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Abstract : The report describes separation of uranium (U) and common impurities from solid analytical
waste containing plutonium (Pu).  This will be useful in recovery of Pu from nuclear waste. This is an
important activity of any nuclear program in view of the strategic importance of Pu. In Radiochemistry
Division, the trace metal analysis of Pu bearing fuel materials such as PuO2, (U,Pu)O2 and (U,Pu)C are
being carried out using the DC arc-Carrier Distillation technique. During these analyses, solid analytical
waste containing Pu and Am241 is generated. This comprises of left-over of samples and prepared charges.
The main constituents of this waste are uranium oxide, plutonium oxide and silver chloride used as carrier.
This report describes the entire work carried out to separate gram quantities of Pu from large amounts of
U and mg quantities of Am241 and the effect of leaching of the waste with nitric acid as a function of batch
size. The effect of leaching the solid analytical waste of (U,Pu)O2 and AgCl with concentrated nitric acid
for different time intervals was also studied. Later keeping the time constant, the effect of nitric acid
molarity on the leaching of U and Pu was investigated. Four different lots of the waste having different
amounts were subjected to multiple leaching with 8 M nitric acid, each for 15 minutes duration. In all the
experiments the amount of Uranium, Plutonium and other impurities leached were determined using ICP as
an excitation source. The results are discussed in this report.
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प् लूटोिनयम युक् त ठोस वैँ लेिषक अपिशं ट से वूरेिनयम और 
सामान् य अशुिद्धयों का पथृक् करण 

 

िनमाई पाठक*, िमथलेश कुमार, एस.के. तुलिसदास, एन.एस. हॉन, एम.जे. कुलकणीर् 
तथा वी. नटराजन   

 
रेिडयो रसायिनकी ूभाग, भाभा परमाण ुअनुसधंान कें ि,  

मुबंई- 400 085, भारत 
 

सार: यह िरपोटर् प् लूटोिनयम वाले ठोस वैँ लेिषक अपिशं ट से यूरेिनयम (यू) और सामान् य 
अशुिद्धयों के पथृक् करण की व् याख् या करती  है । यह िनयिमत रुप से नािभकीय अपिशं ट से 
Pu की ूािप्त में सहायता ूदान करती है। यह अपने िकसी भी नािभकीय कायर्बम की सामिरक 
महत् ता की दृिष्ट से एक ूमुख गितिविध है । रेिडयो रसायिनकी ूभाग में DC arc- कैिरयर 
िडः टीलेशन तकनीक का उपयोग करके जैसे PuO2,(U,Pu)O2, तथा (U,Pu)C 
[1] जैसे ईंधन पदाथर् वाले प् लूटोिनयम का शेस मेटल िवँ लेषण िकया जा रहा है। इन 
िवँ लेषणों के दौरान Pu  और Am241 के ठोस वैँ लेिषक अपिशं ट जिनत होते हैं। इसमें शेष 
ूितदशर् और तैयार िकया गया आवेश शािमल होता है । इस अपिशं ट के मखु् य संघटक यूरेिनयम 
आक् साइड,  प् लूटोिनयम आक् साइड तथा िसल्वर क् लोराइड हैं। 
 इस िरपोटर् में, U की बड़ी माऽा से Pu की माम माऽाएं तथा Am241 की िमलीमाम माऽा 
को पथृक करने के िलए िकया गया पूणर् कायर् तथा नाइिशक एिसड के साथ अपिशं ट के 
िनक्षालन  का ूभाव बैच साइज के िबयाकलाप के रुप में शािमल हैं । अलग अलग समयांतराल 
में सांिित नाइिशक एिसड के साथ (U,Pu)O2तथा AgCl के ठोस वैँ लेिषक अपिशं ट के 
िनक्षालन  के ूभाव का भी अध् ययन िकया गया। बाद में कालांक के दौरान U और  Pu के 
िनक्षालन पर नाइिशक एिसड माम अणुकता  के ूभाव की जांच की गई ।  िभन् न िभन् न 
माऽाओं वाले अपिशं ट के चार अलग-अलग ढेरों का हर बार 15 िमनट के िलए 8M नाइिशक 
एिसड सिहत बहु िनक्षालन िकया गया । इन सभी ूयोगों में यूरेिनयम, प् लूटोिनयम तथा अन् य 
िनक्षािलत की गई अन् य अशुिद्धयों की माऽाओं को उत् तेजन के रुप में आई सीपी का ूयोग करते 
हुए  िनधार्िरत िकया गया । इस िरपोटर् में पिरणामों पर चचार् की गई है। 

  



2 
 

Separation of Uranium and common impurities from solid 
analytical waste containing Plutonium. 

