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ABSTRACT:
Reprocessing of spent fuel from Fast Breeder Test (FBTR) reactor is being carried out at CORAL (COmpact
Reprocessing of Advanced fuels in Lead shielded cells) Kalpakkam. Partitioning of Uranium and Plutonium in
is being carried out by oxalate precipitation method. A process based on the reduction of plutonium to
inextractable form by Hydroxyurea followed by extraction of uranium using 30% TBP by batch counter current
method is studied for the separation of uranium and plutonium. Extraction of Uranium is carried out in batch
mode to draw McCabe-Thiele diagram and from this the number of stages required to achieve the desired
degree of extraction of uranium with particular A/O ratio is arrived. The above parameters are verified in batch
counter current extraction method by taking simulated concentration of co-decontaminated U/Pu from the
fission products in the fast reactor fuel reprocessing plant.
Keywords: Hydroxyurea, PUREX process, Fast reactor Fuel reprocessing, Partitioning.

[I] INTRODUCTION
Fast Breeder Test Reactor (FBTR) reactor at
Kalpakkam has been operating successfully with
mixed carbide (70% Pu and 30% U) as a driver
fuel. The spent fuel of this reactor at various
burn ups ranging from 25 GWd/te (Giga Watt
day/tonne) to 154 GWd/te were processed in the
facility called COmpact Reprocessing of
Advanced fuels in Lead shielded cells (CORAL)
by modified PUREX process using 30% TBP
(Tri-n-Butyl Phosphate as extractant in HNP
diluents or n-dodecane [1-3]. TBP extracts
uranium and plutonium leaving bulk of fission
products to aqueous waste. In PUREX process,
partitioning of uranium and plutonium is carried
out by selectively reducing Pu4+ to Pu 3+ using

