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ABSTRACT 

Liquid-liquid extraction is a major method in the nuclear fuel reprocessing industry. 
Hence, a very good knowledge of liquid-liquid extraction media is necessary to determine 
which extraction equilibria have to be considered. In our work, we were able to give a better 
understanding of the dissociation of nitric acid in a binary solution and also in a more 
complex medium such as a ternary solution. Extraction experiments were performed on 
Pu(IV) with an organic phase constituted by TBP from nitric acid media and extraction 
isotherms modeling using simple solutions theory was carried out for water, nitric acid and 
Pu(IV) and proved to be very efficient. 

1 INTRODUCTION 

The PUREX process is a solvent extraction method dedicated to the reprocessing of 
irradiated nuclear fuel in order to recover pure uranium and plutonium from fission products 
and minor actinides, involving tri-n-butyl phosphate (TBP) as the extractant in the organic 
phase. Thus, the extraction of Pu(IV) by TBP from nitric acid solutions has been extensively 
studied in the past decades [1]. The PAREX code has been developed since 1978 by the CEA 
and is constantly enhanced in order to improve extraction processes modeling and flowsheets 
design. In this prospect, a very good knowledge of liquid-liquid extraction media is necessary 
and speciation studies are essential to determine which extraction equilibria have to be 
considered. The aim of this work was to study the speciation in liquid-liquid extraction 
systems, especially through the investigation of nitric acid dissociation in complex media and 
through the extraction of plutonium (IV) with TBP. 

The first part of this work was devoted to speciation studies in aqueous solutions of 
nitric acid. Indeed, the latter shows very interesting properties which explain why it is the 
predominant electrolyte in nuclear fuel reprocessing: nitric acid is a strong acid which can 
dissolve nuclear fuel oxides but not strong enough to cause corrosion damages. It is also 
easily reduced in HNO2 or nitrogen oxides whose redox potentials are very important for 
uranium and plutonium separation in the PUREX process. Moreover, nitrate ion is a versatile 
anion whose complexing properties depend on the surrounding medium. Hence, the 
determination of free nitrate ions concentration is of major importance to determine 
plutonium speciation in the aqueous phase. In our work, nitric acid dissociation in binary and 
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ternary solutions, which is a phenomenon still poorly understood, was investigated by Raman 
spectroscopy. 

In the second part of this work, we studied the extraction of water, nitric acid and 
plutonium (IV) with TBP. Activity coefficients must be taken into account in both aqueous 
and organic phases for accurate extraction isotherms modeling and the result is very 
dependent on the choice of the physicochemical model. To this day, activity coefficients in 
the PAREX code are determined with a semi-empirical method which requires exhaustive 
data that can sometimes be difficult to obtain due to the radiotoxicity of the sample. In this 
study, extraction isotherms modeling was performed using a thermodynamic approach [2].  

2 EXPERIMENTAL 

2.1 Raman experiments 

Binary solutions of HNO3 and more complex nitric acid media represented by HNO3-
HCl, HNO3-LiNO3 and HNO3-CaCl2 ternary mixtures were prepared from mass dilution of 
commercial HNO3 solution (65% wt., Fluka) and respectively HCl solution (37% wt., 
Aldrich), saturated LiNO3 solution (Merck) or saturated CaCl2 solution (Merck) with de-
ionized water. The density of each sample was measured at 25.00 ± 0.05°C using an Anton 
Paar DMA 55 densimeter.  

Raman spectra were recorded with a Dilor LabRam I system spectrometer with 
backscattering configuration. The incident beam was a 632.82 nm laser (He/Ne source, 
9 mW). The same experimental conditions as in [3] have been chosen for Raman spectra 
recording. A two-compartment quartz QX 1 cm path length cell was used for quantitative 
measurements: the first compartment was filled with the sample to analyze and the second 
compartment was filled with the external standard pure CCl4 solution (99.9%, Merck). All 
spectra were recorded at room temperature (22-25°C). 

