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ABSTRACT 

Currently, nearly all of the world's supply of "MO is produced fiom the fissioning of 2 3 5 ~  in targets of 
high-enriched uranium (HEU). Conversion of these targets to low-enriched uranium (LEU) would 
ease worldwide concern over the use and transport of this weapons-grade material. This paper reviews 
three projects: 1) the ongoing conversion of BATAN's 9 9 ~ o  production process fiom HEU oxide 
targets (Cintichem processing) to LEU foil targets (Cintichem processing), 2) demonstration of LEU 
foil targets and base-side processing in CNEA's facility, and 3) the evaluation of two inorganic 
Thermoxid sorbents for Mo recovery and purification in acidic U-bearing solutions. 

1. Introduction 

The overall goal of our program is to minimize, and ultimately eliminate the use of HEU in the 
production of 9 9 ~ 0  for 9 9 m ~ c  medical isotope generators. The role of ANL in that goal is to 
provide technical support needed by the producers for conversion to LEU in 9 9 ~ o  production. 
For current producers, this usually involves minimizing the negative effects of conversion on 
productivity and economic feasibility. For potential producers, it involves training, evaluating 
process options, and transferring technology. 

2. Progress in the Conversion of the BATAN (Indonesia) Process 

Several demonstrations of the LEU foil target Modified Cintichem process have been carried out 
in BATAN's Serpong 9 9 ~ o  production facility since 1995 [ 1-61. These demonstrations have 
been done using the same facility, and generally with the same equipment as BATAN's current 
HEU process. The aim of these demonstrations was to show that the LEU process produced 
9 9 ~ o  with sufficient yield and purity. The most recent 111-scale demonstration was performed 
in May 2005, in which an LEU foil target was irradiated, disassembled and dissolved, and 9 9 ~ o  
was recovered and purified from the dissolved target. 

BATAN and BATAN Technology will convert their 9 9 ~ 0  production fiom HEU oxide targets to 
LEU foil targets during the next year. This conversion must be accomplished with minimum 
effect on reliability, productivity, yield, and purity of product. Ideally, the existing equipment 
and procedures should be used in the LEU process. Current work is focused on demonstrating 
the entire LEU process in the BATAN production facility. 



A. Target 
Because the 9 9 ~ o  is produced from fission of 2 3 S ~ ,  nearly five times as much LEU ( 20% 
235~/total U) is needed as HEU (generally >90% 23S~/total U) to contain the same amount of 
2 3 5 ~ ,  and to yield an equivalent amount of 9 9 ~ o  product. In order to minimize the negative 
impact of conversion, it is necessary to irradiate the LEU target in the same reactor position as 
the HEU target. A novel target design was required to fit this larger amount of uranium into the 
same irradiation position. Due to high uranium-density and excellent heat transfer properties of 
uranium metal, a uranium foil target was designed at ANL to fit on the same irradiation as the 
HEU oxide target [7, 81. 

B. Target disassembly/dissolution 
The target currently in use at BATAN is a stainless steel tube with HEU oxide coated on the 
inside. The irradiated oxide is dissolved directly from the target. This dissolution of the oxide is 
a relatively slow step in the process, taking around two hours. In order to minimize the negative 
impact of conversion to LEU targets, the total dissolution time must be less than or equal to two 
hours. An irradiated LEU foil target must be disassembled to separate the LEU foil (and the 
attached Ni fission barrier) from the bulk of the target. The disassembly of the irradiated target 
is facilitated by the use of a cutting machine (Figure 1) designed and fabricated for the purpose. 
The disassembly takes 30-60 minutes, and will decrease with operational experience. AAer 
disassembly, the foil (Figure 1) is placed in a vessel and dissolved in nitric acid. The dissolution 
of the LEU foil (and the attached Ni fission barrier has been shown to be complete in less than 
30 minutes [9]. The disassembly and dissolution of the LEU foil target can be done in less than 
the two hours needed to dissolve the HEU oxide target; and, therefore, imposes no time penalty 
during the dissolution step. 

C. 9 9 ~ o  recovery and purification 
The compositions of the dissolver and product solutions from the May 2005 demonstration are 
shown in Table 1. The recovery measured during the May 2005 demonstration was 86%; similar 
to the recoveries seen in the HEU process, and those seen in earlier demonstrations. The purity 
of the product 9 9 ~ o  was well within established guidelines. These results show that the recovery 
and purity of the 9 9 ~ o  product from the LEU foil (modified Cintichem) process used during this 
demonstration are acceptable for production operations. 

