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The extracted species of Eu(II!), Th(IV), UM), and Am(III) in nitrobenzene formed by the syner

gistic extraction with N, N'-dimethyl-N, N'-dihexyl-3-thiopentanediamide (DMDHTPDA: A) and 

thenoyltrifluoroacetone (TTA) were determined by ~he slope analysis of log D-Iog [concentration of 

extractant] plots. Three kinds of the synergistic extraction species of actinide cations were formed. 

The fractional concentration of the species depends on the ratio of the concentration of extractants, 

[TTA]I[DMDHTPDA], as illustrated in respective diagrams. The highest separation factor ofEu and 

Am was 7.2 for the species M(A)3(X)3, where X is CI04, and it was found that the separation factor 

decreases with the number ofTTA molecules associated with the extraction species. 
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1. Introduction 

Solvent extraction of lanthanide and actinide elements using neutral donors has been studied 

extensivelyl-3. Diamides belong to one class of the neutral donors. The advantages of use of 

diamides for the extraction of actinide are their strong complexation with actinides of +3, +4 

and +6 valences and their extraction from acidic solution 4-6. Diamides are incinerable 

enabling their ecological destruction after use6 ,7. In the previous papers, it has been shown 

that diamides are relatively easily synthesized as compared to the organophosphoric 

compoundg4,8,9. Although the synergistic extraction by the neutral diamide donors and 

anionic extractants is considered to be effective for actinide ions with higher coordination 

numbers, information is not fully supplied. It is a general concept that the good separation 

between lanthanide (III) and actinide (III) cations is obtained by the solvent extraction using 

soft donor extractant However, very few results are given on the separation factors of Eu/Am 

by diamide including the soft donor. 

It was reported that the synergistic extractions of Eu3+ and Am3+ with N,N' -dimethyl-N,N'

dihexyl-3-oxapentanediamide (DMDHOPDA) and thenoyltrifluoroacetone (TfA) into toluene 

consist of 4 extraction reactions. The extraction species were determined to be M(A)3(X)3, 

M(A)3(TTA)(X)2, M(A)2(TTA)2(X), and M(A)(TTA)3 (M=Eu3+ or Am3+, A=DMDHOPDA, 

X-= CI04- or CH2CICOO-) 10,11. 

In this work, N,N' -dimethyl-N,N' -dihexyl-3-thiopentanediamide (DMDHTPDA: 

CH3(C6H13)N-COCH2-S-CH2CO-NCH3(C6H13), of which the chemical structure is given 

elsewhere12, was synthesized and tested for the synergistic extraction of europium ion (III). 

thorium ion(lV), uranyl ion(VI) and americium ion(llI) from actinide elements with ITA into 

nitrobenzene. The extraction reactions, extraction constants, dependence of the fractional 

concentration of the extraction species on the concentration of extractants, and the separation of 

Eu and Am have been investigated. 

- 1 
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2. Experimental 

2.1 Chemicals 

DMDI-ITPDA was synthesized from thiodiglycolic acid and N-methyl-N-hexylamine in the 

presence of dicyclohexylcarbodiimide 13,14. After purification of the synthesized compound 

by passing through a silica gel column, it was identified by 1 H-NMR (varian, UNITY +400 

MHz spectrometer), IR (JASCO, Ff-IR 8000 spectrometer) and by elemental analysis. TTA 

(>98%, Wako Pure Chemical Industries, LTD) was purified by sublimation under vacuum at 

50 °C. The yield of the synthesis of DMDHTPDA was 43%, and the purity was > 99%. 

The information on the identification was reported in a previous paper12. 

