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Abstract 

A new class of CHON-extractants, namely unsymmetrical diglycolamides (UDGA) and diglycolamic 
acid were developed for the partitioning of minor actinides from high level liquid waste. Group separation of 
trivalent metal ions (An(III) + Ln(III)) from fast reactor (FR) simulated high-level liquid waste (SHLLW) 
was demonstrated using UDGA, N,N,-didodecyl-N’,N’-dioctyl-3-oxapentane-1,5-diamide 
(D3DODGA)without the addition of organic phase modifier in n-dodecane phase. A single-cycle approach 
has been explored for the separation of trivalent actinides from FR-SHLLW using the solvent phase 
composed of D3DODGA and di-2-ethylhexyldiglycolamic acid (HDEHDGA), or 
tetra-bis(2-ethylhexyl)diglycolamide (TEHDGA) and bis(2-ethylhexyl)phosphoric acid(HDEHP). A 
procedure was developed to minimise the extraction of unwanted metal ions by using aqueous soluble 
complexing agents in FR-SHLLW. Based on the optimised conditions, a counter current mixer-settler run 
was performed to separate Am(III) from FR-SHLLW using a novel ejector based mixer-settler. Quantitative 
extraction of trivalents (Am(III) + Ln(III)) was observed in both the systems. Am(III) alone was back 
extracted from loaded organic phase using a solution of diethylenetriaminepentaacetic acid - citric acid. The 
results showed the possibility of selective separation of trivalent actinides alone from high level liquid waste 
in a single cycle process. 

Introduction 

Partitioning and Transmutation (P&T) of trivalent actinides is being considered as a viable strategy 
for the safe management of high-level liquid waste (HLLW) [1]. The HLLW generated from reprocessing 
of spent nuclear fuel is composed of a complex mixture of several elements such as the actinides, fission 
products and corrosion products present in 3-4 M nitric acid medium. Several reagents such as the 
organophosphorous compounds, malonamides, and diglycolamides have been proposed for partitioning 
trivalent actinides from HLLW [2,3]. In early stage, the TRUEX process was developed for trivalent 
actinide partitioning using a bidendate organophosphorous reagent, n-octyl(phenyl)-N,N-diisobutyl-
carbamoylmethylphosphine oxide (CMPO) [2]. Later, the extractants made-up of CHON elements have 
been proposed as they offer the additional advantage of complete incinerability of the spent solvent. In the 
last decade, diglycolamides (DGAs) (alkyl-3-oxapentane-1,5-diamide derivatives) have emerged as 
promising candidates [3]. Among the various DGAs, the symmetrical alkyl derivatives containing octyl 
(TODGA) and bis(2-ethylhexyl) (TEHDGA) substituents are popular. However they also have some 
limitations. To overcome the limitation of these derivatives the concept of unsymmetry in diglycolamides 
was introduced. Unlike the symmetrical DGAs, the alkyl group attached in UDGAs are not the same. Thus, 
we prepared several unsymmetrical diglycolamides and studied the extraction of actinides and fission 
products from nitric acid medium [4,5]. Our studies revealed that the unsymmetrical diglycolamides are 
superior reagents as compared to the existing diglycolamides. 
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The current approach for partitioning of trivalent actinides from HLLW is a two-cycle approach [2,3], 
namely, i) the group separation i.e., the separation of trivalent actinides together with lanthanides, in the 
first step, which is followed by the ii) lanthanide –actinide separation in the second-step. The mutual 
separation of trivalent actinides and lanthanides is necessary prior to transmutation, since the lanthanides 
act as neutron poisons during transmutation of actinides that reduce the efficacy of transmutation. Thus, the 
extractants indicated above such as CMPO, DGA and malonamides are proposed for group separation (i.e. 
step 1) [2-5] and extractants such as HDEHP, bis-triazinylpyridine (BTP) have been proposed for 
lanthanide-actinide separation (i.e. step 2) [2]. However in the recent past, single-cycle methods for the 
separation of trivalent actinides are receiving increased attention. There are a couple of approaches 
reported in literature. The first one is the direct separation of trivalent actinides from HLLW [6-10]. The 
methods such as Selective ActiNide Extraction (SANEX) concept, Actinide reCycling by SEParation and 
Transmutation (ACSEPT) and 1-cycle SANEX concept [6,7] were developed for direct separation of 
actinides from HLLW. In contrast to this, the second approach involves the extraction of both the trivalent 
actinides and lanthanides together in organic phase followed by selective stripping of actinides alone from 
the loaded organic phase [8-10]. Based on this approach, methods such as TRUSPEAK [8] and PALADIN 
[9] were developed. However, the studies reported on single-cycle methods indicate that the solvent phase 
used for extraction was not completely incinerable. Moreover, the methods employed unconventional 
diluents, other than n-dodecane, for extraction. 

