








ABSTRACT 
 
 
 

Protactinium-231 (231Pa) occurs in nature as a member of the decay chain of naturally 

occurring 235U of the 4n+3 radioactive series. The expected protactinium concentration in the 

Jaduguda ore body (with uranium concentration of 0.03-0.06%) is around 0.2 parts per 

billion (ppb) and that in Monazite ore (uranium concentration 0.3%) is 0.9ppb. 

The process at uranium ore processing plant at Jaduguda was studied. 231Pa content in 

samples from the process streams of the plant was determined. The gamma ray spectrometry 

method was chosen and standardised in our laboratory to detect and measure 231Pa in parts 

per billion levels in these samples. A concentrated source of protactinium could not be found 

among the assessed streams of Jaduguda uranium plant.  

The Monazite processing plant at IRE, Aluva was then studied. From the known 

chemistry of protactinium, the possible distribution of the 231Pa was guessed at. Accordingly, 

the process streams of IRE process plant were selected to prospect for 231Pa and determine 

the fractionation of protactinium. For analysis of 231Pa, the thorium bearing samples were 

chemically treated to remove the thorium daughter products, which interfere in gamma 

spectrometry. 

This report describes the planning for prospecting, sample selection, the 

standardisation of the analysis procedure for determination of 231Pa content, and the analysis 

results. The 231Pa content in various streams of Indian Rare Earths plant was found in the 

range 0.2 - 6.5ppb. Some of the streams did not carry any protactinium. The fractionation of 
231Pa in the various streams of the plant and the selection of source for recovery of 

protactinium are discussed in detail. 
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Chapter 1 

INTRODUCTION 

 

 Protactinium, the element 91, is an important element in the Thorium fuel cycle. The 

artificial isotope 233Pa is an intermediate in the production of 233U in the reactors by the 

following major route: 

      (1) 232 233 233 233Th Th Pa U (n,      γ β β)
− −

 →  →

In the reactor another isotope of protactinium, i.e. 231Pa, is also produced by a less 

probable but unavoidable route. This isotope is responsible for production of 232U which 

remains as an isotopic impurity in the 233U bred in the reactor. 

    (2) 232 231 2322Th n Th Pa Pa U (n,     (n, )  231 232) β γ
− −

 → β →

If this impurity occurs at levels > 10 ppm (parts per million), then it poses a major 

hurdle in the form of hard gamma (0.8-2.6MeV) emission from its daughters 212Bi and 208Tl. 

In the thermal reactors the impurity level of 232U is expected in the range of 100-200 ppm 

whereas in the fast reactors it could reach thousands of ppm. [Gantayet, et. al., 2000] 

 It is known that, the thorium fuel at any instant inside the reactor will contain 

appreciable quantity of protactinium (around 1% including all isotopes). This will affect the 

physico-chemical characteristics of the fuel, besides the neutronics of the fuel assembly. Of 

the isotopes of protactinium, the longest-lived isotope is 231Pa. This is perhaps the longest-

lived major actinide produced in the thorium fuel cycle (half-life = 32400 years). 

Consequently, it has a recurring presence in the back end of the thorium fuel cycle. It has 

also a low annual limit of intake (ALI ingestion). Hence, a first hand knowledge and 

 



experience of the behaviour of protactinium in the reactor and its path in the entire fuel cycle 

is necessary. We also need to study the macroscopic chemical and physical behaviour of 

protactinium. For the latter study, we require some quantities of the long-lived isotope, 231Pa. 

 Because of the problem of gamma-emitting daughters, separation of 232U from 233U 

will make the thorium fuel cycle more economical. Another use of 231Pa is for production of 
232U in appreciable quantities for various investigations related to separation of the isotopes. 

In addition 232U can also be used as a source of power in space vehicles. 

 We have to produce 231Pa indigenously from natural sources by a suitable process for 

study of nuclear and spectroscopic properties. The process developed for recovery of 231Pa 

can be utilised for producing more quantities of 231Pa when required for the study of physico-

chemical behavior, geo-chemical studies, and movement in waste matrix etc. in the back-end 

processes of the fuel cycle. 

 

 This task involves: 

(a) prospecting for a source, 

(b) development of a process,  

(c) proving the process in a pilot plant, and  

 

 

(d) Production of 231Pa.  

The first stage of this campaign, namely, prospecting for 231Pa and identifying a source 

has been completed; which is the subject of this report. The accomplishment of this difficult 

task involved the following (These are discussed in the Chapters 2 through 6.):  

 



(a) Study of the processes of uranium extraction plants of Jaduguda & Aluva to determine 

the fractionation and concentration of 231Pa in various plant streams,  

(b) Selection and collection of samples from the plant streams,  

(c) Calibration of measurement techniques,  

(d) Analysis of samples by gamma ray spectrometry in the ultra-trace level of a few Bq/g 

(1790Bq/g ≅ 1ppm), and  

(e) Working out a consistent material balance of 231Pa in the uranium/ thorium extraction 

plants. 

