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Summary 

Distribution data for the partition of nitric acid between nitric acid solution and a solvent 
phase comprising various combinations of TODGA, octanol and inert kerosene diluent have 
been generated, covering a range of conditions from 0–9 mol/L HNO3(aq), 0–100% octanol, 
0–0.4 mol/L TODGA over a temperature range from 10–50 °C. The data have been used to 
derive a model describing the nitric acid equilibrium between the phases suitable for 
incorporation in process models of e.g. the innovative SANEX process. For the nitric acid / 
octanol / diluent system it was found that an accurate prediction of nitric acid distribution 
could be achieved using a model allowing 1:1, 1:2 and 1:3 nitric acid / octanol adducts. For 
the nitric acid / TODGA / diluent system the best models were found to be those allowing 
4:1, 3:1, 2:1, 1:1 and 2:2 nitric acid / TODGA adducts. Superimposing the models for nitric 
acid distribution into the individual extractants and comparing with experimental results for 
the nitric acid / octanol / TODGA system showed systematic differences indicative of 
antagonistic and synergistic effects applying in the ranges 0.5–1.5 mol/L HNO3 and > 
1.5 mol/L HNO3 respectively. These effects were modelled by the inclusion of 0:1:2, 1:1:1, 
2:1:3 and 3:1:2 nitric acid / TODGA / octanol adducts. The effect of temperature on nitric 
acid extraction was well described by an Arrhenius type expression with an activation energy 
of −25.7 kJ/mol. No diluent dependence was found for nitric acid extraction. 

Introduction 

In order to reduce the burden of radioactive waste for geological disposal it is desirable to be 
able to separate the minor actinides (Np, Am, Cm) from the reprocessing waste stream. 
Removal of neptunium can be achieved by modification of the PUREX (Plutonium Uranium 
Reduction Extraction) process such that neptunium is initially routed with the uranium and 
plutonium [1-2]. The separation of americium and curium from fission products in general and 
lanthanides in particular is more challenging. TODGA (N,N,N’,N’-tetra-n-octyl 
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diglycolamide, Figure 1) has been identified as a promising extractant for the co-extraction of 
minor actinides and lanthanides from nitric acid based solution [3-4], allowing these to be 
separated from other fission products. In a subsequent process, americium and curium are 
separated from lanthanides [5]. This is achieved either by selectively stripping the former 
from the loaded TODGA solvent, employing an aqueous phase complexing agent such as 
polyaminocarboxylates [6-12], sulphonated bis-triazinyl-pyridines [13-15] or bis-triazolyl-
pyridine [16-17], or by selective extraction from the TODGA product solution, obtained after 
backwashing the actinides and lanthanides, using nitrogen- or sulphur donor extracting agents 
[5, 18-21].  

 
Figure 1: N,N,N’,N’-tetra-n-octyl diglycolamide (TODGA).  

A known disadvantage of TODGA-diluent mixtures is the tendency to form a third phase 
with only moderate loadings of nitric acid and / or metal ions, the extent of this tendency 
being dependent on the exact choice of diluent [4, 22]. In order to satisfactorily suppress third 
phase formation it is necessary to include a phase modifier in the formulation [4]. Various 
modifiers have been tried (e.g. tri-butyl phosphate [23-24], lipophilic alcohols [25-26], 
monoamides [27-29], DMDOHEMA (N,N’-dimethyl-N,N’-dioctyl-2-(2-hexyloxy-ethyl)-
malonamide) [30-31]). A solvent comprising 0.2 mol/L TODGA with 5 v/v% octanol in an 
inert diluent such as odourless kerosene or hydrogenated tetra propylene (TPH) has been 
developed [32] and used [14] in recent European research programmes. This system has the 
advantage of employing only CHON species in the solvent, whilst keeping the amount of 
modifier at a small fraction of the overall solvent mix. However, both TODGA and octanol 
will extract nitric acid. In order to develop flowsheets using this solvent mix it is necessary to 
have a good understanding of nitric acid extraction as the distribution of nitric acid through a 
flow-sheet will be the prime determinant of solvent extraction behaviour within the plant. 
From a modelling perspective the development of good nitric acid extraction algorithms is a 
prerequisite for development of algorithms describing the extraction of other species present 
in the flow-sheet because all such algorithms must be designed to operate in the context of 
significant competition from nitric acid for the available extractant. 

Nitric acid extraction into TODGA and similar diglycolamides is often described by 
assuming the formation of a 1:1 adduct, HNO3·TODGA [28]. This approximation is only 
sufficient to calculate nitric acid extraction at rather low aqueous nitric acid concentrations, 
see below. The formation of a 2:1 adduct, 2HNO3·TODGA at nitric acid concentrations 
exceeding 2 mol/L is inferred from slope analysis [33].  

Nitric acid extraction from 0.1–3 mol/L nitric acid into 0.01–0.2 mol/L T2EHDGA 
(N,N,N’,N’-tetra(2-ethylhexyl) diglycolamide) dissolved in n-dodecane was modelled 
accounting for the formation of HNO3·T2EHDGA and 2HNO3·T2EHDGA adducts [34]. Due 
to the absence of the modifier this model is not applicable to the TODGA + 5 v/v% octanol 
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solvent. Furthermore, we wished to extend the range of valid concentrations to 5 mol/L nitric 
acid and 0.3 mol/L TODGA.  

