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Abstract 
 
The hydrometallurgical separation concepts for the recycling of irradiated nuclear fuels developed in Europe are 
presented and discussed. Whilst Part 1 of the review focused on concepts for heterogeneous recycling of minor 
actinides, this article focuses on group recycling of transuranic actinides, which would support homogeneous 
recycling scenarios. Most of these concepts were developed within European collaborative projects and involve 
solvent extraction processes separating all the actinides (U-Cm) in two cycles. The first cycle uses a monoamide 
extractant to recover uranium leaving all the transuranic actinides in the aqueous raffinate with the fission 
products. The second cycle aims for a group recovery of the transuranium elements and several strategies have 
been proposed for this stage. In this review article, the various solvent extraction processes are summarised and 
the key features of the process schemes are compared.  
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Introduction 
 
Nuclear power reactors provide a safe, low-carbon and non-intermittent production of electricity. In 2019, 26.7% 
of the EU’s total net electricity generation was generated by 109 nuclear power reactors across 16 member 
countries 1. However, whilst the potential contribution nuclear energy can make towards a sustainable, low 
carbon future is being increasingly recognised 2, the challenges remain related to safe, secure, long term 
management of the spent nuclear fuels (SNF) that are highly radioactive over long timescales 3. Altogether, close 
to 58,000 tHM SNF had been produced and stored by the end of 2016 in the EU 4-7 whilst globally, around 10,000 
tonnes of SNF are generated per year 8. Although SNF can be interim stored safely for extended periods, 
ultimately there are only two options for spent fuel management (SFM): direct disposal or recycling. Direct 
disposal in a deep geological repository (DGR), called the open or once through fuel cycle, is the accepted strategy 
for many countries such as Finland, Sweden, Germany and the United States 9-10. SNF recycling, based on 
reprocessing to recover re-usable nuclear materials and fabrication of new fuels from the reprocessed products, 
has been implemented industrially in some countries, e.g. France, Russia, UK and Japan. This is referred to as the 
closed nuclear fuel cycle and there are variations on the closed fuel cycle depending on which materials are 
recycled and whether the materials are recycled once or multiple times 11. The advantages of recycling have been 
described elsewhere but, as might be expected, relate to improved use of natural resources, less wastes with 
reduced radiotoxicity for disposal leading to a smaller DGR and a smaller environmental footprint for nuclear 
energy 3, 9, 12-16.   
 
Europe has a long experience of reprocessing SNF with facilities of varying scales in Belgium, France, Germany, 
Russia and the UK 17. France and the UK have operated commercial scale reprocessing plants at La Hague and 
Sellafield, respectively, with more than 36,000 and 65,000 tonnes of used nuclear fuel reprocessed at these sites 
18-19. All these reprocessing programmes have used or still use the PUREX process 20-22 to separate fissionable 
materials, uranium and plutonium, from irradiated fuel. Uranium and plutonium can be recycled in present-day 
light water reactors (LWRs) either as reprocessed uranium oxide (RepU) fuels or mixed oxide (MOX) fuels.  
 
Advanced fuel cycles, however, offer the prospect of multi-recycling of U and Pu which can substantially increase 
the benefits in terms of uranium utilisation and resource preservation 9. 2312. Compared to other fuel cycle 
options, SNF multi-recycling in advanced fuel cycles has potential advantages of comprehensively addressing 
issues related to sustainability, such as public acceptance, proliferation resistance, flexibility for reprocessing of 
non-oxide and high-burnup fuels and the most efficient use of the DGR. The latter is supported by recycling minor 
actinides (MA = Np, Am, Cm) to reduce the heat loading and radiotoxicity of the final wastes 9, 16, 24-25.  
 
The multi-recycling of uranium, plutonium and MA advanced nuclear fuel cycles can be via either homogeneous 
or heterogeneous routes, see Figure 1 26-27. In heterogeneous recycling (often termed the partitioning and 
transmutation or P&T scenario), uranium, plutonium and potentially neptunium 28 are recovered, usually by the 
PUREX process for the production of MOX fuels 29. The other MA, americium and curium, are then recovered 
from the PUREX high level waste (HLW) stream and converted to MA fuels or targets which can be transmuted 
in the reactor or accelerator driven system (ADS). In this scenario, the (U,Pu) and MA fuels are separated in 
different stages in the reprocessing plant and the refabricated fuels are distributed heterogeneously in the 
reactor core. 



(a) (b) 

 
 

 

Figure 1: Schematic illustration of (a) homogeneous and (b) heterogeneous recycling. FP = fission products (redrawn from ref. 27) 

 

In the homogeneous recycling option, uranium and the transuranic elements (TRU = Np, Pu, Am, Cm) are 
contained within a single fuel type and distributed homogeneously throughout the reactor core. These fuels 
typically have between 1 – 5 wt% MA compared to 10-20 wt% MA in the MA fuel in the heterogeneous recycle 
scenario 30. The homogeneous mode with grouped actinide recycling is beneficial in that there is no pure stream 
of plutonium, this adds additional barriers against risks of proliferation11. Whilst the homogeneous route is 
perhaps more straightforward with regards to fuel fabrication and reactor physics, the separations chemistry is 
more complicated than the heterogeneous reprocessing. Therefore, advanced fuel cycle R&D programmes 
commonly pursue both heterogeneous and homogeneous options 9, 11, 26, 30.  
 
The development of the chemical separations processes needed for the reprocessing (or partitioning) of the 
actinides is widely recognised as a key enabler of advanced fuel cycle technologies. In Europe, the development 
of the chemical separations required for such strategies was triggered by two French waste management acts 
(1991 and 2006) 31-32 and has found support from EURATOM-funded research programmes since the early 1990s. 
Continuously evolving from initially small programmes, a sequence of programmes dedicated to developing 
actinide separation processes and the related chemistry was executed: NEWPART (1997–1999) 33-34, PARTNEW 
(2000–2003) 35, EUROPART (2004–2007) 36, ACSEPT (2008–2012) 37, SACSESS (2013–2016) 38-40, and the latest 
programme, GENIORS (2017–2021) 41. These programmes have made substantial progress in developing the 
separation technologies for both LWR and FR spent fuel recycling towards the point at which they can be 
deployed and our previous paper 27 discussed the actinide separation processes developed in Europe addressing 
heterogeneous recycling. This paper reviews and assesses the respective processes for homogeneous recycling, 
once again focusing on the development in Europe.  
 