 
 

Nimai Pathak*, Mithlesh Kumar, S.K.Thulasidas N.S.Hon, M.J.Kulkarni,  
Amol Mhatre and V.Natarajan  

Radiochemistry Division, Bhabha Atomic Research Centre, 
Mumbai – 400085, India. 

 
 
Abstract: The report describes separation of uranium (U) and common impurities from 

solid analytical waste containing plutonium (Pu). This will be useful in recovery of Pu 

from nuclear waste. This is an important activity of any nuclear program in view of the 

strategic importance of Pu. In Radiochemistry Division, the trace metal analysis of Pu 

bearing fuel materials such as PuO2, (U,Pu)O2 and (U,Pu)C are being carried out using the 

DC arc-Carrier Distillation technique [1]. During these analyses, solid analytical waste 

containing Pu and Am241 is generated. This comprises of left-over of samples and 

prepared charges. The main constituents of this waste are uranium oxide, plutonium oxide 

and silver chloride used as carrier.   

       This report describes the entire work carried out to separate gram quantities of Pu 

from large amounts of U and mg quantities of Am241 and the effect of leaching of the 

waste with nitric acid as a function of batch size. The effect of leaching the solid analytical 

waste of (U,Pu)O2 and AgCl with concentrated nitric acid for different time intervals was 

also studied. Later keeping the time constant, the effect of nitric acid molarity on the 

leaching of U and Pu was investigated. Four different lots of the waste having different 

amounts were subjected to multiple leaching with 8 M nitric acid, each for 15 minutes 

duration. In all the experiments the amount of Uranium, Plutonium and other impurities 

leached were determined using ICP as an excitation source. The results are discussed in 

this report. 

 

Email id: nimai@barc.gov.in 

Key words: Nuclear waste, Uranium, Plutonium, leaching, Conc. HNO3 
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1. Introduction: 
 
 India has embarked on a three stage nuclear power programme, which is based on 

utilization of natural uranium as nuclear fuel in the first stage, followed by utilization of 

plutonium in fast reactors as fuels and breeding of 233U from 232Th in the second stage and 

its utilization in the third stage. Presence of trace elements in nuclear materials affects the 

nuclear reactor operation and breeding significantly. This is mainly because of adverse 

changes in neutron economy. As neutrons are primary particles causing nuclear fission, 

their economy is of utmost importance. Elements like B, Cd and some “rare earth 

elements (REE)” viz. Dy, Eu, Gd, Sm have very large neutron absorption cross sections 

and their presence results in the loss of neutrons. In order to attain reliable, safe and 

efficient reactor operation, there is a need to monitor and control the trace constituents in 

nuclear materials prior to their use. Analytical methods were developed for trace metal 

assay in a wide variety of these samples based on atomic emission spectrometry (AES), to 

provide simultaneous multi-element analysis; but it requires large sample amount [2-4]. 

Application of the carrier distillation technique for the selective determination of trace 

metallic impurities from refractory samples, such as PuO2 [1], U3O8 [5], ZrO2 [6] and 

ThO2 [7] have been reported by our group. However, the carrier distillation technique is 

not effective for the determination of rare earth elements in U and Pu matrices, since their 

volatilization behavior is comparable to those of U and Pu matrices. The use of ICP as an 

excitation source for determination of rare earths in U and Pu matrix after chemical 

separation has been reported in order to avoid spectral interference arising from the 

volatilization and excitation of major matrix [8]. During these processes, solid and 

solution analytical waste are generated. The solid waste usually comprises of left-over of 

samples and prepared charges. The main constituents of this waste are uranium oxide, 

plutonium oxide and silver chloride. During chemical separation, aqueous waste solution 

containing Pu, U and Am is generated.  

