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Introduction

Today, nuclear power plants render highly radiotoxic 
used nuclear fuel that has to be isolated from the en-
vironment. If the fuel is disposed in the fi nal storage, 
it has to be stored for over 100 000 years to reach 
a radiotoxicity level that is equal to that of natural 
uranium needed to produce the fuel [1]. An alterna-
tive path to the fi nal storage would be to separate 
the long-lived actinides from the used nuclear fuel 
for transmutation. Then, the storage time could be 
reduced to around 1000 years [2]. This separation 
would not only reduce the long-term radiotoxicity 
but also the heat load, making the fi nal storage more 
volume effi cient [3]. 

Several methods for the partitioning of actinides 
from the rest of the elements in the used fuel have been 
developed during the years and solvent extraction is 
one of the most well-established methods [4]. Today 
the plutonium uranium redox extraction (PUREX) 
process, developed during the 1940’s, is widely used 
for the recovery of plutonium and/or uranium [5, 6]. 

GANEX process has since 2007 been under devel-
opment at Chalmers University of Technology. The 
different solvent systems developed all have the com-
mon denominator that they combine two different 
extractants; one being from the bis-triazine bipyri-
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dine (BTBP) family and the other being either tri-
butyl phosphate (TBP) or the monoamide N,N-di(2-
-ethylhexyl)butyramide (DEHBA). In the initial 
process cyclohexanone was used as diluent with 
good results [7, 8]. However, due to instability and 
density issues other diluents were investigated later 
on. These were long-chained alcohols, for example 
hexanol and octanol [9], and lately – fl uorinated 
aromatic sulfone compounds such as phenyl trifl uo-
romethyl sulfone (FS-13) [10]. 

Grouped actinide extraction

Three GANEX processes have mainly been developed 
in Europe, the EURO-GANEX, the CEA-GANEX and 
the Chalmers GANEX [11]. In general the GANEX 
process is divided into two separate steps, one where 
the bulk uranium is removed and one partitioning 
step, the actual GANEX step, where the actinides 
are separated from the fi ssion products, for example 
lanthanides and corrosion/activation products [12]. 
This step occurs during highly acidic conditions. The 
separated actinides are then stripped for transmuta-
tion purposes. 

CEA-GANEX was developed in France, combining 
N,N-dimethyl-N,N-dioctylhexylethoxymalonamide 
(DMDOHEMA) and di(2-ethylhexyl)phosphoric 
acid (HDEHP). The EURO-GANEX process like 
the Chalmers GANEX, is also under development. 
A combination of the following extractants has been 
proposed for EURO-GANEX; N,N-(dimethyl)-N,N-
-dioctylhexylethoxymalonamide (DMDOHEMA) 
and N,N,N,N-tetraoctyldiglycolamide (TODGA). 
Different from the Chalmers GANEX, the EURO-
-GANEX process separates all the transuranic 
elements and the lanthanides together from other 
fi ssion products, before selective actinide stripping 
[13]. The GANEX process developed at Chalmers 
combines two extractants and one diluent. During 
the years, different extractant molecules and diluents 
have been used but for a long period of time various 
bis-triazine bipyridine (BTBP) molecules have been 
used as one of the extractants. BTBP molecules act 
as tetradentate ligands for metal ions, and many of 
them have a high selectivity of trivalent actinide 
extraction over trivalent lanthanides [14, 15]. This 
is in general a diffi cult separation due to the chemi-
cal similarities between the trivalent actinides and 
the lanthanides. The other main extraction agent 
used, tributyl phosphate (TBP) extracts tetra- and 
hexavalent actinides [6, 16]. 

TBP ( = 0.97 g·mL−1 [17]) is a well-known ex-
tractant of plutonium and uranium, and it has been 
used in the PUREX processes in the last 50–60 years. 
In recent years, TBP became a common extractant 
in different GANEX solvents [7, 10, 18]. A negative 
feature with TBP is, however, that it does not fol-
low the CHON principle [19]. This means that the 
solvent will leave a larger fraction of non-gaseous 
residues for waste solidifi cation, than the CHON 
solvents. In addition, TBP can also decompose into 
dibutyl phosphate [17]. This is a problem since dibu-
tyl phosphate increases the extraction of plutonium 

and fi ssion products [20], therefore processes using 
TBP must include an extra purifi cation step. 