Significant efforts have been taken in our laboratory to understand the problems associated with the 
existing diglycolamides as well as with single-cycle approaches, and to provide technically viable solutions to 
the challenges posed during trivalent actinide partitioning. The drawbacks of the symmetrical octyl 
derivatives (TODGA and TEHDGA) of DGAs are the third phase formation and extraction of unwanted 
metal ions. However, it was realised that the extraction and stripping behaviour of trivalents were strongly 
dependent on the nature of alkyl group attached to the amidic nitrogen atom. Therefore, the separations 
achieved using DGAs can be influenced by the nature of alkyl substituents [3]. In this context, we synthesised 
several unsymmetrical diglycolamides (UDGAs) and studied the extraction of actinides and fission products 
from nitric acid medium [4,5]. Our findings have shown that the dodecyl group in conjunction with the octyl 
group present in the UDGA, N,N,-didodecyl-N’,N’-dioctyl-3-oxapentane-1,5-diamide,(D3DODGA) [4,5] not 
only retained the excellent extraction properties of diglycolamides, but also surmounted the problem of third 
phase formation during the extraction of trivalent metal ions from 3-4 nitric acid medium. Our studies have 
shown that D3DODGA does not require any phase modifier during the extraction of trivalent actinides from 
3-4 M nitric acid medium since the limiting organic phase concentration of trivalent ion for third phase 
formation in 0.1 M D3DODGA in n-DD was more than 100 mM [4,5]. 

In this paper we provide the results of mixer-settler studies to demonstrate the feasibility of using a 
modifier-free organic phase composed of D3DODGA in n-dodecane for the separation of trivalent actinides 
from fast reactor (FR) simulated HLLW. Using D3DODGA, a novel approach namely Single cycle method 
for Minor Actinide partitioning using completely incinerable ReagenTs (SMART) has been developed. This 
method uses the applications of D3DODGA and di-2-ethylhexyl diglycolamic acid (HDEHDGA) for the 
single-cycle separation of trivalent actinides from FR-SHLLW. The structures of extractants and stripping 
reagents are shown in Figure 1. Unlike other systems, the diglycolamide and diglycolamic acid used are 
made-up of CHON atoms, and thus completely incinerable. Moreover, they are compatible with nuclear 
diluent, n-dodecane. The counter-current mixer-settler run was performed using a 20-stage mixer-settler. The 
results obtained from these studies are reported in this paper. It also reports the mixer-settler studies on 
single-cycle method using mixture of extractants TEHDGA and HDEHP in n-dodecane for comparison.  

Experimental 

TEHDGA, D3DODGA and HDEHDGA were synthesised by the procedure described elsewhere 
[3,4,11]. The FR-SHLLW was prepared based on the composition shown in Table 1. The composition is 
based on the HLLW arising from reprocessing of spent fast reactor fuel with a burnup of 80 000 MWd/Te 
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and 2-year cooling [12]. Both extraction and stripping of metal ions was performed in a counter-current 
mode using a 20-stage or 16-stage ejector mixer settler as described elsewhere [10]. The organic and FR-
SHLLW (2L each) were passed in a counter current mode and the mixing of the organic and aqueous 
phases was achieved by air pulsing in the column by applying vacuum and pressure alternatively with the 
help of a solenoid valve operated by a cyclic timer. The flow-rate for both extraction and back extraction 
was maintained at 3 mL/min by means of metering pumps equipped with precise flow control. The stage 
samples of organic and aqueous phase were collected for analysis, after establishing a steady state. The 
back extraction of metal ions from the loaded organic phase was carried out in a counter-current mode 
using the same mixer-settler in a separate run. The radioactivity of (152+154)Eu(III) and 241Am(III) in various 
streams was measured by using HPGe detector coupled with a multichannel analyser. Estimation of other 
metal ions was carried out by ICP-AES. 

