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INTRODUCTION

The reprocessing of spent fuel is currently per�
formed by the PUREX process. The initial name of
the PUREX process implied the separation of pluto�
nium (P) and uranium (UR) via the extraction (EX)
with tri�n�butylphosphate (TBP) solutions. The dom�
inant process wastes were fission products, and the for�
mation of neptunium�237 and transplutonium ele�
ments (americium and curium) was negligible at that
time. The radionuclide composition gradually
changes upon passing to the reprocessing of power
reactor fuels. An analysis of the fuel of a VVER�440
reactor at a burnup of 33.4 (MW day)/kg was per�
formed in 1981 [1]. The fuel contained 957 kg of ura�
nium, 0.445 kg of neptunium�273, 9.2 kg of pluto�
nium, 124 g of americium and curium, and 33.3 kg of
fission products per ton. During the storage of the fuel
for 5 years for the purpose of reducing the concentra�
tion of short�lived fission product in it, the amount of
americium grows nearly up to 300 g due to the decay of
plutonium�241. The modern radiochemical repro�
cessing of spent fuel includes the use of 30�% TBP in a
hydrocarbon diluent (С11–С14 hydrocarbon mixture)
[2]. In this process, uranium, plutonium, and nep�
tunium are concentrated in the organic phase, and
americium, curium, and fission products are concen�
trated in the aqueous phase. High�level radioactive
wastes (HLRWs) are further formed based on the
aqueous phase.

The further change of the radionuclide composi�
tion of fuel occurred in the 1990s due to the two fol�
lowing processes:

(1) The burnup was gradually increased from 33.4
to nearly 50–60 (MW day)/kg to reduce the radiation
burden on nuclear station personnel. This increases
the concentration of americium�243 and curium radi�
onuclides in the conventional fuel [3].

(2) Europe began using MOX fuel (uranium diox�
ide and plutonium dioxide mixture). The concentra�
tion of plutonium will gradually grow during the radi�
ochemical reprocessing of such a fuel, which leads to a
further increase in the concentration of americium
and curium in it.

For this reason, we have posed the problem of cre�
ating technology for reprocessing spent fuel, which
would include the separation of americium and, possi�
bly, curium from HLRWs formed in the extraction
technology. The objective of this work is to consider
the physicochemical problems arising in the repro�
cessing of spent fuel due to the properties of the
organic phase.

MODERN PUREX�PROCESS

The modern process of the radiochemical repro�
cessing of spent fuel may be represented by the follow�
ing scheme (Fig. 1). The concentration of target ele�
ments in HLRWs does not exceed 0.01, 0.025, and
0.5% with reference to uranium, plutonium, and nep�
tunium, respectively [2]. The radiation hazard of
HLRWs is often estimated via the product ΣAiεi [4],
where Ai is the activity of the i th radionuclide, Bq/(t U)
and εi is the dose coefficient of the ith radionuclide,
Sv/Bq [5]. The estimate of the radiation hazard of
HLRWs for the fuel [1] with allowance for the two
most important fission products contained in it, such
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as 90Sr and 137Cs, at two storage times, namely, imme�
diately after reprocessing and 1000 years of storage, is
given in Table 1.

Based on Table 1, it is possible to make the follow�
ing conclusions.

(1) The existing system of the radiochemical repro�
cessing of spent fuel implies very high HLRW specific
activities, which are predominantly determined by
90Sr and 137Cs fission products and americium and
curium radionuclides. For this reason, the Unites
States stopped the reprocessing of spent fuel in the
mid�1980s. The European Union posed the problem
of creating a technological process providing the sepa�
ration of minor actinides, such as neptunium, ameri�
cium, and curium (see, e.g., [6]).

(2) The concentration of 90Sr and 137Cs is governed
by their half�lives and burnups. At present, the decay
of these radionuclides to a safe level requires nearly
600–650 years.

(3) It is necessary to reduce the amount of ameri�
cium and curium in HLRWs to an admissible level.

The scheme of the reprocessing of spent fuel with
the extraction of americium and curium is shown in
Fig. 2. When analyzing Fig. 1, it is necessary to take
into account the properties of the major americium
and curium radionuclides formed in a nuclear reactor
(Table 2).

It can be seen from Table 2 that americium and
curium solutions develop a great amount of heat, and
the heat emission of curium is more than ten times
higher than the heat emission of americium (the con�
tent of 242mAm in the sum of radionuclides is small).