A DEHBA extractant, an alternative to the TBP, 
that follows the CHON principle and decomposes 
into less problematic by-products, has also been 
investigated [17, 21]. DEHBA is an amide that has 
shown good extraction properties for uranium and 
plutonium [22, 23]. 

The combination of a BTBP molecule with TBP 
or DEHBA allows for extraction of actinides in most 
valence states, present in the used nuclear fuel. The 
complicated redox control of the process is therefore 
avoided. It is also possible to strip the actinides se-
lectively or to reuse them directly in homogeneous 
recycling [24]. 

BTBP ligands 

All BTBP-type ligands are polyaromatic nitrogen 
donor molecules that have a common core of two 
aromatic pyridine rings and two triazine rings but 
with different side groups. Two BTBP type-ligands 
developed and synthesized to separate trivalent 
actinides from the fi ssion products, mainly from 
lanthanides, are 6,6-bis(5,5,8,8-tetramethyl-5,6,7,8-
-tetrahydrobenzo[1,2,4]triazin-3-yl)[2,2’]bipyridine 
(CyMe4-BTBP) and 6,6-bis-(5,6-dipentyl-[1,2,4]
triazin-3-yl)-[2,2’]bipyridine (C5-BTBP) [14, 15, 
25]. 

There are several differences between CyMe4-
-BTBP and C5-BTBP. Their solubilities in various 
diluents differ from one another, and the thermody-
namic parameters of the extraction are also different. 
For C5-BTBP, the entropy change within the system 
is positive for americium extraction [25], while for a 
system containing CyMe4-BTBP the entropy change 
is negative [24]. 

In systems containing CyMe4-BTBP, it has been 
found that the chemical reactions that take place at 
the surface, such as complexation, determine the ex-
traction rate [26]. For C5-BTBP systems the time and 
phase contact needed to reach extraction equilibrium 
has been correlated with the interfacial tension [18]. 

Another difference between the two extractants 
is that C5-BTBP is not stable under highly acidic 
conditions, due to -hydrogen abstraction from the 
side chains, which makes it less suitable for use in 
a highly acidic GANEX extraction step [27]. 

Diluents 

Some desirable properties of a diluent intended for 
use in a GANEX process are: good solubility of the 
extractants, allowing for fast reaction kinetics of the 
extraction system, radiolytic and hydrolytic stability, 
a density that provides suffi cient density difference 
between the organic and aqueous phase, as well as 
reasonable cost and production capacity. 

Different combinations of diluents and extracting 
molecules as organic phase for GANEX processes 
have been studied lately. At Chalmers, solvent sys-
tems combining CyMe4-BTBP, 30 vol.% TBP or 
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20 vol.% DEHBA and 70 vol.% or 80 vol.% diluent 
have generally been investigated. 

Cyclohexanone 

Cyclohexanone ( = 0.95 g·mL−1 [28]) was a diluent 
chosen for the Chalmers GANEX process because it 
well dissolves CyMe4-BTBP [29] and ensures rela-
tively fast extraction kinetics with this extractant 
[30]. It is also a cheap diluent that is mass produced 
for the production of nylon 6 [31]. However, the low 
fl ashpoint (44°C) [32] and exothermic reactions with 
concentrated nitric acid, forming adipic acid [33], in 
combination with the comparatively high solubility 
in the acidic aqueous phase [32] decrease the dilu-
ents stability and are the reason for further investiga-
tions of GANEX systems using alternative diluents. 

Long-chain alcohols 

Long-chain alcohols have been thoroughly investi-
gated as diluents for BTBP-type ligands [9, 25] as 
they are among others cheap, easily accessible and 
relatively stable. 1-Octanol for instance is a standard 
diluent within solvent extraction. When actinide 
distribution ratios were investigated in long-chained 
alcohols (using C5-BTBP and a low-acidic aqueous 
phase, 0.99 M NaNO3 and 0.01 M HNO3) it was 
discovered that the distribution ratios increased 
with a decrease in chain length, being equal to 5.74 
for hexanol and 1.21 for decanol [34]. Hexanol also 
displays a slightly higher solubility of CyMe4-BTBP 
compared to octanol [29], which is why the main 
focus was put on 1-hexanol when investigating long-
-chained alcohols for GANEX purposes. However, 
the comparatively slow kinetics and low solubility 
of CyMe4-BTBP in these types of diluents [18], led 
to investigations of other more innovative solvents 
for the Chalmers GANEX process. 