a suitable reducing agent. Since the distribution
ratio of Pu3+ is fairly low, it is inextractable in
30% TBP [4]. Several partitioning agents have
been reported. Uranous (U4+) is used as
partitioning agent for uranium and plutonium
separation. Its requirement is more than the
stoichiometric amount of plutonium [5-7],
because of the parasitic reaction of nitrite on U4+
and Pu3+ which decreases the stability of Pu3+ in
the organic phase. As the concentration of
plutonium in fast reactor fuel reprocessing plant
is high, requirement of uranous is very high for
the partitioning of uranium and plutonium,
which in turn increase the plant load. In situ
electrochemical production of uranous for the
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partitioning of uranium and plutonium [8]
method is having inherent disadvantages such as
fouling of electrodes etc. and hence cannot be
used for the plant application. Ferrous
Sulphamate [5, 9] has been extensively used as
partitioning agent. It is unstable with respect to
changes of acidity and temperature. The redox
potential of Fe(II)/Fe(III) is very nearer to
Pu(III)/Pu(IV) and hence higher concentration of
ferrous sulphamate is needed for the complete
reduction of Pu(IV). Oxidation of Fe2+ and Pu3+
by HNO2 is significant even in the presence of
sulphamic acid hence 20-40 times the
stoichiometric quantity is required for the
partitioning of uranium and plutonium. Also this
causes corrosion and adds salt contents to the
waste. Use of Hydroxylamine nitrate/ Hydrazine
[10, 11] require minimum acidities, there may be
increased chances of plutonium polymerization.
These reagents are less stable at higher acidities.
In CORAL, partitioning of uranium and
plutonium is being carried out by oxalate
precipitation method. Plutonium forms solid
plutonium oxalate whereas uranium forms
soluble uranyl oxalate. Uranium also forms solid
oxalate along with plutonium when uranium
concentration exceeds its solubility limit. It
requires more number of washing cycles and
hence increases in generation of the radioactive
liquid wastes. Moreover this is a batch process.
Because of these disadvantages, development of
an alternate method of partitioning especially for
FBR fuels is inevitable. It has been reported in
the literature that Hydroxyurea [12-14] a salt
free reducing agent is a potential candidate to
reduce Pu(IV) to Pu(III) and also destroys
nitrous acid devoid of any holding reductant.
Our earlier studies show the applicability of
hydroxyurea (HU) in the partitioning of uranium
and plutonium and the effect of various
parameters such as uranium concentration, HU
molarity, acidity etc [15-16] in the partitioning
of uranium and plutonium are also studied
extensively. Based on the advantages of our
earlier experiments, a study for the partitioning
of U and Pu in aqueous medium is carried out
with Hydroxyurea as reducing agent by taking
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the simulated concentration U/Pu in batch
counter current mode. Various parameters are
optimized and the results are given in this paper.
[II] EXPERIMENTAL PART
2.1. Reagents and chemicals
A stock solution of plutonium nitrate was
prepared by dissolving PuO2 in 12 M nitric acid
containing 0.1 M HF. A stock of uranium was
prepared by dissolving uranium oxide powder in
nitric acid. From this, required concentrations of
uranium solution in 4 M nitric acid were
prepared. Feed solution having the composition
of 11 g/L plutonium and 10- 120 g/L of uranium
in 4M nitric acid containing 0.1 M HU was
prepared for extraction isotherm studies. 11 g/L
plutonium and 21.5 g/L of uranium in 4M nitric
acid containing 0.1 M HU was prepared for
counter current extraction studies. Hydroxyurea
of E Merck, sodium nitrite of AR grades were
used. DM water was employed for making the
reagents.
2.2 Solvent Extraction Studies
Known volume of solutions containing different
concentrations
of
uranium
and
fixed
concentration of plutonium in 4M HNO3
containing 0.1M HU are equilibrated with 30%
TBP with the aqueous to organic (A/O) ratio of
4. Organic and aqueous phases are analysed for
uranium and plutonium to construct the uranium
extraction isotherm.
Batch wise counter current extraction is carried
out by equilibrating uranium and plutonium
mixture in 4M HNO3 with 30% TBP with the
A/O ratio of 4.
2.3. Analyses
Uranium was analysed by Davis Gray [17]
method after evaporation nearer to dryness or
spectrophotometric method using Pyridyl Azo
Resorcinol (PAR) [18] as chromogenic agent
(after destroying HU by sodium nitrite)
depending upon its concentration. Plutonium
was analyzed by alpha radiometric method.
[III] Uranium Extraction isotherm and McCabeThiele diagram
The extraction of uranium and plutonium is
based on the formation of neutral organic phase
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complexes, such as UO2(NO3)2•2TBP and
Pu(NO3)4•2TBP. Pu is reduced to inextractable
Pu3+ by the addition of HU followed by the
extraction of uranium .
The number of stages required to achieve
desired degree of separation, can be determined
by constructing a McCabe-Thiele diagram. The
diagram is constructed by determining the
equilibrium isotherm for extraction via
experiments. The equilibrium isotherm can be
obtained by mixing an aqueous solution and
organic solution until equilibrium is reached.
After phase separation the aqueous phase and
organic phases are analysed for the uranium
concentration.
Graphical representation of the concentration of
uranium in the organic phase and aqueous
phases at equilibrium is called as uranium
extraction isotherm. Using the extraction
isotherm, McCabe-Thiele diagram is drawn. The
McCabe-Thiele diagram consists of the
equilibrium curve, Operating line for particular
A/O ratio and vertical line starting from the X
axis for particular feed uranium concentration.
Operating line starts from origin and its slope
varies with the A/O ratio.
Using the McCabe-Thiele diagram, the number
of counter-current stages required to achieve the
desired degree of extraction of uranium with the
required A/O ratio can be obtained. MATLAB
programme has been used for constructing
McCabe-Thiele diagram, to predict the number
of stages and A/O ratio required for the
extraction of uranium in such a way that the loss
of uranium in the aqueous phase should not have
interference in the partitioning of uranium and
plutonium by oxalate precipitation method.
McCabe-Thiele diagram is drawn using the
expected feed uranium and Plutonium
concentration of fast reactor fuel reprocessing
plant is shown in Fig. 1.
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Fig: 1. Uranium: 10-120 g/L; Pu : 11g/L ; H+ : 4M in 0.1M
HU

[IV] BATCH COUNTER CURRENT
EXTRACTION STUDIES WITH URANIUM
AND PLUTONIUM MIXTURE
The result such as number of stages required for
the required degree of extraction of uranium
with A/O ratio is verified by running a batch
counter-current extraction. The counter-current
flow of aqueous and organic streams is shown in
Fig. 2 for a three stage contacting system.
The number of stages and A/O ratio is predicted
by McCabe-Thiele diagram is verified by
performing batch counter current extraction of
uranium in an extraction vial.
The extraction sequence for 3 stages counter
current in batch mode is given Fig. 3. In each
stage the aqueous and organic phases are
equilibrated for 10 minutes and allowed to
separate the phases.
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4.1. Recovery of uranium in each stage
The expected concentration of uranium in each
stage of the organic phase is calculated from the
following expression
(Xin-Xout) = m (Yout -Yin)
m=O/A=(Xin-Xout)/(Yout -Yin)
A/O=(Yout -Yin)/(Xin -Xout)
Yout = A/O * (Xin -Xout) + Yin
Where Xin = 21.5 g/L ; Xout = Raffinate out of
each stage ; A/O = 4 ; Yin = organic inlet of
each stage ; Yout = organic outlet of each stage.
The calculated and actual concentration of
uranium in each stage of the organic phase is
given in Table 1.
Uranium in
Aqueous
(g/L)
Stage

