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Radioactive Waste Issues Related to Production of   
Fission-based 99Mo by using Low Enriched Uranium (LEU)

저농축 우라늄을 사용하는 핵분열 몰리브덴-99 생산에 관련된 방사성 폐기물 
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Technetium-99m (99mTc) is an important, short-lived decay product of molybdenum-99 (99Mo), and it is considered the 
backbone of the modern nuclear diagnostic procedures. Since fission of 235U is the main source of production of 99Mo, either 
highly-enriched uranium (HEU) targets or low-enriched uranium (LEU) targets are irradiated in the research reactors. The 
use of LEU targets is being promoted by the international community to avoid the proliferation issues linked with the use 
of HEU. In order to define the waste management strategy at the planning stage of establishment of an LEU based 99Mo 
production facility, the impact of the use of LEU targets on the radioactive waste stream of the 99Mo production facility was 
analyzed. Because the volume of uranium waste is estimated to increase six times, the use of high uranium density targets 
and the utilization of hot isostatic pressing were recommended to reduce the increased waste volume from the use of LEU 
based targets.
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1. Introduction

Molybdenum-99 (99Mo) is an important radioisotope 
with a half-life of approximately 66 h. It decays to tech-
netium-99m (99mTc) which has a life of approximately 6 h 
[1] and it is this radioisotope that forms the backbone of 
modern nuclear diagnostic procedures. The decay scheme 
of 99Mo to 99mTc is shown in Fig. 1[2].

In order to produce fission-based 99Mo from research 
reactors, two types of targets have been developed and ir-
radiated, such as highly-enriched uranium (HEU) targets 
with 235U enrichments more than 90wt% of 235U and low-
enriched uranium (LEU) targets with 235U enrichments less 
than 20wt% of 235U [3]. It is worth noting that medium-
enriched uranium i.e., 36wt% of 235U, as being used in 
South Africa, is also regarded as non-LEU from a nuclear 

security point of view. The production yield of 99Mo from 
these aforementioned targets is not comparable. LEU tar-
gets have a 99Mo yield of only 20% of the HEU targets. 
However, the increased use of HEU has proliferation issues 
and can be a potential security risk. Therefore, international 
nuclear security policy is promoting the use of LEU targets 
in order to minimize the civilian use of HEU [4].

In order to fulfill the increasing demand of 99Mo by us-
ing LEU targets, approximately five times more LEU tar-
gets need to be irradiated than HEU targets which will ulti-
mately increase the volume of radioactive waste. The use of 
LEU targets may increase the quantity of TRUs (Pu) in the 
uranium containing solid waste and will make the handling 
of those more complex [5].

In this study, we discuss and compare mainly the radio-
active waste generated by alkaline digestion of both HEU 
and LEU targets in order to better assist in the planning for 
proper handling and disposal of generated waste.

2. Types of the Radioactive Waste

The radioactive waste generated from fission-based 
99Mo production can be due to: target fabrication, assem-
bling of target, irradiation in reactor and processing of ir-
radiated targets [6]. During the fission of 235U in a reactor, a 
large number of radionuclides with different chemical and 
physical properties is formed [7]. After irradiation, the ir-Fig. 1. Decay scheme of 99Mo and 99mTc.

1.357

γ-740 keV
12.3% γ-778 keV

4.30%

γ-181 keV
6.140% γ-141 keV

89%

β-1.214 MeV
82.2%

0.921

0.181

0.143
0.141

0.0

99Mo (65.976 h)

99Tc (2.1E5 a)

99mTc (6.007 h)

0.141

0.0

몰리브덴-99의 붕괴에 의해 생산되는 테크네튬-99m 은 방사선 진단에 중요한 역할을 담당하고 있다. 몰리브덴-99 는 주로 

우라늄-235의 핵분열에 의해 생산되고 있으며, 이를 위해 고농축 우라늄 표적 또는 저농축 우라늄 표적이 연구로에서 조사

된다. 현재는 고농축 우라늄의 사용에 따른 핵확산 문제를 저감하기 위해 저농축 우라늄 표적의 사용이 권장되고 있다. 본 

연구는 몰리브덴-99 생산 시설의 계획 단계에서 방사성 폐기물 관리 전략을 정의하기 위하여 저농축 우라늄의 사용이 방사

성 폐기물의 흐름에 미치는 영향을 분석하였다. 저농축 우라늄 표적 사용 시 우라늄 함유 폐기물의 부피가 6배 이상 증가하

기 때문에 우라늄 고밀도 표적의 사용과 고온 정수압 압축법의 활용이 제안되었다. 

