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Abstract 

Advanced fuel cycles all over the world rely heavily on successful chemical separation of various 
elements in used nuclear fuel. Numerous solvent extraction processes have been developed for the 
treatment of this material. Under certain conditions the extraction systems may behave different from 
classical solvent extraction theory. One chemical interaction of interest is the formation of large 
aggregates that has been observed during solvent extraction. In our work, we are studying the effect and 
relationship of extensive aggregate formation with enhanced extraction of metal ions, i.e. synergistic 
extraction. Our studies so far have shown the importance of combining and comparing several different 
analytical techniques, such as metal ion extraction, physicochemical measurements, thermodynamics 
studies and structural investigations. Overall, the results do not disagree with classic understanding of 
extraction synergy although there appear to be additional chemical interactions that may affect the 
distribution of metal ions prompting further studies. 

Introduction 

To meet the current and future demand for energy all available resources are needed. Nuclear energy 
is good for production of base load power but the downside is the used nuclear fuel that needs to be 
managed. One option for managing this material is recycling of the used fuel which requires advanced 
chemical separation processes. Liquid-liquid extraction is a proven technique that is used in industry for 
separation of uranium and plutonium from the rest of the material in used nuclear fuel in the so-called 
PUREX (Plutonium URanium EXtraction) process used in France, Japan and the United Kingdom [1]. The 
PUREX process relies on tributyl phosphate, TBP, to selectively extract U and Pu away from the fission 
and corrosion products present in the used nuclear fuel as well as other minor actinides, e.g. Np, Am, Cm. 
The extraction of metal ions using TBP has been studied extensively over the years and the extraction 
trends of various metal ions from moderately concentrated nitric acid solutions are well characterised [2-4]. 
TBP coordinates to metal ions through a solvation mechanism, [5] recovering the neutral metal nitrate 
species via displacement of water molecules from the inner-coordination sphere, favoured by high nitric 
acid concentrations (Equation 1).  

TBPmnNOM 3
n ++ −+

 water(TBP))M(NO mn3 + (1) 

A bar over a species denotes that it is present in the organic phase. 

The exact composition of the extracted complex may vary depending on the metal and the diluent. 
The examples given by Irving and Edgington (1960) for U(VI), i.e. UO2

2+, extraction suggest n=2 and 
m=2[5]. 
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It was observed early on that TBP would extract nitric acid and that extraction processes using TBP 
would, under certain conditions form a third phase, [6] causing disruptions in the process. In the early 
1990s, Osseo-Asare [7] postulated that the third phase formation from TBP was due to reverse micelles in 
the organic phase that would grow into large aggregates until they formed a separate phase. In the last two 
decades the nature of these reverse micelles and the third phase have been studied very closely and work 
from Argonne National Laboratory carried out by Chiarizia et al. [8,9] have shown that the TBP indeed 
forms reverse micelles in the organic phase, incorporating water and mineral acid. Furthermore, the 
formation of these reverse micelles and the larger aggregates was studied and a model was presented [10] 
describing the observed phenomena using neutral organophosphorous ligands, e.g. TBP, TOPO (trioctyl 
phosphine oxide) or TBPO (tributyl phosphine oxide). 

During the extraction of highly radioactive material, as in the PUREX process, the TBP will 
inevitably degrade by radiolysis and hydrolysis. The primary degradation product of TBP is dibutyl 
phosphoric acid, HDBP, itself an effective extraction reagent. The appearance of HDBP in a process 
complicates the scrubbing of certain elements and the stripping of plutonium and uranium, it has also been 
noticed that HDBP may increase the chance of third phase formation. 

The reason for the difficulty of scrubbing and stripping when HDBP is present is partly because 
HDBP may extract a range of different metal ions by an ion exchange mechanism and the selectivity for 
U(VI) and Pu(IV,VI) over metal ions of other valence states decreases. Furthermore studies have shown 
that combining TBP and HDBP will result in an enhanced extraction compared to using each reagent by 
itself [11-13]. This enhanced extraction effect is commonly referred to as synergistic extraction. This has 
been observed in several different systems combining neutral phosphorous containing reagents with acidic 
extractants [5,14,15]. 

