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Abstract – HNO3 and U(IV) extraction by diluted TBP appeared significantly higher than believed earlier, 
requiring correction of mathematical model for extraction of all the species. The proposed model of HNO3 
extraction includes its dissolving in the extracted water, as well as its adduction to UO2(NO3)2(TBP)2. Ex-
traction of U(VI) and tetravalent elements is considered as reaction of their hydrated or partially hydro-
lyzed forms, the latter could be extracted themselves or as neutral forms with water liberation. 
The equation of element chemical reaction for modeling is determined by the slope of linear part of S-
shaped curve representing D/S2 function as a plot of HNO3 concentration, where D is a distribution coeffi-
cient of the microcomponent and S is a TBP concentration free of HNO3. The description of tetravalent 
element extraction in U(VI) presence needs the assumption of  cation-cation interaction of element hydro-
lyzed forms with U(VI) in aqueous phase. Zr distribution is affected by micellar effects. 
 

 
INTRODUCTION 
 
Rig trials on Purex process improvement have 
indicated that extraction of nitric acid in the pres-
ence of U(VI) substantially exceeds the one calcu-
lated with the use of published data on extraction 
equilibrium [1]. So, some revision of mathematical 
description of the component distribution was 
required to correct McKey-Rozen extraction simu-
lation model, based on equation of acting masses 
using formal concentration constants of disolvate 
formation of even-charged cations with TBP, as 
well as its monosolvate with HNO3. The depend-
ence of these constants vs. ionic strength of solu-
tion (I) is expressed by polynomial equation Ln K 
= a0 – a1I1/2

 + a2I – a3I3/2
 + a4I2

 [2]. It was also 
shown that in the range of low solvent loading 
with uranium formation of metal hydrated sol-
vates should be taken into account [3], however 
their stoichiometry was not determined and their 
influence on uranium distribution was expressed 
with the use of empirical corrections [4]. 
Accumulated controversies and disagreements in 
application of the model required to think about 
the adequacy of it’s fundamentals, based on as-
sumptions of existence in aqueous solution of 
“bare” multiple-charge cations: UO2

2+ and tetra-
valent Th4+, U4+, Np4+, Pu4+ and Zr4+ without tak-
ing into account their hydrolysis. 
 
EXPERIMENTAL 
 
The procedures aimed at obtaining more precise 
data on HNO3, U(IV) and Zr extraction in the 
presence of U(VI) are described below. The other 
data on cation extraction was taken from the ref-
erences [2, 5-6].  

HNO3 concentration in aqueous and solvent 
phases was determined by potentiometric titration 
with aqueous NaOH solution in 0.25 mol/L NaF. 
Titration end-point was found out by the second 
peak (Fig. 1), formed by Na[HF2] complex in the 
presence of UO2F2 and NaNO3. It was proved by 
direct titration of HF in NaF media. Concentration 
of HNO3 in the solvent phase was determined by 
titration of extract emulsion in 0.25 mol/L NaF. 
 

 
Fig. 1. Titration curves of solvent product contain-
ing uranyl nitrate. 
Solvent product: 
1 – 0.5 mL / 91 g/L U, 0.22 mol/L HNO3; 
2 – 0.5 mL/ 0 g/L U, 0.94 mol/L HNO3 (addition); 
3 – solvent product mixture 1 + 2 aa 0.25 mL. 
Equilibr. aqueous phase: 1 – 28 g/L U, 2.7 mol/L 
HNO3; 2 –  0 28 g/L U, 5.7 mol/L HNO3. 
 
The obtained results showed that material balance 
of phases coincides only if the change in volume 
of the phases is taken into consideration, includ-
ing solvent loading with U by its contacting with 
solid UO2(NO3)2*6Н2О. The data on HNO3 ex-
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traction and nitrate-ion concentration [7] at these 
conditions is given in Table 1, indicating on  some 
UO2

2+ hydrolyses in solvent phase at low acidity. 
 

TABLE 1. Results of HNO3 direct determination
in solvent product (30% TBP in dodecane) and 
that one by difference between the concentrations
of NO3

- и U.   
Aqueous phase Solvent phase 

HNO3, 
mol/L  

HNO3 
mol/L U 

mol/L 
ΣNO3

- 
mol/L dif. exp.