Recycling strategies 
 
The discussion so far has focused on how multi-recycling in FRs can derive optimum benefits from nuclear energy 
generation related to sustainability and waste management and how this multi-recycling can be achieved either 
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in a heterogeneous or homogeneous mode. The heterogeneous recycling mode is primarily related to the 
aqueous reprocessing (hydrometallurgical) routes, involving: 

a) An initial separation of U and Pu using the PUREX process or some variation thereof. If desirable, 
neptunium can be recovered with the U and Pu relatively easily 28. 

b) A new extraction process to recover either americium and curium or americium alone from the aqueous 
HLW stream.  

 
The different strategies for heterogeneous recycling of MA are described in the preceding paper 27. 
Homogeneous recycling, on the other hand, can be achieved either by an aqueous route or by a non-aqueous 
pyrometallurgical processing of SNF in high temperature molten salt media 42-43. Indeed, pyro-processing is well 
suited to homogeneous recycling of FR fuels (metals, nitrides, oxides), being resilient to radiation from high burn 
up and short cooled FR fuels, based on electrorefining or reductive extraction that is adapted to the metal fuels 
often considered for FRs and naturally producing a low purity mixed actinide product 44. However, pyro-
processing is generally a low throughput batch process and, as such, was originally developed as part of the 
Integral Fast Reactor programme in the United States 45. Further discussion of the pyrochemical routes for 
homogeneous recycling are beyond the scope of this paper but the interested reader is referred to references 11, 

42, 46-49. 
 

Aqueous separation processes for homogeneous recycling   
 
The basic requirement for homogeneous recycling is that it requires the recovery of the TRU elements as a group. 
Uranium could be co-recovered with the TRU or separated on its own in a dedicated solvent extraction cycle (or 
other process such as crystallisation 11, 50). From this initial assumption, some secondary characteristics of the 
process become evident as well:  

• A new extractant is required since tributyl phosphate (TBP), as used in the PUREX process, is not able to 
extract trivalent minor actinides. 

• Adherence to the “CHON principle1” of degradable ligands in the process is preferred, ideally for both 
phases. 

• Efficient extraction of TRU actinide ions in oxidation states III (Am, Cm), IV (Pu, Np) and VI (Np, 
potentially U and Pu) is required. 

• The process must be able to cope with high concentrations of plutonium (~10 times that of the 
conventional PUREX process for thermal oxide fuel reprocessing) without third phase or precipitate 
formation. Also, with high plutonium concentrations, methods avoiding Pu recovery by reductive 
stripping (as used in the PUREX process) are preferred due to potential re-oxidation of Pu(III) by nitrous 
acid and the consequent need for excessive levels of reductants, such as U(IV), to maintain plutonium 
in the trivalent state 51. 

• Minimisation or preferably elimination of hazardous reagents, such as hydrazine, is advisable. 
• At some point in the process there must be selectivity in either the organic or aqueous phases for 

trivalent actinides over trivalent lanthanides otherwise effective decontamination from lanthanides 
(which are neutron poisons in the reactor) will not be achievable. 

• Fast chemical and/or mass transfer kinetics are required for compatibility with next generation solvent 
extraction equipment such as centrifugal contactors 52. 

 
1 Ligands that contain carbon, hydrogen, oxygen and nitrogen only and, therefore, should be fully decomposable to gases. 



• Ligands, particularly in the organic phase, must be sufficiently stable towards radiolysis and hydrolysis 
and extractants must be sufficiently soluble in the diluent to enable extraction of rather high 
concentrations of TRU elements.  

 
In Europe, substantial challenges were met in early projects, NEWPART, PARTNEW and EUROPART, developing 
ligands that were able to achieve the challenging An(III)/Ln(III) separation 53-54 and this led to defining and testing 
‘reference’ processes for heterogeneous recycling in the later projects, namely ACSEPT and SACSESS 43, 55-56. The 
learning from these early projects was exploited, initially in the ACSEPT project, to start development of a 
European option for homogeneous recycling 57. This pan-European development was in parallel to French efforts 
and indeed the first strategies for homogeneous recycling were developed by the French Alternative and Atomic 
Energies Commission (CEA) and tested in their ATALANTE facility at Marcoule 43, 58-60. The process was termed 
GANEX (Grouped ActiNide Extraction) and, as of today, three GANEX options exist for homogeneous recycling 
and a fourth process variant for heterogeneous recycling has also been reported. These four GANEX-variants fall 
into three basic strategies, depending on how they recover the TRU actinides, as indicated in Figure 2: 

1) Co-extraction of TRU and lanthanides followed by selective stripping of TRU 
2) Selective extraction of TRU 
3) Co-extraction of TRU and lanthanides followed by selective and sequential stripping of, firstly, Np and 

Pu and then trivalent MA 
 
All three strategies presume an initial separation of most or all of the uranium to reduce the volume and 
complexity of the TRU recovery cycle. Figure 2 also indicates the types of ligands (O- or N-donor ligands in organic 
or aqueous phases) proposed for each strategy. 
 
In brief, the GANEX process was first developed by the CEA and designed as a 2-cycle solvent extraction process, 
where the bulk uranium is extracted in the primary stage (GANEX-1) 61, while the TRU/fission product separation 
is achieved in the secondary GANEX-2 stage – this has been termed CEA-GANEX 59. In the ACSEPT project 
alternatives to CEA-GANEX were investigated and the EURO-GANEX cycle was developed and tested 62-64 as well 
as the initial formulation of the Chalmers-GANEX (CHALMEX) 65-68. In the CEA-GANEX and the EURO-GANEX 
processes, the actinides (An) and lanthanides (Ln) are co-extracted from the GANEX 1st cycle (GANEX-1) raffinate. 
The actinide/fission product separation is achieved through subsequent selective stripping. In the CHALMEX 
process, the An/Ln separation occurs by the selective extraction of An 65-67. It is clear that the CHALMEX option, 
at least superficially, offers a simpler and more elegant solution to the challenge of recovering TRU actinides as 
a group. However, it is concomitantly more challenging from the process chemistry perspective and, for reasons 
that will become apparent later, the EURO-GANEX is considered to be the current reference process for the 
GANEX 2nd cycle (GANEX-2).  
 