 

 

 

 

 



 

 

 

Chapter 2 

OCCURRENCE AND SOURCES IN INDIA 

 

Protactinium -231 occurs in nature as a member of decay chain of naturally occurring 
235U of the (4n+3) radioactive series. 231 Pa is the daughter product of 231Th and the parent of 
227Ac.  

235

7 10

231
25 6

231

3 24 10

227
8 4U Th Pa Ac

y h y

α β α →  →  →  →  →  →  →
⋅ ⋅

− −

. .
........β  (3) 

In undisturbed geological formations, it exists in secular equilibrium with 235U and is 

found at a concentration of 0.34ppm in natural uranium. Since the uranium concentration in 

the earth’s crust is low, it makes protactinium one of the rarest naturally occurring elements. 

In the Jaduguda ore body the expected concentration of protactinium is 0.1 to 0.2 parts per 

billion (ppb), with the natural uranium content being 0.03% to 0.06%, and that in monazite is 

0.65ppb (natural uranium content is around 0.3%). In the third known source of uranium, 

namely, the rock phosphates the concentration of protactinium would be approximately one 

order of magnitude lower. It is known that protactinium has an extraordinarily high tendency 

to undergo hydrolysis, to form complexes and get adsorbed on any surface. Due to its 

 



tendency to get absorbed on precipitates, the protactinium fractionates into various streams in 

the plant and might get concentrated into some of the precipitate streams. Most of the world 

stock of protactinium has been extracted from the silicate sludge of an ether based uranium 

recovery process plant (now obsolete) where protactinium was fortuitously concentrated to 

around 4ppm. [Collins et. al., 1962]. 

 

2.1 Description of Process of UCIL, Jaduguda 

 Uranium ore received in lumps of -200mm size is first crushed to -25mm size and is 

next ground to 60% passing through 200# (75µ) in two stages by wet grinding (rod mill 

followed by autogenous pebble mill) in a closed circuit. The 40-45% slurry of fine ground 

material of wet grinding circuit is de-watered to 60% solid and sent for leaching along with 

recycled iron-gypsum cake.  

 In the leaching stage, the slurry containing fine ground ore is treated in the air 

agitated Pachuca tanks with concentrated sulphuric acid and pyrolusite (MnO2) slurry. The 

latter acts as an oxidant, while sulphuric acid dissolves the uranium from the ore into 

solution. The pH is maintained at 1.7 and the temperature around 400C by using live steam. 

Uranium dissolves by the following reaction. Some iron and manganese also dissolve in the 

process.  
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The slurry from the leaching stage is filtered using a rotary drum filter. The filtrate is 

clarified to keep the suspended solids to 10ppm. This filtrate, which is in fact the pregnant 

 



liquor for Ion exchange, contains ~0.5gpl of uranium. Flocculant is used as a coagulating 

agent for better filterability. 

 In the anionic exchange column the anions of uranium and iron replace the chloride 

ions. After saturating the bed with metal ion complexes, acidified brine solution is passed 

when again the U and Fe ions are exchanged with Cl- ions and returned to the solution phase. 

The reactions in the ion exchange phase may be represented as follows: 
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Iron is precipitated from the eluate between pH 3.7-3.8, by treating the eluate with lime. The 

precipitate is separated in a thickener as iron-gypsum cake. As some uranium also is 

coprecipitated, this cake is recycled to the leaching circuit. After separation of the iron-

gypsum cake, the clarified liquor is treated with magnesia to raise the pH to 7, when 

magnesium diuranate (MDU) precipitates.  

2 3 2 32 4 2 2 7 4 2UO SO Mg OH MgU O MgSO H O+ = + +( )     (11) 

The MDU is separated in a thickener, washed, dried, packed and despatched to Nuclear fuel 

complex. 

 

Treatment of Barren Liquor/Solids 

The barren solids from the leaching stage along with the barren liquor from the ion 

exchange column is treated with lime. Consequently, the pH is increased to 10, whereby the 

constituents like sulfate, heavy metals and traces of uranium get precipitated. The slurry is 

separated by hydroclone and the sand portion is sent back to mines for back fill. The slimes 

are pumped to engineered Tailings pond where fines and precipitate settle. Effluent with 

unsettled solids come out through overflow weirs and is sent to effluent treatment plant. Here 

 



it is treated with a flocculant and sent to a thickener. The underflow from the thickener is sent 

back to the tailings pond while the major portion of the clear effluent from the overflow weir 

of the thickener is recycled back to the plant for reuse. The rest is treated with barium 

chloride to precipitate barium -radium sulphate. The barium-radium sludge after clarification 

in another thickener is sent back to tailings dam, while the filtrate is corrected with acid to 

meet the disposal norms, and discharged to the environment. The schematic flowsheet and 

overall material balance is presented in Figure 1. 