Since Pu is a strategic material, it needs to be separated from the waste generated. 

Normally anion exchange separation is used to separate gram quantities of Pu from large 

amounts of U and mg quantities of Am241. This procedure is time consuming.  Further the 

quantitative dissolution of the waste will be difficult in view of the presence of AgCl in 
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the analytical waste. In view of this, fast alternate methods are desirable for separating 

plutonium from large amounts of uranium in such type of analytical solid waste. In this 

context, the present studies were undertaken, wherein the effect of simple leaching with 

nitric acid on the bulk separation of uranium from Pu containing analytical waste was 

studied. The leaching time and concentration of nitric acid were varied so as to achieve 

maximum separation of uranium from the solid waste. In the literature, two reports are 

available, wherein leaching methods have been tried for separation of large amounts of 

uranium from a mixture of uranium and plutonium oxides [9, 10]. It was demonstrated 

that from 5g batch of the waste by simple leaching with 8M / 16 M HNO3 in four 15 

minute steps, entire uranium can be separated from the waste along with 1-2% Pu. 

2. Motivation behind the present work: 
As mentioned above, plutonium  being a strategic material, needs to be separated from the 

waste generated. The anion exchange separation procedure is time consuming and the 

quantitative dissolution of the waste will be difficult in the presence of AgCl in the 

analytical waste; therefore, fast alternate methods for separating uranium from such type 

of analytical solid waste is desirable. Hence the present studies were undertaken.  

3.    Present work:  

Initially the effect of simple room temperature leaching of 5 g lots of the solid waste with 

4M, 8M and conc.HNO3 as a function of leaching time (15 min.- 90 min.) was studied. It 

was demonstrated that from 5 g batch of the waste by simple leaching with 8M /16 M 

HNO3 in four 15 minutes steps, entire uranium can be separated from the waste along with 

1-2% Pu. The effect of batch size on the separation of uranium form the waste was also 

investigated using multi-step room temperature leaching with 8 M HNO3. 

4. Instrumentation: Isotopic composition of all lots was determined by gamma 

spectrometry using 20 % HPGe having a resolution of 2 keV at 1332keV. A Jobin Yvon 

Ultima high resolution sequential ICP emission spectrometer with radial viewing 

configuration was used for determination of U and Pu and Ag along with rare earths in  

solution Leached with 16M HNO3 after extraction of bulk amount of U. The U 

concentration in the leachate solution was also determined using biamperometry. 
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5.   Development of Analytical Process: 
5.1 About 100 g lot of analytical waste containing U, Pu oxides and Ag was accumulated 

over a period of time after the analysis of more than 300 Pu bearing samples. Small 

batches of 5 g each were used for the leaching studies. Homogeneity of different aliquots 

was checked by determining U and Pu content and isotopic composition of Pu by gamma 

ray spectroscopic measurements. Leaching of 5 g aliquots was carried out using 20 ml of 

concentrated nitric acid (16M HNO3) at each 15 min interval time for different contact 

times viz. 15, 30, 60 and 90 min. The solutions were removed immediately after the 

selected contact time. The results are shown in Table -1. It may be noted that after 30 min. 

leaching time, the amount of uranium leached is negligible, while Pu is still leached in 

small amounts. Hence in the second set of experiments it was decided to keep the leaching 

time as 15 min., while the number of steps was increased up to 4.  Three 5g fresh lots were 

subjected to multiple leaching with fresh addition of 20 ml of conc. HNO3 with contact 

time of 15 min. Similar  investigations were carried out using  4  and 8 M HNO3. In order 

to examine the effect of multi-step leaching, studies on 5 g analytical waste aliquots were 

carried out using 20 mL of   4, 8 and 16 M  HNO3, wherein the leaching time was kept as  

15 min., which was observed to be sufficient. It was observed that almost colorless 

leached solution was obtained at fourth step of leaching for all acid molarities.  U and Pu 

contents were determined by gamma ray spectrometry using 20 % HPGe having a 

resolution of 2 keV at 1332 keV. The efficiency of the detector at the required geometry 

was obtained from standard solution of 152Eu. The spectra were analyzed with the PHAST 

software. Am241 content was estimated by counting 59.6 keV gamma rays of 214Am using 

NaI(Tl) scintillation counter. The common impurities in the different leached aliquot 

samples were determined by ICP-AES after separation of Pu and U by TBP/dodecane/4 M 

HNO3.  

