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Abstract 16 

We prepared three types of Al2O3 with different surface structures and investigated 99Mo-17 

adsorption/99mTc-elution properties using [99Mo]MoO3 that was irradiated in the Kyoto 18 

University Research Reactor. Al2O3 adsorbed [99Mo]molybdate ions in solutions at 19 

different pH; the lower was the pH, the higher was the Mo-adsorption capacity of Al2O3. 20 

The 99mTc-elution properties of molybdate ion adsorbed Al2O3 were elucidated by 21 

flowing saline. Consequently, it was suggested that 99Mo-adsorption/desorption 22 



JRNC 

 2 

properties are affected by the specific surface of Al2O3 and 99mTc-elution properties are 23 

affected by the crystal structure of Al2O3.  24 

Keywords 25 

Alumina・Mo adsorbent・99Mo/99mTc generator 26 

Introduction 27 

Medical imaging technology using technetium-99m (99mTc; T1/2 = 6 h) accounts for 28 

most nuclear medicine treatments, and more than 30 million tests are conducted 29 

worldwide each year. 99mTc is most commonly used as a radiopharmaceutical. 99mTc is 30 

produced by the decay of 99Mo (99Mo; T1/2 = 66 h). Japan is the world’s third largest 31 

consumer country of 99mTc after the United States and Europe. However, the domestic 32 

demand of Japan relies entirely on imports. 33 

Presently, 99Mo is produced by the fission reaction [(n, f) method] using a uranium 34 

target, and the test research reactor constructed 45-55 years ago accounts for 90%-95% of 35 

the world’s 99Mo supply. In recent years, this supply process has been challenged by the 36 

unstable supply of 99Mo/99mTc because of transportation issues and aging of these 37 

reactors [1-3]. Additionally, most uranium targets used in the (n, f) method are made of 38 

highly enriched uranium (HEU). The test and research reactors that are planned to be 39 

used to produce 99Mo face several issues such as uranium use restriction, nuclear non-40 

proliferation, and nuclear security (i.e., plutonium generation and fission product 41 

disposal). Therefore, producing 99Mo by the (n, f) method using HEU is becoming 42 

difficult. Hence, there is an ongoing transition around the world from HEU targets to low 43 

enriched uranium (LEU) targets. NTP/SAFARI-1 (South Africa) is converting 99Mo 44 

production to LEU, and ANSTO Health/OPAL (Australia) is expanding its current LEU-45 

based production [4]. 46 

Therefore, a 99Mo production alternative to the (n, f) method, such as 99Mo production 47 

by the activation method [(n, γ) method: (n, γ)99Mo] and 99Mo production by the 48 
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photonuclear reaction [(γ, n) method: (γ, n)99Mo] [5, 6], is attracting attention. However, 49 

because the amount of 99Mo produced by the (γ, n) method is small, irradiating enriched 50 
100Mo is necessary to obtain a sufficient amount of 99Mo produced, which is costly. 51 

Because (n, γ)99Mo can produce a sufficient amount of 99Mo even if natural Mo is used, 52 

the cost of raw materials is low. However, because the specific activity of 99Mo produced 53 

by this method is lower than that of the (n, f) method, developing Mo adsorbents with 54 

high adsorption capacity for the practical application of (n, γ)99Mo is essential. Alumina 55 

(Al2O3) is commonly used as a Mo adsorbent for generators. Research is also carried out 56 

using other materials with good Mo-adsorption properties [7-9]. However, according to 57 

Japanese radiopharmaceutical standards, generators using new materials require a long 58 

time to obtain approval. Therefore, the development of Al2O3 with a high Mo-adsorption 59 

capacity is necessary for the early practical use of generators using (n, γ)99Mo. Although 60 

Al2O3 with high Mo-adsorption capacity has been developed and reported so far, the 61 

factors that determine its Mo-adsorption capacity have not been discussed [10-13]. 62 