 

2.2 Description of Process of REDL, Aluva  

The process practiced in this plant involves caustic digestion of finely ground 

monazite, followed by leaching of the reaction mass with water. It leaches out the trisodium 

phosphate formed as a result of reaction with caustic soda.  
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The insoluble cake containing rare earths, thorium and uranium is first leached with 

HCl at pH 3.2 to selectively leach out bulk of rare earths. The rare earth chloride solution is 

then decanted out. The slurry obtained after decantation of the bulk of the rare earths chloride 

is dissolved in concentrated HCl and filtered again to remove the insoluble muck containing 

unreacted monazite and other minerals like ilmenite, rutile, zircon etc. The solution contains 

about 60gpl (grams per litre) ThO2, 80gpl REO, 1-2gpl U3O8, 1-2gpl iron, 2gpl TiO2 etc. 

This solution is first subjected to solvent extraction with the tertiary amine, Alamine-336, to 

recover uranium. The raffinate from this section contains mixed thorium - rare earths 

chloride solution, free from uranium and iron. This is the aqueous feed solution for the 

purification of thorium.  

 





 To recover thorium from this mixed chloride solution and purify thorium to 

nuclear grade a sequential solvent extraction process using PC-88A (mono-2-ethyl hexyl 

ester of 2-ethyl hexyl phosphonic acid) is being used by IRE. The first step, viz., separation 

and recovery of thorium and rare earths using PC-88A extractant is being carried out at the 

Rare Earths Division, Aluva. In this process, 98-99% pure thorium oxalate is obtained. The 

schematic flowsheet and over-all material balance of the plant is presented in Figure 2. 

2.3 Description of Process of NTP, Chhatrapur, Orissa  

Conversion of the 98-99% pure thorium oxalate of REDL plant to nuclear grade 

product is carried out in the New Thorium Plant (NTP) at Chhatrapur, Orissa. This plant at 

NTP is also designed to accept the crude thorium concentrate cake obtained after leaching of 

rare earths chloride and to produce nuclear grade/mantle grade thorium oxide by solvent 

extraction process, using TBP (tri -n-butyl phosphate) as extractant.  

 

 





 

 

 

Chapter 3 

PLAN OF PROSPECTING 

 

3.1 Prospecting in Uranium Mill Jaduguda 

From the known/reported physico-chemical behaviour of protactinium, and also 

hitherto known sources (plant streams with concentrated protactinium) [Katz et. al., 1957], a 

first guess was made about the fractionation of protactinium in various process streams. 

Accordingly, a total of ten sampling points for prospecting were selected with the following 

prima facie reasoning.  

1. Ore (sample 1):  

The sample of Jaduguda ore was taken to find out the protactinium input to the plant. The 

protactinium to uranium ratio would be at equilibrium in this sample. 

2. Leach liquor (sample 2):  

In the plant, some protactinium is likely to get leached with uranium into the leach liquor in 

the Pachuca tanks. This sample was drawn from the clarified leach liquor. 

 

 



3. Barren liquor (sample 3):  

Since protactinium forms anionic complex only at high normality of acid, it is not expected 

to follow the anionic complex of uranium in the ion exchange. However, due to hydrolysis of 

protactinium, it may get partly concentrated on the resin bed, and accumulated or removed in 

a concentrated form during washing cycles of the ion exchange plant. A sample was drawn 

from the barren liquor to determine the amount of protactinium exiting the plant stream. The 

wash liquor is recycled to the plant. No sample could be drawn from the wash liquor stream.  

4. Iron gypsum cake (sample 4):  

The protactinium carried over into the eluate would be co-precipitated with the iron gypsum 

cake or in the diuranate precipitate. Sample 4 is the separated iron gypsum cake. 

5. Mines sand (sample 5)  

The mines sand is sampled, as it is one of the exit streams of the plant. 

6. Underflow thickener (sample 6)  

This sample was drawn as it represents another exit stream of the plant. 

7. Barium-radium waste cake (sample 7)  

To reduce the radioactivity in the barren liquor, the process of precipitation is used. 

Protactinium in the barren liquor may get concentrated on this precipitate by adsorption. This 

sample was drawn from the barium-radium waste cake. 