The overall aim of this work was to establish reliable process models for calculating the 
distribution of nitric acid between a solvent containing TODGA with 5 v/v% octanol in 
kerosene diluents. As such, aggregation phenomena which are described in the literature [35-

36] are not taken into account, work described herein finding that no improvement in model 
accuracy can be obtained by the inclusion of TODGA aggregates.  

General Approach to Modelling 

In order to model the extraction of nitric acid into TODGA-octanol mixtures, the approach 
taken is the following: nitric acid extraction into TODGA and into octanol are modelled 
separately. Then by comparing experimental results for extraction of nitric acid in TODGA-
octanol mixtures with results obtained by superimposing the TODGA and octanol models an 
assessment of any antagonistic and/or synergistic effects is made.  

In order to facilitate practical use of the models it is desirable to construct them such that they 
have the widest possible range of validity. For most applications this is more important than 
attaining very high levels of accuracy over a narrow range of conditions. For reasons to do 
with ease of numerical solution it is also desirable to have the model behave in a physically 
plausible manner outside of the range of known validity. A model that allows physically 
implausible features such as negative stability constants, even if they would only occur 
outside the range of conditions being modelled, will tend to give rise to numerical problems 
as the software used to implement the model searches for a solution. It is also desirable to 
avoid discontinuities in models, particularly in the case of dynamic models in which changing 
conditions through the course of a run can result in such discontinuities being encountered 
many times through a run. Although modern process modelling software, such as gPROMS 
and Aspen Custom Modeler, supports the implementation of discontinuities most notably 
through the inclusion of “if … then … else” constructs, the use of these features will typically 
incur a heavy penalty in terms of reliability of the model and required run time. A common 
problem in poorly designed dynamic models is that they “chatter”, continually switching 
between two states making no useful progress. For this reason, features such as conditional 
stability constants should be avoided wherever feasible. 

The above considerations will tend to lead to a modelling approach which is semi-empirical, 
employing theory where possible, but utilising empirical approaches to cover gaps in the 
theoretical understanding. A theoretical underpinning will normally give rise to a model that 
is continuous and behaves in a physically plausible manner over a wide range of conditions. 
Empirical add-ons allow features such as solvent phase activities, which are typically 
incompletely understood, to be taken into consideration in the model. 
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Experimental 

The modelling approach followed requires experimental data for the extraction of nitric acid 
into octanol, TODGA and TODGA + octanol, each dissolved in kerosene. Furthermore, data 
with varying temperature are required for a complete description.  

A dataset for the extraction of nitric acid into octanol-kerosene mixtures covering a range of 
acid (0–5 mol/L) and octanol (5–100 v/v%) concentrations at 20 °C is available [37], see 
Figure 2 and supporting information Table SI 1. It was verified that the kerosene used did not 
have a significant effect on nitric acid extraction. This is of importance since different 
kerosenes (Exxsol D80 and TPH) were used in further experiments.  

Extraction data for nitric acid into TODGA or TODGA + mainly 5 v/v% (0.32 mol/L) 
octanol were determined in three different laboratories to produce a robust dataset (see Tables 
SI 2 and SI 3). The procedures involved were as follows:  

Aqueous phase was nitric acid (0.1–9 mol/L). Organic phase was TODGA (0.05–0.4 mol/L) 
in Exxsol D80 or TODGA (0.05–0.3 mol/L) + octanol (5 v/v%) in TPH or Exxsol D80. 
Additional experiments with aqueous phase ≈ 2.8 mol/L HNO3, organic phase TODGA (0.1 – 
0.3 mol/L) + octanol (5–50 v/v%) were undertaken. Equal volumes of aqueous and organic 
phase were contacted on an orbital shaker (2500/min) for 15 minutes (it was previously 
verified that equilibrium had been attained within several minutes) at 20 ± 0.5 °C, 22 ± 1 °C 
or ambient (≈ 20–25 °C), depending on which of the labs involved performed the 
experiments. Following centrifugation, organic phase aliquots were stripped into water (A/O 
= 1–4). Nitric acid concentrations were determined by duplicate potentiometric titration with 
NaOH (0.02–0.1 mol/L).  

To quantify the temperature effect on nitric acid extraction, experiments were performed with 
TODGA (0.1–0.2 mol/L) + octanol (5 v/v%) in TPH and HNO3 (0.1–3 mol/L) at various 
temperatures (controlled to ± 0.5 °C at 10–50 °C) (see Table SI 4). To avoid changing 
temperature during centrifugation and phase separation, a different experimental approach 
was followed: Samples were shaken in a temperature-controlled water bath. The samples 
were kept in the water bath over night for phase disengagement.  

TODGA was synthesised according to reference [38] or bought from Technocomm, UK. 
Exxsol D80 (“odourless kerosene”, ExxonMobil), TPH (hydrogenated tetrapropylene, 
Prochrom, France) and octanol (puriss.) were used as received. Nitric acid 65% (Merck, p.a.) 
was diluted to the desired concentration, which was determined by potentiometric titration 
with 0.1 mol/L NaOH.  

Extraction of Nitric Acid into Octanol 

Various attempts have previously been made to model the data reported in reference [37]. A 
model based on Specific Ion Interaction Theory (SIT) [39] gave good predictions of organic 
phase acid concentrations, assuming that the acid was extracted as HNO3·2Octanol only [37]. 
This model was, however, limited in that different equilibrium constants for each octanol 
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concentration considered had to be used. By taking only one starting octanol concentration at 
a time, the range of free octanol concentrations considered in fitting each of the equilibrium 
constants was very limited with the consequence that the dependence of acid extraction on 
the free octanol (and by implication the determination of the solvent phase acid adduct(s)) 
will be subject to significant uncertainty. From a practical perspective the inclusion of 
conditional stability constants is highly undesirable and a model that is not dependent on 
these is to be preferred.  