In this study, we focused on three types of Al2O3 specimens with different initial 63 

materials and evaluated 99Mo-adsorption/99mTc-elution properties of Al2O3 specimens 64 

using [99Mo]MoO3 irradiated at the Kyoto University Research Reactor (KUR). From the 65 

obtained results, the effects of the specific surface and crystal structure of each Al2O3 66 

specimen on the 99Mo-adsorption/99mTc-elution properties were investigated. 67 

Experimental 68 

Materials of Al2O3 specimens 69 

The raw material of alumina used is aluminum hydroxide, and it is known that alumina 70 

produced from aluminum hydroxide has different crystal structures (e.g., gibbsite, p-71 

boehmite, and bayerite) depending on the raw material and sintering temperature [15]. In 72 

a previous study [14], we investigated the Mo-adsorption properties of Al2O3 specimens 73 

prepared from aluminum hydroxide with different crystal structures. To produce Al2O3 74 

specimens, 5 wt.% of alumina sol and water were added to each aluminum hydroxide 75 

powder, and extrusion molding was conducted. Then, the molded body was dried at 76 
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200 °C-300 °C for 1 h, pulverized, and classified with a 50-to-100-mesh sieve (opening: 77 

150-300 µm). Then, it was sintered at 300 °C-1000 °C (interval of 100 °C) for 1 h. It was 78 

clarified that Mo adsorption capacities of Al2O3 specimens were affected by specific 79 

surface area and crystal structure. 80 

Among the Al2O3 specimens produced from each aluminum hydroxide, the Al2O3 81 

specimens sintered at 300 °C had the highest Mo adsorption capacity; therefore, these 82 

specimens were used for further experiments. Here, Al2O3 specimens of different crystal 83 

structures (e.g., gibbsite, p-boehmite, and bayerite) were referred to as G-Al2O3, p-Al2O3, 84 

and B-Al2O3, respectively. Additionally, commercial medical alumina (M-Al2O3) was 85 

also prepared as a comparative specimen. The basic properties of each Al2O3 specimen 86 

(that was sintered at 300 ℃) used in the experiment are shown in Table 1. 87 

Table 1 Basic properties of Al2O3 specimens 88 

Specimens Crystal structure Specific surface 
(m2/g) 

Particle size (D50) 
(μm) 

G-Al2O3 χ-Al2O3 + Boehmite 311 283 
p-Al2O3 p-Boehmite 270 285 
B-Al2O3 η-Al2O3 + Boehmite 417 238 
M-Al2O3 χ-Al2O3 + γ-Al2O3 116 103 

Neutron Irradiation of MoO3 specimens 89 

MoO3 pellets were made from MoO3 powder produced by TAIYO KOKO CO., LTD. 90 

The chemical composition of MoO3 powder used is shown in Table 2. The MoO3 powder 91 

was mixed with ethanol containing 2 wt.% camphor, molded into pellets by uniaxial 92 

pressing, and sintered at 650 °C. Then, after MoO3 pellets were sufficiently dried, MoO3 93 

pellets were roughly crushed, and approximately 1.5 g of MoO3 pieces was used for the 94 

neutron irradiation test. When preparing MoO3 specimens, impurities were prevented 95 

from being mixed into the specimens as much as possible. After enclosing MoO3 96 

specimens in a polyethylene bag, they were enclosed in special polyethylene capsules for 97 

the irradiation test. 98 



JRNC 

 5 

Table 2 Chemical composition of the MoO3 powder 99 

Items Values (%) 
loss on ignition 0.08 

Na 0.0005 
K 0 

MgO 0.0001 
CaO 0.0001 
W 0.002 
Fe 0.0001 
Cu 0.0003 

Al2O3 0.001 
SiO2 0.001 
Pb 0.001 
PO4 0.0005 

S 0.001 
 100 

MoO3 specimens were irradiated at 5 MW for 20 min using the irradiation hole of the 101 

pneumatic transport tube Pn-2 (thermal neutron flux: 2.8 × 1017 n/m2/s) of the Kyoto 102 