The individual processes will be briefly described below, focusing on aspects such as their basic principles, 
development status (technology readiness), upstream and downstream compatibilities, generation of secondary 
wastes and process safety. In line with our previous review 27, decontamination factors achieved in lab-scale 
process demonstration trials are not reported (stricter purity requirements can quite easily be met by e.g. 
increasing the number of stages); such data are found in the original literature. Acronyms for extracting and 
complexing agents, together with their molecular structures, are explained in the Appendix. 



 
Figure 2: A schematic overview of GANEX solvent extraction processes for homogeneous recycling developed in Europe. The colour 

scheme indicates the kind of extracting or complexing agents used (see legend) 
 

Uranium extraction (GANEX-1 cycle) 
 
The GANEX 1st cycle is common for all the variants of the GANEX processes and is aimed at the bulk recovery of 
uranium from a dissolved spent nuclear fuel solution. This is necessary as a high purity uranium product is 
required to enable tuning of the U/TRU ratios in the final fuel. It also reduces the volume (mass) of material that 
must be processed in the next cycle and simplifies the chemistry – since uranium is present as the very stable, 
linear, hexavalent dioxo-cation, UO22+, which is quite different to the other An3+ and An4+ cations. The uranium 
separation is achieved by a solvent consisting of a N,N-dialkylamide that is selective for U(VI), N,N-di-(ethyl-2-
hexyl)isobutyramide (DEHiBA) in an aliphatic diluent such as hydrogenated tetrapropylene (TPH) or Exxsol D-80. 
N,N-dialkylamides have several advantages including adherence to the CHON-principle, high hydrolytic and 
radiolytic stability and a high loading capacity for uranium. DEHiBA degrades into carboxylic acids and secondary 
amines, which have little to no effect on the separation of uranium from the raffinate. DEHiBA delivers high 
values for DU(VI), high U(VI)/Pu(IV) separation factors (~80) without need of redox agent, and high 
decontamination factors (DF) for most fission products in nitric acid media 43, 61, 69-70. 
 
Two laboratory scale hot tests with SNF have been performed on the GANEX-1 cycle. The flowsheet was initially 
developed at the CEA in France and tested in lab-scale mixer-settlers in the ATALANTE facility at Marcoule with 
thermal oxide fuel 43, 61, 71. Later, the flowsheet was adjusted by use of the CEA’s PAREX model 72 and tested in 
centrifugal contactors at the Joint Research Centre (JRC) in Karlsruhe at the end of the ACSEPT project 43, 64. In 
both cases the aim was to generate the highly active (HA) raffinate stream for testing the GANEX-2 cycle although 
CEA have looked further at the optimisation of the GANEX-1 cycle, particularly the scrubbing step. Nevertheless, 
both tests gave good results that are summarised in Table 1. The flowsheet for the JRC hot test was based on 
dissolved FR fuel and so had a different U:Pu ratio in the feed. The results of the JRC test with respect to Np, Pu 
and Tc decontamination were not as good as the CEA test. This is probably attributable to the use of short 
residence time centrifugal contactors and fewer scrubbing stages in the JRC test. Optimisation of the hydrazine 
scrubbing is evidently required. As with the PUREX process 73, technetium (Tc) co-extraction with uranium was 
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also a significant factor and accounted for in the PAREX model  74. The technical maturity for this cycle has been 
assessed through application of the widely used technology readiness level (TRL) assessment by the OECD-NEA 
75. Although it is noted that this assessment was made at the “system level” and so parts of the process (so-called 
“critical technology elements”) may actually be at a lower level, GANEX-1 was assessed to be at TRL 5 (which was 
defined as “Technology component or process step validated at bench scale under relevant conditions. Process 
models developed. Proof of principle hot tests using spent fuel” 11, 75). 
 
Table 1: Key properties and results from the GANEX-1 hot tests at CEA and JRC 43, 61, 64 

Property CEA hot test JRC hot test 
U in feed (g/L) 176 103.1 
Pu in feed (g/L) 2.5 22.7 
U in raffinate (%) <0.002 0.06 
Pu in U product (%) 0.024 0.38 
Np in U product (%) 0.33 5.8 
Tc in U product (%) 2.4 24.5 

Contactor type Mixer-settlers 
Centrifugal 
contactors 

Total stages 28 32 
 
 

GANEX-2 cycle scheme 1: selective actinide stripping 
 
The most developed formulation of the GANEX 2nd cycle is given in Scheme 1. This involves the co-extraction of 
TRU actinides and the trivalent lanthanides (together with some problematic fission products such as Mo, Zr, Tc, 
Fe) from the GANEX-1 aqueous raffinate. The co-extraction of the lanthanides is inevitable if an O-donor ligand 
is used as the extracting agent due to the chemical similarity of the trivalent actinides and lanthanides. The 
actinides are then selectively stripped from the organic phase by suitable hydrophilic ligands containing a soft 
donor ligand (usually N-donors). The lanthanides remain in the organic phase and are stripped in the next stage 
before the lean solvent is recycled. 
 
CEA-GANEX 
 
The GANEX-2 cycle was first proposed by CEA based on an adaptation of their DIAMEX-SANEX process 58-59; this 
being a process already developed and tested for separation of minor actinides 31, 76. Therefore, the organic phase 
was based on the combination of the malonamide N,N’-dimethyl-N,N’-dioctyl-2-(2-hexylethoxy) malonamide 
(DMDOHEMA) and di-(2-ethylhexyl)phosphoric acid (HDEHP) diluted in an aliphatic diluent (TPH). N-
(hydroxyethyl)ethylenediaminetriacetic acid (HEDTA) was added to the aqueous feed and the scrub solution to 
suppress fission product extraction (specifically palladium) but molybdenum and technetium (as well as Zr, Fe) 
were nevertheless co-extracted with the TRU actinides. A dedicated scrubbing section was thus added to the 
flowsheet to scrub molybdenum and technetium at pH 2-3; pH adjustment was with citric acid. The actinide 
stripping section was also operated at pH 3 using a solution of HEDTA, citric acid and hydroxyurea. Hydroxyurea 
was added as a reducing agent for Np(VI) – plutonium being stablilised in the tetravalent state in the presence 
of HEDTA and citric acid. At this high pH, lanthanides were retained in the organic phase by complexation with 
HDEHP. The lanthanides and other residual contaminants (zirconium, iron) were finally stripped from the solvent 
with a mixture of TEDGA and oxalic acid before the solvent recycling 43. 
 