Phenyl trifl uoromethyl sulfone 

Phenyl trifl uoromethyl sulfone (FS-13), is a heavy 
( = 1.4 g·mL−1) polar diluent [35]. The high density 
ensures a good phase separation during metal extrac-
tion. FS-13 also displays a good chemical stability 
[36] and a low viscosity [35]. It was originally de-
veloped for the universal extraction (UNEX) process 
where it showed a high resistance against radiation 
and good stability against nitric acid [37, 38]. Due to 
FS-13 polarity a high solubility of BTBP-type ligands 
can also be reached. These features make it interest-
ing for use in the Chalmers GANEX process despite 
the present high cost and low production volumes. 

Another negative feature with FS-13 in com-
parison with the long-chained alcohols and cyclo-
hexanone is that it contains sulfur and fl uorine, 
and hence does not follow the CHON principle. 
This is also the case when using TBP as one of the 
extractants, however the amount of TBP is small in 
comparison to the diluent. 

Extraction 

A measure of extraction ability of metals in solutions 
is the distribution ratio, D. This is the ratio of the 
concentrations of a given element in the organic 
phase to that in the aqueous phase, Eq. (1). 

(1)                                             

The ratio of two distribution ratios is defi ned as 
the separation factor, SF, Eq. (2). From the defi ni-
tion, SF > 1, therefore if DA > DB, DA becomes 
the numerator while if DA < DB, DB becomes the 
numerator. 

(2)  

As mentioned earlier the interfacial tension is 
an important factor in the liquid-liquid extraction 
process. If the interfacial tension is lowered during 
mixing, the interfacial area of the phases increases 
[39]. This can increase the rate of mass transfer in 
the system, under the right circumstances [40]. A 
drawback is that a lower interfacial tension may 
complicate the phase separation and slow down 
the extraction [39]. However, for a fully developed 
extraction process using centrifuges, a lower inter-
facial tension system can be preferred anyway. 

Methodology

Metal extraction experiments have generally been 
performed using small (0.2–1.5 mL) equal volumes 
of the different GANEX solvents and the aqueous 
phases. Phase contact has been performed either in 
a mechanical shaker (IKA, VIBRAX VXR 1500 rpm) 
at 25°C (standard for later investigations) or by shak-
ing the vials by hand in an insulated canister at room 
temperature. 

The GANEX solvents investigated generally 
consist of 10 mM BTBP, 30 vol.% TBP or 20 vol.% 
DEHBA and 70 vol.% or 80 vol.% of diluent. CyMe4-
-BTBP and C5-BTBP were synthesized in house, 
according to [41]. 

For the GANEX experiments the aqueous phase 
used normally consists of 4 M nitric acid spiked with 
trace amounts of radioactive metals (152Eu, 235/238U, 
237/239Np, 238/239Pu, 241Am, 244Cm). The determination 
of the concentration of actinides and europium was 
mainly performed as the following: for the ameri-
cium and europium samples, 100 L sample of each 
phase was collected for gamma spectrometry (HPGe, 
Canberra, Gamma Analyst GEM 23195). 152Eu was 
analyzed at a gamma energy of 121.8 keV and 241Am 
– at a gamma energy of 59.6 keV. For the plutonium, 
uranium and neptunium-239, 100 L samples of each 
phase were mixed with 5 mL scintillation cocktail 
(Ultima Gold AB, PerkinElmer) for liquid scintil-
lation detection (Wallac 1414 WinSpectral). For 
the neptunium-237 and curium, 10 L samples of 
each phase were collected and placed on an alpha 

org

aq

[C]
D

[C]


A

B

DSF
D





832 J. Halleröd et al.

planchet, and 50 L of a coating solution (Z100) 
dissolved in acetone was added on the top of the 
sample. The alpha planchets were evaporated under 
an IR lamp (~10 min) and the organic residues were 
removed using a gas burner. The samples were ana-
lyzed with alpha spectrometry (Ortec, Alpha Duo, 
Octête TM PC) at the alpha energies of 4.8 MeV and 
5.8 MeV for 237Np and 244Cm, respectively. 