University Research Reactor (KUR). The irradiation conditions are shown in Table 3. 103 

After cooling the [99Mo]MoO3 specimens for 4 d, they were removed from special 104 

polyethylene capsules and used to test the 99Mo-adsorption/99mTc-elution property in the 105 

draft chamber of the KUR Hot Lab. 106 

Table 3 Irradiation conditions of MoO3 pellet pieces in Pn-2 107 

Items Values 
Thermal power 5 MW 
Thermal neutron flux 2.8 × 1017 n/m2/s 
Epithermal neutron flux 1.1 × 1016 n/m2/s 
Fast neutron flux 6.0 × 1016 n/m2/s 
Irradiation time 20 min 

99Mo-adsorption/99mTc-elution property test 108 
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99Mo-adsorption/99mTc-elution property tests were conducted using two types of 109 

experiments. The first type is a pH-dependent adsorption test used to examine the Mo-110 

adsorption capacity of Al2O3 specimens depending on the pH of an aqueous solution of 111 

sodium [99Mo]molybdate (Mo solution). The second type is a 99mTc-elution properties 112 

test conducted by flowing saline into Mo-adsorbed Al2O3 specimens. All experiments 113 

were conducted at room temperature because previous studies showed that Mo-114 

adsorption capacities were not temperature dependent. Approximately 1.5 g of irradiated 115 

MoO3 specimens was dissolved in 3.75 mL of a 6 mol/L-NaOH aqueous solution; then, 116 

water was added to adjust to the concentration to 10 mg-Mo/mL and obtain the desired 117 

pH. Using the abovementioned procedure, 100 mL of [99Mo]Mo solution was prepared. 118 

In the tests, liquid measurement specimens were prepared by depositing 100 µL of the 119 

solution on a Φ10 mm paper disk and encapsulating it in a polyethylene bag. For the pH-120 

dependent adsorption test, the measurement specimens of Al2O3 were prepared by 121 

filtering the Al2O3 specimen after Mo-adsorption with a Φ25 mm filter paper and 122 

encapsulating it in a polyethylene bag. The activities were measured using a γ-ray 123 

spectrometer made by Mirion Technologies (Canberra) KK. In the measurement, the 124 

distance between the detector and measurement specimens was adjusted so that the dead 125 

time was 5 % or less. After the measurement, the Mo-adsorption capacity (mg-Mo/g) was 126 

calculated based on the 99Mo specific activity at the adsorption start time. The errors by 127 

the activity measurement are smaller than those by the chemical operation and can be 128 

ignored; thus, they are not considered. 129 

pH-dependent adsorption test 130 

The test procedure for the pH-dependent adsorption test is shown in Fig. 1. From 131 

100 mL of the [99Mo]Mo solution adjusted to pH 7, 15 mL was removed and added to a 132 

vial. The separated [99Mo]Mo solution was adjusted to pH 2–7 (pH 1 interval) by adding 133 

2 mol/L-HCl. A total of 3 mL of the prepared [99Mo]Mo solution was added to a 134 

microtube containing 0.1 g of each Al2O3 specimen and immersed for 3 h to adsorb 135 

[99Mo]Mo. After the immersion, the [99Mo]Mo solution and Al2O3 specimen were 136 
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separated by vacuum filtration, and the Al2O3 specimen was washed with 30 mL of water. 137 

Then, the activity of 99Mo adsorbed on the Al2O3 specimen was measured. 138 

 139 

Fig. 1 pH-dependent adsorption test procedure 140 

99mTc-elution properties test 141 

The test procedure for the 99mTc-elution properties test is shown in Fig. 2. A total of 142 

30 mL was removed from 100 mL of the [99Mo]Mo solution into a vial containing 1 g of 143 

each Al2O3 specimen. After immersing for 3 h, the Al2O3 specimens and the supernatant 144 

were separated. The Mo adsorbed Al2O3 specimens are washed with 20 mL of water. 145 