Preliminary work on the modelling of these data considered a system with possible adducts 
2HNO3·Octanol, HNO3·Octanol and HNO3·2Octanol, similar to what was found for HNO3 
extraction into TBP [40]. When considering only one starting octanol concentration at a time 
it was found that β12 >> β11, β21 suggesting, in line with reference,[37] that only the 
HNO3·2Octanol adduct is significant. However, when the dataset as a whole was considered 
it was found that the best fit was obtained with β11 > β12 >> β21, so that the significant adducts 
are HNO3·Octanol and HNO3·2Octanol, the former being more prevalent under most 
conditions. The resultant model gave acceptable results over most of the range covered by the 
data but predictions tended to lose accuracy near the ends of the acidity range, notably 
overstating extraction by ≈ 25% for [HNO3]aq > 4 mol/L. The inclusion of a 3HNO3·Octanol 
adduct was also considered, but this was found to offer no benefit. The dataset as a whole has 
thus been revisited with results as reported below. 

Theory 

The extraction of nitric acid into octanol is assumed to be governed by a number of equilibria 
of the form:  

  nH+ + nNO3− + mOctanol   ⇌   nHNO3·mOctanol (  Equation 1 ) 

With equilibrium constants defined as below 

𝛽#$ =
𝛾#'()*.$),-.#/0[𝑛𝐻𝑁𝑂6.𝑚𝑂𝑐𝑡𝑎𝑛𝑜𝑙]

𝛾'>
# [𝐻?]#𝛾()*@

# [𝑁𝑂6A]#𝛾),-.#/0$ [𝑂𝑐𝑡𝑎𝑛𝑜𝑙] (  Equation 2 ) 

The concentration of octanol is the concentration of unbound (free) octanol. As the 
concentrations are expressed as molarities, the activity coefficients will be molar activity 
coefficients.  

A number of simplifications are then made. In light of the lack of availability of data, the 
organic phase activity coefficients are taken to be unity and, in the aqueous phase, the mean 
stoichiometric activity coefficient for nitric acid (γs) is used instead of the activity coefficients 
of the individual ions. γs is related to the individual activity coefficients as in below in which 
α is the degree of dissociation of nitric acid: 

𝛾BC = 𝛼C𝛾'>𝛾()*@ (  Equation 3 ) 
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Taking [HNO3] to be the total of dissociated and molecular nitric acid, the organic phase acid 
concentration is then given by: 

[𝐻𝑁𝑂6](/FG) =II𝑖𝛽KL𝛾BCK[𝐻𝑁𝑂6

$

LMN

#

KMN

](.O)
CK [𝑂𝑐𝑡𝑎𝑛𝑜𝑙]L  (  Equation 4 ) 

The final element of the model is a continuity equation for the extractant (octanol) which 
allows the amount of free extractant to be determined. This takes the form: 

[𝑂𝑐𝑡𝑎𝑛𝑜𝑙](-/-.0) = [𝑂𝑐𝑡𝑎𝑛𝑜𝑙] +II𝑗𝛽KL𝛾BCK
$

LMN

#

KMN

[𝐻𝑁𝑂6](.O)
CK [𝑂𝑐𝑡𝑎𝑛𝑜𝑙]L  (  Equation 5 ) 

In this equation [Octanol](total) is the molar concentration of octanol in the unloaded solvent, 
while [Octanol] is the molar concentration of unbound octanol in the loaded solvent. By 
using molar concentrations this equation neglects dilation effects which would have the effect 
of reducing [Octanol](total) as acid is taken up by the solvent. The neglect of dilation in this 
manner is a further simplification for which compensation is introduced in the empirical 
fitting process. 

The modelling problem is then to find values for βij and an expression for γs such that a good 
fit is obtained to the experimentally determined data.  

Fitting of Correlation for Nitric Acid Distribution into Octanol 

Plotting (log[HNO3]org − 2log[HNO3]aq) against log([Octanol]) where [Octanol] is an 
estimate of the free octanol (rather than total octanol) yields a gradient of ≈ 1.4, suggesting 
that the solvent contains a mix of HNO3·Octanol and HNO3·2Octanol adducts. Scoping work 
indicated that there are benefits in terms of a fit if a HNO3·3Octanol adduct is also 
considered, but no other candidate adducts were identified as potentially useful. In principle 
the expression for γs could be either derived from a fit to literature activity data or calculated 
using a technique such as SIT [39] or Pitzer [41] equations, but in practice the expression for γs 
is not a true activity coefficient as it takes account of a number of other unknowns such as 
solvent phase activities and to that extent it can be considered to be an empirically derived 
correlation. It is, however, useful to consider the available literature data as a starting point. 
Data from Gazith [42] (original source [43]) for nitric acid activity coefficients were obtained 
and it was found that a good fit to these data could be obtained using an equation of the form: 

𝛾B =
𝐴

([𝐻𝑁𝑂6] + 𝐵)#
+ 𝐶 + 𝐷[𝐻𝑁𝑂6] + 𝐸[𝐻𝑁𝑂6]C + 𝐹[𝐻𝑁𝑂6]6

+ 𝐺[𝐻𝑁𝑂6]Y 
(  Equation 6 ) 

Preliminary work suggested that setting n = 2, F = 0 and G = 0 gives acceptable fits and the 
fitting procedure thereafter took these as constant.  