Solution of 10-3 M HCI04 containing 152+154Eu, 233U or 241Am as the radioactive tracers 

were used throughout. The radioactive tracer of 234rfh was prepared as a daughter of 238U by 

anion exchange separation column in 8M HCI media 15. The stock solution of 234rfh was 

adjusted to 10-2M HCI04 solution. Chloroacetic acid (>99%, Wako Pure Chemical 

Industries, LTD) was used as a pH buffer at a total concentration of 0.005 M, after purification 

by sublimation under a vacuum. The aqueous solutions were prepared by using 0.10 M 

NaCI04, 0.10 M HCI04 and 0.10 M NaOH to the desired pH. The solvent, nitrobenzene, 

was of a reagent grade and used as received. All the other reagents were of analytical grade. 

2.2 Extraction Procedures 

Five ml of nitrobenzene containing 10-5-10-2 M [DMDHfPDA] and/or 10-5-10-1 M [ITA] 

were shaken together with 5 ml of the aqueous phase without tracer for 2 h, in order to get a 

preequilibrium. After preequilibrium, the organic solvent was placed in a 20 ml polyethylene 

vial, mixed with 5 ml of the same aqueous phase as that in preequilibrium, and spiked by 10}ll 

of the radioactive tracer solution. The mixture was shaken mechanically for 2 h at 25 ± 0.1°c. 

-2
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The equilibrated solution was centrifuged and separated from each phase. The duplicate l.OO 

ml aliquots were taken from both aqueous and organic phases, and gamma activities of 

152+154Eu and 234rfh were measured by NaI(TI) scintillation counter (COBRA 5003, Packard 

Instrument Company) and alpha activities of 233U and 241Am were counted by liquid 

scintillation counter (Tri-Carb 1600 TR, Packard Instrument Company). The equilibrated pH 

of the aqueous phase was measured after the phase separation. The extraction experiments 

under the same condi tions were repeated at least twice. 

3. Results and Discussion 

3.1 Extraction of Actinide Elements by a Single Extractant 

DMDHTPDA is a weak chelator of the actinide cations, therefore the experiments were 

performed in nitrobenzene, which is effective solvent as extraction by diamide l6. Eu3+, Th4+, 

UC)z2+ and Am3+ are easily extracted into nitrobenzene, as shown in Fig. 1. The slopes in the 

figure ( Eu: 2.80, Th: 1.77, U: 1.45, Am: 2.60) suggest that the main extracted species are 

Eu(A)3(X)3, Th(A)2(X)4, U02(A)(X)2 (U02(A)2(X)2), and Am(A)3(X)3 (A; DMDHTPDA, 

X-= CI04- or CH2CICOO-). The separation factor of Eu and Am is defined as DEu/DAm, 

where DEu is the distribution coefficient of Eu and DAm is that of Am. The average of DEu/DAm 

is 7.2. Considering the results of DMDHOPDA alone ( DEu/DAm = 8.64)13, the two 

extractants may provide rather high separation factor for Eu and Am. The results of the 

extraction of Eu, Th, U, and Am by TTA alone into nitrobenzene are shown in Fig. 2. The 

slope values suggest that the main extraction species are Eu(TTA)3, Th(TT A)3(X), 

UC)z(TTA)2, and Am(TTA)3. This is in good agreement with data reported previouslyl0.14. 

The average of DEu/DAm by TTA alone is 1.7. 

3.2 Synergistic Extraction of Actinide Elements by DMDHTPDA and TTA 

The synergistic extraction reaction with DMDHTPDA and ITA can be described in the 

- 3 
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following equation: 

K x,y 

MD+ + xAorg + yHTTAorg + (n-y)X- ~ M(A)x(TTA)y(X)(n-y)org + yH+ ( 1) 

where Kx,y is the extraction constant of reaction (1). The distribution coefficient, Dx,y, are 

expressed using the extraction constant, K x,y as: 

(2). 

which in logarithmic form yields: 

log Dx,y = log Kx,y + x log [A]org + y log LTTA]org + (n-y) log [X-] + y pH (3). 

In order to determine the number of A (x) and the number of TT A (y) in the extraction reaction 

(1), the dependences of log Don the concentration of [A] and [TfA] were investigated. 

