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A B S T R A C T   

Liquid-liquid extraction of the actinide ions UO2
2+, Pu4+, Am3+ was carried out from nitric acid feed solutions 

using two tripodal amide extractants, viz., N,N,N’,N’,N”,N”-hexa-n-octylnitrilotriacetamide (HONTA) and N,N, 
N’,N’,N”,N”-hexa-n-dodecylnitrilotriacetamide (HDDNTA) in 10% isodecanol + 90% n-dodecane diluent. The 
metal ion extraction trend was: Pu(IV) ≫ U(VI) > Am(III) at 3 M HNO3, HONTA being a superior extractant than 
HDDNTA. Slope analysis indicated ML2 type species for both Pu(IV) and Am(III) at 3 M HNO3 and pH 2.0, 
respectively, whereas, only in case of HONTA, a ML type species was obtained with U(VI) at 3 M HNO3. Back 
extraction data suggested that a mixture of 0.5 M HNO3 + 0.5 M oxalic acid was efficient for quantitative 
stripping (~90%) of Pu(IV), whereas 1 M Na2CO3 and 1 M α-HIBA gave satisfactory back extraction for U(VI) and 
Am(III), respectively. The ligand solutions showed reasonably good radiation stability up to an absorbed total 
gamma ray dose of 274 kGy. Distribution data were also obtained under U(VI) loading conditions for possible 
nuclear fuel cycle applications.   

1. Introduction 

Of late, climate change concerns have put the focus firmly on non- 
conventional energy sources such as nuclear power. However, global 
acceptability of nuclear energy largely depends on the effective miti-
gation of the harmful effects of the very hazardous and radiotoxic wastes 
coming out of the PUREX (Plutonium Uranium Redox Extraction) pro-
cess operations [1] which contain myriad fission and activation products 
formed during the nuclear fission reaction [2]. The concentrated form of 
the PUREX raffinate is termed as the High-Level Liquid Waste (HLLW), 
which attracts the attention of separation scientists and technologists for 
its safe management. It involves selective separation of long-lived ra-
dionuclides followed by the vitrification of the remnants and their safe 
disposal in deep geological repositories [3–5]. Though the PUREX pro-
cess aims at separating the bulk of the U and Pu, the raffinate contains 
small quantities of these elements from process losses. Therefore, the 
separation challenges at the back end of the nuclear fuel cycle include 
separation of Pu(IV), U(VI) and Am(III) [6]. 

Tri-n-butyl phosphate (TBP) has been widely used in the nuclear 

industry for the separation of U(VI) and Pu(IV) from the spent fuel 
dissolver solution. However, the deleterious nature of its degradation 
products, viz. mono-n-butyl phosphoric acid (MBP) and di-n-butyl 
phosphoric acid (DBP) prompted researchers to use alternative incin-
erable ‘green’ extractants such as mono-amides [7]. Though this class of 
compounds is considered to be good alternatives to TBP, extractants 
with multiple amide moieties will be more efficient. According to the 
concept of the hard-soft acid-base theory [8], both trivalent lanthanide 
and actinide ions are Lewis hard acids. However, the 5f orbitals of the 
trivalent actinide ions are more diffused than the 4f orbitals and there-
fore, have more soft character than the 4f orbitals of the trivalent 
lanthanide ions, thereby making the actinide-ligand bonds more cova-
lent [9–12] than those of the lanthanide-ligand bonds. Ligands con-
taining soft N- or S-donor atoms are found to effectively differentiate 
such crucial differences between trivalent lanthanides and actinides. 
Thus, many ligands containing N/S-donor atoms were designed and 
studied for their capability to separate trivalent actinides (An) over 
lanthanides (Ln) [13–18]. 

Nitrilotriacetamide (NTAamide) ligands with a pivotal soft N-donor 
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atom have drawn attention to researchers due to their selectivity to-
wards An3+/Ln3+ separation [19]. It was reported that the NTAamide 
with n-octyl groups (HONTA, Fig. 1) has a high extraction ability and 
selectivity for thorium in a wide range of acidities from 0.10 to 10.0 
mol/L HNO3 with very high separation factor (SFTh-Ln = DTh/DLn) values 
ranging from 250 to 1000 [20]. Sasaki et al. reported that HONTA has 
potential to selectively separate Am3+ from Eu3+. A separation factor 
(SFAm-Eu = DAm/DEu) of 9.67 was reported using 0.10 mol/L HONTA in 
n-dodecane from a feed containing 0.20 mol/L HNO3 [21]. Using 0.50 
mol/L HONTA, a maximum SFAm-Eu of 26 was obtained with the addi-
tion of 0.01 mol/L N,N,N’’’,N’’’-tetraethyl-N’,N’’-ethidene bisdiglyco-
lamide (TEE-BisDGA) as a masking agent in 0.20 mol/L HNO3 solution 
[19]. Sasaki et al. also reported that HONTA had a significant extraction 
ability for Pu4+ and poor extraction for U(VI) and Am3+ from 3 mol/L 
HNO3 solution [22]. It has been found that the extraction behavior of 
NTAamide, such as extractability, lipophilicity, third-phase formation, 
may be affected significantly by the alkyl substituents present on the 
amidic N-atom. Mainly these influences are originated from both steric 
hindrance and electronic effects [23–26]. However, systematic studies 
on the structure dependent extraction properties of NTAamides are very 
limited [27]. 