Spectra deconvolution was realized with Labspec 4.10 software according to [3] in 
order to determine the proportion of associated nitric acid in the samples. The whole 900 –
 1100 cm-1 region was deconvoluted using three Gaussian-Lorentzian functions B1, B2 and 
B3 as in [3]. One band centered around 1048 ± 2 cm-1 was attributed to the ν1s(NO3) band 
characteristic of free nitrate ions (B1). Another band centered around 960 ± 5 cm-1 was 
attributed to the ν(N-(OH)) band characteristic of molecular nitric acid H - NO3 (B2). Finally, 
a third band centered around 1030 ± 5 cm-1 was necessary to deconvolute the experimental 
spectrum properly and was attributed to the ion pair H3O+,NO3

- (B3). An example of 
deconvolution is shown on Figure 1. A calibration line “B1 band area vs. [NO3

-]” was made 
from Raman spectra of fully dissociated NH4NO3 salt at different concentrations: 
experimental spectra show only the B1 band for fully dissociated nitrate salts. This calibration 
line was then used to calculate free nitrate ions concentration [NO3

-] in solutions with nitric 
acid from the area of the B1 band determined after deconvolution.  

2.2 Liquid-liquid extraction experiments 

All extraction experiments were performed at controlled temperature (25.0 ± 0.1°C) 
with TBP (>99%, Fluka) diluted with n-dodecane (99%, Acros Organics) to 30% volume.  

For the study of nitric acid and water simultaneous extraction with TBP, reagent-grade 
HNO3 (65% wt., Fluka) was used to fix the acidity in the aqueous phase. ¨For plutonium 
extraction experiments with TBP, appropriate volumes of HNO3 were diluted in de-ionized 
water and Pu(NO3)4 was then spiked at tracer lever (~10-6 M) in the aqueous phase.  
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Prior to extraction, organic phase was pre-equilibrated 2x1 h with an aqueous phase of 
the same composition as in extraction experiments but without plutonium. Equal volumes of 
pre-equilibrated TBP and fresh aqueous phase containing the plutonium were then contacted, 
agitated for 30 minutes, centrifuged at 4000 rpm for 5 minutes then separated. Aliquots from 
both phases were taken for further analysis. 

Acid and water concentration in the organic phase were determined respectively by pH-
metric titration with standard 0.1 M NaOH solution (Fluka) and Karl-Fischer coulometric 
titration after extraction. Plutonium concentration was determined by α spectrometry.  

3 RESULTS AND DISCUSSION 

3.1 Speciation in aqueous solutions of nitric acid by Raman spectroscopy 

The dissociation coefficient α for nitric acid is defined according to equation (1): 

3

3 tot

NO
α

HNO

-[ ]
=

[ ]
  (1) 

Proportion of free nitrate ions and associated nitric acid (molecular and ion pair) in 
binary solutions of nitric acid determined after deconvolution of experimental Raman spectra 
is shown on Figure 2. Comparison with literature data shows a very good consistency 
between our values and literature values [3,4].  
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Figure 1: Raman spectra of 8 M HNO3 binary 
solution: NO3

- B1 band (−), H-NO3 B2 
band(−), H3O+-NO3

- B3 band (−), 
experimental signal (−) 

Figure 2: Concentrations of [HNO3]associated 
and [NO3

-] vs. [HNO3]total : comparison of 
experimental results (,) with Krawetz 

[4] (,) and Ruas [3] (,) values 

Equation (2) linking nitric acid dissociation coefficient αbi to water activity aw in the 
binary solution was determined from deconvolution results: 

bi 2 3 4
w w w wα a b.a c.a d.a e.a= + + + +   (2) 

Adjustable parameters values determined after optimization for equation (2) are the 
following: a = − 0.2585; b = 3.2227; c = − 6.1705; d = 7.5665; e = − 3.3354. Equation (2) was 
then used to determine nitric acid calculated dissociation coefficient αLy in ternary mixtures to 
calculate αbi which is the dissociation coefficient in the binary isopiestic (with same water 
activity) solution (Z term in equation (3)). 

Indeed, for ternary mixtures, the experimental coefficient α calculated after 
deconvolution of Raman spectra was compared to the calculated coefficient αLy based on the 
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simple solution theory. A simple behaviour is defined as follows: if isopiestic binary solutions 
are mixed together and if the mixture is also isopiestic, then this shows a simple behaviour 
[5]. Ly established a formula to calculate the dissociation coefficient of nitric acid in ternary 
mixtures. Two hypotheses are made to obtain the result in equation (3) which are the simple 
behaviour of the mixtures and the complete dissociation of electrolytes other than nitric acid. 
The demonstration of Ly formula can be found in [6]. 