These studies often explain synergism as increased dehydration of the metal ion improving its extraction 
into the organic phase. Some studies have shown that combining TBP and HDBP results in enhanced 
extraction of metal ions compared to using each reagent alone [11-13]. Hahn and Vander Wall [11] suggested 
two possible mechanisms for the extraction of U(VI) using a combination of TBP and HDBP: 

TBP2HDBP22NO2UO -
3

2
2 ++++ ++⋅ 2H](TBP))(NO[UO](DBP)[UO 223222  (2) 

22232 (HDBP)(TBP))(NOUO2 + TBP22HNO(TBP))(NO(DBP))(UO 3223222 ++  (3) 

Other work, pioneered by Osseo-Asare, has taken a different approach and has attempted to explain 
the synergistic extraction as a reverse micelle enhanced extraction in system containing combinations of 
reagents where at least one displays surface active tendencies, e.g. combining LIX®63 (5,8-diethyl-7-
hydroxydodenan-6-oxime) with DNNSA (di-nonyl-naphthalene sulfonic acid) [16,17]. In these studies the 
systems are modelled based on the assumption that the formation of the reverse micelles results in an 
increased solubility of metal ion complexes in the organic phase. 

In this work we have chosen to look closer at an extraction system combining TBP and HDBP where 
synergy has been observed in the past and to investigate if this synergy is truly due to mixed complexes or 
the possible formation of larger aggregates, i.e. reverse micelles, in the organic phase. The work presented 
here represents some of the main results from our ongoing project probing the connection between 
extraction synergy and microemulsions. 

Results of previous studies 

Our collected studies have focused on the combination of TBP and HDBP for the extraction of 
trivalent lanthanides although some tests have been carried out with uranyl ions as well. Initial extraction 
studies on this system provided indications that the water uptake was not following the expected trend, as 
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is shown below. This prompted further studies to examine the possibility of aggregate formation using 
Small Angle X-ray scattering, SAXS. These studies indeed indicated formation of larger aggregates, as 
will be shown below, although the role of these aggregates in metal uptake was not clear. Continued 
studies using X-ray absorption, where the environment directly surrounding the metal ion was probed, 
provided insight in the TBP and HDBP binding characteristics. The thermodynamics of metal ion 
extraction in the TBP/HDBP system and the possible heat of formation of microemulsions were studied in 
order to draw any conclusions of the enthalpic contributions of aggregates to metal ion extraction. Finally, 
studies have been initiated using molecular dynamic simulations in an attempt to visualise the organic 
phase interactions. More details for each of these studies are provided below. For details of the 
experiments and further details of the results we refer to previous publications from our group [18-23]. 

Extraction studies 

Extraction experiments were carried out using combinations of TBP and HDBP in mole ratios of 4:0, 
1:3, 2:2, 3:1 and 0:4. Different lanthanides, lanthanum, La, europium, Eu, dysprosium, Dy, and lutetium, Lu 
at different concentrations have been investigated. Uranyl was investigated as well due to the affinity of TBP 
towards this cation, compared to the trivalent lanthanides. TBP has low affinity for trivalent lanthanides 
under the conditions studied here. Two different concentrations of nitric acid were studied, 0.2 M HNO3 (low 
acid) and 2 M HNO3 (high acid) to see what effect this would have. As HDBP is an acidic reagent it is 
expected to extract less at high acid, while extraction by TBP would be favoured by high acid. Details of the 
extraction studies can be found in recent papers by Anderson et al. and Braatz et al. [19-21] 

Figure 1a shows how the distribution ratios of Dy3+, Eu3+ and UO2
2+ varies with the TBP:HDBP mole 

ratio. The dashed lines in Figure 1a represent a possible extraction trend for additive behaviour of the two 
reagents. Figure 1b shows the water uptake in the organic phase at the various mole ratios of TBP/HDBP. 
For the low acid system, a non-linear trend for both water and metal uptake is observed, indicating a 
possible synergistic effect between the TBP and HDBP extractants. At high acidity, the trend for metal and 
water extraction is more linear so that, at this condition, only a weak synergistic effect, if any, is produced 
by the TBP-HDBP mixture. However, the uranium extraction still shows a non-linear uptake at high acid 
likely due to the increased affinity of TBP to UO2

2+ at these conditions. Figure 1b also shows the 
concentration of water in the organic phase before contact with an aqueous phase, i.e. blank. It can be seen 
that the water content in the organic phases is very low before contact. 