Then, the activity of the solution containing the supernatant and the wash solution was 146 

measured. The washed Al2O3 specimen was packed in a polypropylene column and 147 

further washed with 50 mL of water. The column packed with each Al2O3 specimen was 148 

washed with 50 mL of saline to remove 99mTc and 99Tc. After 24 h, the column was 149 

milked with 1.5 mL of saline six times and 10 mL once for a total of 19 mL to examine 150 
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the elution properties of 99mTc. The activity of 99Mo and 99mTc in the obtained an aqueous 151 

solution of sodium [99mTc]pertechnetate (99mTc solution) was measured. The Mo-152 

adsorption capacity of each Al2O3 specimen was calculated from the value obtained by 153 

subtracting the Mo content in the supernatant and the wash solution from the Mo content 154 

in the solution before immersion. 155 

 156 

Fig. 2 99mTc-elution properties test procedure 157 

Results and discussion 158 

Irradiation properties 159 

An example of the γ-ray spectrum measured to calculate the Mo-adsorption capacity 160 

is shown in Fig. S1. This is the γ-ray spectrum of the Mo solution used in the 99mTc-161 

elution properties test of B-Al2O3 and M-Al2O3. The activity of 99Mo was calculated by 162 
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the Covell method from the energy peak of 739.469 keV specified for the 163 

radiopharmaceutical standard. After irradiation, 99Mo and 99mTc already reached transient 164 

equilibrium by cooling for more than 4 d. The peaks of both 99Mo and 99mTc are clearly 165 

shown in Fig. S1. Additionally, a peak of 92mNb (934.46 keV) generated by the (n, p) 166 

reaction from 92Mo was also confirmed because a MoO3 powder with natural abundance 167 

was used in this test. 168 

The 99Mo specific activities in the [99Mo]Mo solution approximately 100 h after the 169 

irradiation are shown in Table 4. The values were calculated using the Pn-2 nominal 170 

thermal neutron flux of KUR (2.8 × 1017 n/m2/s) and the capture cross section of 98Mo for 171 

thermal neutrons (0.13 barn) [16]; the producing amount of 99Mo immediately after 172 

neutron irradiation for 20 min was obtained. The activity of 99Mo after 100 h was 173 

calculated from the obtained amount by attenuation correction. Thus, the ratio between 174 

calculated and experimental values (C/E) was 0.45-0.62, and the experimental value was 175 

approximately twice as high as the calculated value. It is assumed that this increase in 176 
99Mo production is due to the contribution of 99Mo production in the region of epithermal 177 

neutrons and fast neutrons [17]. 178 

Table 4 Activities of 99Mo in the sodium molybdate solution after approximately 100 h 179 

from irradiation completion (1: for G-Al2O3 and p-Al2O3, 2: for B-Al2O3 and M-Al2O3) 180 

 
pH-dependent 
adsorption test 

99mTc-elution 
properties test 

1 2 1 2 
Calculation 

values 
(MBq/g-Mo) 

6.81 6.85 6.83 6.81 

Experimental 
values 

(MBq/g-Mo) 
11.02 15.33 14.59 14.88 

C/E 0.62 0.45 0.47 0.46 

pH-dependent adsorption test 181 
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The Mo-adsorption capacities of each Al2O3 specimen depending on the pH of the 182 

[99Mo]Mo solution are shown in Fig. 3. Mo-adsorption capacities (mg-Mo/g) were 183 

calculated using 99Mo specific activities shown in Table 4. For all Al2O3 specimens, it 184 

was determined that the higher was the acid concentration of the Mo solution, the higher 185 

was the Mo-adsorption capacity. The Mo-adsorption capacities of the developed three 186 

types of Al2O3 specimens were more than double that of M-Al2O3. Specifically, B-Al2O3, 187 

which had the largest specific surface area, had a slightly superior Mo-adsorption 188 

capacity compared with those of the other two specimens. 189 

 190 

Fig. 3 Mo-adsorption capacities depending on the pH of the Mo solution 191 

It is known that Al2O3 exhibits both anion and cation exchange properties. Al2O3 192 

hydrates by immersion in an aqueous solution; then, it is converted into an anion 193 

exchanger by immersion in an acidic solution [18]. This causes an exchange of surface 194 

hydroxyl groups on Al2O3 with the anions in solution. Because polyvalent anions are 195 

more easily adsorbed on Al2O3 than monovalent anions, it is expected that molybdic acid 196 

