the elution efficiency
and the °Mo and Ce breakthrough of the **Mo/?*™Tc generator are
displayed. It can be seen that the elution yield of *™Tc was 92 + 3% and
remained around that value for two weeks. There is about 0.2%~0.3%
of ®Mo contamination in each elution fraction, which is slightly higher
than the requirement (<0.1%) defined by the International Pharmaco-
poeia [42]. The Ce breakthrough in all elution fractions was determined
to be around 1 ppm.

The total activity of many commercial generators is about 2 Ci when
2 g of adsorbent is typically used. Alternative production methods to
235y fission can provide °°Mo with specific activity in the range of
1-10 Ci/g [43]. Assuming a generator fabricated with 2 g of UiO-66 (Ce)
and 6 Ci/g of specific activity of ®Mo, this adsorbent should be able to
deliver 3 Ci of ® Mo, when ~ 52% of the maximum adsorption capacity
(250 mg/g) was applied here. In addition, the column experiment was
repeated and the results are shown in Table S8. About 92% of *°™Tc
elution yield can be achieved, which corresponds with previous results,
showing good repeatability. The above results indicated that UiO-66
(Ce) exhibited great potential as adsorbent for **Mo/**™Tc generator
utilizing low specific activity °°Mo, providing new exciting opportu-
nities for production using more production facilities worldwide.

4. Conclusions

Ui0-66 (Ce) was synthesized successfully and utilized as adsorbent
for °Mo/*°™Tc generator. The maximum adsorption capacity of the
adsorbent was 475 mg/g and the adsorption reached equilibrium within
3 h. The positive charge of the adsorbent was favourable for molybde-
num adsorption by electrostatic attraction. The XPS results confirmed
the existence of Ce3*/Ce** i.e. two chemical valences, causing linker
defects and the formation of extra hydroxyl groups, which were bene-
ficial for molybdenum adsorption via coordination interaction, t-anions
and hydrogen bonds. Moreover, the adsorption performance of UiO-66
(Ce) using radioactive *>Mo solution verified its good adsorption
behaviour and radiation stability. The column results showed that about
92 + 3% elution efficiency of **™Tc and low cerium breakthrough could
be achieved for two-week elution. The excellent performance of the
developed ?°Mo/*°™Tc generator reveals that UiO-66 (Ce) is a great
adsorbent candidate for applications using low specific activity °°Mo.
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Table 1
Elution performance of UiO-66 (Ce) in the Mo/ Te generator over two
weeks.

Elution Time of Elution %Mo Ce breakthrough
No. ingrowth (h) efficiency breakthrough (ppm)
(%) (%)

1 24 88.8 0.36 1.21

2 72 87.7 0.21 0.92
3 24 91.2 0.28 0.46
4 24 91.0 0.24 0.99
5 24 93.6 0.30 0.98
6 24 90.2 0.33 0.96
7 68 88.6 0.20 0.27
8 24 91.7 0.29 0.96
9 23 93.5 0.19 0.92
10 24 96.9 0.24 0.53
11 24 95.9 0.29 0.93
12 72 96.6 0.09 0.81
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