8. Tailing neutralisation slurry (sample 8)  

It is also likely that protactinium gets concentrated in the fines, which are removed by the 

filters and clarifiers at various sections of the plant. Some of the scales found on the 

equipment might get concentrated in protactinium. These pockets may not account for the 

major portion of the protactinium material flowing through the plant, but can constitute rich 

 



sources of protactinium in terms of concentration.  This sample is drawn from the neutralised 

slimes, which are pumped, to engineered tailing pond. 

9. Scales from leach slurry primary filter (sample 9)  

This sample is from the scale deposited in the PP grid of the filter to determine a source 

fortuitously concentrated in protactinium.  

10. Magnesium diuranate (Sample No. 10) 

Protactinium, which escapes coprecipitation at the stage of precipitation of iron gypsum cake, 

will eventually precipitate and get adsorbed on the magnesium diuranate. This is one of the 

exit streams of the plant, and is also required for working out a consistent material balance. 

The sampling points are indicated in the flowsheet and enumerated in Table 3. The exit 

streams were first analysed to get the overall picture of fractionation.  

 

3.2 In IREL Plants 

 Considering the process adopted in thorium plants, two separate strategies were 

adopted for sampling the process stream to prospect for protactinium: in the leaching section 

and in the solvent extraction section.  

 

Leaching section 

1. Monazite (sample 1):  

Monazite sample provides the input protactinium as well as serves as a reference/standard 

sample for the detection procedure for solid samples bearing thorium. 

 

 



2. Trisodium phosphate (sample 2):  

The trisodium phosphate is an unlikely route for escape of protactinium, except by carryover. 

However, this sample is drawn, as it is required to estimate the total protactinium exiting the 

plant stream, by this route. 

3. Lead-barium waste cake (sample 3):  

The small quantity of protactinium, which may get leached with rare-earth chloride, will 

mostly separate out while precipitating the lead-barium cake, which is used to sweep the 

radioactivity. This too is an exit stream of the plant. 

4. Thorium concentrate (sample 4):  

Since protactinium has high affinity for silica surfaces, the insoluble muck may retain major 

portions of the protactinium during dissolution. Thorium concentrate sample is drawn after 

the first stage of dissolution. 

5. Insoluble muck (sample 5) 

Insoluble muck refers to the solids remaining after the second stage of dissolution. The 

sample is drawn from the solids after it is separated from the liquid in the filter, and washed, 

before its disposal as waste. Again due to high affinity of the protactinium oxide for silica 

and other metal oxides, this muck is likely to contain the major portion of the protactinium in 

a more concentrated form. 

Solvent Extraction Section 

6. Feed for U-SX (sample 6) 

The concentrated HCl is likely to dissolve some protactinium, which may get selectively 

fractionated into one of the streams. The input to the solvent extraction section is determined 

from the sample drawn from the feed solution of the section. 

 



7. Iron sludge (sample 7) 

Some iron crud is formed on the solvent. Likely concentration of protactinium in this stream 

is to be verified from this sample.  

The complex behaviour of protactinium in various solvents used in the IREL plant is not 

known. Therefore, samples were drawn from all the exit streams of the solvent extraction 

section of the plant.  

8. Sodium diuranate (sample 8) 

The exit stream of the uranium solvent extraction plant, SDU is sampled. 

9. Thorium free raffinate (sample 9) 

This is another exit stream of the solvent extraction section. 

10. Thorium oxalate (sample 10) 

This is the last of the exit streams from the solvent extraction section. 

 

 

 

 

 

 

 

 



 

 

 

Chapter 4 

DETERMINATION OF 231Pa BY 

RADIOMETRIC METHODS  

 

4.1 Introduction 

 The direct determination of protactinium in natural sources is difficult because the 

element is present in exceedingly small concentrations and hence separation and 

preconcentration is necessary. However, because of its peculiar chemical tendency to get 

hydrolysed and interference from accompanying elements whose chemical behavior is 

similar to that of 231Pa, separation is difficult. 

 For small quantities of 231Pa, radiometric techniques have been widely used after 

purifying protactinium from macro-elements and from radioactive impurities. Earlier workers 

have used alpha and gamma spectrometric techniques [Palshin E.S. et al.]. The spectrum of 
231Pa contains the principal α peaks of 4736.08keV (8.4% yield), 4853.02keV (1.4%), 

4934.02keV (3%), 4951.31keV (22.8%), 4986.02keV (1.4%), 5013.8keV (25.4%), 

5028.41keV (20.0%), 5032.02keV (2.5%), and 5058.615keV (11%). One of the requirements 

for alpha-spectrometry is that the sample should be purified from other high-energy alpha 

emitters. For high-resolution α-spectrometry, the samples must be very thin (100µg/cm2) and 

 



uniform. The tedious method of sample preparation was a disadvantage; hence α-

spectrometry was not used.  