This CEA-GANEX cycle has been tested with SNF at the Atalante facility (Marcoule, France) 59. A LWR fuel was 
used (the aqueous raffinate from their GANEX-1 hot test described above) and the flowsheet test was performed 
in 48 stages of miniature mixer-settlers in a hot cell. Losses of TRU actinides were <0.5% with generally good 
fission product decontamination factors obtained. The exceptions were some middle lanthanide elements which 
contaminated the actinide product. Using their PAREX solvent extraction simulation capabilities 31, this was later 
shown to be due to an under-estimation of some of the fission product concentrations in the feed and 
simulations were run that predicted how this could be rectified in future. The CEA-GANEX was, therefore, the 
first process demonstration of the GANEX concept and was shown to be a viable option for the GANEX-2 cycle. 
 
EURO-GANEX 
 
European projects had already made substantial progress in developing processes for An(III) recovery, 
particularly based on applications of the diglycolamide extractants – mainly N,N,N’,N’-tetra-n-octyl-
diglycolamide (TODGA) 55, 77-79. Adapting these developments for the GANEX-2 cycle was seen as the logical place 
to start with early work based on a combination of TODGA and TBP 80. However, in experiments with process 
concentrations of plutonium (as opposed to trace spiked solutions) precipitates were observed with TODGA and 
its dodecyl analogue (TDdDGA) alone in diluent or with TBP, octanol and N,N-dihexyloctanamide (DHOA) as phase 
modifiers 81. Addition of the malonamide DMDOHEMA, was found to provide sufficient capacity for plutonium 
before a conventional third phase was observed (up to 35 g/L with 0.2 mol/L TODGA and 0.5 mol/L DMDOHEMA 
with extraction from 3 mol/L HNO3); no precipitation occurred with DMDOHEMA 81 which acts as a co-extractant 
82. Screening of different TODGA:DMDOHEMA ratios settled on 0.2 mol/L TODGA and 0.5 mol/L DMDOHEMA in 
an odourless kerosene diluent as the most suitable formulation. The third phase boundary was later defined as 
a function of nitric acid concentration showing this solvent had sufficient capacity for plutonium concentrations 
of ≥10 g/L for [HNO3] ≤6 mol/L 83. Consequently, 10 g/L Pu was set as the target for future flowsheet design.  
 
Spiked batch distribution experiments confirmed the expected efficient co-extraction of Pu(IV), Am(III) and Ln(III) 
83. Spiked batch distribution experiments also confirmed the sulphonated bistriazinyl pyridine ligand (SO3-Ph-
BTP), 2,6-bis(1,2,4-triazin-3-yl)-pyridine, developed for selective stripping of An(III) from Ln(III) in the i-SANEX 
process 84-85 also worked for the EURO-GANEX solvent 63. Further experiments with process concentrations of 
Pu(IV) (1-10 g/L) defined suitable acid and SO3-Ph-BTP concentration ranges that would deliver good separation 
factors whilst maintaining DPu,Am<1 and DEu>1. A second hydrophilic molecule, acetohydroxamic acid (AHA), was 
added as this was expected to act as a complexant for Pu(IV) 81, 86 and reductant for Np(VI) 87 but it was also 
shown to promote stripping with the SO3-Ph-BTP although the reasons for this effect are still unclear. 
 
Fission product decontamination is a key challenge with any reprocessing flowsheet and the EURO-GANEX 
process is no exception. CDTA (trans-1,2-diaminocyclohexane-N,N,N,N’-tetraacetic acid), developed for the i-
SANEX cycle, was also shown to hold back zirconium and palladium in the aqueous phase when applied to the 
EURO-GANEX system 88. E.g. for 0.05 mol/L CDTA, 3 mol/L HNO3, 17 g/L Pu, DZr and DPd decreased from 11.3 to 
1.2 and 250 to 0.05 respectively whilst DPu remained sufficiently high (35). Further data on problematic fission 
and corrosion products were reported, specifically focusing on Fe, Sr, Tc, Mo, Ru 63. Iron showed a steep increase 
in distribution ratio above 1 mol/L HNO3 due mainly to extraction with DMDOHEMA. Strontium showed a 
maximum in DSr around 2 mol/L HNO3 whereas for technetium extraction, primarily due to TODGA, DTc decreased 
across the HNO3 range but remained >>1 even at 4 mol/L HNO3. Similarly, DMo was above 1 across the HNO3 
range although there was some reduction in a HA raffinate (HAR) simulant compared with the single component 
solution and with CDTA. Ruthenium distribution ratios were less than one but varied with mixing time of the 
solutions and are likely to be affected by changes in speciation. In fact, TODGA-based flowsheet trials often report 



some retention of ruthenium in the organic phase 78-79. Ruthenium PUREX chemistry, for comparison, is known 
to be very complicated 89-90. 
 
The behaviour of neptunium in the EURO-GANEX system was given specific attention due to the known 
complexity of neptunium solvent extraction and redox chemistry 28, 91. The order of extractability of the different 
neptunium oxidation states was shown to be Np(IV)>Np(VI)>1>Np(V) on extraction from <3 mol/L HNO3 92. Of 
particular interest was that whilst Np(IV) and (VI) were quite stable, the Np(V) oxidation state proved to be very 
unstable in the organic phase with respect to disproportionation, a feature which it was realised could be 
exploited in flowsheet design. An increased rate of Np(V) disproportionation in the organic phase compared to 
the aqueous phase was similarly seen in earlier studies in TBP 93. 
 
A flowsheet was designed and tested using a surrogate feed with realistic concentrations of plutonium (10 g/L) 
in the feed 62. 16 centrifugal contactor stages of extract-scrub were followed by 12 stages of TRU actinide 
stripping and 4 stages of lanthanide stripping. CDTA was added to the feed (0.05 mol/L) which was 5 mol/L HNO3 
to promote neptunium disproportionation and extraction. A double strip was employed to selectively strip TRU 
from Ln(III) using 0.5 mol/L AHA with two different concentrations of SO3-Ph-BTP to minimise Ln(III) stripping in 
low plutonium stages. Plutonium was well controlled through the flowsheet with a DF of ~14,000 but ~30% 
neptunium was lost to the HA raffinate and the TRU product contained ~7% of europium (used as an exemplar 
lanthanide). A flowsheet model developed in the CEA’s PAREX simulation code was validated from this test and 
used to refine the flowsheet design ready for a hot test. The hot test was run at the end of the ACSEPT project at 
the JRC, Karlsruhe, using a feed from dissolving spent Dounreay Fast Reactor (DFR) fuels 64. Following the GANEX-
1 cycle, the EURO-GANEX cycle was run in two parts using a 16 stage miniature centrifugal contactor cascade 
contained in a hot cell. Changes from the surrogate test included raising the feed acidity to 5.9 mol/L HNO3 to 
promote neptunium oxidation to Np(VI), reducing the scrubbing stages and simplifying the strip to a single 
solution (1 mol/L AHA + 0.055 mol/L SO3-Ph-BTP in 0.5 mol/L HNO3). The trial was very successful in 
demonstrating the EURO-GANEX concept – 99.9% Np, Pu and Am ions were recovered with 0.06% lanthanide 
contamination. The improved neptunium extraction in the initial extract-scrub was attributed to the flowsheet 
changes plus the nitrous acid generated from radiolysis catalysing the Np(V) oxidation most effectively 28, 94-95. 
 
