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1. ABSTRACT 

 
The present paper describes the results of solvent extraction studies carried out in batch as well as 

counter current mode employing 5% TBP in n-dodecane as an extractant to develop a flow-sheet 

for the recovery of uranium and plutonium from dissolved AHWR spent fuel. Simulated feed 

solutions containing thorium, uranium and plutonium in concentration levels expected in dissolver 

feed solutions of AHWR spent fuel was used to collect necessary extraction and stripping data in 

batch mode. Subsequently, the experiments were carried out in counter current mode using 

laboratory scale mixer-settlers.  Based on those data a process flow-sheet was proposed and 

validated using simulated feed solution of reference burn up. Quantitative extraction of uranium 

and plutonium was achieved under experimental conditions leaving bulk of thorium in the 

raffinate. Small co-extracted thorium from the organic phase was scrubbed using 3M HNO3. 

Separation of plutonium from uranium was achieved by chemical reduction employing a mixture 

of hydroxylamine nitrate and hydrazine nitrate in nitric acid as partitioning reagent. Results show 

quantitative partitioning of Pu from U. Decontamination factors of ≥ 10
5
 were observed with 

respect to the fission products usually encountered in reprocessing.  After partitioning, uranium 

from the plutonium lean organic phase was stripped using 0.01M HNO3. Thorium extraction from 

the raffinate solution was carried out employing 30% TBP in n-dodecane based process. The 

validated flow-schemes can be deployed to process the spent fuel from AHWR. 
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2. INTRODUCTION 
 

Advanced Heavy Water Reactor (AHWR) will utilize (Th,Pu)O2 as one of the  fuel  materials (1).  

This reactor has many built-in passive safety features and is designed to extract maximum power 

from thorium. Spent fuel from AHWR is expected to contain ~2 to 4% fissile material viz. 
233

U and 

plutonium. India has vast experience in reprocessing of spent fuel from research as well as 

Pressurized Heavy water Reactors. Fast reactor spent fuel reprocessing is also under development. 

Because of the poor uranium resources in the country, attention is being focused on the utilization 

of abundant thorium (2). In the context of thorium utilization, all-round research and development 

activities are in progress in many laboratories of the country to address fuel cycle issues (3). 

Reprocessing of the spent fuel from AHWR is a challenging task due to the presence of three 

components viz. in-bred uranium, plutonium and  thorium in presence of bulk of highly radioactive 

fission products. No well developed method exists so far in literature for the separation of U, Pu 

and Th from irradiated fuels. Solvent extraction data play a pivotal role in designing flow-schemes 

for the reprocessing of spent fuels. Various solvents viz, TBP, diamides, higher homologues of 

TBP etc.  have been proposed for three component separation. Based on extensive literature 

available on TBP and our earlier experience with THOREX process, our laboratory was entrusted 

with the development of three component separation employing TBP as extractant.  Present 

manuscript describes results from extensive batch-equilibration studies for U, Pu and Th from 

nitric acid medium containing Al
3+

 and F
-
 ions in concentration range as encountered in THOREX 

dissolver solution. Solvent extraction parameters such as concentration of nitric acid, organic to 

aqueous phase ratio, concentration of scrub nitric acid, concentration of partitioning agent etc. were 

optimized.  Behaviour of relevant fission products during first cycle operation was also studied.  

Under optimized conditions several counter-current experiments were carried out inside specially 

designed glove-boxes employing laboratory scale mixer-settler units to demonstrate the separation. 
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The flow-sheet was validated using simulated feed solution of reference burn-up. Thorium 

extraction from the raffinate solution was finally carried out employing 30% TBP in n-dodecane 

based process which was used earlier in UTSF at engineering scale.  
 

3. RESULTS AND DISCUSSION 
 

Due to higher expected fissile inventory in AHWR dissolver solution, initial experiments were 

carried out employing higher concentration of TBP (10% TBP in n-dodecane) compared to 

THOREX process. These experiments using 100g/L of Th in 3.0M HNO3 solution showed third 

phase formation when the extraction was carried out at 1:1 phase ratio. Hence in further 

experiments, the concentration of TBP was maintained at 5% in n-dodecane as it is well proven 

that this composition of TBP never leads to third phase at any loading condition. To ensure safe 

operation of the process, it was decided to use total fissile element concentration below critically 

safe value. Therefore, concentration of Th in the dissolver feed solution was maintained at 100g/L. 
  
a. Batch equilibration studies 
 

Batch equilibration studies were carried out initially to understand the extractability of U, Pu and 