Figures 3-5 show the dependences of log D of Eu, Am, Th and U on log [TT A] in 

DMDHfPDA + TTA into nitrobenzene. There are 2 types of lines in Figs. 3 and 4, using the 

different condition of [DMDHTPDA] concentration. The triangle points in these figures show 

the results with higher LTTA]/[DMDHfPDA] conditions than those for the circle points. 

The slopes of the lines in Figs. 3-5 are in the range between 0 and 2. These slopes 

correspond to the value, y, in the extraction reaction (1). The results suggest the presence of 

some M-A-TT A complexes (M: actinide cations). The log D values of Eu, Th, U, and Am by 

DMDHrPDA alone are calculated to be -0.768, -1.22, -0.95, and -1.46, at [DMDHTPDA] 

concentration of 0.322, 1.5,0.297 and 0.322 mM, respectively. By observation of Figs. 3-5, 

the extraction species without TTA may be taken into account, even these are under the 

synergistic extraction. 

The relationships between log D and log [DMDHfPDA] in the synergistic extraction by 

DMDHfPDA + TTA is illustrated in Figs. 6-8. Two or three lines are plotted in these figures, 

these lines show the extraction behaviors with the experimental conditions of lower, medium 

and higher [TfA]/[DMDHTPDA] ratio. Namely, [TTA]I[DMDHfPDA] ratio with 2-31 

(eO) and 270-9000(.&~) for Eu and Am, 0.0033-0.033(.), 0.67-13(0), and 4.2-340 

(.&) for Th, and 0.84-13(0) and 100-1010(.) for U extraction were employed as lower, 

4 
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medium, (and higher) ratio, respectively, The slopes of these lines suggest the number of 

DMDHfPDA molecules(x) associated with the extraction reaction (I), It is apparent that the 

value of x are from 1 to 2 for Eu, Am and Th, and from 0 to 1 for U extraction. Based on 

these results, the extraction species are estimated and summarized in Table 1, all of these 

species are due to the ion pair extraction, except for U02(TT A)2. 

The extraction species as summarized at the table differ from those in toluene for the same 

extractants, which are the neutral species as Eu(A)(TTAh, U02(A)(TTA)2 and the ionic 

species, Th(A)(TTAh(X) 12, I t was reported that Eu and Am can be extracted as 

M(CE)(TTA)2+ of the cationic species into 1,2-dichloroethane dissolving TTA and crown 

ethersl7,18 (CE: crown ethers). Both nitrobenzene and 1,2-dichloroethane are solvents with 

moderately and highly dielectric constant, these results reflects the extraction of the cationic 

species. 

All of the reactions for the synergistic extraction are considered as follows: 

K3,O 


M3+ + 3Aorg + 3X- ~ M(A)3(X)30rg (4) 


K2,1 


M3+ + 2Aorg + HTIAorg + 2X- ;:! M(A)2(TTA)(X)2org + H+ (5) 


K 1,2 

M3+ + Aorg + 2HTIAorg + X- ~ M(A)(TTA)2(X)org + 2H+ (6) 

K2,O 
~ Th(A)2(X)4org (7)-E:-

K 2,1 

Th4+ + 2Aorg + HTIAorg + 3X- ~ Th(A)2(TTA)(Xhorg + H+ (8) 

K 1,2 


Th4+ + Aorg + 2HTIAorg + 2X- ~ Th(A)(TTA)2(X)2org + 2H+ (9) 


(10) 

K 1,1 


U022+ + Aorg + HTIAorg + X- ~ U02(A)(TTA)(X)org + H+ (11) 


- 5 
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K 0,2 


U022+ + 2HTTAorg ~ U 02(TT A)2org + 2H+ (12) 


where M is Eu or Am. Eq. (10) is a main reaction accompanied with minor reaction of U022+ 

3.3 Fractional Concentration of Extraction Species of Actinide Elements 

The total distribution coefficients, D, of Eu, Th, U and Am are given by the following 

equation: 