The subsequent European SACSESS project was focused on the safety of the reference separation processes, 
including EURO-GANEX 38-39. One of the objectives for the SACSESS project was to perform a process safety review 
of the EURO-GANEX flowsheet under normal and potential maloperation conditions. For this purpose, a safety 
assessment methodology was developed based on the experience of the project collaborators across Europe and 
this methodology 96 was then utilised to carry out a review of the EURO-GANEX flowsheet at a SACSESS project 
meeting based on a workshop style approach 38. A key maloperation identified was the loss of scrub acid from 
the initial extract-scrub contactor as this was likely to cause the accumulation of plutonium, americium and other 
species across the contactor leading to potential criticality or radiological hazards within the plant. Therefore, an 
experimental simulation of this maloperation was carried out in laboratory scale centrifugal contactors 97. 
Following the establishment of steady state with the flowsheet under normal operating conditions, the scrub 
acid was reduced to 0.05 mol/L (from 0.5 mol/L). Surprisingly, plutonium accumulation was not observed, and 
the plutonium remained in the solvent product with almost no change to the profile. The organic phase, however, 
did change colour from red-brown to green and UV-vis absorption spectroscopy confirmed a change in the 
solvent phase speciation and that the process was reversible. This effect was proposed to be caused by hydrolysis 
of Pu(IV) due to the low acidity, that was then limited in its extent by the solvent shell around the hydrolysed 
plutonium preventing it from polymerising to form a colloid, as occurs in the aqueous phase 98. It was concluded 



that the EURO-GANEX process was robust to at least this type of maloperation and, whilst wider studies are 
obviously needed, this is a potentially advantageous, if unexpected, feature of the system. 
 
The resistance of the EURO-GANEX system against radiation has also been addressed during SACSESS and 
GENIORS 99-101 projects, by performing a wide variety of gamma irradiation experiments to simulate the most 
relevant process conditions. The studies demonstrated that although there is an important reduction in TODGA 
and DMDOHEMA concentration after 1 MGy adsorbed gamma dose, the system retains excellent extraction 
performance after 500 kGy and is still sufficient after 1 MGy, without compromising lanthanide loading capacity 
(i.e. the limiting organic concentration, LOC). A total of 14 degradation compounds (DCs) were identified, nine 
from TODGA and five from DMDOHEMA, leading to a complicated mixture where at least three of those 
compounds could form insoluble aggregates. Regarding fission products, the irradiated EURO-GANEX solvent 
only showed a slight increase in fission product extraction, with the exception of zirconium and palladium. 
However, irradiation of CDTA containing aqueous phases, up to relatively low doses (5-50 kGy), indicated a loss 
of the masking ability for zirconium and palladium due to the formation of some insoluble products. There was 
also some loss of selectivity in actinide stripping (in 1 mol/L HNO3) from a loaded and irradiated (1 MGy) EURO-
GANEX solvent and retention of residual lanthanides in the solvent requiring more stages for back extraction of 
lanthanides into dilute nitric acid in the lanthanide strip. Most of the effects were explained by the extraction 
properties of DCs formed on irradiation 101-103. In general, it was found that the aqueous phase containing SO3-
Ph-BTP and AHA was less stable to radiolysis than the organic solvent but, as the aqueous phase is not recycled, 
the results indicate that after a low-moderate absorbed dose (40-50 kGy) the concentration of SO3-Ph-BTP 
remaining is still enough to preserve an effective An/Ln separation if other factors such as AHA hydrolysis and 
pH are controlled 100, 104-105. Furthermore, the studies to date do not show any evidence of effects due to DCs of 
SO3-Ph-BTP or AHA. Whilst further studies are still needed, particularly in the presence of plutonium, the long 
term operation of the EURO-GANEX system with irradiated nuclear fuels seems realistic, particularly when the 
impacts of the solvent clean-up process are considered; although improvements to the masking agent strategy 
for zirconium and palladium may be necessary. 
 

GANEX-2 cycle scheme 2: selective actinide extraction 
 
The simplest formulation of the GANEX 2nd cycle is given in Scheme 2. This involves the selective extraction of 
TRU actinides leaving the trivalent lanthanides as well as all other fission products in the GANEX-2 aqueous 
raffinate. This is only possible by judicious choice of extractants; particularly avoiding O-donor ligands such as 
diglycolamides that can co-extract lanthanides, but also finding extractants that have capacity to extract the 
larger amounts of Pu(IV) ions present. Following extraction, the actinides are then stripped group-wise from the 
organic phase by suitable hydrophilic O-donor ligands before the lean solvent is recycled. 
 
The CHALMEX process 
 
The CHALMEX process was developed by Chalmers University of Technology (Sweden), as an alternative strategy 
for the GANEX 2nd cycle 65-68, 106-112. The objective was to develop a simpler process, which could reduce the 
number of process steps, potentially reducing costs of a recycling plant 38. While significantly less developed than 
the strategies outlined for Scheme 1, the CHALMEX process has shown promising results in its 
actinide/lanthanide separation characteristics.  
 