In the conventional regime of the radiochemical
reprocessing of spent fuel (Fig. 1), the radiolysis of the
aqueous phase predominates, whereas the radiolysis of

the organic phase is relatively negligible. However,
when using the scheme shown in Fig. 2, it is necessary
to take into account the radiolysis of the organic phase
in some cases. The process includes the following
stages:

(1) the separation of a mixture of rare�earth ele�
ments (fission products), americium, and curium
from the aqueous phase of the extraction process;

(2) the extraction separation of americium and
curium from rare�earth elements.

Here, there are the two possible variants: (1) the
coextraction of americium and curium and (2) the
extraction of americium only, whereas curium remains
in the aqueous phase. The latter process was called
EXAm [7] to denote the extraction of americium only
and based on the difference between the heat emis�
sions of americium and curium as can clearly be seen
from Table 2. The specifics of americium and curium
extraction processes due to radiolysis will not further
be considered in this work.

REPROCESSING OF THE ORGANIC PHASE

Extraction reprocessing is currently performed
using centrifugal extractors to eliminate the radiolysis
of TBP. 30�% TBP solutions in a hydrocarbon diluent
are used. The initial concentration of TBP is nearly
1 mol/L. This means that the maximum concentra�
tion of uranyl nitrate will be less than 0.5 mol/L, and
the concentration of plutonium nitrate depends on the
composition of an initial fuel. Initially, the concentra�
tion was nearly 1% of that of uranium [1]; however, it
grows with increasing burnup and may amount to sev�
eral grams per liter during the reprocessing of sodium�
cooled fast reactor fuels. Then the organic phase may
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Fig. 1. Modern process of radiochemical reprocessing of spent fuel.

Table 1. Radiation hazard of the HLRW radionuclides in Sv/(t U) (reprocessing of fuel after 5�year storage)

Time U Np Pu Am Cm 90Sr 137Cs

Immediately after repro�
cessing

0.409 6.40 10990 2.87 × 106 5.95 × 106 9.2 × 107 5.2 × 107

In 1000 years 0.391 6.47 2885 1.36 × 106 3.28 × 104 0 0
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be considered as the senary H2O–HNO3–
UO2(NO3)2–Pu(NO3)4–TBP–diluent system. How�
ever, the quinary H2O–HNO3–UO2(NO3)2–TBP–
diluent should be taken as a basis because of the small
content of plutonium in this system, and the effect of
plutonium on the equilibrium may be taken into
account with empirical equations as in work [8].

THERMODYNAMIC DESCRIPTION 
OF THE H2O–HNO3–UO2(NO3)2–TBP–

DILUENT SYSTEM

The principles of the description of a quinary sys�
tem are given in [9] and include the three principal
points:

(1) The major system is divided into subsystems
that are described separately.

(2) Each subsystem is described using molar frac�
tions and rational activity coefficients.

(3) The equilibrium between solution components
is described using the mass law and the equations
relating the activity coefficients.

The thermodynamic functions are calculated using
the molar fractions xi and the rational activity coeffi�
cients fi = ai/xi, where ai is the thermodynamic activity.
The differences between the rational activity coeffi�
cients fi, the molar activity coefficients yi (yi = aic/ci,
where ci is the molar concentration of the ith compo�

nent, and aic is the thermodynamic activity in terms of
molar concentrations), and the molal activity coeffi�
cients γi (γi = aim/mi, where mi is the molality of the ith
component, and aim is the thermodynamic activity in
terms of molal concentrations) are illustrated by Table 3
using the H2O–TBP system [10] as an example.

It can be seen from Table 3 that the rational activity
coefficients of TBP (ft) and water (fw) are close to 1,
whereas the molar and molal activity coefficients consid�
erably differ from 1 at high water concentrations. The
reason for this divergence is the difference between the
molar volumes of TBP (Vt = 273.9 cm3/mol) and water
(Vw = 17.1 cm3/mol). As a result, it becomes impossi�
ble to use the molar and molal activity coefficients. On
the other hand, when calculating the equilibrium, it is
also reasonable to use the volumetric fractions ϕi that
were originally proposed by A. M. Rosen [11] and
determined as

(1)

alongside the molar fractions xi.

The basic expression for the calculation of activi�
ties is the Gibbs–Duhem equation

(2)

The following equation holds true in all cases:

(3)

.i i i j jV x V xϕ = ∑

0.i i j jx a x a+ =∑dln dln

ln ln 0.i i j jx x x x+ =∑d d
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Fig. 2. Scheme for reprocessing of spent fuel with the extraction of americium and curium.