K 1,2[A]org[TTA]2org [X]/[H+]2 (13) 

(14) 

(U) Du- DJ.,0 + Dl,l + Do,2= K2,O[A]2org [X]2 + K 1,t[A]org[TTA]org[X]/[H+] + 

(15) 

The log Kx,y values are calculated from the experimental results in Figs. 3-8 and summarized in 

Table 2. The Kx,y values were substituted into the eqs., (13), (14) and (15), and then the DM, 

Drh, and Du values can be calculated. The fractional distribution coefficients, Dx,y, for each 

extraction species were divided by the total D value so as to know the fractional concentration 

of all extraction species. Here, the total D value means the sum of the distribution coefficients 

of all species extracted, and the Dx.,y is that of M(A)x(TTA)y species. The fraction diagrams as 

a function of log [TT A] are given at Figs. 9-11. These figures support the fundamental 

extraction mechanisms proposed in the work and the stabilities of each extracted species. 

3.4 Separation factors of Eu and Am 

The separation factors between Eu and Am, DEulDAm, for the synergistic extraction species, 

M(Ah(TTA)(Xh and M(A)(TTA) 2(X) in addition to M(A)3(X)3 and M(TTAh were 

-6
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calculated, and the average values of 2.5 and 1.1 were obtained, respectively. The highest 

separation factor in this experiment is 7.2 for the M(A)3(X)3 species. It was obvious that this 

value decreases with the number of TTA molecules associated with the extraction species. 

4. Conclusion 

We examined the experimental conditions of extraction of Eu, Am, Th and U by 

DMDHfPDA, TTA and DMDHfPDA + TT A into nitrobenzene. Several extraction species 

were estimated, from the relationship between the fractional concentrations of these species and 

log [TT A]. Presented diagrams give the basic information on the synergistic extraction 

reactions. The highest separation factor of Eu/Am, 7.2, is obtained by DMDHfPDA extractant 

alone, and decreases when TTA chelates with these cations. 
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Table 1 The determined extraction species of actinide ions with DMDHTPDA and/or ITA in 

nitrobenzene (A; DlvIDHTPDA, X; CI04- or Chloroacetate ion). 

Element DMDlITPDA TIA TTA + DMDlITPDA 

Eu Eu(A)3(X)3 Eu(TIA)3 Eu(A)l(X)l, Eu(A)2(TIA)(X)2, Eu(A)(TIA)z(X) 

Th Th(A)z(X)4 Th(TIA)l(X) Th(A)z(X)4, Th(A)z(TIA)(X)l, Th(A)(TIA)z(X)z 

u U02(A)z(X)z U02(TIA)z U02(A)2{X)z, U02{A){TIA){X), U02{TIAh 

( U02(A){X)z ) 

Am Am(A)3(X)l Am{TIAh Am(A)l(Xh, Am(A)2(TIA)(X)z, Am{A)(TIA)z(X) 

Table 2 The etraction constants of all extraction reactions of Eu, Th, U and Am. 


log lG,o log IG,o log IG,l log IG,l log IG,2 log .&;2 

Eu 9.0 ±0.6 6.3 ±0.1 1.1 ± 0.2 

Th 3.8 ±0.2 7.1 ±0.1 5.6 ±0.3 

U 4.2 ±0.2 3.3 ±0.1 4.4 ±0.3 
Am 7.6 ±0.2 5.9 ±0.1 1.2 ±0.2 

- 10
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Organic phase; 

[DMDHTPDA] 
+ [TTA]/ NB 

-3 

NaCIO 

0.15 mM 

-6 -5 -4 -3 -2 -1 

log [TTA] 

Fig.4 D:!pendence of log Dnt on log [ITA] in the synergistic system. 