Figure 1: Structures of TEHDGA, HDEHP, D3DODGA, 
HDEHDGA, DTPA, CA and CyDTA 

 Table 1: The simulated composition 
of FR-SHLLW [12] 
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 Elements Concentration (g/L) 
 La 0.342 
 Ce 0.684 
 Pr 0.339 
 Nd 1.125 
 Sm 0.306 
 Pm 0.053 
 Eu 0.032 
 Gd 0.065 
 Tb 0.011 
 Dy 0.006 
 Y 0.074 
 Fe 0.5 
 Mo 1.092 
 Cr 0.101 
 Te 0.163 
 Cd 0.038 
 Ni 0.1 
 Sr 0.147 
 Ba 0.414 
 Ru 0.813 
 Pd 0.600 
 Zr 0.822 
 Rh 0.262 
 Sn 0.163 
 Cs 1.125 
 Rb 0.055 
 Se* 0.002 
 Na 3.000 
 Ag 0.109 
 Tc 0.262 
 Sb 0.007 
 241Am 0.218 
 (152+154)Eu Tracer 
 [HNO3] ~ 3 M 
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Results and discussion 

Studies with unsymmetrical DGA 

The extraction behaviour of various metal ions present in the FR-SHLLW containingabout 3.2 g/L of 
trivalent metal ions (Am(III) and Ln(III)) was studied using a solution of 0.1 M D3DODGA/n-DD, by 
batch equilibration mode. The details are described elsewhere [13]. The extraction of Am(III) was 
accompanied by the co-extraction of all lanthanides and unwanted metal ions such as Zr(IV), Y(III), and 
Pd(II) from FR-SHLLW. The co-extraction of unwanted metal ions was minimised by adding a suitable 
aqueous soluble complexing agents to FR-SHLLW, prior to extraction. As a result, 
trans-1,2-diaminocyclohexane-N,N,N’N’-tetra-acetic acid (CyDTA) was identified as an appropriate 
reagent for preventing the extraction of zirconium and palladium, that posed problems during recovery of 
trivalent metal ions from the loaded organic phase.  

Mixer-settler studies with unsymmetrical DGA 

Based on those primary results, a counter-current mixer-settler run was performed in a 20-stage 
mixer-settler. The extraction profile of Am(III) and Ln(III) in 0.1 M D3DODGA/n-DD, in a 20-stage 
mixer-settler is shown in Figure 2a. The extraction was carried out from FR-SHLLW containing 0.05 M 
CyDTA spiked with (152+154)Eu(III) and 241Am(III) tracer. It is observed from Figure 2a that the percentage 
of Eu(III) in aqueous phase decreased sharply in the first contact and the percentage of Eu(III) is negligible 
after 4 contacts. This indicates that more than 90% of Eu(III) is extracted in the first contact itself and 
within 4 contacts quantitative extraction of Eu(III) from FR-SHLLW is achieved. Similarly, quantitative 
extraction of Am(III) is achieved 7-8 stages, as shown in Figure 2a. From the mixer-settler run, the 
preferential extraction of trivalents in 0.1 M D3DODGA/n-DD follows the order Eu(III) > Sm(III) > 
Am(III) > Nd(III) > Pr(III) > Ce(III) > La(III). The lanthanides the Pr(III), Ce(III) and La(III) remain in 
aqueous phase even at 8th stage. They are extracted only beyond 10th stages and the extraction of La(III) 
completes only in 19th stage.  