Discussion

Extraction capability 

When comparing the extraction of actinides and 
lanthanides using four of the most investigated 
GANEX solvents; cyclo-GANEX (CyMe4-BTBP, 
30 vol.% TBP and cyclohexanone), DEHBA-
-GANEX (CyMe4-BTBP, 20 vol.% DEHBA and 
cyclohexanone), hexanol-GANEX (CyMe4-BTBP, 
30 vol.% TBP and hexanol) and FS-13-GANEX 
(CyMe4-BTBP, 30 vol.% TBP and FS-13) it can be 
concluded that they all extract the actinides and can 
separate them from the lanthanides (Figs. 1 and 2, 
Table 1). 

Extraction in the two cyclohexanone based sol-
vents are clearly the highest but this also accounts 
for the lanthanides that have relatively high distri-
bution ratios. The separation factors are low for 
U/Eu extraction in the DEHBA-GANEX and 
hexanol-GANEX system and indicate that the bulk 
uranium would need to be separated in a separate 

step before the actual GANEX extraction in this 
case. FS-13 has high separation factors for all ac-
tinides except neptunium, which is similar as for the 
cyclo-GANEX. Also, the extraction of neptunium 
is rather low in all four systems. Since neptunium is 
easily oxidized and reduced, it is most likely present 
in mixed oxidation states [44], which may infl u-
ence the extraction. Due to this it is hard to know 
in which oxidation state the neptunium is present. 

Stability 

The stabilities of the different GANEX solvents have 
been examined through radiolysis and hydrolysis, 
Table 2. The hexanol and FS-13 based solvents 
were irradiated up to 24 hours with a dose rate of 
approximately 7 kGyh−1. The hydrolysis study was 
performed simultaneously under the same time and 
temperature conditions. Cyclo-GANEX was irradi-
ated for 16 hours at a dose rate of 18 kGyh−1. The 
hydrolysis was performed in room temperature for 
144 hours. In both cases radiolysis and hydrolysis 
were performed in contact with 4 M nitric acid. 

FS-13-GANEX has more or less the same distri-
bution ratio of americium after both the radiolysis 
and hydrolysis study. Hexanol-GANEX resists 
hydrolysis better than radiolysis but displays a 
decrease in americium extraction in both studies. 
The extraction of americium also decreases in the 
cyclo-GANEX system after irradiation but stays 
the same after hydrolysis. Distribution ratios in the 

Fig. 1. Actinide and europium extraction from 4 M HNO3. 
(A) cyclo-GANEX and (B) DEHBA-GANEX [42, 43]. 
There is no curium extraction data for the DEHBA-
-GANEX system.

Fig. 2. Actinide and europium extraction from 4 M HNO3. 
(A) FS-13-GANEX [10] and (B) hexanol-GANEX [18]. 
There is no neptunium extraction data for the hexanol-
-GANEX system. 

Table 1. Separation factors for selected actinides over europium in four different GANEX systems. Data for cyclo-
GANEX is retrieved from Ref. [7], DEHBA-GANEX from Ref. [43], hexanol from Ref. [18] and FS-13 from Ref. [10] 

Cyclo-GANEX DEHBA-GANEX Hexanol-GANEX FS-13-GANEX

U/Eu 11 ± 1      4.5 ± 0.5     5 ± 0.4 44 ± 6
Np/Eu         3.8 ± 0.5      2.8 ± 0.5  –         4.1 ± 0.5
Pu/Eu 212 ± 22 10.5 ± 2 186 ± 19 124 ± 18
Am/Eu 160 ± 16 10.5 ± 2 121 ± 14 93 ± 1
Cm/Eu 113 ± 13      –   – 56 ± 6
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cyclo-GANEX system are also decreased, however, 
still high compared to the hexanol-GANEX. 