2

Ly

(X ZS) 4(1 Z)(ZC(C S) Y) (X ZS)
α

2C(1 Z)
+ + + + - - +

=
+

 (3) 

Following notations are used:   

   
bi 2

bi 2

(α )Z
1 (α )

=
-

  I I I
ν ν ν+ -= +   J J J

ν ν ν+ -= +   K K K
ν ν ν+ -= +  

C: HNO3 total concentration in the mixture (mol.kg-1) 
CI, CJ, CK: respectively strong electrolyte 

I I
ν 3 νM (NO )

+ -
, strong acid 

J J
ν νH A

+ -
(A≠NO3

-) and 

strong electrolyte 
K K

ν νN B
+ -

(B≠NO3
-) concentrations 

αLy: HNO3 dissociation coefficient in the mixture 
αbi: HNO3 dissociation coefficient in the isopiestic binary solution 

Three different types of ternary mixtures were investigated in this study, covering a 
broad range of water activity aw: proton influence was studied in HNO3-HCl ternary mixtures, 
nitrate ion influence in HNO3-LiNO3 mixtures and modification of water activity influence 
without common anion or cation in HNO3-CaCl2 mixtures. 

Simple behaviour for all ternary mixtures was verified by density measurements: 
indeed, if the ternary mixture has a simple behaviour, then the theoretical density can be 
calculated according to equation (4) [7]. Average relative error between theoretical and 
experimental density was less than 0.2%, hence showing that all the ternary mixtures have a 
simple behaviour. 

1 1 2 2
bi bi

1 1 1 2 2 2
bi bi bi bi
1 1 2 2

M m M m 1000
ρ

m M m 1000 m M m 1000
m ρ m ρ

+ +=
+ +´ + ´

 (4) 

M1, M2: molar masses of electrolyte 1 and 2 (g.mol-1) 
bi
1m , bi

2m , bi
1ρ , bi

2ρ : respectively molality and density of binary solutions of electrolytes 1 and 
2 with the same water activity as in the ternary mixture (mol.kg-1 or g.cm-3) 

The comparison between α and αLy for ternary mixtures of nitric acid and hydrochloric 
acid in Table 1 shows a very good consistency between their values, the average relative error 
being less than 2.6%. This means that the hypotheses made to establish the theoretical 
equation (3) are valid and that the ternary mixture HNO3-HCl shows a simple behaviour and 
HCl is a strong electrolyte which is fully dissociated.  

Concerning HNO3-LiNO3 and HNO3-CaCl2 ternary mixtures, experimental values of α  
and calculated values of αLy are consistent for low concentrations of LiNO3 and CaCl2 but for 
higher concentrations, discrepancies between α and αLy become more important (Table 2). 
The simple behaviour of the mixtures already being verified, we can assume that the 
incomplete dissociation of LiNO3 and CaCl2 can explain the limitations of Ly equation 
validity. In the case of HNO3-LiNO3 mixtures, there is likely to be an association of Li+-NO3

- 
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in the form of an ion pair. In the case of HNO3-CaCl2 mixtures, the association could be due 
to the formation of Ca2+-NO3

- ion pair. 

Table 1: Comparison between experimental (α) and calculated (αLy) dissociation coefficients 
for nitric acid in ternary mixtures of nitric acid and hydrochloric acid 

# [HNO3] 
(M) 

[HCl] 
(M) aw α αLy 

Relative 
error 
(%) 

# [HNO3] 
(M) 

[HCl] 
(M) aw α αLy 

Relative 
error 
(%) 