U 
mol/L 

ΣNO3
-

mol/L dif. exp.
0.235 0.53 0.06 0.06 0.249 0.513 0.016 0.030
0.625 1.30 0.05 0.06 0.419 0.853 0.015 0.035
0.145 0.78 0.49 0.5 0.25 0.54 0.04 0.07
0.62 1.73 0.53 0.55 0.46 0.93 0.01 0.04
0.06 1.38 1.26 1.25 0.24 0.61 0.13 0.14
0.64 2.5 1.20 1.25 0.465 0.99 0.06 0.07

0.185 3.1 2.7 2.7 0.42 1.01 0.17 0.16
0.015 4.0 4.0 4.0 0.24 0.93 0.45 0.45
0.17 4.4 4.05 4.0 0.425 1.05 0.20 0.19

0.125 6.85 6.6 6.6 0.395 1.12 0.33 0.34
 

Solvent phase was washed by soda and acidified 
solution of hydrazine nitrate to prevent U(IV) oxi-
dation during extraction in the presence of U(VI). 
Phases were contacted in centrifugal tubes with 
quick phase separation. U(IV) was determined by 
vanadatometry, first in solvent phase and then in 
aqueous phase with time interval less than 5 min.  
The initial Zr concentrated solution was prepared 
by dissolving solid ZrO(NO3)2 in 10 mol/L HNO3 
with boiling during 8 h and separation of the in-
soluble precipitate after 2 days with dilution of the 
concentrated solution to obtain the final acidity   
6-7 mol/L HNO3, the procedure simulating NPP 
spent fuel dissolution. Solution with required Zr 
concentration was prepared just before Zr extrac-
tion. Zr concentration was determined by spectro-
photometry with Alizarin Red-S. 

 
RESULTS AND DISCUSSION 
 
Nitric Acid Extraction by 30% TBP in Paraffin 
 
Elaboration of a refined model has started from 
HNO3 extraction by diluted TBP. The data on 
water extraction by TBP at various acidity was 
also revised (Fig. 2). It was supposed that water 
dissolution in “free” TBP (not bound in HNO3*TBP 
monosolvate) could be formally described by 
Nernst equation. This water in its turn could dis-
solve dissociated nitric acid with dihydrated hy-
droxonium ion formation (HNO3 hydrated sol-
vate), providing additional extraction of HNO3 as 
compared to HNO3*TBP extraction (Fig. 3). Distri-
bution of H2O and HNO3 forms including forma-

tion of half-solvate TBP*(HNO3)2 at higher acidity 
in the solvent phase is demonstrated in Fig. 4. 
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Fig. 2. Distribution coefficient of water at HNO3
extraction by diluted TBP (0,1 - 8 mol/L HNO3) 
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Fig. 3. Deviation of H+ concentration in solvent 
product from distribution of HNO3 monosolvate 
with ТБФ as a plot of free TBP part. 

 
Complete set of equations could be represented as: 

D(H2O) = 0.006 TBPfree.0.5
 * TBPinit.0.62

HNO3•TBP(s.) + 3H2O(s)=TBP• H(H2O)3
+(s.) + 

NO3
-(s)                               K=0.4 

H+ (aq) + NO3
-(aq) + TBP(s.) = HNO3•TBP (s.)

                 K=0.15 
H+(aq) + NO3

-(aq) + HNO3•TBP(s.) = 
(HNO3)2•TBP(s.)  K=0.0008. 
Nitric acid extraction by TBP at its various con-
centration could be simulated with the given 
above model in good agreement with experimen-
tal data (Fig. 5). 
In the presence of U(VI) it is necessary to consider 
decrease in  “free” TBP concentration  because  of 
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Fig. 4. Calculated distribution of water and HNO3 
species at extraction into 30% TBP. 
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Fig. 5. The curves of diluted TBP loading with 
HNO3 at  20 

oC. (lines – calculation). 
 
uranyl disolvate formation (see below) and bind-
ing of HNO3 molecule to uranyl disolvate: 
HNO3+ UO2(NO3)2(TBP)2 =  
= UO2(NO3)2(TBP)2•HNO3  KH = 0.01 
Simulated distribution of HNO3 in the presence of 
U(VI) is demonstrated in Fig. 6, indicating good 
agreement with experimental data up to HNO3 
aqueous concentration 6 mol/L. Evidently, at more 
high acidity co-extraction of the second HNO3 
molecule with uranyl nitrate disolvate should be 
also taken into consideration. 
 