A counter current stripping run was performed using the same mixer- settler in a separate run. The 
results are shown in Figure 2b. The study revealed that significant amount of trivalents is back extracted 
into the aqueous phase in the first contact itself, and all the trivalent metal ions are quantitatively back 
extracted into aqueous phase in 5 stages. Based on this study, a flow-sheet shown in figure 3 could be 
proposed for the separation of trivalent metal ions from FR-SHLLW using 0.1 M D3DODGA/n-DD. It can 
be seen that the flow-sheet is simple as compared to other flow-sheets developed for trivalent actinide 
partitioning. It requires 20 stages for quantitative extraction of trivalents and 3-5 stages for stripping. It is 
important to note that this method does not demand any scrubbing stages before stripping, which otherwise 
generates large volume of secondary waste. Perhaps scrubbing was needed in other flow-sheets where the 
solvent phase extracts significant concentration of unwanted metal ions such as Sr(II). In addition, the 
presence of phase modifier in organic phase in other systems also extracts substantial amount of nitric acid 
from aqueous phase leading to the requirement of scrubbing and large number of stages for back extraction 
of target metal ions. Such requirement does not arise in the present study. The study also indicated that the 
problems due to curd-formation or precipitation was not observed during the entire run, thus confirming 
the clean separation of trivalent metal ions from FR-SHLLW using 0.1 M D3DODGA/n-DD. Therefore, 
D3DODGA is a promising candidate for the separation of Am(III) from FR-SHLLW. 

SMART approach 

As discussed above, the extractant D3DODGA has advantage over other diglycolamides and therefore 
a novel approach namely, Single cycle method for Minor Actinide partitioning using completely 
incinerable ReagenTs (SMART) was explored using D3DODGA and HDEHDGA [10]. The diglycolamic 
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acid is an acid derivative of alkyl-3-oxapentane, emerging as a promising candidate for lanthanide-actinide 
(Ln-An) separation [11]. Unlike the other reagents in-use, the diglycolamic acid is made up of CHON- 
atoms and they are completely miscible with n-dodecane. The distribution ratio of various metal ions 
present in FR-SHLLW was measured in a solution of 0.1 M D3DODGA + 0.2 M HDEHDGA/n-DD. The 
details are described elsewhere [10]. The extraction of Am(III) was accompanied by the co-extraction of 
lanthanides and unwanted metal ions such as Zr(IV), Y(III), and Pd(II). Since it was desirable to retain 
these troublesome metal ions in aqueous phase, as discussed above, the complexing agent CyDTA, was 
added to FR-SHLLW and the extraction and stripping conditions were optimised [10].  

Figure 2a: Extraction profile of Am(III) and 
Ln(III) in a 20-stage mixer-settler 

Organic phase: 0.1 M D3DODGA /n-DD 
Aqueous phase: 

FR-SHLLW+ 0.05 M CyDTA spiked with 241Am(III) 
& (152+154)Eu(III) tracer 

Figure 2b: Striping Profiles of Am(III) and 
Ln(III) in a 20-stage mixer-settler 

Organic phase: Loaded organic 
Aqueous phase: 0.01 M nitric acid 
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Figure 3: Proposed flow-sheet for partitioning of trivalent actinides from FR-HLLW 
using modifier-free unsymmetrical diglycolamide, 0.1 M D3DODGA/n-DD. 

The numbers 1 to 20 represents each mixer and settler. 
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The mixer-settler profiles shows that Am(III) is quantitatively extracted in 4 stages. A similar extraction 
profile was also obtained for other lanthanides except lanthanum, which required 8 -10 stages for complete 
extraction. Interestingly, Sr(II) exhibiting a distribution ratio of 0.51 was extracted to the extent of 90%. 
However, it was noted that the troublesome metal ions such as Zr(IV), Mo(VI), Fe(III), Cr(VI), Ni(II), 
Pd(II), Ru(III), Rh(III) were rejected to raffinate in addition to other elements.  

Figure 4a: Extraction profiles of 241Am(III), 
(152+154)Eu(III), La(III), Ce(III) and Nd(III) 

extraction from FR-SHLLW using a 20-stage mixer-
settler 

Organic phase: 
0.1 M D3DODGA + 0.2 M HDEHDGA/n-DD 

Aqueous phase: 
FR-SHLLW+0.05 M CyDTA spiked with 241Am(III) 

& (152+154)Eu(III) tracer. 