Table 1. Composition of the product solution from the May 2005 demonstration. 

Product impurity, 
Isotope CiICi "MO 

77.5 Ci 
"Mo activity (86% recovery) 

1 3 3 ~  < 8 ~ - 0 7  
1351 <2E-06 

l U 3 ~ u  8E-07 

.140~a( '40~a)  2E-06 
1 3 2 ~ e  9.E-08 

Z3b~ <5E-06 



Figure 1. Photographs of a target cut with a 
customdesigned cutter (right) and of the target 
after being disassembled (above). Two foils 
(and the attached fission barriers) are shown in 
the foreground. Note that the left side of the 
inner tube was anodized and the right side was 
not anodized. The foils were easily removed 
from both sides, showing that anodization is not 
necessary. 

D. Summary of BATAN work 
The results of the May 2005 demonstration at BATAN's PUSPIPTEK facility shows that their 
conversion fi-om HEU oxide targets to LEU foil targets can be accomplished with no negative 
impact on the processing time, recovery, or purity of the 9 9 ~ o  product. Further work with 
BATAN will demonstrate the recovery and purity of the 9 9 m ~ c  generator product derived fi-om 
LEU-generated 9 9 ~ 0 .  

3. CNEA (Argentina) - Demonstration of LEU Foil Targets in a Base-Side Process 

CNEA is a commercial producer of 9 9 ~ o ,  and is the first producer to convert to LEU targets, 
using their LEU dispersion plate targets [lo]. CNEA's interest in LEU foil targets is as a means 
for future increases in their production capacity. The demonstration of the LEU foilhase-side 
process by CNEA will give several major producers (IRE-Belgium, Mallinkrodt- 
NetherlandsINECSA-South A£iica) important data and technology demonstrations to use in their 
planned conversions. A demonstration in the CNEA facility was planned for 2005, however, 
delays due to other commitments and regulatory approval prevented its completion. The delay 
has given us time to test and improve the equipment and procedures to be used. The issues 
leading to the previous delays have been cleared and the demonstration will be done in the first 
quarter of 2006. 

A. Target digestion 
The target and the target disassembly procedure are essentially the same as used in Indonesia, 
however, the digestion process is different. The uranium foil is digested in base (0.5 M NaOH) 
in the presence of KMn04 (oxidant) at 285OC and 90 bar (1400 psi) to convert U metal to UOs. 
The details of the digestion have been published previously [l 1, 121. 



B. Mo recovery and purification 
The process equipment has been previously described, and consists of a sealed digester, and a 
processing module (Figure 2). This processing module contains means for filtering the digestion 
solution, tanks for storing solutions, a sorbent column for purification and recovery, and a flow 
meter for controlling flow through the column. Liquids are moved through the system by 
vacuum and are directed by a series of valves. The equipment and procedures for target 
disassembly, foil recovery, foil dissolution, recovery and purification of product have been 
extensively tested and documented in anticipation of a full-scale demonstration early in 2006. 

Figure 2. Photograph of processing equipment for use in the CNEA hot cell facility 

4. Sorbent Development 

The typical sorbent for recovering Mo from acidic solution is alumina. If alumina were used for 
LEU-target processing, then the total uranium needed, relative to an HEU target would require 
more sorbent in larger process columns, and would generate a larger volume of 9 9 ~ o  product 
solution. These changes would negatively impact the 9 9 ~ o  production by increasing the 
processing time and the amount of liquid waste generated. To minimize these negative effects, 
we are currently evaluating potential new sorbents, to recover Mo from high concentrations of 
uranium in acidic nitrate media. If the sorbents are found to recover molybdenum more 
efficiently than the commonly used alumina, then LEU could be substituted for HEU without the 
penalties of larger columns and larger solution volumes. 