Table 2. Some properties of major americium and curium radionuclides

Radionuclide T1/2, years Concentration, 
g/(t U) [1] Decay type Decay product Heat emission, 

W/g

241Am 432.2 269 α
237Np 0.111

242mAm 152 0.64 IT (>99.5%)
α (<0.5%), β

242Am
238Pu

0.301

243Am 7380 49 α, β 239Pu 0.0062

243Cm 28.5 0.34 α
239Pu 1.73

244Cm 18.1 16.3 α
240Pu 2.78
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Another form of the Gibbs–Duhem equation

(4)

is obtained by substituting Eq. (3) into Eq. (2).
The objective of the mathematical modeling of the

system is to calculate the activity or activity coeffi�
cients of components from the activities or activity
coefficients of other components. To accomplish this,
it is possible to use cross relationships. For example,
the change in the activity or activity coefficients of
some components upon the addition of water can be
determined using the equation

(5)

or

  

(6)

where the first derivative is calculated at mi = const and
mk = const.

Using these principles, we have studied the systems
H2O–TBP and H2O–TBP–diluent [12], H2O–
HNO3–TBP [13], H2O–HNO3–TBP–dodecane [14,
15], and H2O–UO2(NO3)2–TBP [9, 16]. It should be
noted that two variants were used to calculate the
H2O–HNO3–TBP–dodecane and H2O–

d dln ln 0,i i j jx f x f+ =∑

( ) ( ), ,
ln lni j j imi mk mj mk

a m a m∂ ∂ = ∂ ∂

( ) ( ), ,
ln ln ,i j j imi mk mj mk

f m f m∂ ∂ = ∂ ∂

UO2(NO3)2–TBP systems due to some problems esti�
mating the error in the constants. The major problem
is to create a substantiated calculation model suitable
for estimating molar concentrations in the organic
phase under different conditions.

Some calculation results are given in Table 4. Here,
si is the relative root�mean�square deviation of experi�
mental data, and δi is the relative root�mean�square
deviation of calculated data from experiment. Since
the TBP concentration is determined from the density
and the difference of concentrations, st is omitted in
Table 4.

CONCLUSIONS

The performed studies have resulted in substantiat�
ing the possibility of modeling the extraction (TBP
based) reprocessing of spent nuclear reactor fuels with
the use of thermodynamic calculations. A mathemat�
ical technique for the calculation of the molar concen�
trations of components has been developed. The cal�
culations of two ternary mixtures and one quaternary
mixture have been performed. The major problem in
calculations is the creation of a substantiated model
for optimizing the used constants.

NOTATION

a—thermodynamic activity;
c—molar concentration;
f—rational activity coefficient;
m—molality;
n—number of experimental points;
s—relative root�mean�square deviation of experi�
mental data;
V—molar volume;
x—molar fraction;
y—molar activity coefficient;

Table 3.  H2O–TBP system

No. aw [10] ct [10], mol/L cw [10], mol/L ft fw yt yw gw

1 0.11 3.638 0.2 0.999 1.012 0.951 0.932 0.929

2 0.224 3.623 0.439 1.000 0.992 0.899 0.865 0.857

3 0.33 3.607 0.682 0.999 0.993 0.850 0.820 0.808

4 0.427 3.592 0.967 1.008 0.959 0.806 0.748 0.731

5 0.5 3.579 1.15 1.005 0.976 0.774 0.737 0.714

6 0.529 3.573 1.199 0.996 1.008 0.762 0.748 0.731

7 0.618 3.555 1.484 0.997 1.002 0.722 0.706 0.684

8 0.8 3.508 2.173 0.998 1.002 0.642 0.624 0.599

9 0.842 3.494 2.436 0.997 1.002 0.623 0.586 0.580

10 0.902 3.473 2.778 1.020 0.970 0.595 0.550 0.521

Table 4. Principal results of estimating the deviations of
calculated data from experiment

System n Component si δi

H2O–HNO3–TBP 31 H2O 0.030 0.022

HNO3 0.012 0.023

TBP – 0.0036

H2O–UO2(NO3)2–
TBP

27 H2O 0.066 0.074

UO2(NO3)2 0.070 0.061

H2O–HNO3–TBP–
n�dodecane

94 HNO3 0.025 0.041

TBP – 0.072
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γ—molal activity coefficient;
δ—relative root�mean�square deviation of calculated
data from experiment;
Σ—summation symbol in calculations;
ϕ—volumetric fraction.

SUBSCRIPTS AND SUPERSCRIPTS

c—thermodynamic parameters in terms of molar
concentrations;
i, j, k—components listed in formulas;
m—thermodynamic parameters in terms of molal
concentrations;
t—TBP;
w—water.
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