Th from pure nitric acid medium and subsequently from simulated feed solution containing U, Pu 

and Th at 3-4M nitric acid medium having Al
3+

 and F
-
 ions in concentration range as encountered 

in THOREX dissolver solution(2). TBP (5% in n-dodecane) was used as extractant. The 

distribution ratio of U was found to be ~2.90 and ~2.60 respectively from pure nitric acid medium 

as well as from simulated feed solution. Under identical conditions the distribution ratio of Pu was 

found to be ~1.2 and ~1.1 respectively whereas DTh was found to be <0.1. To remove small amount 

of co-extracted Th from organic phase, scrubbing experiments were carried out using different 

concentrations of HNO3. It was observed that 3M HNO3 could reduce the concentration of co-

extracted Th in the organic phase below 200 ppm without affecting the U and Pu recovery. Various 

reagents were studied for reductive partitioning of Pu from U in the loaded organic phase (2). 

Mixture of hydroxyl amine nitrate (HAN) and hydrazine nitrate (HN) in 0.6M HNO3 was found to 

be most suitable. Indigenously synthesized HAN was used for partitioning studies. The possibility 

of re-extraction of U released in the aqueous phase during partitioning was also studied using 5% 

TBP in n-dodecane after  increasing the acidity of the aqueous phase to 3.5M HNO3. Stripping of 

U from Pu lean organic phase was achieved using 0.01M HNO3. Results of co-current studies for U 

and Pu from simulated feed solution indicated that quantitative extraction of U and Pu is possible 

in 7 and 11 contacts respectively. This data was helpful in predicting the approximate number of 

stages required during counter-current studies using laboratory scale mixer-settler units. Raffinate 

from extraction experiment was used for Th recovery studies using 30% TBP in n-dodecane and 

recovery was found to be quantitative. Overall decontamination factors (DFs) of different actinides 

with respect to individual fission products in final product streams after co-decontamination cum 

partitioning cycle are given in Table 1. 
 

  Table 1: DF for U, Pu and Th in product streams after first cycle  

 

 

FPs 

DFs 

U Pu Th 

137
Cs  8.89 ×10

5
 6.09 ×10

5
 5.97 ×10

4
 

144
Ce >7.30 ×10

5
 >5.07 ×10

5
 5.07 ×10

4
 

106
Ru 1.22 ×10

6
 8.36 ×10

5
 9.11 ×10

4
 

90
Sr 1.94 ×10

6
 1.96 ×10

6
 2.07 ×10

5
 

 

It is evident from the Table that very high decontamination factors are achievable for all the Fps 

even after a single cycle of operation. Further improvements in the DF value can be achieved using 

secondary purification steps. 
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b. Counter-current studies 
 

Counter current extraction studies were carried out using simulated feed solution containing  ~2g/L 

each of U and Pu and 100 g/L of Th using laboratory scale mixer-settler units. The experimental 

details on extraction, scrubbing, partitioning of Pu, stripping of U and recovery of Th from 

raffinate are described elsewhere [4].  Fig. 1 shows the stage wise profile of all the actinides in the 

aqueous phase during extraction cum scrub run.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1: Stage wise profile of U, Pu and Th in Aqueous Phase during extraction cum scrub run 

 

Composition of different streams generated from the experiment under steady state condition is 

shown in Table 2. These results indicate quantitative extraction of uranium and plutonium under 

the experimental conditions. Thorium contamination of about 210 mg/L was observed in the 

organic phase. 
 

Table 2. Composition of different streams during extraction cum scrub run 

 

 

Analyte 

Concentrations 

Feed Raffinate Ld. Org. Phase 

[HNO3], M 3.66 3.52 0.06 

[Th], g/L 100.02 71.29 0.210 

[U], g/L 2.00 <0.001 1.004 

[Pu], g/L 2.01 0.0048 1.008 

[Al
3+

], M 0.10 0.07 - 

[F
-
], M 0.03 0.02 - 
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The composite organic phase generated from the extraction cum scrub run had 1.40 g/L, 0.87 g/L 

and 200 mg/L of uranium, plutonium and thorium respectively with an acidity of ~0.1M HNO3. 

This organic phase was subjected to partitioning run using optimized partitioning agent (0.3M 

HAN+0.2M HN+0.6M HNO3). Uranium which got stripped in aqueous phase during partition 

owing to lowing of nitrate concentration was extracted back to organic phase using 5% TBP in n-

dodecane after increasing the acidity of the aqueous phase to ~3.5M. This was achieved by 

introducing 7.0M HNO3 in the fifth stage at desired flow rate. The organic stream thus obtained 

(U-1) was found to have major portion of uranium compared to Pu lean organic stream (U-2) 

coming out of the partitioning stage.  Both the uranium bearing organic streams (U1+U2) were 

mixed and used for uranium stripping using 0.01M HNO3. 