A. Experimental 
Materials. 9 9 ~ o  was obtained by stripping a 9 9 m ~ c  generator (Bristol-Myers Squibb, North 
Billerica, MA) with 1.0 M NH40H, bringing the eluate to dryness and redissolving in 0.1 M 
HN03. 2 3 3 ~  was obtained from Argonne National Laboratory stocks and was purified on an AG 
MP-1 column by eluting its daughters with 5 M HCl and subsequently stripping 2 3 3 ~  with 0.1 M 
HCl. The 2 3 3 ~  solution was brought to dryness and taken up in concentrated nitric acid (repeated 
twice) to convert the U(V1) into its nitrato form. Depleted U02(N03)2'6H20 was obtained from 
ANL's stocks and used without further purification. The Thermoxid sorbents, Radsorb and 
Isosorb, are available spherical solids of approximately 0.4-1.0 mrn in diameter (20-40 mesh) 
and were used as received from TCI (Albuquerque, NM). The alumina was obtained as Acid 



Alumina AG4, 100-200 mesh (Bio-Rad Laboratories) and was used as received. All other 
reagents were analytical grade and were used without further purification. 

Methods. Batch uptake measurements. The sorption of metal ions by the inorganic ion- 
exchange sorbents from aqueous solutions was measured by equilibrating a 1 mL volume of a 
tracer-spiked aqueous solution of appropriate concentration with a known weight of sorbent 
following procedures described previously [13-151. A one-hour mixing time was used for the 
uptake equilibrium measurements. After equilibration, the solution was withdrawn and filtered 
using a syringe fitted with a 0.2 pm pore size, Anotop 25 Inorganic Membrane Filter (Whatrnan 
Scientific). Blank experiments indicate that the filter does not uptake 9 9 ~ 0 .  Duplicate 
experiments indicate that the reproducibility of the measurements was generally within 5%; 
however, the uncertainty interval may be higher for the~highest and lowest Kd values. Good 
mass balance was observed for all experiments. 

Counting of aqueous samples was performed on a Minaxi Autogamma counter (gamma emitters) 
or a Packard model liquid scintillation counter. 9 9 ~ o  was quantified by measurement of its 739 
KeV and 778 KeV y-rays. The activity of 9 9 ~ o  in each sample was corrected for decay. 2 3 3 ~  

was quantified by measuring it's a emission by liquid scintillation counting. 

The extent of radionuclide uptake was expressed in terms of a distribution .coefficient, Kd, 
defined as follows: 

Here, A, and As represent the aqueous phase activity (cpm) before and after equilibration, 
respectively; W is the dry weight of the sorbent (g) and V is the volume of the aqueous phase 
(mL). The amount of sorbent used was generally kept at 10 (* 1) mg in order to leave a 
measurable activity in the aqueous phase, this amount of sorbent represents a large excess 
relative to the amount of radionuclide present. 

Uptake kinetics measurements. The rate of radionuclide uptake on the sorbents was measured by 
equilibrating a series of equal weight (10 k 1 mg) samples of sorbents with a tracer-spiked 
aqueous solution, as described previously [16]. Time zero was taken as the time at which a 
known volume of the tracer-spiked solution was introduced into the vials containing the sorbent 
and stirring commenced. At various time intervals, the aqueous phase was withdrawn fiom a test 
tube (thus establishing tsnal) and filtered. 

B. Results and Discussion 
Kinetics of molybdenum uptake by the Thermoxid sorbents. Figure 3 depicts the kinetics of 
uptake of trace levels of 9 9 ~ 0  by the Radsorb and Isosorb sorbents fiom 0.1 M HN03 solution. 
In both cases the equilibrium sorption achieved within 60 minutes is far greater than the 
minimum required for satisfactory performance in a packed column. To yield a suitable 
retention in a column mode, a Kd of only few hundred is required, therefore a satisfactory uptake 
in both cases is achieved in only 15 minutes. In considering these results, it must be noted that 
the uncertainty associated with very large values of Kd can be considerable (unlike 
measurements at modest (-100) values for which a 5-10% uncertainty is typical) because, due to 
high uptake, distinguishing As from the background count rate is difficult. For this reason it is 



difficult to state indisputably that the & values observed at t = 6 h are significantly greater or 
lower than those seen at 1 h. 
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Figure 3. Kinetic of uptake of 9 9 ~ o  from 0.1 M HN03 solutions by the Thermoxid sorbents. 