중심단어: 몰리브덴-99, 저농축 우라늄, 표적, 방사성 폐기물
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radiated targets are dissolved to extract the 99Mo. This dis-
solution can either be acidic or alkaline, but for convenient 
storage of solid waste and easy separation of fission gases, 
alkaline dissolution is preferable. A representative equation 
of alkaline dissolution is given below [8]:

Al + 0.0085·U+(0.3814+1.125x)·NaNO3+ (0.6271+0.375x)· 
NaOH+(0.2585-0.75x)·H2O → NaAlO2 + 0.00425·Na2U2O7+
(1-x)0.3814·NH3+ 1.5x·NaNO2   (1)

where the value x, ranging from 0.1 <  x < 0.16,  is 
the fraction of the aluminum dissolved under nitrite for-
mation. Dissolution and purification processes remain the 
main stream of all three types of radwaste (gaseous, liquid 
and solid). The produced solid, liquid, and gaseous waste 
may be a combination of low-level waste (LLW) and inter-
mediate-level waste (ILW). However, no high-level waste 
(HLW) is produced from 99Mo production facilities as it 
does not contain long-lived or alpha-emitting radionuclides 
with activity > 400 Bq/g  and it does not produce  heat > 2 
kW/m3 [9-13]. It is envisioned that large amounts of ra-
dioactive waste will be produced from 99Mo production 
facilities using LEU targets for a large production of 99Mo. 
Handling and treatment of the generated waste is dependent 

on its form and activity. In the case of a large production 
facility, a waste storage facility should be constructed in 
order to limit the radiation exposure of the workers and the 
environment. 

2.1 Gaseous Waste

99Mo production process consists of the following main 
steps (Fig. 2) [14]:

i. Target fabrication
ii. Irradiation of targets
iii. Dissolution of irradiated targets
iv. Separation and purification of final product
v.  Packaging and supply to the end users  

(e.g. medical centers)

Fig. 2. 99Mo production flow diagram (HEU & LEU) [14].
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Table 1. Major off-gases produced during dissolution in curie [6]

Fission Product EOI Half Life
85Kr 1.85 ×10-03 4.48 h
131I 1.37 ×1001 8.02 d

131mXe 2.16 × 10-03 11.93 d
133Xe 9.81 5.24 d

133mXe 7.15 × 10-01 2.19 d
135Xe 3.42 ×1001 9.14 h
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Dissolution of targets remains an important step from 
the point of view of radioactive waste generation. Irradi-
ated 235U targets are loaded into a hot cell where, after sepa-
ration from aluminum and other claddings, 235U plate or foil 
is inserted into a dissolver to separate the 99Mo from other 
fission products. 

During this process, a number of volatile and radioac-
tive gases are produced. The main active gases and their 
activity produced in the dissolver for LEU targets contain-
ing 16 g uranium, 235U contents = 3.2 g and irradiated for 
a time of 12 h in neutron flux of 1.33×1014 n cm-2s-1 along 
with their half-lives are given in Table 1[6].

Activity and volume of the produced gases depends on 
the cooling time of the targets. In current practices, the off-
gases are stored in especially designed/shielded delay/decay 
cascades and are released into the environment after decay 
as required by the applicable regulations. The off-gases 
handling system of the facility should be sufficient to hold 
certain volumes of these fission gases. The amount of the 
fission gases to be released into the environment is based on 

the regulatory limits set by the licensing authority/regulato-
ry body (e.g., in NUREG-0472, the normal release of 133Xe 
at the boundary of the facility dose rate limits should not 
exceed 500 mrem/year (5 mSv/year) for the total body and 
3000 mrem/year (30 mSv/year) for skin). Stringent moni-
toring arrangements are required in order to avoid any leak-
age of these gases into the processing area or environment. 

Production of radio xenon during the dissolution pro-
cess is of major concern as radio xenon is a signature gas 
of any nuclear test, and its release/leakage from the isotope 
production facility may generate spurious signals for inter-
national monitoring systems (IMS) as can be seen in Fig. 3. 
In order to control this situation CTBTO has recommended 
the release limit for radio xenon as less than 5 GBq/day 
from radioisotope facilities. Different studies have also been 
carried out and found that a maximum release of 5 GBq/day 
can be a safe limit and has no effect on IMS.

Moreover, production of hydrogen during alkaline di-
gestion of target plates can be a safety concern. The accu-
mulation/leakage of hydrogen may cause an explosion and 
may be a source of release of fission product gases into the 
process area.

2.2 Liquid Waste

In both alkaline and acidic dissolution processes, liq-
uids are being used in the dissolver in order to dissolve 

Fig. 3. Mixing of xenon emissions from some medical isotope production 
facilities (circle) with the nuclear test signatures (cross) on the “weap-
ons” side of the Kalinowski Discrimination Line (dashed line) [15].
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Table 2. Liquid waste generated in Mallinckrodt, Netherlands(93% 
enriched HEU UAlx plate targets, 3000 Ci) [16]

Waste Form Volume (liter) Radioisotopes Activity (MBq/ℓ)
ILW 18.7 89Sr 740

90Sr 630
137Cs 6400
103Ru 500
106Ru 46
125Sb 4.6

LLW 12 103Ru 5.040
106Ru 0.4637
125Sb 0.046
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the irradiated targets. In the production of 99Mo, the main 
source of liquid waste arises from the dissolver and filtra-
tion process. The resulting liquid waste may possibly be a 
combination of both LLW & ILW. For technical reasons, 
these two types of waste should be kept separate. Inappro-
priate design of the storage tanks may cause leakage of the 
liquid waste. The storage container material should have 
chemical compatibility with the liquid waste to avoid cor-
rosion and degradation accidents. 