3
2
1

Fig: 4. Organic phase stage profile
Feed: Uranium- 21.5 g/L ; Pu- 11g/L ; H+- 4M in
0.1M HU

Uranium in Organic
phsase (g/L)

Xin

Xout

3.5

0.68

Yin

Theor
etical
Yout

Recove
ry
%

Actu
al
Yout

0
11.28
11.28
11.2
12.8 3.5
48.48
48.5
8
21.5 12.8 48.5
83.3
80.3
Table 1. Recovery of uranium in each stage

96.8

After first set of extraction A3 is removed and
A2 is poured into O3, A1 is poured into O2. To
the left out O1 fresh aqueous (FA1) is added and
this process is repeated for 3 more time. The
resulting final aqueous samples such as FA1,
FA2, FA3 and organic samples such as FO1,
FO2 and FO3 are analysed for uranium and
plutonium
A graph is plotted by taking stage numbers in
the X axis and the organic phase concentration
of uranium in the primary Y axis and organic
phase concentration of plutonium in the
secondary Y axis respectively. The plot is shown
in Fig 4. Similarly a graph is plotted by taking
stage numbers in the X axis and the aqueous
phase concentration of uranium in the primary Y
axis and aqueous phase concentration of
plutonium in the secondary Y axis respectively.
The plot is shown in Fig. 5

4.2. Stage efficiency calculation
Efficiency of extraction in each stage is
calculated using the expression as given below.
Efficiency = (Yout -Yin) / (YEq -Yin)
Where Yin and Yout are the inlet and outlet
concentrations of uranium in the organic phase
of each stages.
YEq is calculated from the equation obtained in
extraction isotherm and the equation is
22.84ln(X)+20.02 where X is the concentration
of uranium in aqueous phase leaving the
respective stage.
Stage 1 Efficiency = (11.28-0)/(11.2-0)=100 %
Stage 2 Efficiency = (48.5-11.28)/(48.6-11.28) =
100 %
Stage 3 Efficiency = (80.3 - 48.5)/(78.25–
48.5) = 106 %
[V] RESULTS AND DISCUSSIONS

Fig: 5. Aqueous phase stage profile
Feed: Uranium- 21.5 g/L ; Pu- 11g/L ; H+- 4M in
0.1M HU
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Data in Fig.1 show the equilibrium and
operating line of A/O ratio of 4. It indicates that
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three stages are required to achieve the required
degree of extraction of uranium.
Data in Fig.4 show that the concentration of
uranium in the aqueous phase is decreasing with
number of stages and at the end of three stages
the aqueous raffinate is having the concentration
of 0.68 g/L (initial uranium concentration) with
the condition arrived from McCabe-Thiele
diagram. This is in good agreement with the
parameters predicted from McCabe-Thiele
diagram. The remaining 3% of uranium going
along with the plutonium stream is compromised
in the oxalate precipitation of plutonium. Data in
Fig.4 also show that more than 99% of the
plutonium is present in the aqueous stream and
only ppm level of Pu is present in the organic
phases.
Data in Table 1 indicate that the expected and
actual concentrations of uranium in the organic
phases are not varying significantly and the
cumulative extraction of uranium in the three
stages is 97%.3% of
Data in Fig.5 show that the concentration of
uranium in the organic phase is increasing with
number of stages and at the end of three stages
the organic outlet is having the concentration of
80.3 g/L of uranium. Data in Fig.5 also indicate
that Pu present in the organic stream is
decreasing as a function of number of stages,
which implies that with the increasing the
loading of uranium, concentration of Pu in the
organic phase decreases due to the non
availability of free TBP for uptake of Pu. The
concentration of uranium and plutonium in the
organic outlet is 80.3 g/L and 40 mg/L
respectively. The residual Pu in the organic
phase is still to be reduced by appropriate
scrubbing the organic phase with 0.1M HU in
HNO3. Uranium present in the aqueous
plutonium stream is quite low and hence is not
interfering in the oxalate precipitation of
plutonium.
[VI] CONCLUSIONS
Reduction of plutonium by hydroxyurea
followed by extraction of uranium upto saturated
loading reduces the plutonium contamination in
the organic phase. Scrubbing of organic phase
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with hydroxyurea still reduces the plutonium
retention in the organic phase. Addition of
sodium nitrite destroys Hydroxyurea and also
converts Pu3+ to Pu 4+. Oxalate precipitation of
this conditioned plutonium indicates that
hydroxyurea in not interfering in the
reconversion stages of Pu.
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Fig: 3. Scheme for three stages of counter current
extraction in batch mode
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