 High-resolution gamma spectrometry, a nondestructive method having high 

resolving power (2keV) was chosen as the determination method. The γ ray energy peaks 

used for identification of 231Pa are 283.6keV (yield 1.7%), 300.07 (2.47%), 302.65 (2.2%), 

302.655 (0.68%), and 330.06 (1.4%). The prominent γ ray energy peaks of 231Pa and some of 

the nuclides giving gamma energies very close to or equal that of 231Pa gamma energies are 

listed in Table 1 [IAEA-NDS-161, 1995]. 

TABLE 1: Gamma energy peaks of 231Pa and the interfering isotopes 

231Pa γ energy in keV Yield (%) Interfering isotope γ energy of int. Isotope (keV) 

and (yield %) 

27.36  10.3   

283.69 1.7 227Th,  

208Tl 

286.1 (1.54)  

277.4 (6.5) 

300.07 2.47 212Pb  

227Th 

300.1 (3.27)  

300.0 (2.64) 

302.65 2.2 227Th 304.5 (1.2) 

302.655 0.68 227Th 304.5 (1.2) 

330.06 1.4 228Ac  

212Bi  

227Th 

328.0, 332.4  

328.0 (0.14)  

329.9 (2.7) 

 



The main limitations in the analysis of natural protactinium samples using gamma ray 

spectrometry were 

a. the branching intensity or yields of the 231Pa gamma energies are very small, 

b. the presence of 231Pa in natural samples is only in trace levels, and 

c. interference from daughter products of thorium and uranium. 

 Interference due to γ ray energy peaks of thorium and its daughter products, which are 

listed in Table 1, make the detection of 231Pa at ppb level in a thorium matrix difficult. High 

background is contributed by 228Ac and 208Tl in thorium bearing samples. In the Jaduguda 

samples, the main interference is due to Compton continuum of 226Ra daughter products. 

 

4.2 Calibration of Gamma Spectrometry  

The samples that are packed in specific geometries are counted in High Purity 

Germanium (HPGe) detector based high-resolution gamma spectrometry system. The 

detector is a co axial p-type high purity germanium detector. The detector has a relative 

efficiency of 50% and a resolution of 2 keV at 1332 keV gamma energy of 60Co. The output 

of the detector is analysed using a PC based 8K multi-channel analyser. The detector is 

shielded using 75mm lead on all sides to reduce the background in the detector system. 

Efficiency calibrations for the system is carried out using two standard sources of uranium 

ore in two geometries available for the sample counting, i.e., 62mm X 62mm cylindrical 

container and 53mm X 25mm cylindrical vial [Abani, 1995].  

For the analysis of 231Pa in small quantity samples, such as precipitates etc. the above 

geometries are not suitable. Therefore, the small square packet geometry has been used. The 

sample is packed in 25mm square polythene packets. For this geometry, the dimensions are 

very small compared to the detector diameter (~70mm). So the standard disk source of 25mm  

 



diameter of 152Eu was used for the efficiency calibration. Eight gamma lines have been 

identified for the purpose of peak area estimation and subsequently for efficiency calibration.  

The effect of the background activity in the thorium bearing samples varied 

depending upon the type of stream and the sample. Thus the analysis become tedious or 

impossible in presence of high concentrations of the interfering radionuclides even when 

significant protactinium activity was present. This problem was solved through chemical 

pretreatment of the sample to remove the interfering nuclides and use of a spectrum analysis 

technique to remove the interference effects in 231Pa photopeaks. In addition to these close 

lying gamma energies, presence of very high Compton continuum due to high gamma 

energies also create problem in the analysis. Therefore, in all thorium bearing samples from 

IRE plants, 231Pa is co-precipitated on manganese dioxide (MnO2) precipitate formed in the 

bulk of the solution. Some residual 212Pb is also present in the MnO2 precipitate due to the 

presence of 228Th with high specific activity. As the activity of 231Pa is low, the 212Pb 

activities interfere in the spectrum. The lead activity is calculated using 277 keV energy of 
208Tl and its contribution from the 300keV energy is subtracted. Then the 231Pa activity is 

calculated using four of its most prominent energies 283.6keV, 300.07keV, 302.65keV and 

330.06keV and the average activity is reported. For the analysis of the close photopeaks of 

small intensity a spectrum analysis code, called SAMPO [Routti et. al., 1969], has been used. 