  

Fig. 2: Stage wise profile of U, Pu and Th in Org. Phase during Partitioning 

 

Fig. 2 shows the stage wise profiles of all the actinides in the organic phase during partitioning run 

at steady state condition.  Table 3 gives the composition of different streams generated from 

partitioning run. 

 

Table 3. Analyses of Different streams at steady State condition during partitioning 

 

 

Analyte 

Concentrations 

Composite Org. phase Aq. phase Pu lean Org. stream 

U-1 U-2 

[HNO3], M 0.09 3.40 0.09 0.05 

[Th], g/L 0.21 0.18 0.080 ND 

[U], g/L 1.38 0.01 2.19 0.27 

[Pu], g/L 0.858 0.8575 0.0046 1×10
-5
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Results from counter current stripping of uranium from composite organic phase using 0.01M 

HNO3 showed quantitative stripping of uranium at an organic to aqueous phase ratio of 3:1. The 

analysis of the three product streams obtained using 5% TBP based flow-sheet is given in Table 4. 

  

Table 4. Composition of three streams obtained using 5% TBP flow-sheet 

 

 

 

 

 

 

 

 

The raffinate stream was observed to contain entire thorium in the concentration range as observed 

in UTSF, Trombay. 30% TBP based flow-sheet validated at engineering scale was used to recover 

Th from raffinate phase (3). Quantitative recovery of thorium was observed with Th concentration 

of less than 0.5g/L in thorium lean raffinate.  

 

Above study clearly indicate the feasibility of the flow-sheet for three component separation of 

spent fuel from AHWR.  The purity of individual actinide can be further improved to desired level 

using conventional techniques such as solvent extraction, precipitation, ion-exchange etc.  

 

The flow-sheet given in Fig. 3 was validated using simulated AHWR spent fuel solution (Table 5) 

with reference burn-up of 43GWd/Te after 5y cooling (calculated by ORIGEN-2 code). 

Concentration of various elements is based on the thorium concentration which was fixed at 100 

g/L as described earlier. 
 

Table 5: Concentration of An, Ln and  FPs for Th-Pu pins from AHWR 

(Average discharge burn-up of 43Gwd/Te after 5y cooling) 
 

Elements Concentration 

 (mg/L) 

Elements Concentration 

(mg/L) 

Elements Concentration 

(mg/L) 

Pb 0.0174 Y 63.03 Cs 317.3 

Ac 8.55×10
-5

 Zr 436.9 Ba 213.67 

Th 100.00* Nb 6.24×10
-4

 La 157.05 

Pa 0.67735 Mo 327.99 Ce 325.85 

U
1
 1.474* Tc 94.33 Pr 151.70 

Np 0.283 Ru 280.98 Nd 503.2 

Pu
1
 0.725 * Rh 38.03 Pm 3.06 

Am 0.08 * Pd 276.7 Sm 95.4 

Cm 0.016 * Ag 13.35 Eu 14.1 

Ge 0.16 Cd 22.22 Gd 39.5 

As 0.064 In 0.132 Tb 0.558 

Se 9.86 Sn 9.48 Dy 0.256 

Rb 55.44 Sb 1.81 Ho 0.053 

Sr 108.97 Te 79.38 Er 0.0187 

            * in g/L, U and Pu were added so as to get their final concentration  of 2g/L 

 

Concentration (g/L) 

Th-stream Pu-stream U-stream 

Th : 80.00 Pu : 0.87 U  : 4.35 

U  : 0.001 U   : 0.01 Pu : 0.004 

Pu : 0.0042 Th : 0.18 Th : 0.109 
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 Recovery of U and Pu using 5%TBP  based flow-sheet and that of Th by 30% TBP based flow-

sheet were found to be quantitative. No crud formation/ third phase formation was observed during 

the entire experiment.  

 
 

Fig.3: Flow-sheet for three component separation of AHWR using 5% TBP process 
 

4. CONCLUSIONS 

 

Solvent extraction flow-sheet employing 5% TBP in n-dodecane has been developed for three 

component separation of spent fuel from AHWR. The validated flow-scheme can be deployed to 

process the spent fuel from AHWR. The purity of uranium and plutonium can be improved further 

to the desired level using conventional techniques.  

 

5. NOMENCLATURE 

 AHWR: Advanced Heavy Water Reactor  

 THOREX:THORium uranium EXtraction  

 UTSF : Uranium Thorium Separation Facility 

 TBP: Tri-n-butyl phosphate 

  ppm: parts per million 

  Th: Thorium 

  Gwd/Te:  Giga watt day per tonne 
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