The data for DEHBA-GANEX are excluded from 
Table 2 due to their similarities to cyclo-GANEX. 
Since both systems are based on cyclohexanone, 
their stabilities do not substantially differ from each 
other [43]. 

The degradation of cyclohexanone in contact with 
the acidic aqueous phase makes cyclohexanone chal-
lenging as a diluent in systems containing 4 M nitric 
acid as the aqueous phase despite maintained high 
actinide extractions, since it will require a rigorous 
solvent clean-up. The instability of cyclohexanone 
also poses a challenge in designing a safe process. 

System comparisons 

All four investigated GANEX-systems have different 
negative and positive properties. The best feature of 
cyclohexanone based systems is the high actinide 
extraction. FS-13 is an expensive diluent while both 
hexanol and cyclohexanone are cheap. The high 
density of FS-13 makes the organic phase in the 
FS-13-GANEX system heavier than the aqueous 
phase. This is benefi cial when working with metal 
loading, as the density difference between the phases 
increases upon extraction. This is the opposite to the 
cyclohexanone based systems where the density of 
the organic phase is very close to that of the aque-
ous one, and even more so after metal extraction, 
making phase separation diffi cult. This was evident 
in a recent centrifugal contactor test of the cyclo-
-GANEX system [45]. The radiolytic and hydrolytic 
stability of the FS-13-GANEX is the best of all four 
examined systems and makes it an interesting dilu-
ent for the future. 

Conclusions

Several different promising GANEX systems have 
been proposed. They are under development at the 
Chalmers University of Technology. The hexanol-
-GANEX has problems with low ligand solubility, 
making actinide loading very diffi cult, and causing 
a decrease in extraction after irradiation and hydro-
lysis. Both cyclohexanone based GANEX systems 
have good actinide extraction properties but also 
a rather high lanthanide extraction, especially for 
the DEHBA-GANEX. The major drawbacks are 
the degradation of the solvent during radiolysis and 
hydrolysis, as well as the small differences in density 
between the phases, which makes cyclohexanone an 
unsuitable diluent for a large scale GANEX process. 
Right now, the most promising option is the FS-13-

-GANEX system due to its stability against radiation 
and hydrolysis, and high density of the solvent. The 
FS-13 based system does not reach the same actinide 
distribution ratios as the cyclohexanone based 
systems but they are still suffi cient. The separation 
factors, also high for all actinides, indicate that 
FS-13 is a promising GANEX diluent. 

Acknowledgments. The Swedish Nuclear Fuel and 
Waste Management Company (SKB) and the European 
Union Seventh Framework Project SACSESS (no. 
323282) are both acknowledged for funding this work. 

References 

1. Madic, C., Testard, F., Hudson, M., Liljenzin, J. -O., 
Christiansen, B., Ferrando, M., Facchini, A., Geist, 
A., Modolo, G., Gonzalez-Espartero, A., & De Men-
doza, J. (2004). PARTNEW New solvent extraction 
processes for minor actinides. Final report. CEA. 
(Report CEA-R-6066). 

2. Aoki, S. (2002). Research and development in Japan 
on long-lived nuclide partitioning and transmutation 
technology. Prog. Nucl. Energy, 40, 343–348.

3. Salvatores, M., Slessarev, I., Ritter, G., Fougeras, P., 
Tchistiakov, A., Youinou, G., & Zaetta, A. (1998). 
Long-lived radioactive waste transmutation and the 
role of accelerator driven (hybrid) systems. Nucl. 
Instrum. Methods Phys. Res. Sect. A-Accel. Spectrom. 
Dect. Assoc. Equip., 414, 5–20. 

4. Mtingwa, S. K. (2005). Feasibility of transmutation 
of radioactive elements. In An international spent 
nuclear fuel storage facility-exploring a Russian 
site as a prototype: Proceedings of an international 
workshop (pp. 30–49). The National Academies 
Press: Washington, DC. 

5. Todd, T., Law, J., Herbst, R., Lumetta, G., & Moyer, 
B. (2000). Treatment of radioactive wastes using 
liquid-liquid extraction technologies-fears, facts, and 
issues. In Waste Management 00, 27 February – 2 
March 2000. Tucson, AZ, USA. 