To perform an automatic analysis of gamma spectra there is a provision in the code to 

locate the peaks initially and choose intervals for fitting. Other provisions in the program 

include resolution of multiplets, forcible fitting of peaks in selected region of the spectrum, 

activity calculation using efficiency functions etc. This is applied for the intensity estimations 

of some of the groups of energies such as 283.6keV, 288.1keV, 300.07 keV, 302.65keV, 

330.06keV, 328.0 keV. Here the intensities of these energies depend on the extent of 

contribution from 212Pb, 212Bi 228Ac, and 227Th. The code has been very successfully used in 

all the samples where 231Pa activities are very low.  

 

 



4.3 Procedure for sample preparation  

 Different methods of sample preparation were used for UCIL and IREL samples. The 

preparation procedure for UCIL samples was straightforward. The samples were counted as 

such after packing them in standard 62mm X 62mm cylindrical polythene containers. A 

typical gamma spectrum of the Jaduguda ore sample is shown in Figure 3. 

 

4.3.1 Thorium bearing liquid samples 

The liquid samples bearing thorium from the NTP OSCOM plant were chemically 

treated to eliminate the effect of the nuclides interfering in the gamma spectrometry. The 

acidity of the solution was adjusted to 4N nitric acid and 5gpl of MnO2 precipitated from the 

mixture by adding KMnO4 in presence of excess MnSO4.H2O. The MnO2 precipitate was 

digested on a water-bath for four hours and left over-night. This precipitate was centrifuged, 

washed with distilled water and dissolved in a minimum volume of nitric acid and H2O2. The 

excess H2O2 was boiled off, ~200mg of lead nitrate was added as a holdback carrier, the 

acidity again adjusted to 4N nitric acid and MnO2 reprecipitated by adding KMnO4.  

The above mentioned procedure was tested by carrying out a set of analysis of 

streams of OSCOM process simulated in the laboratory. The NTP OSCOM process was 

simulated using 90g of the Thorium concentrate. The concentrate was dissolved in nitric acid 

at 700C and filtration was done. 103 ml of filtrate was obtained. The filter cake (65g) was 

repulped with water. 38ml repulp filtrate & 45 g of siliceous cake was obtained after 

filtration. The concentration of 231Pa in each of these samples was determined by the method 

described in the above paragraph. The results are presented in Table 2. 

 

 

 

 





TABLE 2: Results for simulated process 

S. No. Sample Wt./ volume of 

the sample for 

analysis 

Total 231Pa activity 

in sample 

(Bq) 

231Pa activity in Bq/g 

1 Thorium concentrate 90g leached by 

nitric acid 

234.0 (in leachate) 2.6/g (wet) 

2 Filtrate 103ml  147.12 1.43/ml 

3 Repulp filtrate 38ml 6.86 0.18/ml 

4 Siliceous cake 45g leached by 

nitric acid 

52.73 (in leachate) 1.17/g (wet) 

1.79Bq/g = 1nanogram 231Pa/g 

Total activity of (2)+(3)+(4) = 206.7Bq compared well with (around 10% error) the 

activity of 234.0Bq of thorium concentrate.  

4.3.2 Procedure for solid samples bearing thorium 

 The assay of 231Pa in the insoluble cake was determined by an improved method 

using radioactive tracer. The wet cake was weighed, dried and ground. A number of 

leachates were used to remove thorium and REE before fusion. To this dry cake, 233Pa tracer 

(prepared by irradiating thorium nitrate in Apsara reactor and dissolving in concentrated 

HCl) and 10ml of concentrated HCl/g dry cake (leachate1) were added and left over-night. It 

was then centrifuged and the residue leached again with two portions of 5ml/g cake of 

concentrated nitric acid (leachate 2). The centrifuged and separated leachates 1 & 2 were 

combined and kept aside. The final residue was taken in a Pt crucible and evaporated to 

dryness. The dried cake was digested on a sand bath with concentrated HNO3 and HF 

 



mixture and again leached with concentrated HNO3 and HCl mixture (leachate 3) to remove 

residual actinides of Thorium, REE and uranium.  

The last residue was fused with around 10g of solid KHF2 (Potassium bi-fluoride). 

The fused cake was treated with concentrated H2SO4 and HNO3 (leachate 4) and was heated 

on a sand bath resulting in a solid mass. The solid mass was transferred to a teflon beaker 

with nitric acid and distilled water. After decanting the supernatant a solid residue was seen 

which was treated with concentrated HNO3, HF and a small quantity of H2SO4 (leachate 5). 

The residue turned red. The fused mass was taken in a glass beaker and diluted. The small 

quantity of residue was centrifuged and separated. The solution was mixed with the leachates 

1 to 4 and the hydroxide precipitated by addition of solid NaOH. The hydroxide was 

dissolved in concentrated nitric acid, made to 4N; MnSO44H2O, KMnO4, and 200mg of lead 

nitrate were added and left over-night. The MnO2 precipitate was separated by filtration and 

dried under IR lamp. The MnO2 and the final residue were packed in polythene bags and 

separately counted. The residue carried no protactinium.  

