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Abstract 

 
About 5 g of thoria pellet extracted from the thoria bundle irradiated to 508 full power days in 

PHWR at KAPS and cooled for about 4.5 years was dissolved in 25 mL of 13 M HNO3 

containing 0.03 M HF and 0.1 M Al(NO3)3  under reflux condition in a shielded glove box. 

Thorium concentration and acidity of the dissolved solution was adjusted to ~97 g/L and 4M 

HNO3, suitable for solvent extraction studies. The feed solution had a uranium concentration of 

1.36 g/L and gross gamma activity of ~6 Ci/L. Liquid-liquid extraction experiments were carried 

out in batch with this feed using 3% TBP in n-dodecane as extractant. The uranium product 

solution obtained from the solvent extraction was further purified by ion-exchange method using 

cation exchange resin Dowex 50×4. Fission product activity and the isotopic composition of the 

final recovered product were measured. The uranium product had an overall decontamination 

factor of 104 and 2 × 104 with respect to thorium and fission product activity respectively. A part 

of the solution was monitored for dose build-up due to the growth of the decay products of 232U 

which is a vital input for designing the shielding of a 233U separation facility. 
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1. Introduction 
 

Future of the Indian nuclear energy program is depends on the efficient utilization of the 

abundant thorium resources. A prerequisite for the early introduction of thorium into the fuel 

cycle is to generate the much needed fissile inventory at a fast pace. The design of the three-stage 

Indian nuclear energy programme is the outcome of this realization. Side by side with the 

generation of fissile inventory, development of thorium based fuel reprocessing and recycling 

technology is being taken up actively to meet the challenges offered by this cycle (1).   

  

Current experience in the domain of reprocessing of irradiated thoria is mainly from the 

233U recovery campaigns of irradiated rods from the J annulus of CIRUS (2). These rods 

contained low amounts of 233U and small quantities of fission products. The 232U content was 

also very low. Contrary to this, the thoria rods irradiated in the PHWR core during the initial flux 

flattening contain larger amounts of 233U and significant amounts of fission products. Because of 

the higher irradiation level, they contain a much larger concentration of 232U. The radiation 

problems associated with the handling of 233U product containing a few hundred ppm of 232U can 

be studied using this product which will be a vital input for the design of the process facility.  

 



In present investigation separation and purification of uranium from thoria, irradiated in 

PHWR (508 full power days in KAPS and cooled for about 4.5 years) is reported using the 

techniques like solvent extraction and ion exchange. Dose build-up due to the growth of the 

decay products of 232U has also been followed for 23 months which is a vital input for the 

shielding design of a 233U separation facility. 

 
2. Experimental 
 
Reagents 

Analytical Reagent grade tri-n- butylphosphate (TBP) and n-dodecane were obtained 

from Fluka, Germany. 3% TBP(v/v) was prepared by suitable dilution with n-dodecane. 

Other chemicals used were of Analytical Reagent grade. 

Irradiated thoria pellet was supplied by Post Irradiation Examination Division, BARC.   

Procedure 

Block diagram of the steps involved in the experiment is shown in Fig.1. All experiments 

were performed in the glove box provided with shielding with lead bricks inside and lead glass 

outside for controlling the radiation exposure to the working personnel. About 5 g of irradiated 

thoria pellet was dissolved in 13 M HNO3 + 0.03 M HF + 0.1 M Al(NO3)3. The dissolution was 

completed in about 24 hrs. 10 mL of this solution was withdrawn for the present investigations 

and diluted  suitably  to 20 mL so as to get a feed solution containing thorium concentration of 

approximately 100 g/L and acidity of about 4 M HNO3. Liquid-liquid extractions with the 

resultant solution were carried out using semi-remote techniques under lead shielding. 

Equilibration was carried out in a conical flask fitted with two teflon capillary tubes one at a 

predetermined height  to separate out organic phase after equilibration and the other for 

admitting air. 20 mL each of feed solution and organic solvent were transferred to the 



equilibration flask.   Extraction was carried out by vigorously stirring a magnetic stirrer system 

for 20 min. After equilibration, two phases were allowed to settle for 10 minutes. The organic 

phase was removed from the conical flask by admitting air into the set up through the capillary 

tube provided for the purpose. Extraction was repeated giving three more contacts of 20 mL with 

fresh organic solution. The organic phases removed from the equilibration flask at every step 

were collected together in a separating funnel. The loaded organic phase was scrubbed by 

contacting it with 24 mL of 4 M HNO3 solution. Stripping of uranium from the loaded organic 

phase was carried out by giving three contacts of 40 mL of 0.01 M nitric acid at each step and 

the resultant aqueous solution was collected together is a beaker. The resultant solution in the 

beaker was evaporated and adjusted to 10 mL volume at 0.5 M HNO3. Further decontamination 

of uranium from thorium was obtained by passing this solution through a cation exchanger, 