6. Anderson, H., Newton, M., Asprey, L., & Richmond, 
C. (1960). U.S. Patent No. 2,924,506. California: U.S. 
Patent and Trademark Offi ce. 

7. Aneheim, E., Ekberg, C., Fermvik, A., Foreman, M. 
R. S. J., Retegan, T., & Skarnemark, G. (2010). A 
TBP/BTBP-based GANEX separation process. Part 
1: Feasibility. Solvent Extr. Ion Exch., 28, 437–458. 

8. Löfström-Engdahl, E., Aneheim, E., Ekberg, C., Fore-
man, M., & Skarnemark, G. (2013). Comparison of the 
extraction as a function of time in two GANEX sol-
vents: Infl uence of metal loading, interfacial tension, 
and density. Solvent Extr. Ion Exch., 31, 604–616. 

9. Löfström-Engdahl, E., Aneheim, E., Ekberg, C., Fore-
man, M., & Skarnemark, G. (2014). A comparison 
of americium extractions as a function of time using 
two bis-triazine-bipyridine ligands in long-chained 
alcohol diluents. Separ. Sci. Technol., 49, 2060–2065. 

Table 2. Logarithmic distribution ratios of americium. The uncertainties are standard deviations from triplicate samples. 
Data for cyclo-GANEX are retrieved from Ref. [43], for hexanol from Ref. [18] and for FS-13 from Ref. [10] 

Cyclo-GANEX Hexanol-GANEX FS-13-GANEX

Reference 2.19 ± 0.02 1.50 ± 0.05 1.40 ± 0.06
Radiolysis 1.74 ± 0.02 0.57 ± 0.04 1.18 ± 0.05
Hydrolysis 2.09 ± 0.02 0.84 ± 0.04 1.34 ± 0.06



834 J. Halleröd et al.

10. Halleröd, J., Ekberg, C., Foreman, M., Löfström-
-Engdahl, E., & Aneheim, E. (2015). Stability of 
phenyl trifl uoromethyl sulfone as diluent in a grouped 
actinide extraction process. J. Radioanal. Nucl. 
Chem., 304, 287–291. 

11. ACSEPT: Final Report Summary (2013). ACSEPT 
(Actinide reCycling by SEParation and Transmu-
tation). Retrieved June 24, 2015 from http://cordis.
europa.eu/result/rcn/56366 en.html.

12. Adnet, J. M., Miguirditchian, M., Hill, C., Heres, X., 
Lecomte, M., Masson, M., Brossard, P., & Baron, 
P. (2005). Development of new hydrometallurgical 
processes for actinide recovery: GANEX concept. 
In Proceedings of GLOBAL, October 9–13, 2005. 
Tsukuba, Japan.

13. Carrott, M., Bell, K., Brown, J., Geist, A., Gregson, 
C., Héres, X., Maher, C., Malmbeck, R., Mason, C., 
Modolo, G., Müllich, U., Sarsfi eld, M., Wilden, A., & 
Taylor, R. (2014). Development of a new fl owsheet 
for co-separating the transuranic actinides: the 
“EURO-GANEX” process. Solvent Extr. Ion Exch., 
32(5), 447–467. 

14. Foreman, M. R. S. J., Hudson, M. J., Geist, A., 
Madic, C., & Weigl, M. (2005). An investigation 
into the extraction of americium(III), lanthanides 
and d-block metals by 6,6-bis-(5,6-dipentyl-[1,2,4]
triazin-3-yl)-[2,2]bipyridinyl (C5-BTBP). Solvent 
Extr. Ion Exch., 23, 645–662. 

15. Nilsson, M., Ekberg, C., Foreman, M., Hudson, M., 
Liljenzin, J. -O., Modolo, G., & Skarnemark, G. 
(2006). Separation of actinides(III) from lantha-
nides(III) in simulated nuclear waste streams using 
6,6-bis-(5,6-dipentyl-[1,2,4]triazin-3-yl)-[2,2]bi-
pyridinyl (C5-BTBP) in cyclohexanone. Solvent Extr. 
Ion Exch., 24, 823–843.