General Approach to Extraction of Multivalent 
Elements by diluted TBP  
 
The role of water in extraction of metal ions by 
TBP could be seen in formation of hydrated sol-
vate or hydrolyzed forms of cations. We consider, 
however, that multivalent metal cations could be 
present in aqueous solution only in hydrolyzed 

forms or as cation complexes with nitrate-ion at 
total charge less than +2 or, more rarely, as Me3+. 
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Fig. 6. HNO3 concentration in 30% TBP as a plot
of its loading with U(VI) (lines – calculation). 
 

Fig. 7 demonstrates that at low acidity increase in 
TBP concentration resulted in shifting down the 
slope (tgα) of DMe plotted vs. TBP concentration 
from +2 to lower values depending on the nature 
of the element. 
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Fig. 7. Dependence of the distribution coefficients 
(D) of several elements on total TBP solvent con-
centration   (Zr** - Zr hydrolyzed form).  
 

At the same time, tgα for Zr at 3 mol/L HNO3 is 
different for different forms of Zr (1.3 for “ionic” 
form and 2.0 for artificially hydrolyzed Zr at 
1 mol/L HNO3) and estimation of the water influ-
ence on Zr extraction requires more deep analysis. 
The formal plots of DZr vs. HNO3 concentration 
(Fig. 8) also do not clarify the matter, however, the 
difference in the form of Zr curve should be noted.  
It is appropriate to start a new approach to de-
scribe the cation extraction with uranyl nitrate [8] 
(Fig. 9). It is based on analysis of the plot of the 
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ratio of distribution coefficient of the element, 
taken in microamount, to concentration of “free” 
TBP (which depends only on HNO3 extraction) in 
the power of solvate number versus HNO3 aque-
ous concentration.  
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Fig. 8. Distribution coefficient of several ele-
ments into 30% TBP/dodecane as a plot of aque-
ous HNO3 concentration  (lines – calculation). 
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Fig. 9. Calculated distribution of microamounts 
of U(VI)) species into 19% TBP depending on
aqueous HNO3 concentration.  
 
Fig. 9 demonstrates that DU/S2 (where S is con-
centration of “free” TBP) for U(VI) microconcen-
trations has a cubic slope when plotted vs. HNO3 
aqueous concentration in the range 1.5-8.0 mol/L. 
So, the well-known reaction UO2

2+ + 2NO3
- + 

2TBP = UO2(NO3)2(TBP)2 with quadratic de-
pendence on NO3

- concentration does not reflect 
the extraction behavior of U(VI), and it’s applica-
tion requires a lot of empirical corrections. It 
seems that more appropriate results could be ob-
tained basing on reactions of U(VI) hydrolyzed 
form as the main uranium form in aqueous solu-

tion: UO2OH++2NO3
-+ H+ + 2TBP = 

UO2(NO3)2(TBP)2+H2O, K1 = 7,0, where H+ 
total concentration includes also that of proton 
born by UO2

2+ hydrolysis, being equal XU. 
U(VI) extraction at low acidity could be described 
after subtracting the cubic dependence from the 
total curve. The obtained difference plotted vs. 
HNO3 concentration has the slope close to 1. It is 
rather difficult to determine graphically the num-
ber of TBP molecules in the complex with ura-
nium. So, we can write for simplicity the follow-
ing reaction: UO2OH++ NO3

-+ 2TBP = 
UO2(OH)(NO3)(TBP)2, K2 = 1,8.  
This approach seems quite reasonable, because 
only the spectrum of uranyl nitrate hexahydrate in 
crystal form closely resemble the spectrum of 
uranium disolvate in 5% TBP (Fig.10), while all 
other spectra such as the spectrum of the melt 
uranyl nitrate, it’s solvate in 100% TBP and the 
spectra of hydrated form (X) in the solvent, ob-
tained by calculation, have fuzzy contour, indicat-
ing deep interaction with water. 
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Fig. 10. Uranyl nitrate spectra in aqueous and 
solvent phases.  
 