Dowex 50×4, 50-100 mesh size. A glass column (0.5 × 10 cm) containing 0.3 gram resin was 

used. The column was conditioned with 0.5 M HNO3 before passing feed solution. After loading, 

the column was washed with 0.5 M HNO3. The flow rates during loading and  washings were 

maintained at 4 mL/ hour.  

The effluent solution and washings were collected together and evaporated to 10 mL. A 

part of this solution (5 mL) was sealed in a glass vial for dose measurement and the remaining 

solution was used for the assay of various constituents in the sample. 

 
Analytical 

Samples collected at each stage were analysed for thorium, uranium and fission products 

content. Thorium analysis was carried out using spectrophotometric method by measuring 

optical density due to thorium-thoron complex at 545 nm (3). Uranium and fission products were 



analysed by radiometry. The radiation levels of the solutions at every stage of the separation 

process were measured using Automess 6150 AD5 teledetector system. 

 
3. Results and discussion 
 

Fig. 2 shows the radiation profile of the solutions at different steps of experimental 

operation. From the radiation protection point of view, initial two steps of this separation process 

were of concern, viz. dissolution of irradiated thoria-pellets into aqueous solution and then four 

contacts of liquid-liquid extraction of uranium. In the solvent extraction step most of the gamma 

emitting radionuclides other than uranium (fission and daughter product elements) remained in 

the raffinate solution and was isolated from the work place in a sealed container.  As seen   in 

Fig. 2, about 89% of the initial gamma activity was remained in the raffinate of the solvent 

extraction process. The scrub operation was found to help in further decontamination of loaded 

organic phase from the radio nuclides. This step also reduced about 30% of radiation level of 

loaded organic phase. During stripping, lean organic retained about 85% of the gamma activity 

whereas 15% followed the product stream. In ion exchange purification step, more than 98% of 

the  activity was eliminated from the uranium solution. 

 
Liquid-liquid extraction 
 

The results obtained in the overall separation process are illustrated in Table 1. To ensure 

quantitative recovery of uranium into the organic phase extraction was carried out by giving four 

contacts to the same feed solution. In the first stage of extraction, 14.74 mg of uranium was 

loaded into the organic phase with a distribution ratio for uranium, DU = 3 and percentage 

extraction (EU) was about 76%. After four stages of extraction, recovery of uranium was > 99% 



with decontamination factor of 11 and 1.2 × 103 with respect to thorium and fission products 

respectively. 

To minimize the losses of uranium, only one step of scrubbing was given at an organic to 

aqueous phase ratio of 3:1 using 4 M HNO3. In this step, the uranium losses were ~8% and the 

decontamination factors from thorium and fission products were 86 and 14 respectively. For 

complete recovery of uranium from the organic phase, three-stage stripping at an organic to 

aqueous volume ratio of 1:2 was carried out. The cumulative percentage of uranium stripped 

were, 81%, 93% and 99% for first, second and third stages of stripping respectively. 

 
Ion exchange purification 
 

Uranium product obtained after solvent extraction step contained ~17.9 mg of uranium, 

2.4 mg of thorium and 107 µCi gamma activity. Final separation of uranium from thorium can be 

achieved by both anion exchange (4) as well as cation exchange processes (5). Anion exchange 

process, suffers from the drawback of using corrosive hydrochloric acid medium (~7 M) and 

poor decontamination from iron whereas low nitric acid feed conditions are used in cation-

exchange process. Since the product from solvent extraction cycle is in low nitric acid solutions, 

cation-exchange process is advantageous. By suitable selection of resin cross-linkage (6) and 

nitric acid concentration (0.1 to 0.5M), thorium is preferentially held in the column leaving 

uranium in the effluent. In the present experiment, the final purification of uranium was carried 

out by cation-exchange process.  The acidity of the feed solution was adjusted to 0.5 M HNO3.  

Loading of the column was followed by washing using 10 bed volume of 0.5 M HNO3. The 

effluent and the washing together accounted for 17.44 mg of uranium that contained ~0.2 mg of 

thorium and 5.4 µCi of total gamma activity giving a decontamination factor of 12 and 20 with 

respect to thorium and fission products respectively. As the column was not washed with higher 



acidity to minimize the thorium contamination in the product, loss of about 2% was observed 

during this step. 