 

5.2 Four lots of 5, 10, 20 and 60 grams were weighed from the analytical waste containing 

U, Pu oxides and Ag. The homogeneity of the different aliquots was checked by 

determining U and Pu content and isotopic composition of Pu by gamma ray spectroscopic 

measurements. Initially leaching of 5 g aliquot was carried out using 20 ml of 

concentrated nitric acid. Multiple leaching for 15 minutes each was done to make sure of 
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removal of total uranium. Similar investigations were carried out with 10, 20 and 60g 

aliquots also. The number of steps were decided such that the final leachate is colorless. 

The U and Pu contents of the leachates after each step of leaching were determined by 

ICP-AES method using an Ultima ICP-AES spectrometer calibrated with appropriate U 

and Pu standards. The leachate solutions were diluted suitably so that the uranium 

concentration in the final solutions was in the concentration range 1-500 µg/ml. Silver was 

also analysed along with U and Pu. Further two leachate solutions were also analysed for 

uranium using biamperometry [11] in order to cross check the results obtained by ICP-

AES. 

6.   Results and Discussion 
The isotopic composition of three 5 g lots were determined by gamma spectrometry and 

the values were found to be nearly the same (Pu238-0.078 ± 0.002%, Pu239-80.2 ± 0.1%, 

Pu240 -17.9 ± 0.1 %, Pu241 -1.42 ± 0.01%, Pu242 -0.40 ± 0.01 %). This suggested that the 

entire lot had uniform isotopic composition. The U and Pu present in a 5g batch were 

2.756 g and 1.32 g respectively. 

In the case of leaching the solid waste with 16 M HNO3, it was observed that the amount 

of Pu / U in aliquots leached with different contact times in single step was nearly the 

same (Pu-0.83 ± 0.07 mg/ml; U- 95 ± 0.07 mg/ml).  Similarly impurities leached in the 

solution after different contact times were also found to be nearly the same and followed 

the trend of U, Pu leaching. The amount of ‘Ag’ in the solutions was found to be 

negligible. Estimated values of U and Pu after each step of leaching at different acid 

molarities are given in Table 1.  Amount of U and Pu getting leached out were found to 

decrease in subsequent stages as shown in Fig.1 and Table 1.  Further, it was observed that 

most of uranium was obtained in the solution form by leaching analytical waste with conc. 

HNO3 in four 15 min. steps, while about 3% Pu was also leached. Similar trend 

(decreasing amount getting dissolved in subsequent stages of leaching) was observed for 

majority of impurities, excluding Ag and rare earths.  
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Table 1: Amount of Pu/U leached after repeated leaching for 15 min. with 4, 8, 16 M 
HNO3 for 5g lot 
 

Step  Leaching 
time (min) 

Ammount of Pu (mg/mL) in 

different  molar HNO3 (M) 

Ammount of U (mg/mL) in different 

molar HNO3 (M) 

16M 8M 4M 16M 8M 4M 

1 15 0.30± .02 0.70± .03 0.22±0.01 38.6±2.0 52.2± 2.6 34.0± 1.7 

2. 15+15 0.27±0.01 0.20±0.01 0.09±0.01 12.5± 0.7 3.78±0.2 8.9±0.4 

3  15+ 15+15   0.19± 0.01 0.14± 0.01 0.07± 

0.005 

 <2.8 <2.8 <2.8 

4 15+ 
15+15+15   

0.14± 0.01 0.10± 0.01 0.03± 

0.003 

<2.8 <2.8 <2.8 

*U detection limit by gamma spectrometry – 2.8 mg/mL.  