Fitting was undertaken using gPROMS 5.1.1 parameter estimation [44]. As well as fitting the 
βij and constants in equation 6, gPROMS was also set up to estimate the variance of the 
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experimental data. This was assumed to have a heteroscedastic distribution as described in 
Equation 7 below.  

𝜎 = 𝜔|𝑥|^ (  Equation 7 ) 

 where s is the standard deviation, x is the measured value and w and g are fitted constants, 
g = 0 corresponding to constant variance across the dataset, while g = 1 corresponds to 
constant relative variance. gPROMS performs the fitting by minimising the below objective 
function. 

Φ =
𝑁
2 ln

(2π) +
1
2𝑚𝑖𝑛c

dII I elnf𝜎KLgC h +
f𝑧̃KLg − 𝑧KLgh

C

𝜎KLgC
l

(mno

gMN

(pn

LMN

(q

KMN

r (  Equation 8 ) 

where N is the total number of measurements taken in all experiments, NE is the number of 
experiments performed, NVi is the number of variables measured in the ith experiment, NMij is 
the number of measurements of the jth variable in the ith experiment, q is the set of physical 
and variance model parameters to be determined, 𝜎KLgC  is the variance of the kth measurement 
of the jth variable in the ith experiment, 𝑧̃KLg  is the kth measured value of the jth variable in the 
ith experiment, zijk is the kth model predicted value of the jth variable in the ith experiment. For 
the fitting undertaken here the data series was considered as a single dynamic experiment in 
which equilibrium conditions (aqueous acidity and organic octanol concentration) were 
changed through time (NE = 1), the measured variable was the organic acid concentration 
(NV1 = 1) and the number of measurements was taken to be the number of datapoints 
included in fitting (NM11 = 53).  

An initial estimation run was undertaken to establish a suitable expression for the activity 
coefficient. This gave values for constants A through E as shown in Table 1 giving the 
expression for activity shown in Equation 10 which was used for all subsequent fitting. The 
expression for activity was then fixed and the estimation rerun, yielding the stability 
constants given in Table 1.  

Table 1: Fitted coefficients for correlation (equations 4 and 6) to calculate nitric acid 
distribution into kerosene-octanol mixtures.  

A B C D E β11 β12 β13 

0.1080 0.5962 0.6100 0.1131 −0.002716 0.006101 0.001585 0.0003546 

From this it is found that the expression for nitric acid distribution is given by Equation 9 
where [Oct] is the free octanol concentration, [HNO3] is the total (stoichiometric) nitric acid 
concentration and γs is given by Equation 10.  

𝐷'()* = 𝛾BC[𝐻𝑁𝑂6](0.006101[𝑂𝑐𝑡] + 0.001585[𝑂𝑐𝑡]C + 0.0003546[𝑂𝑐𝑡]6 ( Equation 9 ) 
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𝛾B = y
0.108

(0.5962 + [𝐻𝑁𝑂6])C
+ 0.61 + 0.1131[𝐻𝑁𝑂6] − 0.002716[𝐻𝑁𝑂6]C| ( Equation 10 ) 

 

Statistical measures of the fit are given in Fehler! Ungültiger Eigenverweis auf Textmarke. 
below.  

Table 2: Quality of fit for model of HNO3 extraction into octanol / TPH. 

Variance model (see Equation 7) c2-test 
w  g c2 c2-critical 

0.00744 0.724 53.00 65.17 

The value of gamma indicates that errors are predominantly related to the magnitude of the 
measurement being made whilst the c2 value being less than the c2-critical value indicates 
that the null hypothesis (that the difference between the weighted residual and the and 
expected weighted residual is zero) cannot be rejected at the 95% confidence level, thereby 
indicating a good fit. 

Plots of model predictions vs. experimental results (from reference [37]) are shown in Figure 
2. Percentage errors across the range of the experiments are rather small. For aqueous phase 
nitric acid concentrations in excess of 1.5 mol/L, the model gives predictions with root mean 
square (rms) error of 1.5% whilst at acidities below 1.5 mol/L the rms error is 5.1%. This 
model shows slightly improved accuracy over the one reported in reference [37], most notably 
at aqueous nitric acid concentrations beyond 1 mol/L.  

 
Figure 2: Extraction of nitric acid into octanol-TPH mixtures (octanol volume fraction as 
indicated); model predictions (lines) vs. experimental data (symbols). A/O = 1, T = (20 ± 
0.5) °C. Experimental data from reference [37]. See Table SI 1 for experimental data.  
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Extraction of Nitric Acid into TODGA 

The extraction of nitric acid into TODGA solvents was determined for the following 
experimental conditions, 0.05–0.4 mol/L TODGA, 0.1–8.7 mol/L HNO3, diluent was Exxsol 
D80. Temperature was 20 ± 0.5 °C, 22 ± 1 °C or ambient (≈ 20–25 °C), depending on which 
of the labs involved performed the experiments.  

Experimental data for the extraction of nitric acid into TODGA in Exxsol D80 are compared 
to calculated values (see below) in Figure 3. A number of points are apparent from initial 
inspection of the experimental data:  

• A series of datapoints at a TODGA concentration of 0.2 mol/L is somewhat 
inconsistent with the remaining data, generally showing around 0.05 mol/L more 
nitric acid being extracted into the solvent than the other data sets give for similar 
conditions. 