Evaluation of the Thermoxid sorbents for 9 9 ~ o / ' ? 3 3 ~  separation. Figure 4 depicts the uptake of 
trace levels of 9 9 ~ o  and 2 3 3 ~  by the Radsorb and Isosorb sorbents from nitric acid solutions. As 
shown in Figure 2, the retention of 9 9 ~ o  by both sorbents is very high over the entire range of 
nitic acid concentrations examined. In contrast retention of 2 3 3 ~  is comparatively low, the & 
<20 over entire range of nitric acid concentrations examined generally implies very low retention 
in the column chromatographic mode. The resulting Mo/U separation factor of = 1000 should 
give excellent Mo separation from U in a packed column. Based on the 9 9 ~ o  & measurements 
under these solution conditions, no breakthrough of Mo in a packed column is expected at the 
range over the aqueous phase nitric acid concentrations investigated. 

Evaluation of the Thermoxid sorbents for 9 9 ~ o  separation from uranium solutions. As discussed 
above, one of the major challenges of substituting LEU for HEU targets is the up-to fivefold 
increase in the amount of uranium needed to produce an equivalent amount of 9 9 ~ o ,  which poses 
a challenge of producing greater volumes of process solution and generating larger amounts of 
radioactive waste. In order to minimize the increases to volumes of process and waste solutions 
we are developing a process for the separation of Mo from concentrated uranium solutions. 
Figure 5 depicts the uptake of trace levels of 9 9 ~ o  by the Radsorb and Isosorb materials and 
alumina from 1 M HN03 solutions of variable uranium content. As shown in Figure 5, both 
Thermoxid sorbents show a high retention of 9 9 ~ 0  up to uranium concentrations of 310 glL. 
Based on these & measurements, molybdenum should be efficiently separated on a packed 
column from solutions containing up to 3 10 glL uranium in 1 M HN03. These results contrast 
the uptake values of "MO for alumina. Retention of 9 9 ~ o  by alumina from uranium solutions is 
significantly lower than that observed for Thermoxid sorbents. The & values of <50 over the 
entire range of uranium concentrations imply low uptake of 9 9 ~ o  and may be inadequate for 
process operations. Therefore, the Thermoxid sorbents are preferable for the separation of Mo 
from nitic acid uranium solutions. 
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Figure 4. Effect of increasing nitric acid concentrations on the uptake of 9 9 ~ o  and 2 3 3 ~  by the 
Thermoxid sorbents. 

Figure 5. Effect of varying uranium concentrations on the uptake of trace levels 
M HN03 by the Thermoxid sorbents and alumina. 

of 9 9 ~ 0  from 1 

9 9 ~ o  Column Breakthrough Study. The uptake behavior of molybdenum on a column (12 mL 
bed volume) packed with the Radsorb sorbent from 1 M HN03 solutions containing high 
concentrations of uranium was investigated. The column breakthrough study is very 
encouraging, as the Mo is completely retained by the column. After passin 900 mL of 3 10 g/L 

9F of uranium solution, containing 150 ppm of stable Mo and tracer levels of Mo at a flow rate of 



1 mLIminute, no breakthrough of 9 9 ~ 0  is observed as indicated by the absence of measurable 
activity above that expected for depleted uranium. These results are consistent with the values of 
& reported above and suggest the superior performance of the Thermbxid sorbents for 
separation of Mo from nitric acid solutions containing macroquantities of uranium. 

Recovery of 9 9 ~ o .  Earlier distribution coefficients measurements indicate that 9 9 ~ 0  is poorly 
sorbed from NaOH solutions (0.01M-2M) by the Thermoxid sorbents. In fact, the & values 
observed in this study are not reported here due to large uncertainty associated with very low Kd 
measurements and the difficulty of distinguishing between the high A, and A,, values. We 
demonstrated here, as shown in Figure 6, that Mo is efficiently recovered from a Radsorb packed 
column (1 mL bed volume) with a 1 M sodium hydroxide solution, following the separation of 
Mo from 310 g/L uranium solution in 1 M HN03. Only seven bed volumes are required to strip 
the molybdenum from the column. 

50001 0  * 
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Bed Volume 
Figure 6. Elution of 9 9 ~ 0  with 1 M NaOH from a column (1 mL bed volume) packed with 
Radsorb resin. 

C. Conclusions 
The results presented here demonstrate that the Thermoxid sorbents, Radsorb and Isosorb, can 
provide efficient separation of molybdenum from concentrated uranium solutions. The observed 
& values also suggest that these materials can separate Mo from concentrated U solutions more 
effectively than alumina. Purification of 9 9 ~ o  using these sorbents could permit shorter process 
times and smaller elution and waste volumes than conventional alumina columns used for HEU 
targets. 
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