 

  
Estimated values of U and Pu after each stage are given in Figure 1. 

 
Figure 1: U and Pu after each stage. 
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For the elements like Ag, Al, B, Ca,Cd, Co, Cr, Cu, Dy and Eu, the amount dissolved on 

leaching was almost negligible in all the aliquots. The results of ICP-AES analysis for 16 

M HNO3 leaching are given in Table 2. Similar trend was observed for impurity leaching 

with 4 and 8 M HNO3.These results suggested that solid residue after simple dissolution 

treatment mainly contained PuO2 and Ag. Earlier Raman and co-workers [9] have 

recovered 77% of Pu by preferential dissolution of U from mixed oxides (U/Pu ≈20-30) 

using 50% HNO3 in a weight to volume ratio of 1:2, while Michael and co-workers [10] 

have reported the quantitative removal of U from 200g of (U,Pu)O2 (U/Pu -0.09) along 

with 1% of Pu. by repeated leaching with 16 M HNO3. In the present work, quantitative 

removal of U from (U,Pu,) oxide + AgCl  solid waste (U/Pu ratio ≈ 2.1) could be achieved 

using 4 step 15 minute leaching with  8M/ 16M HNO3, while leaching with 4 M HNO3, 

the amount of U leached was found to be minimum. 

 

 

   
                      Table 2: Results of ICP-AES analysis of  solution Leached 

  with 16M HNO3 after extraction of U and Pu. 

No Ele.  Amount Detected  (μg/mL) 

 Step 1 Step 2 Step 3 Step 4 

1     Ag <0.05 <0.05 <0.05 <0.05 

2 Al 2.5 1.06 0.64 0.58↓ 

3 B 0.42 0.25 0.24 0.20 

4 Ca 44.2 14.3 7.0 3.6 

5 Cd <0.05 <0.05 <0.05 <0.05 

6  Co 0.56 0.2 0.1 0.1 

7 Cr 0.57 0.21 0.12 0.10 

8 Cu 1.33 0.79 0.54 0.35 

9 Dy 0.05 0.06 0.05 0.05 

10 Eu 0.06 0.07 0.05 0.04 
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6.1 Effect of batch size on leaching with 8 M HNO3   

We have  chosen 8 M HNO3 as the leachate in this work, as our earlier studies showed that 

by leaching with  8 M as well as 16 M HNO3 for 15 minutes in four steps,  entire uranium 

can be separated from 5 g batch of (U,Pu,Ag) (O,Cl) waste. The results of leaching of 5, 

10 , 20 and 60 g lots with 8 M HNO3 are shown in Tables 3, 4, 5 and 6 respectively.  

 In the case of leaching of the 5 g solid waste with 8 M HNO3, it was observed that 

the amount of  U leached in the first step was maximum, while in the subsequent steps this 

went on decreasing. After the fourth step of leaching, the leachate turned colorless. Still 

one more leaching was done to ensure complete separation of uranium. In case of Pu, the 

amount leached was in the 3-7 mg/ml range. The total amount of Pu leached was about 23 

mg, which corresponds to 2.1% of the Pu amount before dissolution. In case of uranium, 

the entire amount (≅2.7 g out of 5g) could be leached in 5 steps as seen from Table 3. 

 
Table 3: Amount of U/Pu leached with  20 mL  8 M HNO3  

(15 min. ,ICP-AES)- 5g lot 

Step U (g) Pu(mg) Ag(mg) 

1 1.82± 0.03 7.4± 0.02 1.0 ± 0.02 

2. 0.59±0.01 2.1± 0.01 0.2 ± 0.004 

3  0.13± 0.01 11.6± 0.03 0.7± 0.01 

4 0.04±0.01 4.2± 0.01 0.1±0.002 

5 0.01±0.002 2.6± 0.01 -- 

Total 2.59 ± 0.05 27.9± 0.06 2.0± 0.04 

*U conc. by biamperometry -2.65±0.03 g 

 