By combining the well-known extractant TBP with 6,6’-bis(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-benzo-1,2,4-
triazin-3-yl)-2,2’-bipyridine (CyMe4-BTBP), the solvent can theoretically extract the actinides with oxidation 



states ranging from +III to +VI, without the co-extraction of lanthanides and fission products and without redox 
control of plutonium 65-67. While the process chemistry of TBP is well established after decades of use in the 
PUREX process, the chemistry of CyMe4-BTBP is less well-known. It has been found to be stable towards both 
hydrolysis and radiolysis, but a complete mapping of degradation products formed under process conditions is 
lacking and studies are in progress 113-115. Both alpha and gamma-radiation induced degradations of CyMe4-BTBP 
have been investigated 66. It has been established that the ligand degrades readily when subjected to both types 
of radiation but extraction properties remain almost unaffected when irradiated in contact with nitric acid. It has 
also been suggested that the stability of the extractant towards radiolysis is dependent on the diluent having a 
similar shape: for cyclic extractant molecules, a cyclic diluent leads to higher radiolysis resistance, at least at low 
irradiation doses 116. CyMe4-BTBP is also the reference molecule for the regular (r) and 1-cycle (1c) SANEX 
processes 117-119 and has gone through hot tests on genuine spent nuclear fuel with good results 43, 55-56.  
 
Phenyl trifluoromethyl sulfone (FS-13) is used as a diluent in the process. Both Russian and American research 
efforts have focused on its use as a diluent in the UNEX (Universal Solvent Extraction) process 120-126. FS-13 is 
chemically inert and stable towards both hydrolysis and radiolysis. A major advantage of the diluent is its high 
density (~1.4 g/cm3), which resolves any phase separation/inversion issues experienced in systems with more 
similar densities between organic and aqueous phases. Other advantageous chemical and physical properties 
include low aqueous solubility, low viscosity and it is non-toxic. FS-13 has a relative permittivity of approximately 
30.8 F/m at 298 K 127 and high dielectric constants have been shown to beneficial for americium extraction as it 
increases the solubility of CyMe4-BTBP and hence the distribution ratio of Am. The separation factor of Am/Eu, 
however, increases exponentially with decreasing relative permittivity128. 
 
The initial feasibility studies of the CHALMEX process were promising. A good separation factor of the actinides 
from the lanthanides was seen within only 10 minutes of contacting (SFAm/Eu = 160, SFPu/Eu = 210, SFNp/Eu = 3.5). 
All fission products that were extracted, except samarium and zirconium, were extracted by CyMe4BTBP and the 
most problematic fission products extracted included Ag, Cd, Mo Zr and Pd. The extraction of some corrosion 
products (Ni, Co, Mn) was also found to be an issue 65, 108.  
 
To prevent the extraction of some of these fission products, different strategies were considered including pre-
extraction, scrubbing and suppression. Pre-extraction is generally undesired due to the increase in final waste 
volume it would produce by adding another process stage. Both scrubbing and suppression are more attractive 
choices as they can be combined with already existing process steps. Finally, it was concluded that a combination 
of the masking agents bimet and D-mannitol added directly to the GANEX-1 raffinate successfully reduced the 
extraction of Mo, Zr and Pd 65, 106. Palladium was then of concern as it is known to precipitate when in contact 
with a pure cyclic ketone (or rather the presence of enol impurities) 129, such as the original diluent of choice, 
cyclohexanone 65, 67, 106. No such reaction is known for cyclic sulfones like FS-13. Gluco-lactone can be added to 
the acid scrub step to back-extract any molybdenum or zirconium 107. 
 
The process feasibility has been demonstrated by batch scale tests 108 and the solvent has been tested for use in 
centrifugal contactors in single stage centrifugal contactor experiments 107. Elemental calculations on number of 
ideal, counter-current process stages have been performed with promising results: a 99.9% recovery of Am was 
estimated using 3 extraction stages followed by 3 scrubbing stages and 2 stripping stages.  However, to date, no 
counter-current flowsheet tests have been carried out. 
 

  



GANEX-2 cycle scheme 3: split actinide stripping 
 
The third application of the GANEX strategy for the 2nd cycle is given in Scheme 3. This is basically a variation of 
Scheme 1. It involves the co-extraction of TRU actinides and the trivalent lanthanides from the GANEX-1 aqueous 
raffinate. The actinides are then selectively stripped from the organic phase by suitable hydrophilic ligands but, 
in this case, a split stripping strategy is adopted whereby firstly the multi-valent TRU ions (Np, Pu) are stripped 
and then the trivalent MA are stripped (Am, Cm). This gives two products that can be used for heterogeneous 
recycling or re-combined for homogeneous recycling. The lanthanides remain in the organic phase and are 
stripped in the next stage before the lean solvent is recycled. This strategy is included in this review of 
homogeneous recycling since it is a straight forward variation of the GANEX concept rather than a specific MA 
separation from PUREX HAR; options that were discussed in the preceding paper 27.  
 
TRU-SANEX 
 
Earlier papers in the development of the EURO-GANEX cycle had reported stripping of TRU actinides from the 
EURO-GANEX solvent with AHA and SO3-Ph-BTP both independently and together 63, 81. The mixture of the two 
reagents was the optimum combination for grouped stripping of Np-Cm. However, it was clear that, at low 
acidity, AHA could strip Pu(IV) and Np(IV), by complexation, and Np(VI), by reduction to Np(V), without 
interacting with the trivalent ions, whilst SO3-Ph-BTP was designed to selectively strip the trivalent actinides from 
trivalent lanthanides. These selectivities are nicely illustrated by a comparison of reported stability constants – 
data have previously been reported for a wide range of actinide and lanthanide AHA complexes (e.g. logβ1 values 
of 6.19, 5.85, 7.94, 4.83 and 14.2 for Eu(III), Am(III), U(VI), Np(V) and Pu(IV) respectively) and for curium and 
europium SO3-Ph-BTP complexes (logβ3 (Cm) = 12.2;  logβ3 (Eu) = 10.2) 86, 130-134. This raised the interesting 
possibility of adapting the EURO-GANEX flowsheet to produce separate (Np, Pu) and (Am, Cm) products by 
separate sequential strip sections using firstly AHA and then SO3-Ph-BTP (the AHA strip needs to be first since 
the SO3-Ph-BTP will strip tetravalent as well as trivalent actinides). This variation was termed “TRU-SANEX” to 
highlight its hybrid nature between the GANEX and SANEX processes 135. Results from a flowsheet test confirmed 
the concept with only small cross-contamination between the two products. Interestingly, <10% neptunium was 
lost to the aqueous raffinate which is less than the simulant EURO-GANEX test (~30%) but not as good as the hot 
test (<0.1%). Since the extract-scrub-section in the TRU-SANEX test was based on the hot test, this gives a rough 
indication of the impact of (a) the flowsheet changes and (b) radiolytically generated nitrous acid in promoting 
neptunium conversion to extractable Np(VI) and Np(IV) oxidation states. 
 