Given above two equations can describe with 
good agreement the U(VI) interphase distribution 
in the range of acidity 0.05-6.0 mol/L (Fig. 11). 
Calculated distribution of U(VI) forms in the sol-
vent shows that disolvate of uranyl hydroxo-nit-
rate (Y2) plays an important role at the low acidity 
and/or at low U(VI) concentration, for example, at 
U(VI) backwashing. It is necessary to take into 
consideration incomplete HNO3 dissociation in 
the range of aqueous acidity higher than 6 mol/L.  
The same approach could be applied to descrip-
tion of Np(VI) and, probably, Pu(VI) distribution: 
NpO2OH++2NO3

-+ H+ +2TBP = 
 NpO2(NO3)2(TBP)2+H2O,  K1 = 2,8. 
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NpO2OH++NO3
-+2TBP= NpO2(OH)(NO3)(TBP)2  

                                                                    K2 = 3. 
The treatment of the data revealed that extent of 
Np(VI) hydrolysis is somewhat greater, than that 
of U(VI).  
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Fig. 11. The curves of 30% TBP/dodecane loading 
with U(VI) at 20 

oC (lines – calculation). 
 

The treatment of the plots of D/S2 vs. HNO3 con-
centration (Fig. 12) for U(IV) in the same way as 
for U(VI) demonstrates that these curves consist 
of two parts, which could be described by the fol-
lowing equations:  
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Fig. 12. Calculated distribution of microamounts 
of Np(IV) species into 30% TBP/dodecane de-
pending on HNO3 concentration. 
 
U(OH)3

+ + NO3
- +2TBP = U(OH)3(NO3)(TBP)2

   K1=1.5 
U(OH)3

+ +H+ = U(OH)2
2+ + H2O K12= 0.17 

U(OH)2
2+ +H+ + 3NO3

- + 2TBP=  
=  UOH(NO3)3(TBP)2 + H2O K2 = 0.7 
 

Np(OH)2
2+

 + 2NO3
- +2TBP =  

         Np(OH)2(NO3)2(TBP)2  K1 = 0.41 

Np(OH)2
2+ +H+ + 3NO3

- +2TBP= 
      NpOH(NO3)3(TBP)2 + H2O K2 = 0.22. 
However, simulstion of Np(IV) extraction does 
not require the correction reaction for shifting of 
hydrolyzed forms. Calculated values of DU(IV) and 
DNp(IV) in the absence of U(VI) are in good agree-
ment with experimental data (Fig. 8).  
 

Extraction of Multivalent Elements by TBP in 
the Presence of U(VI) 
 

Extraction of Np(VI) in the presence of U(VI) 
(Fig. 13) could be described with the use of the 
same reactions as for that one in U(VI) absence. 
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Fig. 13. Modeling of Np(VI) extraction into  30% 

TBP/dodecane in the presence of uranyl nitrate      

(lines – calculation). 
 

However, good enough agreement of calculated 
and experimental data for U(IV) and Np(IV) ex-
traction in the presence of U(VI) (Fig. 14,15) 
could be obtained only with assumption that 
U(IV) [1] and Np(IV) [9] interact with U(VI) in 
aqueous phase, forming associates and/or chang-
ing oxidation number: 
U(OH)2

2+ + UO2(OH)+ = U2O3(OH)2
2+ + H+

   K3 = 180  and 
Np(OH)2

2+ + UO2(OH)+  = [NpO2 * UO2]2+ + H+ 
+ H2O  K3 = 9.  
The same approach might be applied to descrip-
tion of Pu(IV) extraction considering corrections 
for solvent loading with Pu(IV) and U(VI) [9].  
 