MoO4
2– is preferentially adsorbed on alumina compared with Cl– of hydrochloric acid. 197 

Mo adsorbs on Al2O3 by the reaction of Eq. (1) or Eq. (2) near the surface of Al2O3 [19]. 198 

This reaction causes an increase in the OH– concentration on the surface of Al2O3, which 199 

results in a local increase in pH. 200 
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Al–OH + MoO4
2– → Al–OMoO3

– + OH– (1) 201 

Al–OH  Al–O 202 
＼ 203 

+ MoO4
2– →  MoO2 + 2OH– (2) 204 

／ 205 
Al–OH  Al–O 206 

However, in a solution containing Mo(VI) ions, when the Mo concentration is high 207 

(> 10–3 M) and the acid concentration increases, it is reported that Mo(VI) ions are 208 

polyionized [20, 21]. Therefore, in the test, it is assumed that large quantities of Mo(VI) 209 

species (e.g., Mo8O26
4– or Mo7O24

6−) exist in the Mo solution used in the acid 210 

concentration range of pH 2-5. However, because high Mo-adsorption capacities are 211 

obtained at these acid concentrations, Mo(VI) species should be abundant as MoO4
2– on 212 

the surface of Al2O3. In the literature [22], it has been reported that the equilibrium [as in 213 

Eq. (3)] holds in the ammonium heptamolybdate solution. 214 

Mo7O2
4- + 4H2O ⇌  7MoO4

2- + 8H+ (3) 215 

In Eq. (3), the reaction proceeds to the right with an increase in pH. In the vicinity of 216 

the Al2O3 surface, the polyanion is decomposed because pH increases because of the 217 

adsorption reaction of Eq. (2). Therefore, it is considered that the rightward reaction in 218 

Eq. (3) occurs even in the Mo solution containing large quantities of polyanions, and the 219 

molybdate ion is adsorbed on Al2O3 as MoO4
2–. 220 

The comparison of the pH of the [99Mo]Mo solution before Mo-adsorption and the 221 

supernatant/washing mixture after Mo-adsorption is shown in Table 5. At pH 2-4, the pH 222 

of all Al2O3 specimen’s mixed solution after Mo-adsorption tended to be more basic than 223 

the pH of the [99Mo]Mo solution before Mo-adsorption. However, at pH 5 and above, the 224 

pH of all Al2O3 specimen’s mixed solution after Mo-adsorption tended to be slightly 225 

acidic compared with the pH of the [99Mo]Mo solution before Mo-adsorption. Here, 226 

because the Mo-adsorption capacity similar to that at pH 4 was obtained at pH 5, it is 227 

expected that the OH– concentration increases with Mo-adsorption. Hence, it is 228 

speculated that the Mo solution, which became almost neutral, released H+ according to 229 

the rightward reaction of Eq. (3) and thus became slightly acidic. At pH 6 and pH 7, 230 
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because almost no Mo-adsorption was observed, it is assumed that the pH of the mixed 231 

solution was affected by purified water used for washing. Generally, purified water 232 

absorbs CO2 from the air and becomes mildly acidic. In the experiment, this possibility is 233 

high because 30 mL of purified water was added to 3 mL of the supernatant. 234 

Table 5 pH of the Mo solution before Mo-adsorption and supernatant/washing mixture 235 