Comparing the process schemes 
 
Looking at the different process schemes (Figure 2), Scheme 2 appears the simplest since it selectively extracts 
the actinides at the initial extract-scrub stage. However, all three schemes are based on two cycles of solvent 
extraction and each cycle contains extraction, scrubbing and stripping stages, spent solvent regeneration cycles 
and various auxiliary equipment; for example, the engineering design may include evaporators, buffer storage 
or conditioning tanks, reagent tanks, connecting pipework, etc. Also, the solvent extraction process is only one 
part of the reprocessing plant – upstream and downstream processes for fuel preparation, dissolution, product 
finishing and waste management must also be considered in order to make a proper evaluation of the ‘simplicity’ 
of any particular separation process. Beyond the assessment of the technologies themselves, other factors also 
affect the choice of separation process such as: technology readiness; safety; environmental impacts (particularly 
on the DGR); proliferation resistance and physical security challenges; socio-economic benefits, including public 



acceptability; national policies and fuel cycle scenarios 9. Thus, evaluating the different process schemes requires 
consideration of many aspects which have economic implications to the viability of the flowsheet at an industrial 
scale. However, in the context of this article we can highlight certain features of the different processes for each 
scheme that enable comparisons at the technical level. 
 
GANEX-1 
 
The process based on the monoamide DEHiBA for selective uranium extraction has been tested twice now with 
SNF 61, 64. Good results have been obtained although the slightly worse recoveries and decontamination factors 
in the JRC hot test, which used centrifugal contactors, point to some kinetic issues with the hydrazine scrubbing 
stage for technetium, neptunium and plutonium control 64. Also, the rather low uranium saturation in the JRC 
hot test leads to excessive solvent and aqueous flows that should be minimised from the waste management 
perspective.  
 
Nevertheless, whilst optimisation challenges remain, the concept is considered to be proven. Further physico-
chemical data needed for building predictive process models are outstanding needs (see for example 73). 
 
Scheme 1 (CEA-GANEX and EURO-GANEX) 
 
Two processes have been demonstrated with SNF – CEA-GANEX and EURO-GANEX – which confirm the technical 
feasibility of options that meet the challenging goals related to developing advanced reprocessing options for 
homogeneous recycling 43. These two cycles are compared in Table 3. The EURO-GANEX option offers some 
significant advantages, notably: 

• Actinide stripping in the acidic region (no need for pH adjustment) 
• No phosphate wastes from the solvent management 
• Compatibility with centrifugal contactors has been demonstrated at the lab scale 

 
Note that both CEA-GANEX and EURO-GANEX meet the requirement to avoid plutonium reduction despite the 
addition of reducing agents2 136. 
 
However, in its current form the EURO-GANEX cycle also has various drawbacks: 

• The sulphonated BTP reagent in the aqueous phase adds to waste volumes and is incompatible with 
vitrification processes for HLW immobilisation 

• The combination of two extractants in the organic phase complicates solvent formulation, clean up and 
recycling and process simulation. 

• Incomplete control of some fission products; notably molybdenum, technetium and ruthenium. 
• No solvent clean up process has been developed yet for used solvent recycling. 

 
Table 2: Comparison of key features of CEA-GANEX and EURO-GANEX cycles (data from 43, 59, 64) 

 CEA-GANEX EURO-GANEX 

Developed by CEA (France) ACSEPT project (FP7) 

Date of hot test 2008 2013 

 
2 In EURO-GANEX, AHA can reduce Pu(IV) to Pu(III), most probably via hydroxylamine which is a product of the acid hydrolysis of AHA, but 
excess AHA stabilises Pu(IV) and the reduction reaction occurs too slowly under process conditions to be of any practical concern, at least 
under normal operations. In CEA-GANEX, Pu(IV) is stabilised by HEDTA and citric acid despite the addition of hydroxyurea. Both AHA and 
hydroxyurea act as reducing agents for Np(VI) ions in these GANEX-2 cycles. 



Fuel for hot test LWR DFR 

Pu content in HAF ≈2 g/L 10 g/L  

Equipment Mixer-settlers Centrifugal contactors 

No. of stages 48 32 

CHON? Aqueous phase only Organic phase only 

Organic phase DMDOHEMA + HDEHP TODGA + DMDOHEMA 

Diluent Industrial (TPH) Industrial (Exxsol D-80) 

FP scrubbing/holdback Citric acid (Mo,Tc) 
HEDTA (Pd) 

CDTA (Zr,Pd) 

Actinide strip pH 3 0.5 mol/L HNO3 

Actinide strip agents HEDTA + citric acid + 
hydroxyurea 

AHA + SO3-Ph-BTP 

Pu stripping Complexation Complexation 

Ln(III) decontamination 5% in An product <0.06 % in An product 

Np recovery ~99% 99.90% 

TRL (at system level) 75 4-5 4-5 

 
 
Scheme 2 (the CHALMEX process) 
 
The CHALMEX process has to date been developed at the fundamental level. Latest studies have moved into the 
process development side through single stage centrifugal contactor experiments and a ‘flowsheet’ simulation 
by sequential batch experiments. Clearly, the process flowsheet needs testing in a counter-current mode with a 
realistic simulant before it can be compared directly with the Scheme 1 options. The CyMe4BTBP, although very 
successful in selectively extracting MA, is also known to have slow kinetics and low solubility in diluents. These 
issues are partially addressed by use of the FS-13 diluent but it is unclear whether this is suitable for industrial 
applications. As in the EURO- and CEA-GANEX processes, the CHALMEX process combines two extractants in the 
organic phase, of which the well-known TBP molecule degrades into problematic byproducts that can complicate 
the solvent management. CHALMEX also relies on a series of aqueous phase ligands (bimet, D-mannitol and 
gluco-lactone) of which one (bimet) contains sulphur.  
 
Scheme 3 (the TRU-SANEX process) 
 
As has been emphasised already, this is a relatively simple adaptation of EURO-GANEX and so does not have, per 
se, pressing, unique R&D needs. However, an innovative and potentially transformative development would be 
if this Scheme could be extended to a “TRU-EXAm” mode; that is recovery of (Np, Pu) followed by Am alone – 
leaving curium in one of the waste streams. 
 