Figure 4 and Figure 5 show the gamma spectra of the Monazite sample before and 

after chemical treatment.  

Some of the chemical procedures followed for purification of protactinium may prove 

useful for adopting it as a process for recovery and pre-concentrating protactinium. 

 







 

 

 

Chapter 5 

RESULTS OF PROSPECTING 

 

5.1 Uranium Mill, Jaduguda 

 The samples of UCIL Jaduguda were collected, when the plant was operating at 

steady state. For ease of transportation 20litre each of the leach and barren liquor samples 

were evaporated, and the wet solid was taken up for analysis. With the equivalence known, 

the results are reported per unit volume of the plant stream. The 231Pa assay was done by 

gamma-ray spectrometry. The procedure was standardised by counting each sample for 

around 1000minutes and analysing the spectrum by SAMPO software. The results are 

presented in Table 3. 

 

TABLE 3: Results of 231Pa assay in UCIL, Jaduguda plant 

S. No. Sample Sample wt.  

(in grams) 

Total 231Pa 

Activity (Bq) 

Activity Bq/g 

 

1.  Jaduguda ore 40 128.56 ±. 19.97 0.32 ± 0.05 

 



S. No. Sample Sample wt.  

(in grams) 

Total 231Pa 

Activity (Bq) 

Activity Bq/g 

 

2.  Leach liquor (dried solid from 

8.82L liquor) 

225.27 497.95 ± 13.09 56.59 ± 1.49 

per litre 

3.  Barren liquor 

(dried solid from 11.48L liquor) 
257.27 441.90 ± 18.00 38.48 ± 1.57 

per litre 

4.  Iron gypsum cake 365.14 BDL BDL 

5.  Mines sand for backfill  391.67 BDL BDL 

6.  Underflow thickener precipitate  256.66 BDL BDL 

7.   Barium-radium waste cake 350 BDL BDL 

8.  Slimes from tailing neutralisation 

slurry 

424.79 BDL BDL 

9.  Scales from leach slurry primary 

filter 

164.6 BDL BDL 

10.  Magnesium diuranate 393 BDL BDL 

BDL = Below detectable limit. BDL for 25mm X 25mm vial  = 3.26Bq;  

and BDL for 63mm X 63mm vial = 12.68 Bq. 

1.79Bq/g = 1part per billion 231Pa 

 

 

 



5.2 NTP, Chhatrapur 

 The process streams of the NTP, OSCOM plants which process monazite, containing 

approximately 0.35% U3O8, was taken up for 231Pa assay. Direct gamma-ray spectrometry of 

the sample could not be used to estimate 231Pa because of interference from the daughter 

products of thorium. The impurities were separated before counting by selective co-

precipitation of 231Pa2O5 on MnO2 (See section 4.3.1). Spectrum analysis was done using 

'SAMPO' software as discussed in section 4.2. 

As the thorium concentrate feed for this plant is obtained from IRE, Aluva the assay 

of the same was not repeated. For a rapid prospecting only the liquid streams were analysed. 

The results are presented in Table 4. 

TABLE 4: Results of 231Pa assay in NTP, Chhatrapur plant 

S. No. Sample Sample volume 

in ml 

Total 231Pa 

activity (Bq) 

Activity Bq/ml 

1.  Feed for U-SX 

(Dissolved Thorium 

nitrate) 

50ml 40.221 ± 1.27 0.80 ± 0.03/ml 

2.  Raffinate waste cake 8 gram 6.68 ± 0.67 0.84 ± 0.08 

3.  Thorium nitrate 1000 gram < 10 < 0.01 

1.79Bq/g = 1part per billion 231Pa 

5.3 IREL, Aluva 

 As IRE, Aluva looked very promising from the point of view of identification of a 

source, a detailed analysis was carried out. Care was taken to sample the entry and exit 

 



stream of all the sections in the plant, namely, dissolution, solvent extraction I, solvent 

extraction II.  

The moisture content of the solid samples was determined by weighing before and 

after evaporating the moisture to dryness in an oven at 1000C. The steps of sample 

preparation involved sample dissolution, (if the sample was a solid), total hydroxide 

precipitation, dissolution of the hydroxide cake in concentrated nitric acid and MnO2 

precipitation from the solution by the procedure described in Section 4.3. 233Pa tracer was 

used in each run and the appropriate yield correction done for each sample to obtain the assay 

of 231Pa. The assay of 231Pa in the samples from the plant streams of IRE, Aluva is presented 

in Table 5. A typical gamma spectrum of one of the IRE samples; insoluble muck is shown in 

Figure 6. 