Table 3 presents the isotopic composition of the purified uranium product by Thermal 

Ionisation Mass Spectrometer, which shows higher 232U and other isotopes present in 233U as 

compared to the 233U product obtained from research reactor irradiated thoria. Table 4 gives the 

fission product activity associated with uranium product before and after the separation process. 

It shows very good decontamination of the purified product with respect to majority of the 

fission products. 

 
Decay pattern of uranium product  
 

Fig. 3 shows the activity build up of purified uranium product (~8 mg in 5 mL solution). 

This is the contact dose measured by Automess 6150 AD5 teledetector system for a period about 

2 years due to the growth of 232U decay products. With aging, a linear increase in the contact 

dose was observed because of the growth of the daughter products of 232U. After 23 months the 

dose increased is more than 86 times of its original value. 

 
4. Conclusion 
 

Scheme of separation and purification of uranium from irradiated thoria gave uranium 

product with decontamination factor of 104 and 2 × 104 with respect to thorium and fission 

product activity respectively. The dose build up was measured in the uranium product solution 

for 23 months which showed 86 times increase in the dose due to the growth of the decay 

products of U232. These informations will be a vital input to develop recovery process for 233U 

from thoria irradiated in PHWRs and to design the shielding requirements for the process 

equipments. 
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Table 1 

 
Mass distribution of Th, U and fission products at different stages of  

solvent extraction process 
 

STEP PHASE [Th] [U]  β γ 
                     Mg mg µCi µCi 
      

FEED Aqueous 1987.7 19.53 349 × 103 128 × 103 
      

EXTRACTION      
I   Contact Aqueous 1928.8 4.79 347.6 × 103 127.6 × 103 

              Organic 195.5 14.84 8.2 7.6 
II  Contact Aqueous 1894.4 1.58 345.4 × 103 125.6 × 103 

               Organic 182.1 3.52 16.2 9.6 
III Contact Aqueous 1862.2 0.53 346.2 × 103 124.4 × 103 

                Organic 185.3 1.08 36.4 18.4 
IV Contact Aqueous 1837.4 0.23 346.4 × 103 126.2 × 103 

                 Organic 128.7 0.32 18 18.2 
Combine      
organic    Organic 171.3 19.62 94.4 62.4 

      
SCRUB Aqueous 168.5 1.61 1.6 × 103 596.6 

               Organic 2.1 18.12 1.7 4.3 
      

STRIP      
I   Contact Aqueous 2 14.68 24.4 56.8 

                 Organic  < 0.2 3.51 < 0.01  < 0.01  
II  Contact Aqueous 0.2 2.11 0.4 < 0.01  

                Organic < 0.2 1.43 < 0.01   < 0.01  
III Contact Aqueous < 0.2 1.15 0.2 < 0.01 

                Organic < 0.2  0.03 < 0.01  < 0.01 
      

STRIPPED      
PRODUCT  Aqueous 2.4 17.88 66 106.8 

      
IX PRODUCT  Aqueous 0.2 17.47 4.8 5.4 

  



 
 
 
 
 
 

Table 2 
 

Isotopic composition of uranium product obtained by mass spectrometric results 
 

Mass Atom percent Weight percent 
232 0.049065 0.048798 
233 86.03436 85.9344 
234 9.807745 9.83471 
235 1.013184 1.020709 
236 0.104798 0.106027 
238 2.990847 3.051596 

 



Table 3 
Radio assay of feed and product uranium 

 
Constituent Per g of U (Feed) 

mCi 
Per g of U (Product) 

mCi 
Gross  α 57.5  37.66 

Gross β∗ 12332  0.27 

Gross γ 4403  0.31 
106Ru-106Rh 62.452  BD 

125Sb 95.695  BD 
134Cs 357.953  BD 
137Cs 2347  0.06 

144Ce-144Pr 668.753  BD 
154Eu 25.66  BD 
155Eu 10.015  BD 
208Tl 4.242  <0.01 

228Th** 7.650  BD 

                   *   Based on 137Cs efficiency 
                   ** From alpha spectrum analysis  
                   BD- Below detection limit 
                    
       



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Block diagram of the process for the separation of 233U from thoria pallet irradiated in PHWR 
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Fig.2  Radiation profile at different stages of the separation process 
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Fig. 3 Radiation built up in the product 233U in 23 months of storage 
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