Outlook 
 
The GANEX-1 cycle is necessary and has wider applicability for uranium recovery. Flowsheet optimisation, basic 
data generation and process simulation that lead to process scale up are obvious future directions. R&D needs 
for the EURO-GANEX process are also quite clear and the GENIORS project is already looking at a CHON 
replacement for the SO3-Ph-BTP ligand 137-138 and a modified DGA ligand that could replace the combined TODGA 



and DMDOHEMA organic phase 139. CHALMEX would benefit from a focus on flowsheet testing and a safety 
review, similar to that trialled on the EURO-GANEX process in the SACSESS project 38. All processes need solvent 
recycling capabilities and integration with upstream (fuel dissolution) and downstream (product finishing) stages. 
More in-depth safety studies, such as gas generation and thermal stability of proposed solvents, are also an 
essential next stage. Process modelling and simulation capabilities 140-141 are another generic need in order to 
more efficiently design flowsheets and also to probe sensitivities to process upsets 142. 
 

Conclusions 
 
As with the heterogeneous recycling option, several solvent extraction processes addressing homogeneous 
recycling have been developed and demonstrated in Europe. These essentially fall into three schemes for 
separating the TRU actinides, all of which are preceded by a common uranium extraction cycle. The following 
conclusions are drawn, based on the current state of the art:  
 
The principles of the uranium extraction (GANEX-1) cycle have been demonstrated although work is still required 
to optimise the process, prove the decontamination factors (particularly in short residence time centrifugal 
contactors) and move towards process scale up, underpinned by process models and simulation with 
comprehensive sets of basic physico-chemical data. 
 
Scheme 2 appears the most complex to develop into a working process, although it is potentially the most elegant 
concept with the fewest number of stages. However, in its current form (the CHALMEX process) it uses a mixed 
organic phase, various aqueous phase complexants and a fluorinated diluent. Significant further work is required 
to take this option towards a process demonstration with SNF and a design that is industrially deployable. 
 
Two promising options exist for Scheme 1, both of which have been tested with SNF and demonstrate good 
results. Nevertheless, questions remain around both CEA-GANEX and EURO-GANEX. For the CEA-GANEX process, 
testing with elevated Pu content fuels, the compatibility with centrifugal contactors (particularly in the stripping 
stages) and the need for a high pH strip are concerns. For the EURO-GANEX process, the replacement of the SO3-
Ph-BTP ligand with a CHON ligand, simplification of the organic phase to a single extractant and verification of 
DFs for some problematic fission products are key R&D directions. The big advantage of the EURO-GANEX cycle 
is it has been proven for actinide stripping in the acidic region. 
 
Scheme 3 is just a variant on the EURO-GANEX cycle and, whilst further testing would be needed to confirm the 
DFs for this TRU-SANEX cycle, its development can be assumed to be at a similar status to the EURO-GANEX cycle. 
Whether a heterogeneous recycling option that was based on GANEX rather than PUREX chemistry is 
advantageous would depend on extraneous factors related to the deployment of advanced fuel cycles in a 
particular country. 
 
For nearly all separation processes, significant quantities of experimental data and experience have already been 
accumulated – particularly the CEA-GANEX and GANEX-1 cycles – such that now addressing the outstanding key 
technology gaps should become the main focus, e.g. process scale up, integration with upstream and 
downstream stages and solvent management (recycling within the process and solvent destruction at end of 
life). No processes yet have complete suites of validated process models readily available for flowsheet design in 
normal and off-normal (maloperation) operations, although some simulations have been performed (notably 
within the CEA’s PAREX code which is a mature and proprietary code for modelling solvent extraction operations 
in nuclear fuel reprocessing plant 72).  



 
So far, the developments discussed in this review have been pursued on the laboratory scale only. There are 
clearly important knowledge gaps that need to be filled before these processes would be ready for possible 
industrial applications. As well as those already noted, safety studies, including gas generation and impacts of 
maloperations; scale up; process monitoring and control technologies are certainly desirable to raise the 
technological readiness of the process. The likely disadvantages of TRU fuels with their higher activities and 
masses, due to the combined plutonium and MA content, in the recycle fuel fabrication plant must be considered 
in order to optimise the whole recycle system rather than parts of the system. Beyond, technology readiness, 
how these processes fit into advanced, sustainable, economic and proliferation-resistant nuclear fuel cycles, 
supporting future low carbon generation, must be analysed 11. 
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Table of process ligands 
 

Compound Acronym Name 

 

AHA Acetohydroxamic acid 

 

bimet 
(2S,2’S)-4,4’-(ethane-1,2-

diylbis(sulfanediyl))bis(2-aminobutanoic 
acid) 

 

CDTA 
trans-1,2-Diaminocyclohexane-N,N,N’,N’-

tetraacetic acid 

 

Citric acid 
(2-Hydroxypropane-1,2,3-tricarboxylic 

acid) 

 

Cyclohexanone Cyclohexanone 

 

CyMe4-BTBP 
6,6’-bis(5,5,8,8-tetramethyl-5,6,7,8-

tetrahydro-benzo-1,2,4-triazin-3-yl)-2,2’-
bipyridine 

 

DHOA Di-n-hexyl n-octaneamide 

 

DMDOHEMA 
N,N’-dimethyl-N,N’-dioctyl-2-(2-hexyloxy-

ethyl)-malonamide 

N

N

O

HO

OH

O

O

OH

HO

O

OH

O

OH

O OH
O

HO



 

DTPA diethylenetriaminepentaacetic acid 

 

FS-13 (Trifluoromethyl)sulfonyl benzene 

 

Gluco-lactone Gluco-lactone 

 
Glycolic acid 2-Hydroxyethanoic acid 

 

HDEHP Di-(2-ethylhexyl)phosphoric acid 

 

HEDTA 
N-(hydroxyethyl)ethylenediaminetriacetic 

acid 

 

Mannitol D-mannitol 

 
Octanol 1-Octanol 

 

Oxalic acid Oxalic acid 

HO
OH

O

OH
OH

OH

OH

OH

HO



 

PTD 
2,6-bis[1-(propan-1-ol)-1,2,3-triazol-4-yl]-

pyridine 

 

SO3-Ph-BTP 
2,6-bis(5,6-di(3-sulphophenyl)-1,2,4-
triazin-3-yl)-pyridine tetrasodium salt 

 

TBP Tributyl phosphate 

 

TDdDGA N,N,N’,N’-tetra-n-dodecyl diglycolamide 

 

TEDGA N,N,N’,N’-tetraethyl diglycolamide 

 

TODGA N,N,N’,N’-tetra-n-octyl diglycolamide 
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