CXganic phase: O.lS mM(&); 1.S mM( e) [D\1IHTPDA] + [ITA] 
in 	nitrobenzene, Aqueous phase: pH 2.1 in 0.1 M [NaCI04]. 
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2 

Organic solvent, 

DMDHTPDA:0.297 mM 

+ TTAI NB 

1 Aqueous solution, 
pH: 3.05 I 0.1 M NaCI04 

Y= 1 .63x +4.44 

Y= 1.28x + 3.49 

-1 

Y= 0.18x - 0.148 

-2 

-5 -4 -3 -2 -1 

log [TTA] 

Fig. 5 ~pendence of log I\J on log [ITA] in the synergistic system. 

CXganic phase: 0.297 mM [Ilv1IHfPDA] + [ITA] in 
nitrobenzene, Aqueous phase: pH= 3.1 in 0.1 M [NaCI04]. 
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. ·0- . Am(2 mM [ITA]) 

1 - . A- • Am(64 mM [ITA]) 

::J 
UJ 0 
"-'" 
Cl 
C) 
o 

-1 
Y= 1.90x + 5.98 

Y= 1.39x + 6.23 

2 
• Eu(2mM [ITA]) 

at Eu(64 mM [ITA]) 
. Y= 2.16x + 7.33 

-2 

-6 -5 -4 -3 -2 

log [DMDHTPDA] 

Fig. 6 ~pendence of log DJ3u and log DAm on log [U\1IlfIPD\] in 

the synergistic system. <Xganic phase: 2 mM( _ 0); 64 
mM( A l:l) [ITA] + [U\1IlfIPD\] in nitrobenzene, Aqueous 
phase: pH= 3.1 in 0.1 M [NaCI04]. 
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Cl 
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-2 
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• 0.05 mM [TIA] 

( 0 Y= 1.S7x + 5.47 o 1 mM [TIA] 

• 5 mM [TIA] 

Y= 0.668x 
+ 2.13 

Y= 1.82x + 4.39 

-4 -3 -2 -1 


log [DMDHTPDA] 

Fig. 7 ~pendence of log D:Ih on log [f.M[HIPDA] in the 

synergistic system. <Xganic phase: 0.05 :r;nM(e); 1 mM 
(0); 5 mM(&) [ITA] + [f.M[HIPDA] in nitrobenzene, 
Aqueous phase: pH= 2.1 in 0.1 M [NaCI04]. 
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...• 


Y= O. , 73x + 2.07 

Y= 0.837x + 2.73 

Aqueous phase: pH==3.0S/ 0.1 M NaClq o 
organic phase: 1 5 mM [TIA] + DMDHTPDA / NB 

• Aqueous phase: pH==3.0S/ 0.1 M NaClq 

organic phase: 1 mM [ITA] + DMDHTPDA / NB 

-2 

-5 -4 -3 -2 

log [DMDHTPDA] 

Fig. 8 	 ~pendence of log I{; on log [Th1IHIPD\] in the 

synergistic system. CXganic phase: 1 mM(.); 15 niM(0) 

[ITA] + [Th1IHIPD\] in nitrobenzene, Aqueous phase: pH= 
3.1 in 	0.1 M [NaCI04]. 
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Fig. 9 Fraction diagram of extracted Eu and Am species by 
Il\1IH1PD\ + ITA. <Iganic phase: 0.322 mM [D\1[HIPD\] 
+ [1TA] in nitrobenzene, Aqueous phase: pH =3.1 in 0.1 
MNaCI04· 
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Fig. 10 	Fraction diagram of extracted Th species by Il\1IHIPDA + ITA 
(Xganic phase: 1.5 mM [[MDHIPDA] + [ITA] in NB, Aqueous 
phase: pH =2.1 in 01 MNaCI04. 
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Fig. 11 Fraction diagram of extracted U spedes by Il\IDITP~ + ITA 
CIganic phase: 0.297 mM [IMIlfIP~] + [ITA] in nitrobenzene, 
Aqueous phase: pH =3.1 in OJ MNaCI04. 
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