The Features of  Zr Interphase Distribution  
 

The curve of DZr vs. HNO3 concentration indi-
cates no simple ways of it’s description even at 
low solvent loading with Zr. We assume that 
Zr(OH)2

2+ is the basic form of Zr in aqueous solu-
tion, having no distinct data on composition of Zr 
hydrated solvates. We suppose that it could be 
extracted as Zr(OH)2(NO3)2(TBP)2 at low acidity 
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and as Zr(NO3)4(TBP)2 at higher acidity, keeping 
in mind that both forms are equally extracted by 
30% TBP from 3 mol/L HNO3 (Fig. 7). 
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Fig. 14. Modeling of U(IV) extraction into  30% 

TBP/dodecane in the presence of uranyl nitrate      

(lines – calculation). 
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Fig. 15. Modeling of Np(IV) extraction into  30%
TBP/dodecane in the presence of uranyl nitrate 

(lines – calculation). 
 

At the same time, (TBP)[HZr(NO3)5] is formed at 
even more high acidity [10] according to the fol-
lowing reactions: 
Zr(OH)2

2+ + 2NO3
- + 2TBP = Zr(OH)2(NO3)2 

(TBP)2+ H2O K1=0.018 
Zr(OH)2

2+ + 2H+ + 4NO3
-+2TBP = Zr(NO3)4 

(TBP)2+ 2H2O    K2=5.5•10-4

Zr(OH)2
2+ + 3H++5NO3

- +TBP = H[Zr(NO3)5] 
(TBP) + 2H2O K3=1.7•10-6

Given above equations are in good agreement 
with description of Zr distribution in U(VI) pres-
ence (Fig. 16); however, they don’t wrap “addi-
tional” Zr extraction (“hyperextraction”) in the 
presence of U(VI) observed during the trials on 
countercurrent solvent extraction rig (Fig. 17) [11].   
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Fig. 16. Modeling of Zr extraction into  30% TBP 
in the presence of UO2(NO3)2 (lines – calculation).
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Fig. 17. Relative deviation of Zr distribution coef-
ficient in multi-stage contactors from the basic 
equilibrium values as a function of the 30% TBP
loading with uranium (YU, g/L) and aqueous
HNO3 concentration (XH, mol/L). 
       lg(D/D*)=0.0017YU(6,8-XH). 
D = D apparatus; D* = D laboratory. 
1 – centrifugal contactors; 2 – mixer-settlers; 3 – 
reciprocating plate columns; 4 – correlation line 
 

Probably, Zr, which comes with solvent product, 
could form in the feed stage of the rig a micellar 
structural-mechanical barrier [12], which prevents 
U extraction, as well as Zr and HNO3 “pushing 
out” from the solvent phase.  
An alternative approach to Zr extraction could be 
based on equilibrium of the forms Zr(OH)2

2+ and 
Zr(NO3)2

2+ in aqueous solution: Zr(OH)2
2+

 + 2H+ 
+ 2NO3

- = Zr(NO3)2
2+ + 2H2O, which requires 

additional analysis of experimental data.  
 
Extraction of Acidic Contaminants and Co-ext-
raction of their Anions. 
 

HN3, H2C2O4, HTcO4 were taken as examples for 
consideration of extraction of contaminating acids 
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by diluted TBP from nitric acid solution, as there 
is available data [5, 12, 13] on their distribution.   
These acids, according to Fig. 18, form with TBP 
mono-, di- и trisolvates, respectively. At the same 
time, TBP does not significantly extract HCl. 
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Fig.18. Distribution coefficients of contamina-
ting acids as a function of total TBP concentra-
tion. (HNO3 aq. concentration - 1 mol/L) 

 
For description of their extraction the similar ap-
proach was used as that one for nitric acid, with 
the distinction in distribution of week acids, extrac-
ted as non-dissociated tetrahydrates by dissolved 
water. However, their dissociation in aqueous 
phase should be taken into consideration. Corre-
sponding equation blocks could be represented as:  
for hydrozoic acid   
HN3(aq) +TBP= HN3•TBP   K = 6,2 
HN3(aq) + 4 H2O(s) = HN3 (H2O)4(s) K=2•107. 
for pertechnetic acid 
H+(aq) + TcO4