Figure 1: a. Distribution ratios of dysprosium, europium and uranyl and 
b. water concentration in organic phase, from contacting 2 M HNO3 or 0.2 M HNO3 with organic 

phases containing varying ratios of TBP and HDBP. 
Also shown is the water content in blank, non-pre-equilibrated (or “dry”) organic phases. 

(Figures reproduced from data in [18,21]). 
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Results show that HDBP does indeed extract lanthanides to a much higher degree than TBP and that 
there is possible synergy. The increased water uptake is not in line with the classic explanation of synergy 
as a mixed complex should dehydrate the metal ion. The water uptake is, however, indicative of the 
formation of reverse micelles. 

X-ray scattering 

To investigate aggregation in the organic phase as a function of TBP:HDBP, and how this might 
affect metal ion extraction at low and high acid concentrations, SAXS measurements were performed on 
solutions with and without metal ions. Details of the experimental procedure and analysis can be found in 
Ellis et al. [18]. The scattering data collected clearly showed that the mixture of TBP and HDBP resulted in 
increased scattering of the X-rays at low Q compared to when TBP or HDBP were used alone. The data 
was analysed for radius of gyration and maximum linear extent. 

The metrical information about the aggregates observed in the SAXS data is provided in Figure 2 in 
terms of radius of gyration, Rg values, which are plotted as a function of the mixing ratio of the 
extractants. For 100% HDBP, the aggregates formed upon extraction of 2 M HNO3 (12.7 Å) are smaller 
than those from 0.2 M HNO3 (15.4 Å), whereas for 100% TBP the trend in Rg is reversed, with the 
aggregates formed upon extraction of 0.2 M HNO3 (11.7 Å) being smaller than those formed upon 
extraction of 2 M HNO3 (15.6 Å). This trend in aggregate size correlates with organic phase water content 
(Figure 1b) and is consistent with the formation of reverse micelles. 

Figure 2: Radius of gyration, Rg, (in Å) calculated from the SAXS measurements of organic 
solutions containing varying ratios of TBP and HDBP.  

The open points indicate the Rg in solutions contacted with aqueous solutions with no dysprosium added and the closed 
points show the Rg from contact with aqueous solutions containing Dy. Also shown is the Rg for the blank, non-pre-
equilibrated organic phases. Figure reproduced from data in [18,19]. 

 

The results show that the system ordering with mixed TBP + HDBP extractants is not a simple 
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as readily linked to a maximum uptake of water, metal or acid. Furthermore, the extraction of dysprosium, 
as for the data in Figure 2, at a total concentration of 10-4 M does not appear to be a significant contributor 
to the uptake of water or the size of the aggregates. 

X-ray absorption 

The X-ray scattering data suggested that aggregates are present but it was unclear what their role was 
in the metal extraction. To determine the coordination environment around the metal ion, X-ray absorption 
spectroscopy (XAS) measurements were carried out. The XAS data was used for both EXAFS (Extended 
X-ray Absorption Fine Structure) and XANES (X-ray Absorption Near Edge Spectroscopy). 

EXAFS 

The k3χ(k) EXAFS data for the complexes formed by extraction from aqueous phase into an organic 
phase containing TBP, HDBP or a mix of both was collected. The corresponding FT (Fourier transforms) 
and fits are shown in Figure 3. The FT data of the organic phases show two peaks of physical significance: 
an intense peat at 1.8-1.95 Å attributed to the nearest O neighbour, and a medium peak at 3.3-3.45 Å 
attributed to the distant P atoms. Based on the appearance of the Ln-O and Ln-P interactions in the FT data, 
all of the Ln k3χ(k) EXAFS for the organic phases were fit using a two shell (O and P) backscattering 
model, with the exception of the 1M TBP samples which showed no distant Ln-P interactions due to the 
low metal ion concentration in the organic phase. 