after Mo-adsorption 236 

  Mo solution 
before adsorption 

Supernatant 
+ Wash solution 

G
-A

l 2O
3 

2 1.98 3.52 

3 2.97 4.28 

4 4.01 4.55 

5 5.02 4.82 

6 6.01 5.82 

7 7.38 7.11 

p-
A

l 2O
3 

2 1.98 3.41 

3 2.97 4.20 

4 4.01 4.49 

5 5.02 4.79 

6 6.01 5.83 

7 7.38 6.90 

B
-A

l 2O
3 

2 2.05 3.77 

3 2.96 4.31 

4 3.99 4.55 

5 5.02 4.81 

6 6.04 5.92 

7 7.01 7.10 

M
-A

l 2O
3 2 2.05 2.99 

3 2.96 3.58 

4 3.99 4.18 

5 5.02 4.61 
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6 6.04 5.73 

7 7.01 6.65 

When comparing the pH changes of the four Al2O3 specimens before and after Mo-237 

adsorption, the pH of the mixed solution of M-Al2O3 after Mo-adsorption was more 238 

acidic than that of other Al2O3 specimens. This occurs because M-Al2O3 was used as a 239 

nominally acidic alumina; because it was initially treated with an acid, some hydroxyl 240 

groups on the Al2O3 surface had already been replaced with Cl− or NO3
−. Thus, it can be 241 

inferred that the mixed solution of M-Al2O3 was not more biased toward the basicity than 242 

the solution of other Al2O3 specimens in the ion exchange reaction with MoO4
2−. From 243 

the abovementioned results, to obtain a more concentrated 99mTc solution as a 99Mo/99mTc 244 

generator, it is desirable to adsorb Mo on Al2O3 using a [99Mo]Mo solution with a high 245 

acid concentration. However, when the Mo solution has a high acid concentration, 246 

molybdic acid precipitates. Therefore, it was concluded that the Mo solution of pH 4 was 247 

an appropriate adsorption condition because this acid concentration did not cause 248 

precipitation of molybdic acid while increasing the Mo-adsorption capacity. 249 

99Mo-adsorption/99mTc-elution properties of Al2O3 specimens 250 

Evaluation of 99Mo-adsorption properties 251 

The results of the Mo-adsorption properties test using a [99Mo]Mo solution  are 252 

shown in Table 6. The Mo-adsorption capacities (mg-Mo/g-Al2O3) were calculated from 253 

the 99Mo-adsorption capacities (mg-99Mo/g-Al2O3) using 99Mo specific activities shown 254 

in Table 4. B-Al2O3 had the highest Mo-adsorption capacity and had twice the capacity of 255 

M-Al2O3. Both G-Al2O3 and p-Al2O3 have similar adsorption capacities, and both have 256 

higher Mo-adsorption capacities than M-Al2O3. The specific surface of B-Al2O3 is the 257 

highest, followed by G-Al2O3 and p-Al2O3 having the same specific surface and M-Al2O3 258 

having the lowest specific surface. Therefore, it was clarified that the Mo-adsorption 259 

capacity of Al2O3 largely depends on the specific surface. 260 
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Table 6 [99Mo]Mo-adsorption capacities per 1 g of each Al2O3 specimen 261 

Adsorption capacity 
Specimens 

G-Al2O3 p-Al2O3 B-Al2O3 M-Al2O3 
MBq-99Mo/g-Al2O3 0.91 0.88 1.17 0.59 

mg-Mo/g-Al2O3 58.4 56.4 74.1 37.2 

Evaluation of 99mTc-elution properties 262 

An example of the γ-ray spectrum, which is used to calculate the 99mTc-elution rate, is 263 

shown in Fig. S2. The abovementioned spectrum is the γ-ray spectrum of the first milking 264 

solution of B-Al2O3 on day 1. The activities of 99mTc were calculated by the Covell 265 

method from the energy peak at 140.509 keV in the radiopharmaceutical standard. It is 266 

confirmed in Fig. S2 that 99Mo is contained in the milked 99mTc solution. Because the 267 

peak of 92mNb (934.46 keV) contained in the [99Mo]Mo solution shown in Fig. S1 is not 268 

observed in Fig. S2, it was confirmed that 92mNb was not mixed in the 99mTc solution. 269 
99Mo adsorbed on alumina disintegrated to 99mTc, and saline was flown every 24 h for 270 

milking for 3 d. The elution properties of 99mTc from each Al2O3 specimen are shown in 271 