Figure 4b: Stripping profiles of 241Am(III), 
(152+154)Eu(III), La(III), Ce(III), Nd(III) and Gd(III) 
stripping from the loaded organic phase using a 20-

stage mixer-settler 
Organic phase: Loaded organic 

Aqueous phase: 
0.01 M DTPA + 0.5 M CA at pH 1.5. 
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The recovery of Am(III) from the loaded organic phase was carried out using an aqueous formulation, 
0.01 M DTPA+0.5 M CA at pH 1.5. The stripping profile of Am(III) and some lanthanides obtained in a 
20-stage mixer-settler is shown in Figure 4b. At the 20th stage, the loaded organic makes a first contact 
with aqueous stripping formulation and it is expected to recover Am(III) alone from the loaded organic 
phase during striping. It is observed from Figure 4b that significant amount of Am(III) is back extracted 
into aqueous phase at this stage and stripping of Am(III) is observed in all 20 stages. About 55% of the 
Am(III) was recovered after 20 stages (product stream). Figure 4b also shows the stripping behaviour of 
some lanthanides (only few lanthanides are shown in the figure for clarity). It is important to observe that 
significant amount of early-lanthanides (from lanthanum to samarium) are stripped to the aqueous phase 
along with Am(III), whereas the later-lanthanides (beyond samarium) behave similarly to Eu(III). 
Depending on the nature of lanthanides, the stripping of “early lanthanides” was determined to be 60 -85% 
in 5 -10 contacts (from 20 to 10 stages, Figure 2b). It is important to note that the recovery of “early 
lanthanides” is better than the Am(III) recovery (~55%). In contrast, the cumulative recovery of “later 
lanthanides” was lower than 5%. 

Therefore, the study clearly shows that recovery of Am(III) is accompanied by the stripping of 
“lighter lanthanides”. Even though, the separation of Am(III) from lanthanides is not clean, as it is 
envisaged, the study is important from the point of view of single cycle separation, and the lanthanides 
needs to be retained in organic phase during stripping. This could be achieved by using different solvent 
formulations as discussed below. 
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Mixer-settler studies using TEHDGA and HDEHP  

As discussed above, the SMART approach yielded significant contamination of lighter lanthanides in 
the aqueous product. In view of this, we also studied the alternative extractant system composed of 
TEHDGA and HDEHP. The TALSPEAK process is a well-established method for the mutual separation of 
Ln(III)and An(III). This method uses HDEHP as extractant, which is commercially available and studied 
for the separation of various metal ions in industrial scale. It is well-recognised that the diglycolamide, 
TEHDGA/n-DD, forms third phase with nitric acid and trivalent metal ions (Ln(III) and An(III)). The 
formation of a third phase is usually prevented by the addition of phase modifiers such as tri-n-
butylphosphate (TBP) and dihexyloctanamide (DHOA) etc. to the organic phase. However, in the present 
study, it is proposed to use HDEHP in the solvent formulation to separate trivalent actinides from 
chemically similar lanthanides. The concentration of HDEHP needed in the solution of 0.1 M TEHDGA –
HDEHP/n-DD was optimised (to 0.25 M HDEHP) such that the solvent formulation does not lead to the 
third phase formation during the extraction of trivalents (Ln(III) and An(III)) from FR-SHLLW. Batch 
studies revealed that extraction of Am(III) was accompanied by the co-extraction of lanthanides and 
unwanted metal ions such as Zr(IV), Mo(VI), Y(III), Fe(III) and Pd(II). Similar to previous case the 
aqueous complexing agent CyDTA was added in SHLLW to minimise the extraction of unwanted metal 
ions. The details are described elsewhere [14]. 