1 3.86 3.05 0.59 0.61 0.61 0.2 12 8.14 0.33 0.52 0.53 0.57 6.3 
2 3.97 1.57 0.70 0.77 0.76 1.3 13 8.46 2.63 0.34 0.34 0.34 0.5 
3 4.14 0.42 0.78 0.85 0.85 0.3 14 8.76 1.40 0.41 0.43 0.44 2.3 
4 5.11 2.85 0.52 0.52 0.54 2.8 15 8.91 0.72 0.45 0.48 0.49 2.1 
5 5.27 1.48 0.62 0.66 0.66 0.7 16 9.00 0.33 0.47 0.50 0.52 2.5 
6 5.46 0.38 0.69 0.74 0.76 2.3 17 9.38 2.52 0.30 0.28 0.29 1.5 
7 5.70 2.38 0.52 0.56 0.54 0.9 18 9.91 0.67 0.40 0.43 0.43 0.5 
8 5.82 1.44 0.58 0.62 0.63 1.0 19 9.94 1.33 0.35 0.35 0.37 4.2 
9 5.99 0.38 0.66 0.70 0.72 2.1 20 10.39 1.86 0.29 0.28 0.29 3.1 

10 6.93 1.37 0.52 0.54 0.55 2.6 21 10.60 1.27 0.32 0.31 0.33 8.0 
11 7.15 0.35 0.58 0.61 0.63 1.0 22 10.86 0.63 0.35 0.35 0.38 6.1 

Table 2: Comparison between experimental (α) and calculated (αLy) dissociation coefficients 
for nitric acid in ternary mixtures of nitric acid and lithium nitrate or calcium chloride 

# [HNO3] 
(M) 

[LiNO3] 
(M) aw α αLy 

Relative 
error 
(%) 

# [HNO3] 
(M) 

[CaCl2] 
(M) aw α αLy 

Relative 
error 
(%) 

23 4.12 1.67 0.70 0.79 0.70 15.5% 33 4.25 0.75 0.71 0.88 0.81 8.1% 
24 5.27 2.65 0.55 0.62 0.49 26.0% 34 4.30 2.28 0.49 0.81 0.67 21.2% 
25 5.48 1.57 0.61 0.67 0.60 12.3% 35 5.59 2.85 0.34 0.68 0.50 34.6% 
26 9.43 1.93 0.35 0.33 0.30 8.3% 36 6.13 0.68 0.59 0.68 0.67 1.4% 
27 9.59 1.33 0.38 0.36 0.36 0.1% 37 7.27 0.66 0.52 0.62 0.60 3.2% 
28 9.66 0.98 0.40 0.40 0.39 0.8% 38 7.86 0.39 0.51 0.60 0.58 2.6% 
29 9.87 0.69 0.40 0.41 0.41 0.8% 39 8.95 0.37 0.46 0.52 0.52 1.6% 
30 10.58 0.91 0.35 0.35 0.34 1.6% 40 8.76 0.91 0.40 0.52 0.48 8.5% 
31 10.70 0.67 0.36 0.36 0.37 0.9% 41 9.99 0.35 0.40 0.44 0.45 2.2% 
32 10.84 0.34 0.37 0.39 0.40 2.2% 42 9.82 0.61 0.38 0.49 0.44 8.9% 

We are now able to predict with accuracy the dissociation of HNO3 in complex 
solutions such as ternary mixtures: indeed, the dissociation coefficient can be calculated by 
using the equation (2) we determined experimentally in binary solutions and by applying 
simple solutions theory providing that the mixture exhibits a simple behavior and that the 
electrolyte other than HNO3 is fully dissociated.  

3.2 Extraction of Pu(IV) with TBP from nitric acid media and isotherms modeling 

Extraction isotherms modeling was conducted using a thermodynamic approach for the 
Pu(IV)/HNO3/H2O/TBP 30%/dodecane system. Deviation from ideal behaviour was taken 
into account by calculating activity coefficients in both aqueous and organic phases. 

Simple behaviour of the plutonium nitrate system had already been verified in the 
literature [8] so we were able to use simple solution theory to calculate activity coefficients in 
the aqueous phase, according to Mikulin equation (5) [8]: 
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   (5) 

iγ , bi
iγ : stoichiometric mean activity coefficient of i in the mixture, respectively in the binary 

solution with the same water activity as in the mixture 
iν , kν : number of ions which can be released if i (respectively k) is fully dissociated 

km  : molality of k in the mixture (mol.kg-1) 
bi
im : molality of i in the binary solution with the same water activity as in the mixture 

(mol.kg-1) 

Organic species can be associated with water molecules with two types of interactions: 
hydration water that forms hydrated complexes of well-defined stoichiometry and solubilized 
water resulting from non-ordered interactions between the species and the water in the organic 
phase [9]. To account for both types of water, activity coefficients in the organic phase were 
calculated according to Sergievskii-Dannus relationship [2]: 