16. Warf, J. C. (1949). Extraction of cerium (IV) nitrate by 
butyl phosphate. J. Am. Chem. Soc., 71, 3257–3258. 

17. Schulz, W., & Navratil, J. (1984). Science and tech-
nology of tributyl phosphate. Vol. 1. CRC Press Inc. 

18. Löfström-Engdahl, E. (2014). On the diluent and 
solvent effects in liquid-liquid extraction systems 
based on bis-triazine-bipyridine (BTBP) ligands. 
Doctoral dissertation, Chalmers University of Tech-
nology, Gothenburg, Sweden. 

19. Madic, C., & Hudson, M. J. (1998). High level liquid 
waste partitioning by means of completely inciner-
able extractants. (Tech. Rep. EUR 18038, European 
Commission Contract No. FI2W-CT91-0112). 

20. Shevchenko, V., & Smelov, V. (1958). The effect of 
mono- and dibutyl phosphates on the extraction of 
plutonium with tributyl phosphate. Sov. J. Atom. 
Energy, 5, 1455–1459.

21. Clayden, J., Greeves, N., Warren, S., & Wothers, P. 
(2001). Organic chemistry (pp. 181–208). Oxford 
University Press. 

22. Nair, G., Mahajan, G., & Prabhu, D. (1995). Extraction 
of uranium (VI) and plutonium (IV) with some high 
molecular weight aliphatic monoamides from nitric acid 
medium. J. Radioanal. Nucl. Chem., 191, 323–330. 

23. Prabhu, D., Mahajan, G., & Nair, G. (1997). 
Di(2-ethylhexyl)butyramide and di(2-ethylhexyl) 
isobutyramide as extractants for uranium(VI) and 
plutonium(IV). J. Radioanal. Nucl. Chem., 224, 
113–117.

24. Aneheim, E. (2012). Development of a solvent 
extraction process for group actinide recovery from 
used nuclear fuel. Doctoral dissertation, Chalmers 
University of Technology, Gothenburg, Sweden.

25. Nilsson, M., Andersson, S., Drouet, F., Ekberg, 
C., Foreman, M., Hudson, M., Liljenzin, J. -O., 

Magnusson, D., & Skarnemark, G. (2006). Extraction 
properties of 6,6-bis-(5,6-dipentyl-[1,2,4]triazin-3-
yl)-[2,2] bipyridine (C5-BTBP). Solvent Extr. Ion 
Exch., 24, 299–318.

26. Geist, A., Magnusson, D., & Müllich, U. (2012). A 
kinetic study on the extraction of americium(III) 
into CyMe4-BTBP. In Twelfth Information Exchange 
Meeting on Actinide and Fission Product Partitioning 
and Transmutation (12-IEMPT) (pp. 24–27). Prague, 
Czech Republic. 

27. Retegan, T., Berthon, L., Ekberg, C., Fermvik, A., 
Skarnemark, G., & Zorz, N. (2009). Electrospray 
ionization mass spectrometry investigation of 
BTBP-lanthanide(III) and actinide(III) complexes. 
Solvent Extr. Ion Exch., 27, 663–682. 

28. Weast, R. C. (1975-1976). Organic compounds. In R. 
C. Weast (Ed.), Handbooks of chemistry and physics 
(C-259). Cleveland, Ohio: CRC Press. 

29. Ekberg, C., Aneheim, E., Fermvik, A., Foreman, M., 
Löfström-Engdahl, E., Retegan, T., & Spendlikova, 
I. (2010). Thermodynamics of dissolution for bis 
(triazine)-bipyridine-class ligands in different diluents 
and its refl ection on extraction. J. Chem. Eng. Data, 
55, 5133–5137. 

30. Retegan, T., Ekberg, C., Dubois, I., Fermvik, A., 
Skarnemark, G., & Wass, T. J. (2007). Extraction of 
actinides with different 6,6-bis(5,6-dialkyl-[1,2,4]-
triazin-3-yl)-[2,2]-bipyridines (BTBPs). Solvent Extr. 
Ion Exch., 25, 417–431.

31. Okushita, H., Yoshikawa, M., & Shimidzu, T. 
(1995). Pervaporation of cyclohexane/cyclohex-
anone/cyclohexanol mixture through polyoxyethyl-
ene grafting nylon 6 membrane. J. Membrane Sci., 
105, 51–53. 