TABLE 5: Results of 231Pa assay in IRE, Aluva plant 

S.No. Sample Sample Wt. 

(in g) 

Total Activity 

(Bq) 

Activity Bq/g  Activity Bq/g 

with 233Pa 

yield 

correction 

1 Monazite 10.03 15.21 ± 0.69 1.52 ± 0.07 1.554 ± 0.07  

2  TS P 250.00 BDL BDL BDL 

3.  Lead-barium cake 

(wet) 

1.98 4.52 ± 0.48 2.28 ± 0.24 tracer not used 

4 Thorium 

concentrate 

8.80 77.61 ± 3.1 8.82 ± 0.35 10.01 ± 0.40 

5 Insoluble cake  5.12 46.5 ± 3.26 9.082 ± 0.64 11.98 ± 0.84 

 



S.No. Sample Sample Wt. 

(in g) 

Total Activity 

(Bq) 

Activity Bq/g  Activity Bq/g 

with 233Pa 

yield 

correction 

6 Feed for U-SX 50.00ml 19.66 ± 2.5 0.39 ± 0.05 0.45 ± 0.06 

7 Iron Sludge  BDL BDL BDL 

8 Sodium diuranate 40.51 49.88 ± 1.56 1.234 ± 0.04 Wet sample, 

tracer not 

added 

9 Thorium free 

raffinate (batch 1) 

100.00ml 28.12 ± 1.14 0.28±0.01/ml 0.37 ± 0.05 

10 Thorium free 

raffinate (batch 2) 

100.00ml 37.66 ± 2.01 0.377±0.02/ml 0.42 ± 0.02/ml 

11 Thorium oxalate 9.96g/ 

10.04 g/ 

10.01g  

BDL BDL BDL 

 

 





 

 

 

Chapter 6 

CONCLUSIONS 

 

6.1 In UCIL, Jaduguda 

 The prospecting of the 231Pa in the streams of the Uranium mill of Jaduguda was 

completed. The Jaduguda uranium ore showed a 231Pa concentration of 0.32Bq/g. The total 

input of 231Pa in the uranium mill is 322g/year. The leach liquor carries 231Pa at concentration 

of 56.6Bq/l accounting for 16.7% of the total protactinium. The remaining protactinium 

should be available in the gangue material. The barren liquor from ion exchange column 

carries 231Pa at concentration of 38.5Bq/l accounting for 68% of protactinium in the leach 

liquor and 11.3% of the total protactinium. The balance protactinium may be found in a very 

dilute form in the wash liquor and precipitates. The precipitates formed at various locations 

in the plant and stored as disposable waste were also analysed, but did not show any 

detectable 231Pa at the sensitivity of 0.2 ppb. These streams were therefore not further 

investigated.  

 

 

 



6.2 In NTP OSCOM and IREL Aluva plants 

 Assay of 231Pa in plant streams of IRE, Aluva was completed and a total material 

balance of 231Pa in the IRE plant was carried out. In the monazite processing stage, around 

70% of 231Pa is found to fractionate into the thorium concentrate. 4.4% of 231Pa fractionates 

into the lead barium cake. The remaining protactinium may be carried away by the rare-earth 

stream. During the processing of thorium concentrate by 1.5 - 2.0N HCl dissolution, 58% of 

the 231Pa was found to remain in the insoluble cake and the remaining 42% in the feed for 

solvent extraction section. The assay of 231Pa in this insoluble cake in different plant batch 

samples varied from 9-12Bq/g i.e. 5-6.7ppb per gram dry cake. An average of 83% 

protactinium is found to fractionate into this insoluble cake from the thorium concentrate. 

From the feed for solvent extraction, the uranium stream carries away 0.1% of the total 

protactinium. The balance of protactinium finds its way into the thorium free raffinate. 

 

6.3 Conclusion 

 Prospecting of 231Pa in UCIL, Jaduguda, NTP Chhatrapur, and IREL Aluva plant 

streams was completed. High-resolution gamma spectrometry was used to detect the 231Pa 

present at ppb level in the samples. The thorium bearing samples were chemically treated to 

remove interfering thorium daughter products before analysis. The protactinium material 

balance was carried out in UCIL and IRE plants. 

The UCIL, Jaduguda plant did not have any stream with a 231Pa concentration greater 

than a fraction of ppb. In the IRE, Aluva plant around 70% of protactinium fractionates into 

thorium concentrate. Thereafter, 58% 231Pa was found to fractionate into the insoluble cake. 

This cake a waste exit stream of the plant, containing 5-7ppb protactinium is the richest 

source of protactinium among all the samples analysed.  
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