Fig. 4. In the milking on day 1, the elution properties of p-Al2O3 and B-Al2O3 were 272 

excellent, and almost the entire amount of 99mTc could be eluted by approximately 10 mL 273 

of milking. During the milking after day 2, besides the abovementioned two Al2O3 274 

specimens, M-Al2O3 showed an excellent 99mTc-elution rate of 100 %. However, the 275 

elution rate of G-Al2O3 was only approximately 70 % on all 3 d. Because these elution 276 

properties do not correlate with the specific surface area, the crystal structure of Al2O3 277 

and the surface condition of Al2O3 (e.g., pore size) may have an effect. G-Al2O3 and M-278 

Al2O3 with a relatively low 99mTc-elution rate contain the crystal structure of χ-Al2O3 in 279 

common. Therefore, χ-Al2O3 is expected to be a crystal structure which is difficult to 280 

elute 99mTc. On the other hand, the crystal structures of boehmite, p-boehmite and η-281 

Al2O3 are considered to have similar 99mTc-elution properties. 282 
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 283 

Fig. 4 99mTc-elution properties of each Al2O specimen, (a) Day 1, (b) Day 2, (c) Day 3 284 

 285 

The decay of [99Mo]molybdate on the alumina column occurs according to Eq. (4). 286 

Mo99 O4
2- →  𝛽𝛽′ + Tc99m O4

-  (4) 287 
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Technetium is a homologous element to rhenium, and pertechnetate and perrhenate 288 

behave similarly on Al2O3. Rhenium supported on Al2O3 has a small interaction because 289 

it exists as tetrahedral ReO4
− and experiences dynamic strain by Al2O3 or surface OH 290 

groups [23]. Therefore, it is assumed that tetrahedral TcO4
– on Al2O3 also has a weak 291 

interaction and can be easily replaced [24]. Specifically, because the interaction between 292 

Cl− ions contained in saline (0.9 wt.% NaCl) and Al2O3 is relatively strong [18], it is 293 

assumed that tetrahedral TcO4
− can be easily replaced.  294 

Quality evaluation of the 99mTc solution 295 

The pH of the 99mTc solution milked from each Al2O3 specimen is shown in Fig. 5. 296 

Here, the pH of the 99mTc solution is a measured value of a total of 9 mL obtained by 297 

mixing the milked solutions of the first to sixth times. According to Japanese 298 

radiopharmaceutical standards, the pH range of the 99mTc solution is specified as pH 4.5-299 

7.0. G-Al2O3 and B-Al2O3 satisfy the standard value of pH. However, the pH of p-Al2O3 300 

is close to the lower limit, and the pH of M-Al2O3 deviates from the standard value. In 301 

the radiopharmaceutical standard, the amount of 99Mo-desorbed into a 99mTc solution is 302 

determined using the 99Mo/99mTc ratio as an index. The standard value is 303 
99Mo/99mTc < 0.015 %. The 99Mo/99mTc ratio during milking for 3 d in this test is shown 304 

in Fig. 6. The 99Mo/99mTc ratio was highest in the solution of M-Al2O3, followed by that 305 

of p-Al2O3. Those of G-Al2O3 and B-Al2O3 were comparable and less than half of the 306 

value of the previous two solutions. It was already reported that M-Al2O3 has the smallest 307 

specific surface and almost no surface irregularities [14]. Therefore, it is considered that 308 

the [99Mo]molybdate ion adsorbed on M-Al2O3 under this condition was desorbed by the 309 

flow of saline. On the other hand, since B-Al2O3 has a large specific surface, many 310 

irregularities and pores, it is expected that [99Mo]molybdate ions are strongly retained 311 

and be difficult to be desorbed. 312 
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 313 