-(aq) + 3 TBP(s) = 
HTcO4(TBP)3(s)   K=0,58 

HTcO4(TBP)3(s) + 3H2O(s)=H+(H2O)3(TBP)(s) + 
TcO4

-(TBP)2  K=2,05. 
for oxalic acid 
H2C2O4(aq) = H+(aq) + HC2O4

-(aq)      K=0,06 
H2C2O4(aq) + 4 H2O(s) = H2C2O4 (H2O)4(s) K=43. 
As appears from Fig. 19, the proposed equations 
describe satisfactorily the extraction of mentioned 
above acids. The location of maximum on the 
plots of DA vs. HNO3 concentration is quite reli-
able, but still not in quantitative fit. At the same 
time, extraction of oxalic acid is practically de-
termined only by formation of its hydrated solvate.   
Extraction of acids in the presence of multivalent 
actinides is caused, first of all, by co-extraction of 
their anions [14], which is illustrated by Fig. 20.  
Anion co-extraction by disolvate of uranyl nitrate 
is represented as UO2(NO3)2(TBP)2(s) + A-(aq) = 
UO2A(NO3)(TBP)2 (s) + NO3

- (aq).  
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Fig. 19. Distribution coefficients of contaminating 
acids as a function of HNO3 concentration at ex-
traction by  30% TBP (lines – calculation). 
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Fig. 20. Distribution coefficients of acids and/or 
their anions in the presence of U(VI) at extraction 
from 1 mol/L HNO3 (lines – calculation). 
Solvent - 30% TBP in dodecane. 
 

The values of anion exchange constants for TcO4
- 

and Cl- are equal to 3.0 and 0.8, respectively. N3
- 

anion is not co-extracted with U(VI). Oxalate an-
ion behavior was not investigated because of pre-
cipitate formation with U(VI).  
We are planning to investigate also TcO4

- co-
extraction with Zr, which is virtually very signifi-
cant [11].  
 
CONCLUSION 
 

The field of our investigation was solvent/aqueous 
distribution in multicomponent concentrated sys-
tems, containing polyvalent actinides and some 
fission products at extraction by diluted TBP.  
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They demonstrated that extraction equilibrium in 
these systems could be described using the law of 
the acting masses without activity coefficients or 
correlation function on the base of ionic strength 
of solution, assuming that only hydrolyzed and/or 
complexed forms of cations take part in reactions, 
as opposed to the common opinion of them to be 
“bare” multiple-charge cations in aqueous phase.  
Hydrolyzed and/or complexed forms of cations 
not only participate in reactions of solvate forma-
tion, but could interact with each other in aqueous 
solutions demonstrating so-called cation-cation 
interaction. Really, the charge of the cation in 
aqueous solution is usually less than +2, except 
rare cases of trivalent elements at low acidity, 
where the charge +3 was found. 
Unfortunately, it seems impossible to distinguish 
hydrolyzed and hydrated forms of the solvates, so 
we reduced our equations to hydrolyzed forms in 
all reactions to simplify our model. 
It was found that water is an active participant of 
all the extraction processes not only as dissolved 
one in the solvent, but also as a participant of hy-
drolysis reaction in aqueous phase. The role of 
water is especially noticeable at extraction of ac-
ids, including nitric acid. However, the ability of 
solvates of polyvalent elements to anion exchange 
in the loaded systems should be also taken into 
consideration. 
The development of integrated consistent simula-
tion model based on common principles became 
possible due to the correct description of the pre-
viously found much more higher extraction of 
nitric acid in the presence of uranyl nitrate solvate 
with TBP, which lead to correction of the calcula-
tion of “free” TBP concentration.  
Apparently, the extraction process could include 
interaction of other forms of elements both in 
aqueous and in solvent phase. However, it should 
not impede the use of relatively simple batch of 
equations, based on chemical reactions of the ele-
ment hydrolyzed forms, which equilibrium con-
stants keep the fixed values in the wide range of 
concentration and acidity, and we hope to con-
tinue our work. 
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