• Organic phase acidity up to 2.5 times the TODGA concentration is observed at the 
highest nitric acid concentrations considered. This implies that adducts with at least a 
3:1 nitric acid:TODGA ratio must be present. 

• Distribution ratios show a roughly linear dependence on TODGA concentration for a 
given acidity. This suggests that the solvent phase adducts of the form 
nHNO3·TODGA are dominating. 

• Distribution ratios for nitric acid show little dependence on acidity at moderate and 
high acidities. For 0.1 mol/L TODGA, D(HNO3) is around 0.033 for greater than 
2 mol/L nitric acid. With 0.2 mol/L TODGA, D(HNO3) is around 0.06 to 0.07 for 
[HNO3] > 0.5 mol/L and with 0.3 mol/L TODGA, D(HNO3) is around 0.1 to 0.12 for 
[HNO3] > 1 mol/L. This behaviour is slightly unexpected as typical extraction 
behaviour would have distribution ratios initially increasing with acidity then 
decreasing at higher acidity as solvent saturation effects cut in. 
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Figure 3: Nitric acid extraction into TODGA (concentration as indicated) in Exxsol D80. 
Model predictions (lines) vs. experimental data (symbols; open symbols excluded from 
fitting). A/O = 1. See Table SI 2 for experimental data.  

Fitting of the experimental data has been undertaken in the same ways as for the extraction of 
nitric acid into octanol, assuming that the solvent phase contains adducts of the form 
iHNO3·jTODGA so that the nitric acid concentration is described by Equation 11. 

[𝐻𝑁𝑂6](/FG) = II𝑖𝛽KL

$

LMN

#

KMN

𝛾BCK[𝐻𝑁𝑂6](.O)CK [𝑇𝑂𝐷𝐺𝐴]L ( Equation 11 ) 

In this equation [TODGA] is the free TODGA which is determined by use of a continuity 
equation analogous to that used for octanol (Equation 5). The fitting allowed adducts ranging 
from 4HNO3·TODGA through to HNO3·TODGA and HNO3·2TODGA through to 
HNO3·4TODGA. Additionally, the 2HNO3·2TODGA adduct was allowed as were the 
TODGA oligomers 2TODGA, through to 4TODGA. Only the stability constants were fitted, 
the expression for γs derived in the fitting of octanol extraction being used here as well. 
Again, fitting was achieved by minimising the objective function given in Equation 8. Data at 
less than 0.5 mol/L aqueous acidity was omitted from the fitting in light of the scatter 
observed in the data in this region and the low amounts of extracted acid involved that will 
normally result in flow-sheet model predictions having a low sensitivity to relative errors in 
acid distribution values at low acidity. The outlying data (series 3, open triangles in Figure 3) 
was excluded from the fitting process due to the offset observed between it and the other data 
sets. Of the adducts allowed, initial fitting set stability constants for HNO3·3TODGA, 
HNO3·4TODGA, 2TODGA, and 3TODGA to zero. Although the best fit was obtained when 
HNO3·2TODGA and 4TODGA species had non-zero stability constants, the 95% confidence 
limits for the predicted values took in zero and it was found that there was very little loss in 
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model accuracy if these species were omitted. For the remaining adducts the fitting process 
resulted in stability constants as in Table 3 below: 

Table 3: Fitted constants for nitric acid distribution into TODGA (0.1–0.3 mol/L) in Exxsol 
D80. 

β41 β31 β21 β11 β22 
9.056E−7 9.009E-5 0.02193 0.4482 0.4987 

These constants differ from those reported in a previous study [24]. The differences are 
explained by the use of different activity models and the use of the 2HNO3·2TODGA adduct 
instead of the HNO3·2TODGA adduct.  

Statistical measures of the fit are given in Table 4 below.  

Table 4: Quality of fit for model of HNO3 distribution into TODGA in Exxsol D80. 

Variance model (see Equation 7) c2-test 
w  g c2 c2-critical 

0.01609 0.2701 58.00 68.67 

Figure 3 shows a comparison of the model results against the available experimental data. 
Root mean square error for the fitted data is 9.9% overall (17% for [HNO3](aq) < 1.5 mol/L, 
5.6% for [HNO3](aq) > 1.5 mol/L) The wide scatter of data at low acidity is apparent, making 
a close fit to data in this region impossible. Despite potentially high relative errors in the 
calculation of organic phase nitric acid concentration under conditions of low aqueous phase 
nitric acid concentrations, absolute errors remain small so that models of typical flow-sheets 
should not be greatly affected by sensitivity to nitric acid distribution at low acidity 

Extraction of Nitric Acid into TODGA-Octanol Solvents 

Data sets for the extraction of acid into combined TODGA/octanol solvents have been 
generated for varied experimental conditions, 0.05–0.3 mol/L TODGA, 5 v/v% octanol, 0.1–
6 mol/L HNO3 and 0.1–0.3 mol/L TODGA, 5–50% v/v% octanol, ≈ 2.8 mol/L HNO3. 
Diluent was Exxsol D80 or TPH (it was verified that the diluent does not have any effect on 
the quantity of nitric acid extracted, see Supporting Information, “diluent effect on nitric acid 
extraction”). Temperature was 20 ± 0.5 °C, 22 ± 1 °C or ambient (≈ 20–25 °C), depending on 
which of the labs involved performed the experiments. However, the temperature effect on 
nitric acid extraction is moderate (see below).  