Based on those studies, a counter current mixer-settler run was performed to separate Am(III) from 
SHLLW as well as from lanthanides, using a 16-stage mixer-settler. The extraction and stripping profiles 
are shown in Figures 5a and 5b. It is observed that Eu(III) is extracted quantitatively in 4 stages, whereas 
Am(III) exhibiting lower distribution ratio than Eu(III) requires about 11 stages for complete extraction. A 
similar extraction profile was observed for the extraction of other lanthanides from SHLLW. It was noted 
that all lanthanides, Mo(VI) and Y(III) are extracted quantitatively from FR-SHLLW in 0.1 M TEHDGA-
0.25 M HDEHP/n-DD, and Fe(III) was extracted to the extent of 80%. Other metal ions were rejected to 
raffinate. The recovery of Am(III) from the loaded organic phase was carried out by using 0.05 M 
diethylenetriaminepentaacetic acid-0.5 M citric acid at pH 3 using same mixer settler in a separate run. The 
stripping profile is shown in figure 5b. The stripping of Am(III) was quantitative. However, the americium 
product contained about 10%-20% of lighter lanthanides i.e. lanthanum to neodymium, perhaps due to the 
presence of these lanthanides in high concentration in FR-SHLLW. The contamination of heavier 
lanthanides was less than 5%. In addition to this Y(III) and Mo(VI) were stripped to the extent of 29% and 
100% respectively. However, these elements do not interfere in the transmutation of Am(III) as neutron 
absorption cross section for these elements is less. Our results, thus confirm the possibility of separating 
Am(III) directly from FR-SHLLW in a single-cycle processing step, for the facilitating transmutation of 
americium. The proposed flow-sheet for the selective separation of trivalent actinides from HLLW is 
presented in Figure 6. 
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Figure 5a: Extraction profile of Am(III) and 
Eu(III) in a 16-stage mixer-settler 

Organic phase:  
0.1 M TEHDGA - 0.25 M HDEHP/n-DD. 

Aqueous phase: FR- SHLLW spiked with 241Am(III) 
& (152+154)Eu(III) tracer. 

Figure 5b: Stripping profile of Am(III) and 
Eu(III) in a 16-stage mixer-settler 

Organic phase: Loaded organic. 
Aqueous phase: 0.05 M DTPA - 0.1 M CA at pH 3. 
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Figure 6: Proposed flow-sheet for single cycle separation of trivalent actinides from FR-HLLW using 
0.1 M TEHDGA + 0.25 M HDEHP/n-DD. The numbers 1 to 20 represents each mixer and settler. 

 

Conclusions  

Partitioning of trivalent americium from FR-SHLLW was demonstrated, for the first time, using a 
modifier-free unsymmetrical diglycolamide, D3DODGA, in n-dodecane. Quantitative extraction of 
Am(III), Ln(III) and Y(III) from FR-SHLLW in 0.1 M D3DODGA/n-DD was achieved in 20-contacts and 
the recovery of Am(III) and other trivalents from the loaded organic phase was achieved in 5 contacts 
using 0.01 M nitric acid. We explored a novel approach, namely SMART, using CHON based completely 
incinerable reagents D3DODGA and HDEHDGA. The extraction and stripping behaviour of Am(III) and 
other metal ions present in the FR-SHLLW was studied using a solution of 0.1 M D3DODGA + 0.2 M 
HDEHDGA/n-DD in 20-stage mixer-settler. About 55% of the Am(III) was recovered in 20 stages 
(product stream). It was accompanied by the co-stripping of significant amount of lighter lanthanides. To 
improve the separation factor, a solution of 0.1 M TEHDGA and 0.25 M HDEHP in n-dodecane was 
employed in a single-cycle process approach. The lanthanides, Y(III) and Mo(VI) exhibited higher 
distribution ratio than Am(III) were quantitatively extracted in 4 stages, whereas Am(III) required 
11 stages for complete extraction. Quantitative recovery of Am(III) was observed in four stages. This was 
accompanied by the co-stripping of 18% La(III) and about 10% Ce(III), Pr(III),and Nd(III). The stripping 
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of other lanthanides having very large neutron cross section was 5%. The study, thus, indicated the 
possibility of separating of Am(III) from SHLLW, which contained chemically similar lanthanides and 
several other metal ions in a single-cycle processing step. 
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