   (6) 

 : non-stoichiometric hydration degree (solubilized water) of species X at aw=1 
: activity coefficient of species X in the same organic phase, but in equilibrium with pure 

water (aw=1) 

The general extraction equilibrium of plutonium, nitric acid and water by TBP can be 
written according to equation (7): 

 (7) 

Using equation (6) to develop activity coefficients in the organic phase, we can define 
an effective constant Keff for equilibrium (7), related to the thermodynamic constant Kex 
according to equation (8): 

  (8) 

Concentrations of nitric acid, water and plutonium in the equilibrated organic phase 
were determined experimentally, as well as nitric acid and plutonium concentrations in the 
aqueous phase. Ha  and Pua  were then determined by calculating activity coefficients in the 
aqueous phase with Mikulin equation.  

In order to model the extraction system, we made various hypotheses on the 
stoichiometry of the complexes in the organic phase and calculated ijkhm  according to mass 
action law. The hypothesis retained was the one which gave the best fit between experimental 
and calculated values for plutonium, nitric acid and water concentrations in the organic phase. 

The two parameters Keff and  were determined for each species from isotherms 
modeling results. Hence, the modeling of the complex system 
Pu(IV)/HNO3/H2O/TBP 30%/dodecane was done by first studying only nitric acid and water 

extraction with TBP and by determining Keff and  parameters for each organic species. 
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For nitric acid and water extraction by TBP, the best fit (Figure 3) between 
experimental and calculated concentrations in the organic phase was obtained by considering 
the complexes in Table 3.  

Table 3: Optimized parameters for HNO3/H2O/TBP 30%/dodecane system 

Species Keff,X  Species Keff,X  
(TBP)  / 0.30 2 3 2(TBP) (HNO )(H O)  1.47.10-1 0.63 

2(TBP)(H O)  2.32.10-2 4.20 3 3 2(TBP) (HNO )(H O)  8.58.10-2 0.93 

3(TBP)(HNO )  2.57.10-1 0.20    

The values determined in Table 3 were then used for modeling plutonium extraction 
isotherm in the Pu(IV)/HNO3/H2O/TBP 30%/dodecane system. We considered the extraction 
of two plutonium complexes 3 4Pu(NO ) ,2TBP  and 3 4Pu(NO ) ,3TBP  in the organic phase, 
along with the species determined in Table 3. 

The plutonium distribution coefficient D is defined according to equation (9): 

org

aq

[Pu
D

[Pu
]

=
]

    (9) 

Experimental values of D determined for plutonium (IV) extraction with 
TBP 30%/dodecane are consistent with literature values [1]: D value increases with the nitric 
acid concentration in the aqueous phase because of the salting-out effect of increasing nitrate 
ions concentration. The comparison between experimental and calculated distribution 
coefficients according to our model is shown in Figure 4. Both values are consistent, showing 
the good accuracy of this thermodynamic approach for liquid-liquid extraction isotherms 
modeling. 
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Figure 3: Experimental data (,) and isotherm 
modeling (−,−) for nitric acid and water 

extraction with TBP 30%/dodecane at 25°C 

Figure 4: Experimental () and calculated 
() plutonium distribution coefficients 

with TBP 30%/dodecane at 25°C

4 CONCLUSION 

In our work, we were able to give a better understanding of the dissociation of nitric 
acid in complex solutions using experimental values of nitric acid dissociation coefficient 
determined with Raman spectroscopy combined with a theoretical approach based on simple 
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solution theory. For mixtures showing a simple behaviour and with fully dissociated 
electrolytes other than HNO3, we showed that the dissociation of nitric acid can be predicted 
with very good accuracy. 

Extraction isotherms modeling using simple solutions theory to calculate activity 
coefficients in the aqueous phase and Sergievskii-Dannus equation for the organic phase has 
been performed to study water and nitric acid extraction with TBP 30%/dodecane and proved 
to be very efficient. The parameters determined were then used to calculate the distribution 
coefficient for plutonium (IV) extraction with TBP 30 %/dodecane and the agreement with 
experimental values was good, hence showing the accuracy of our model to study liquid-
liquid extraction systems. 
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