32. Riddick, J. A., Bunger, W. B., & Sakano, T. (1970). 
Techniques of chemistry. In Organic solvents. Vol. 2. 
New York: Wiley-Interscience.

33. Ambrose, M., & Hamblet, C. (1951). U.S. Patent No. 
2,557,282. Soltzberg. 

34. Löfström-Engdahl, E., Aneheim, E., Ekberg, C., & 
Skarnemark, G. (2013). A reinterpretation of C5-
-BTBP extraction data, performed in various alcohols. 
J. Radioanal. Nucl. Chem., 296, 733–737.

35. Law, J., Herbst, R., Todd, T., Romanovskiy, V., Ba-
bain, V., Esimantovskiy, V., Smirnov, I., & Zaitsev, 
B. (2001). The universal solvent extraction (UNEX) 
process. II. Flowsheet development and demonstra-
tion of the UNEX process for the separation of cesium, 
strontium, and actinides from actual acidic radioactive 
waste. Solvent Extr. Ion Exch., 19, 23–36.

36. Sinha, P., Kumar, S., Kamachi Mudali, U., & Na-
tarajan, R. (2011). Thermal stability of UNEX/
HCCD-PEG diluent FS-13. J. Radioanal. Nucl. 
Chem., 289, 899–901.

37. Rzhekhina, E., Karkozov, V., Alyapyshev, M. Y., Ba-
bain, V., Smirnov, I., Todd, P., Law, J., & Herbst, R. 
(2007). Reprocessing of spent solvent of the UNEX 
process. Radiochemistry, 49, 493–498.

38. Romanovskiy, V., Smirnov, I., Babain, V., Todd, T., 
Herbst, R., Law, J., & Brewer, K. (2001). The universal 
solvent extraction (UNEX) process. I. Development 
of the UNEX process solvent for the separation of 
cesium, strontium, and the actinides from acidic 
radioactive waste. Solvent Extr. Ion Exch., 19, 1–21.

39. Bart, H. J., & Stevens, G. (2004). Reactive solvent 
extraction. In Y. Marcus, & A. K. SenGupta (Eds.), Ion 
exchange and solvent extraction. (A Series of Advanc-
es, Vol. 17, pp. 37–84). Boca Raton: CRC Press Inc. 

40. Blass, E. F. (2004). Engineering design and calculation 
of extractors for liquid liquid systems. In J. Rydberg, 



835Development of the Chalmers Grouped Actinide Extraction Process

M. Cox, C. Musikas, & G. Choppin (Eds.), Solvent 
extraction principles and practice (pp. 367–414). 
New York: Marcel Dekker Inc. 

41. Foreman, M., Hudson, M., Drew, M., Hill, C., & 
Madic, C. (2006). Complexes formed between the 
quadridentate, heterocyclic molecules 6,6-bis-(5,6-
dialkyl-1,2,4-triazin-3-yl)-2,2-bipyridine (BTBP) and 
lanthanides(III): implications for the partitioning of 
actinides(III) and lanthanides(III). Dalton Trans., 
13, 1645–1653.

42. Aneheim, E., Mabile, N., & Ekberg, C. (2011). Ex-
change of TBP for a monoamide extraction ligand 
in a Ganex solvent-advantages & disadvantages. In 
19th International Solvent Extraction Conference, 
3–7 October 2011 (pp. 65–72). Santiago, Chile: 
Gecamin Ltd.

43. Aneheim, E., Ekberg, C., Foreman, M. R., Löfström-
-Engdahl, E., & Mabile, N. (2012). Studies of a solvent 
for GANEX applications containing CyMe4BTBP and 
DEHBA in cyclohexanone. Separ. Sci. Technol., 47, 
663–669.

44. Huizenga, J., & Magnusson, L. (1951). Oxidation-re-
duction reactions of neptunium (IV) and (V). J. Am. 
Chem. Soc., 73, 3202–3206.

45. Aneheim, E., Ekberg, C., Modolo, G., & Wilden, A. 
(2015). Single centrifugal contactor test of a proposed 
group actinide extraction process for partitioning 
and transmutation purposes. Separ. Sci. Technol., 
50, 1554–1559.