Following exclusion of obvious outliers, experimental data from different laboratories 
typically agreed well. Results are shown in Figure 4.  
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Performance of Correlations Neglecting Synergistic Effects 

Initial calculations were undertaken in which the solvent phase nitric acid concentration was 
modelled as the sum of the predicted nitric acid extraction into TODGA plus that resulting 
from nitric acid extraction into octanol. Figure 4 shows predicted vs. measured organic nitric 
acid concentrations for experimental series at 0.05, 0.1, 0.2 and 0.3 mol/L TODGA, 
respectively. 

General trends are apparent. For nitric acid concentrations above about 1.5 mol/L HNO3, the 
superposition of the TODGA and octanol models results in under prediction of extracted 
nitric acid, typically by approximately 10%. In the region 0.5–1.5 mol/L nitric acid, the 
model over predicts nitric acid extraction by up to 40%, the over prediction being largest at 
lower acidity. For acidities less than 0.6 mol/L, the data are too scattered to allow any general 
trends to be discerned.  

The antagonistic behaviour observed at low acidity could be caused by association of 
TODGA with octanol resulting in a reduction in the availability of both TODGA and octanol 
for extraction of nitric acid. Synergistic behaviour observed at higher acidities is potentially a 
consequence of the formation of adducts containing nitric acid, TODGA and octanol in some 
ratio. 

 
Figure 4: Nitric acid extraction into TODGA (concentration as indicated) + 5 v/v% octanol in 
Exxsol D80 or TPH. Symbols, experiments (open symbols excluded from fitting). Lines, 
calculated by superposition of models for nitric acid extraction into octanol and nitric acid 
extraction into TODGA. A/O = 1. See Table SI 3 for experimental data.  
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Inclusion of Synergistic Extraction of Acid by TODGA-Octanol Mixtures. 

In light of the results above, the additive model for extraction of acid into TODGA-octanol 
mixtures was extended by the inclusion of a range of adducts containing both TODGA and 
octanol. Initial runs allowed a range of adducts of the form iHNO3·jTODGA·kOctanol ((i, j, 
k) = (0, 1, 1), (0, 1, 2), (0, 1, 3), (0, 1, 4), (0, 2, 1), (0, 3, 1), (0, 4, 1), (1, 1, 1), (1, 1, 2), (1, 1, 
3), (1, 1, 4), (2, 1, 1), (2, 1, 2), (2, 1, 3) (3, 1, 1), (3, 1, 2), (4, 1, 1)). gPROMS parameter 
estimation was used to estimate the stability constants of these species, only data 
corresponding to greater than 0.6 mol/L HNO3(aq) being used due to scatter of data measured 
at lower acidity. Of these adducts only nine ((i, j, k) = (0, 1, 2), (0, 1, 4), (1, 1, 1), (1, 1, 2), (2, 
1, 1), (2, 1, 2), (2, 1, 3), (3, 1, 2), (4, 1, 1)) were predicted to have non-zero stability 
constants. Of these nine potential adducts five could be eliminated with minimal effect on the 
observed residuals leaving ((i, j, k) = (0, 1, 2), (1, 1, 1), (2, 1, 3), (3, 1, 2)). Adducts were 
chosen for elimination based on the 95% confidence limits for the stability constants 
calculated by gPROMS taking in zero. Root mean square errors for the model with all 
adducts considered was 5.66% compared to 6.02% with only 4 TODGA octanol cross 
adducts being considered. The fitted stability constants are presented in Table 5 below.  

Table 5: Fitted equilibrium constants for HNO3-TODGA-octanol adducts. 

TODGA·2Oct 
b012 

HNO3·TODGA·Oct 
b111 

2HNO3·TODGA·3Oct 
b213 

3HNO3·TODGA·2Oct 
b312 

27.47 2.419 0.7328 0.06431 

Statistical measures of the fit are given in Table 6 below.  

Table 6: Quality of fit for model of HNO3 distribution into TODGA / octanol / diluent. 

Variance model (see Equation 7) c2-test 
w  g c2 c2-critical 

0.0556 0.959 83.02 98.48 

The organic phase nitric acid in the improved model is calculated by Equation 12 below 
where the TODGA and octanol concentrations are the concentration of free TODGA and 
octanol. 

[𝐻𝑁𝑂6](/FG) =III𝑖𝛽KLg𝛾BCK[𝐻𝑁𝑂6](.O)CK [𝑇𝑂𝐷𝐺𝐴]L[𝑂𝑐𝑡𝑎𝑛𝑜𝑙]g
~

gM�

$

LM�

#

KMN

 ( Equation 12 ) 

The continuity equations for TODGA and octanol are updated in the obvious manner to take 
account of the cross adducts. Results for the updated model are shown in Figure 5. 
Comparison to Figure 4 (i.e. the system not including the cross adducts) shows that the over 
prediction in acidity range 0.5–1.5 mol/L and the tendency to under predict at higher acidity 
are both largely eliminated.  
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Figure 5: Nitric acid extraction into TODGA (concentration as indicated) + 5 v/v% octanol in 
Exxsol D80 or TPH. Symbols, experiments (open symbols excluded from fitting). Lines, 
calculated by the improved model accounting for synergistic adducts. A/O = 1. See Table 
SI 3 for experimental data.  

The range of adducts considered allows a good fit to the available data to be achieved, with 
Figure 5 showing no clear trends in residual errors that would suggest the possibility of a 
significantly better model being found. The situation at the lowest acidities remains uncertain 
due to scatter in the data. However, the absolute deviations are on the order of few mmol/L.  