Fig. 5 The pH of the 99mTc solution on each Al2O3 specimen 314 

The amount of Mo desorbed correlates with the pH results of the 99mTc solution 315 

described above. Specifically, the larger is the amount of Mo desorbed in the 99mTc 316 

solution, the lower is the pH of the solution. It is assumed that Mo separated from the 317 

Al2O3 column is desorbed as Mo7O24
6− in a small amount of slightly acidic saline added 318 

by milking. Here, it is reported that when the Mo concentration in the Mo solution is low 319 

(< 10−3), molybdate ions exist as MoO4
2− [20]. Therefore, Mo adsorbed on the Al2O3 is 320 

desorbed as Mo7O24
6−, and the reaction shifts to the right side according to the 321 

equilibrium in Eq. (1) in the 99mTc solution. Thus, it is assumed that Mo7O24
6− dissociates 322 

into MoO4
2−, and the pH of the solution becomes acidic. 323 

To meet the radiopharmaceutical standards for both the 99Mo/99mTc ratio and pH, it is 324 

essential to prevent 99Mo-desorption from Al2O3. In Fig. 6, it is shown that although an 325 

increase in the 99Mo/99mTc ratio decreases with an increase in the amount of eluent, it 326 

increases almost linearly under the test conditions up to 19 mL of milking. In the static 327 

adsorption method used in this test, during which Al2O3 is immersed in the Mo solution, 328 

molybdate ions are uniformly adsorbed on the entire Al2O3. Because molybdate ions on 329 

Al2O3 are adsorbed by physical adsorption, which has a relatively weak adsorptive power, 330 
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it is assumed that desorption of molybdate ions at the bottom of the column is 331 

unavoidable when flowing saline. 332 

Therefore, to use these Al2O3 specimens in a generator, reducing the amount of 333 

desorbed Mo is necessary. 334 

 335 

Fig. 6 99Mo-desorption properties of each Al2O3 specimen, (a) Day 1, (b) Day 2, (c) 336 
Day 3 337 
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Conclusions 338 

To realize 99Mo production by the activation method, we developed three types of 339 

Al2O3 specimens with different initial materials as Mo adsorbents and investigated 99Mo-340 

adsorption/99mTc-elution properties using neutron-irradiated MoO3. Because of the 99Mo-341 

adsorption properties test in which the pH of the [99Mo]Mo solution was changed, it was 342 

revealed that the Mo-adsorption capacity of Al2O3 increased when the acid concentration 343 

increased in the solution. The [99Mo]molybdate species adsorbed on Al2O3 was assumed 344 

to be [99Mo]MoO4
2−, and it was concluded that the [99Mo]Mo solution of pH 4 is suitable 345 

for adsorbing Mo on Al2O3. It was found the Mo-adsorption capacity and Mo-desorption 346 

properties of Al2O3 strongly depend on the specific surface of that. In addition, it is 347 

presumed a large amount of Mo-desorption causes an increase in the acid concentration 348 

of the 99mTc solution. The 99mTc-elution properties are considered to be influenced by the 349 

crystal structure of Al2O3 and it was particularly suggested the crystal structure of χ-350 

Al2O3 was difficult to elute 99mTc. Therefore, it was concluded that improvement of 351 

specific surface and crystal structure is effective as factors for enhancing the properties of 352 

Al2O3. This result is useful for the development of Al2O3 with improved properties for 353 

application to 99Mo/99mTc generators using (n, γ)99Mo. 354 
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Supplementary information 415 

 416 

Fig. S1 The γ-ray spectrum of the [99Mo]Mo solution and the peak (739.469 keV) used 417 
for the activity calculation of 99Mo 418 

 419 
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 420 

Fig. S2 The γ-ray spectrum of the 99mTc solution and peak (140.509 keV) used for 421 
activity calculation of 99mTc 422 

 423 
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