 In case of 10g batch, once again nearly entire uranium (≅5.4g) could be removed 

after 6 leaching steps (Table-4). The plutonium removed in this case was 60.13 mg, which 

is about 2.3% of the initial Pu content. In the case of 20 g batch, even after 6 steps of 

leaching, the entire uranium could not be removed (Table-5). The U amount leached was 

about 9 g, which is about 83% of the initial content. The Pu amount leached along with 

uranium was 73.17 mg, which is 1.4% of the initial Pu content. As far as silver is 

concerned, the amount leached in the three aliquots after multistep leaching was in the 
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range 2-17 mg, which is negligible as compared to its content in the original lot. The U 

concentration determined by biamperometric values for leached U in 5 and 20g lots 

support our conclusions regarding U.  

 
Table 4: Amount of U/Pu leached with  20 mL  8 M HNO3  

(15 min. ICP-AES)- 10g lot 
 

Step  U(g)  Pu(mg) 

1 2.97±0.03 29.4±.01 

2 1.73±0.01 19.6±0.03 

3 0.40±0.04 5.64±0.05 

4 0.21±0.01 3.48±0.01 

5 0.03±0.003 1.58±0.03 

6 0.01±0.005 0.43±0.01 

Total 5.35±0.06 60.13±0.03 

 
 

Table 5: Amount of U/Pu leached with  20 mL  8 M HNO3  
(15 min. ,ICP-AES)- 20g lot 

 

Step  U (g) Pu(mg) 

1 4.85±0.04 40.76±0.02 

2 2.59±0.01 15.28±0.05 

3 0.90±0.02 8.93±0.01 

4 0.40±0.02 4.68±0.01 

5 0.17±0.03 2.99±0.03 

6 0.12±0.01 0.53±0.005 

Total 9.03±0.04 73.17±0.03 

 

Another lot 60 g of Pu-U-AgCl, uranium was completely leached in 5 steps using 

120 ml of 8 M HNO3. Further ICP analysis of the leached solution was carried out to 

determine the amount of uranium and plutonium leached. The initial amount of U in the 
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waste was 32.4g, while ICP analysis had shown the total amount of U leached after five 

steps is about 29 g and hence about 91 % of the U was recovered taking 1:2 weight to 

volume ratio of the waste and nitric acid while the % of Pu is very less. The residue 

contained majority of Pu was recovered along with some uranium. The results of leaching 

of 60 lot with 8 M HNO3 are shown in Table 6. The residue left in all the lots after 

leaching process is mainly gram amounts of plutonium along with silver in nitrate form. 

This needs to be dissolved in conc.HNO3-HF mixture followed by evaporation and 

repeated leaching with 4M HNO3  as per the established procedure.   

 
Table 6: Amount of U/Pu leached with 120 ml 8 M HNO3  

(15 min., ICP-AES) - 60g lot 
 

Step U (g) Pu (mg) Ag(mg) 

1 18.04± 0.03 315.05± 0.01 15.01 ± 0.004 

2. 7.49±0.01 142.13± 0.02 7.00 ± 0.004 

3  2.40± 0.01 69.04± 0.01 3.00± 0.002 

4 0.67±0.01 44.07± 0.02 0.7±0.002 

5 0.29±0.003 12.06± 0.01 -- 

Total 28.89 ± 0.05 g 582.35±.08  25.71± 0.02  

   

Conclusion 
In the present work, the separation of bulk amount of uranium from (U, Pu) oxide 

containing AgCl by simple multiple step leaching with nitric acid at room temperature has 

been demonstrated. This can be used for fast preliminary separation of Pu from (U, Pu) 

mixed oxides. The effect of batch size on the separation of uranium by simple multi-step 

leaching with 8 M HNO3 at room temperature was investigated. It was found that for 5 

and 10 g batch of the solid waste, this procedure resulted in complete separation of 

uranium from the waste. From the leachate containing gram amounts of uranium along 

with milligram amounts of plutonium, the latter can be separated by TBP/dedecane 

extraction. For lots of bigger size, larger volume of 8 M HNO3 and/or increase in leaching 

steps may help in faster removal of uranium. 
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