The work reported here has considered a wide but not comprehensive range of cross adducts 
and narrowed down the list to those required to give a good fit to the available data. 
However, there is no guarantee that these adducts are present in reality or that there are no 
other adducts present. Further refinement of the correlations is, however, unlikely to be 
feasible without substantial expansion of the dataset. 

Predicted Prevalence of Different Adducts in Extracted Nitric Acid 

In order to give an indication of the relative importance of the different adducts, the 
concentrations of individual species expressed as a percentage of the extracted nitric acid 
were calculated for a number of representative cases. These are shown in Tables SI 5–7 (see 
Supporting Information) which present predicted solvent phase composition given by the 
model with inclusion of cross adducts. For the particular case of 0.2 mol/L TODGA + 5 v/v% 
octanol in an inert diluent, i.e. the solvent used in the i-SANEX flowsheet [14], the predicted 
speciation diagrams for solvent phase nitric acid, octanol and TODGA as a function of 
aqueous phase acidity are shown in Figure 6, Figure 7 and Figure 8, respectively. A number 
of points are apparent from these tables and figures: 
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• A large fraction of the octanol remains unbound in all cases. 

• Extraction of nitric acid into TODGA is generally greater than into octanol, except 
when high octanol concentrations are used. Even in this case much of the nitric acid is 
extracted as a cross adduct rather than as a pure TODGA or octanol adduct. 

• The 4HNO3·TODGA adduct is significant only at the highest acidity considered. 

• The HNO3·2Octanol and HNO3·3Octanol adducts are only significant when the 
octanol concentration is well above the 5 v/v% expected to be used in practice.  

 

 
Figure 6: Predicted organic nitric acid speciation in a 0.2 mol/L TODGA + 5 v/v% octanol 
system.  
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Figure 7: Predicted octanol speciation in a 0.2 mol/L TODGA + 5 v/v% octanol system. 

 

 
Figure 8: Predicted TODGA speciation in a 0.2 mol/L TODGA + 5 v/v% octanol system.  
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Temperature Effects 

Data for the extraction of nitric acid into mixtures of TODGA and octanol as a function of 
temperature were determined for the following experimental conditions, 0.1– 0.2 mol/L 
TODGA, 5% v/v octanol, 0.31–3.1 mol/L HNO3, 10–50 °C.  

In order to incorporate temperature effects into the model it is assumed that the stability 
constants for the solvent phase adducts have an Arrhenius type dependence on temperature 
resulting in calculation of organic phase acid by Equation 13 below.  

[𝐻𝑁𝑂6](/FG) =III𝑖𝐴KLg𝑒
�A
qno�
�� �𝛽KLg𝛾BCK[𝐻𝑁𝑂3](𝑎𝑞)2𝑖 [𝑇𝑂𝐷𝐺𝐴]L[𝑂𝑐𝑡𝑎𝑛𝑜𝑙]g

~

gM�

$

LM�

#

KMN

 ( Equation 13 ) 

In the above equation T is the temperature in Kelvin and R is the universal gas constant. Aijk 
and Eijk are fitted constants with the Eijk taking a role analogous to the Gibbs free energies 
(DG0) for the adducts (HNO3)i·TODGAj·Octanolk. They cannot be considered to be true DG0 
for the adducts because the actual adducts are likely to contain water as well as the modelled 
solvent phase species. The above general form is impractical for use in models due to the 
requirement to provide fitted constants for each of the postulated solvent phase adducts, the 
available data being too limited to allow the necessary deconvolution. The more practical 
approach is then to assume that a single value of E applies for all the adducts so that Equation 
14 below applies. 

[𝐻𝑁𝑂6](/FG) =III𝑖𝐴KLg𝑒
�A q
���𝛽KLg𝛾BCK[𝐻𝑁𝑂3](𝑎𝑞)2𝑖 [𝑇𝑂𝐷𝐺𝐴]L[𝑂𝑐𝑡𝑎𝑛𝑜𝑙]g

~

gM�

$

LM�

#

KMN

 ( Equation 14 ) 

In effect, a temperature correction factor, K, is applied to the existing model, this being given 
by: 

𝐾 = 𝐴𝑒�A
𝐸
��� ( Equation 15 ) 

Fitting is further constrained by the requirement for consistency with the model (and hence 
underpinning data) obtained at ambient temperature. For this reason a constraint was applied 
to the fitting such that K takes a value of 1 at 20 °C. As with fitting of other data for 
extraction of acid into TODGA containing solvents, the fit did not include points where the 
aqueous acidity was less than 0.6 mol/L. When this is done we obtain E = −25.7 kJ/mol, A = 
2.580E−5.  

Statistical measures of the fit are given in Table 7 below.  

Table 7 : Quality of fit for model of HNO3 distribution into TODGA / octanol / diluent with 
temperature dependence. 

Variance model (see Equation 7) c2-test 
w  g c2 c2-critical 

0.0293 0.8435 24.00 32.67 
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Fits of the data in Table SI 4 (see Supporting Information) against the model with the 
temperature correction are shown in Figure 9 below. 