Figure 3: EXAFS data after Fourier transform and the fits. 
Data from the aqueous phase is included. Figure reproduced from data in [22]. 

 

The results of the fit indicate that Dy and Lu are six-coordinate with O atoms with organic phases 
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observed that the FWHM decrease with increasing TBP concentration which may be interpreted as a 
change in the coordination environment, also be seen with the EXAFS data, suggesting a change from 6 
oxygen coordinated to 8 oxygen coordinated as TBP concentration increases. 

Further investigation of the XANES region and further evidence of the coordination environments can 
be obtained by taking the second derivative of the L3-edge peak. For the extraction from low nitric acid, 
there is evidence of two minima in the 2nd derivative of the L3-edge peak for all conditions investigated. 
This double minima is evidence of crystal field splitting and also indicative of an octahedral geometry, 
namely a complex containing 6 ligands about a metal centre. For the high acid data, an evolution in the 
crystal field splitting is apparent in the 2nd derivative data as the concentration of TBP increases. This 
evolution lends some support to the coordination number changing from 6 to 8 in O as the concentration of 
TBP is increased. The second derivative data for lutetium at high acid at all TBP/HDBP conditions are 
shown in Figure 4. 

Figure 4: 2nd derivative of the L3 edge peak for Dy extracted from 2 M HNO3. 
The y-axis is arbitrary units. Figure reproduced from data in [22]. 
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In order to gain insight in how aggregates may affect the extraction equilibria, and particularly the 
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TBP (4:0 TBP:HDBP) resulted in a positive slope. The results indicate that dysprosium extraction by pure 
TBP follows a different extraction mechanism than when combinations of TBP and HDBP or when pure 
HDBP is used. Furthermore, using combinations of the two reagents shows similar temperature 
dependence as when pure HDBP is used. This is directly in line with the EXAFS and XANES data 
suggesting that, for metal ions extracted from 0.2 M HNO3, any addition of HDBP will cause HDBP to 
govern the extraction mechanism and the metal ion will be extracted as 6-coordinate by 3 HDBP dimers. 

Figure 5: Van’t Hoff plots for TBP:HDBP ratios. 
Dysprosium was extracted from 0.2 M HNO3 using a total of 1M extracting reagent in n-dodecane. 

Figure reproduced from data in [23]. 

Molecular dynamic simulations 

Molecular dynamic simulation studies on systems of TBP/n-dodecane/H2O/HNO3 were carried out to 
investigate if aggregates of TBP would form in these simulations, as have been observed experimentally. 
Initial studies showed that TBP does indeed cluster during the simulations. However, it was observed that 
the organic solvent behaved erratic and that the intramolecular forces that govern these simulations were 
poorly presented by the default model. This has been observed by other research groups attempting similar 
simulations [24]. Current work has focused on improving the force-fields for these molecules to make the 
MD simulations produce data that can match more closely the chemical and physical properties of the pure 
substances before any attempts of high-level simulations are made. 

Conclusions 

Although previous studies of synergistic extraction of metal cations using combinations of neutral and 
acidic reagents explain the enhanced extraction by increased dehydration of the metal ion and the 
formation of mixed extractant complexes, our evidence for the increased water extraction coupled with the 
aggregate formation suggests a reverse micellar aspect to synergism in the system containing TBP and 
HDBP. The data from EXAFS, XANES and thermodynamic studies of the metal extraction point towards 
the existence of two different metal-ligand complexes. One formed with only HDBP when any amount, 
equal to or above 0.25 M HDBP is present. And one type of complex formed with TBP in systems where 
only TBP is present as the extracting reagent. The aggregates might not participate directly in the metal ion 
extraction, although it is quite possible that it strongly affects our system behaviour. This system where we 
combine an acidic and a neutral phosphoric extractant is commonly encountered in used nuclear fuel 
treatment and further insight into the extraction behaviour of the TBP-HDBP system with trivalent 
lanthanides will help us draw conclusions regarding other systems where multiple extraction reagents are 
used in combination to enhance extraction. 
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