The generation of liquid waste is different for both 
types of fuel targets used for fission based 99Mo production. 
In order to produce the same amount of 99Mo from the LEU 
target, it must contain uranium at ≥5 times the uranium in 
the HEU target. As a result, three to six times more dis-
solver solution will be required [7]. The liquid waste will 
contain almost all the unburned uranium and 239Pu. Accord-
ing to IAEA [7], about 26 times more 239Pu is produced in 
LEU targets than HEU targets with comparable 99Mo yield 
which increases the disposal cost significantly.

2.3 Solid Waste

The main source of solid waste in the 99Mo production 
process consists of filtered uranium and TRU, ion exchange 
resins, and absorber columns. It may also consist of charcoal 
filters, different hot cell filters, valves, pumps, tubes, etc. The 
target design can also be a major contributor (e.g., activated 
aluminum cladding and its cut pieces removed from an an-
nular target etc.). The generated solid waste needs to be cate-
gorized according to activity and its heat contents. Moreover, 
it needs to be segregated as low-level, medium-level and al-
pha-bearing waste for proper treatment and storage/disposal.

3. Discussion

The processing of LEU targets for 99Mo production 
comparable to HEU targets potentially sees an increase 
in the radioactive waste as listed in Table 3 [17]. The pro-

duced waste may include increased uranium waste, spent 
dissolver solution, wipes, and TRU waste. It is reported 
that 180 g of uranium containing waste is produced by dis-
solving LEU targets with 19.75% enrichment of 235U and 
containing total uranium of 93.7 g to produce 545 Ci of 
99Mo [17]. This amount of uranium waste is six times the 
comparable production of 99Mo from HEU targets. 

During the separation of 99Mo from the dissolver so-
lution a larger filter or column bed is required as large 
amounts of dissolver solution is needed to be filtered in the 
case of the use of LEU targets. Also the presence of 26 
times more 239Pu in the waste stream of LEU target process-
ing may have a significant impact on the waste classifica-
tion as well as on its disposal and management cost [17]. 
Although the production yield of 239Pu is very low, the al-
pha activity of 99Mo should be inspected carefully because 
alpha contamination of 99Mo should be minimized for the 
radiation safety of patients. Generally, the alpha contami-
nation limit of 10-7 μCi/mCi of 99Mo is recommended [18]. 

Volume reduction of process waste can be achieved by 
the development of high-density targets, the optimized dis-
solution and extraction processes, and the consolidation of 
waste products. If high density targets with a uranium den-
sity higher than 8 g-U/cm3 are used, the production yield of 
99Mo can be enhanced more than three times theoretically, 
because current LEU targets have a uranium density of 2.6 
g-U/cm3. In order to increase the uranium density of LEU 
targets, high-density uranium alloys should be used as dis-
persion fuel particles for the plate-type targets. New, high-

Table 3. The radioactive waste generation from HEU and LEU targets 
for 99Mo production [17]

HEU targets LEU targets
235U enrichment, % 93 19.75

U-total, g 16.1 93.7
99Mo, Ci (mg) 532 (1.11) 545 (1.13)
total Mo, mg 9.8 10.0

239Pu, mg 0.44 11.8
total α produced, μCi 62 793
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density targets with enhanced production yield which are 
compatible with current digestion technology have been 
under investigation [19, 20]. It is also proven that the selec-
tion of such advanced target designs should have less safety 
issues during the irradiation and the dissolution processes. 
Moreover, the use of volume reduction technologies may 
be considered and applied to treat and reduce the volume 
of produced waste for interim storage or final disposal. For 
example, Synroc technology can be applied to reduce the 
waste volume and immobilize the long-lived intermediate 
level waste by using hot isostatic pressing [21]. For exam-
ple, ANSTO Australia is carrying out detailed engineering 
of a Synroc plant for 5000 ℓ/year intermediate level waste 
from ANSTO 99Mo production facility by utilizing hot iso-
static pressing technology of ceramic waste form[21]. 

In order to ensure the safety in waste management, the 
above-mentioned issues of increased radioactive waste 
production should be considered at the time of planning 
and establishment of a 99Mo production facility. Although 
an increase in the volume of process waste for LEU-based 
production of 99Mo has been reviewed generally in this 
study, waste management procedures, guides, clearance 
levels, interim and permanent storage, and transportation 
arrangements need to be addressed quantitatively before 
the commissioning and operation of such a facility.

4. Conclusions

Radioactive waste management has key importance 
during the planning, development, and commissioning 
phase of a molybdenum production facility. With the use 
of the LEU targets in a 99Mo production facility, significant 
increase in liquid and solid waste is expected. Therefore, it 
is necessary to consider safety issues related to the radioac-
tive waste management in the production of 99Mo via LEU 
targets, with the development and establishment of appro-
priate waste handling, storage, and treatment arrangements 
on or off-site of the 99Mo production. 
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