  
Figure 9: Temperature dependent nitric acid extraction. Organic phase, 0.1 mol/L (solid 
symbols and lines) or 0.2 mol/L (open symbols, dashed lines) TODGA + 5 v/v% octanol in 
TPH. Aqueous phase, initial HNO3 (0.306 – 1.02 – 3.05 mol/L). A/O = 1. Lines, model: E = 
−25.7 kJ/mol, A = 2.580E−5. Experimental uncertainty estimated to 5% ([HNO3]org,eq ≥ 
10 mmol/L) and 20% ([HNO3]org,eq < 10 mmol/L) 

Figure 9 shows a good model fit to data at nitric acid concentrations of 1.0 and 3.1 mol/L 
with a less good fit at lower acidity, particularly at the lower TODGA concentration. This 
once again reflects the wider scatter of the data at low acidity. Absolute organic acid 
concentrations are always very low in this region and although relative errors are substantial, 
absolute model errors are less than 1 mmol/L which is of little concern in most practical 
modelling applications.  

Model Applicability and Limitations 

The work reported in this paper has resulted in the production of a model of nitric acid 
extraction into mixtures of TODGA and octanol with an essentially inert kerosene diluent. 
The model has an underlying framework rooted in the theory of solvent extraction, but 
includes a significant element of empirical modification to take account of the unknown 
parameters in the system. The empirical component will limit the extent to which the model 
can be reliably applied to conditions beyond those used to fit the model. In general, these give 
coverage for 0.05–0.3 mol/L TODGA, 5–50 v/v% octanol, 0–5 mol/L HNO3 and 10–50 °C, 
although a few data points outside of these ranges have also been used in fitting of the 
models. Not all combinations of data within these ranges have considered, with the largest 
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amounts of data relating to extraction into 0.2 mol/L TODGA with 5 v/v% octanol at ambient 
temperature. Notably temperature dependent data relates only to systems containing 5 v/v% 
octanol, leaving the possibility that high octanol systems may exhibit a different temperature 
response. It will also be noted that although the datasets include a significant amount of low 
acidity data, there is considerable scatter of the data in this region reducing confidence in 
model predictions in this region. The approach adopted was to exclude the highly scattered 
data at low acidity from the fitting process and confirm that the resultant model gives results 
within the range of the scatter at low acidity. Although relative errors in this region may be 
large, absolute errors will be small and for most practical applications of modelling 
flowsheets it will be absolute errors that are of concern. 

When using the distribution algorithms described above, there is a requirement to bear in 
mind the limitations of the algorithms. These relate to the range of conditions covered by the 
data used in the fitting. The main limitations are summarised below:  

Extrapolation to very high acidity 

The organic phase speciation models underlying the distribution correlations described herein 
have been empirically derived such that the available data can be adequately explained. It is 
probable that the actual speciation of the organic phase is significantly more complex than 
that incorporated in the models. In particular it has been suggested that various organic phase 
aggregates may occur including tetramers and larger micelles.45-46 Although TODGA 
tetramers were considered in the fitting (as was the HNO3·4TODGA species), their addition 
to the model was not found to confer any benefit in the fitting of the available data. The use 
of an incomplete organic phase speciation model has the potential to curtail the reliability of 
the model beyond the range of the data used to derive it. Similarly, the aqueous phase activity 
effects are built into the empirical correlations and it cannot be assumed that these will 
extrapolate successfully. Such activity effects will become more important at higher acidity. 

Use with species other than nitric acid in the aqueous phase 

The derivation of the distribution correlations in this paper has employed mean stoichiometric 
activity coefficients. This approach is adequate provided that [H+] ≈ [NO3−]. With 
appreciable quantities of e.g. metal nitrates in the aqueous phase this approximation will no 
longer be valid and it is likely that nitric acid distribution will vary from prediction, even if 
none of the additional aqueous phase species are extractable.  

Use with a metal loaded solvent phase 

When modelling solvent extraction systems it is normal to extend the continuity equation for 
the extractant to include terms for all organic phase species. In this way the effect of 
competition for the extractant from other species can be taken into account. In the case of 
TODGA based systems, the situation becomes more complicated as there is evidence that 
nitric acid co-extracts to a significant extent with actinide and lanthanide species.47 The nitric 
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acid / metal cross complexes would need to be included in any model of nitric acid extraction 
in the presence of such metals if under-prediction of nitric acid extraction is to be avoided.  

Conclusions  

Sophisticated models for the extraction of nitric acid into octanol, TODGA, or TODGA + 
5 v/v% octanol were established, covering a range of nitric acid and TODGA concentrations 
and temperatures relevant to process modelling. While the octanol model is based on 
published experimental data, previously unavailable data on nitric acid extraction into 
TODGA and TODGA + (mostly) 5 v/v% octanol were collected. An additive model for 
TODGA/octanol solvents, predicting nitric acid extraction into TODGA plus that resulting 
from nitric acid extraction into octanol, yields reasonable agreement with experimental data. 
However, nitric acid extraction is systematically under predicted for aqueous nitric acid 
concentrations above about 1.5 mol/L HNO3, while it is over predicted for lower nitric acid 
concentrations. Adding cross adducts, iHNO3·jTODGA·kOctanol (i,j,k = (0, 1, 2), (1, 1, 1), 
(2, 1, 3), (3, 1, 2), results in a significantly improved accuracy. Fitting of temperature series 
data (10–50 °C) showed a temperature dependence dictated by the relationship 

           𝐻/FG� = 2.58 × 10A�𝐻/FGC�6𝑒
�����
��     

where HorgT and Horg293 are the organic acid concentrations at temperature T and 293 K 
respectively. No diluent dependence was found for nitric acid extraction. 
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