In view of the high separation factor values achieved for the tetra-
valent actinide ions Th(IV) and Pu(IV) over different metal ions [21,23], 
it was of great interest to investigate systematically the extraction 
behavior of different metal ions, viz., Pu(IV), Am(III) and U(VI) with two 
different alkyl-substituted NTAamides, viz., N,N,N’,N’,N”,N”-hexa-n- 
octylnitrilotriacetamide (HONTA) and N,N,N’,N’,N”,N”-hexa-n-dode-
cylnitrilotriacetamide (HDDNTA) (Fig. 1). We have recently reported 
the extraction behavior of Pu(IV), U(VI) and Am(III) with a lower ho-
molog of HONTA, i.e., HBNTA with n-butyl substituents, where the 
solubility was achieved with a diluent mixture containing n-dodecane 
and isodecanol [28]. Though previous reports used n-dodecane as the 
diluent, it was thought of interest to use a mixture of n-dodecane +
isodecanol for studies involving higher homolog NTAmides viz., HONTA 
and HDDNTA. 

In the present investigation, we have carried out a systematic study 
on the extraction of the relevant actinides Pu(IV), Am(III) and U(VI) 
using HONTA and HDDNTA as the extractant in a diluent mixture 
containing isodecanol and n-dodecane. The studies include the effect of 
isodecanol variation, loading of metal ions, irradiation, etc., on the 
extractability of Pu(IV), Am(III) and U(VI) and a comparison was made 
with the results reported with HBNTA [28]. 

2. Experimental 

2.1. Chemicals 

The ligands, HONTA and HDDNTA, were synthesized and charac-
terized as per a reported procedure [29]; the purity was checked to be >
95%. The diluents n-dodecane (Lancaster, UK, purity > 99%), iso-
decanol (SRL, Mumbai, purity > 99%) and xylene (Merck, Germany) 
were used as obtained. 2-Thenoyltrifluoroacetone (TTA) was purchased 
from Sigma-Aldrich (USA) and was used after checking the melting point 
(42–43 ◦C). Suprapur nitric acid (Merck, Germany) was used for the 

preparation of the nitric acid solutions using MilliQ water (Millipore, 
USA) followed by standardization using a standard NaOH solution and 
phenolphthalein (Fluka) indicator. All the other chemicals used were of 
AR grade. 

2.2. Radiotracers 

Pu (239Pu mainly) was purified using an anion exchange resin 
(DOWEX 1x8, chloride form, 100–200 mesh) from the decayed and 
accumulated daughter product 241Am. The oxidation state of Pu was 
adjusted to + 4 using NaNO2 (0.05 M) and ammonium metavanadate 
(0.005 M) as the holding oxidant in 1 M HNO3 and the extraction of Pu 
(IV) was carried out with 0.5 M HTTA in xylene [30]. Pu(IV) was 
stripped from the organic phase by giving a single contact with 8 M 
HNO3 and was used subsequently as the stock solution. 233U was puri-
fied from its daughter products using an anion exchange resin column 
(DOWEX 1x8, chloride form, 100–200 mesh). 241Am laboratory stock 
was freshly purified from its decay product (237Np) using the same anion 
exchange resin column. The radiochemical purity of the purified ra-
diotracers was checked by alpha as well as gamma ray spectrometry. The 
concentrations of 233U, Pu and 241Am radiotracers, used in the experi-
ments, were 10-5 M, 10-6 M and 10-7 M, respectively. 

2.3. Distribution studies 

The solvent extraction studies were carried out by contacting equal 
volumes (usually 1 mL) of the organic (containing the extractant) and 
the aqueous (containing the radiotracer at a given concentration of ni-
tric acid) phases in leak tight stoppered Pyrex glass tubes (10 mL). The 
tubes were sealed in PVC bags and were agitated at a constant vertical 
rotation speed (20 rpm) in a thermostated water bath (25 ± 0.1 ◦C) for 
about one hour. The tubes were subsequently removed from the water 
bath, settled for 10 min, and centrifuged at 8000 rpm for five minutes to 
separate the two phases. Suitable aliquots (0.05–0.1 mL) were pipetted 
out from the organic and the aqueous phases and assayed radiometri-
cally. 233U and 239Pu concentrations were measured in a liquid scintil-
lation counter (Hidex, Finland) using an Ultima Gold scintillator, 
whereas 241Am was determined by a well type NaI(Tl) scintillation 
counter (Para electronics) coupled to a multichannel analyzer (ECIL, 
India). The distribution ratio (DM) of the metal ion (M = U, Pu or Am) 
was determined using the following formula: 

DM =
Radioactivity per unit volume of the organic phase
Radioactivity per unit volume of the aqueous phase

(1) 

The percentage of the metal ion extracted (%E) into the organic 
phase and that stripped (%S) back into the aqueous phase were deter-
mined using the following formulae: 

%E =
100DM

DM + 1
(2)  

%S = 100 − %E (3)  

3. Separation factor (SF) 

The separation factor (SF) which signifies the selectivity of the metal 
ion extraction of metal ion (A) over another metal ion (B) is defined as. 

SFA− B =
Distribution ratio of A (DA)

Distribution ratio of B (DB)
(4) 

and DA > DB 
All the experiments were carried out in duplicate and the repro-

ducibility in the DM values was within ± 2%, while the mass balance 
(difference between the total counts before and after the extraction 
experiment) was within ± 5%. 

Fig. 1. Structural formulae of N,N,N’,N’,N”,N”-hexa-n- 
alkylnitrilotriacetamides. 
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3.1. Instrumentation 

The total water content in the organic extract was determined using 
Karl Fischer titration (Titrando 905, Metrohm) whereas the acid uptake 
in the organic extract was determined by volumetric titration using 
standardized sodium hydroxide solution and phenolphthalein as 
indicator. 

4. Results and discussion 

The diluent mixture, 90% n-dodecane and 10% isodecanol, used in 
the major part of the extraction studies did not extract the metal ions (U 
(VI), Pu(IV) and Am(III)) to any significant extent (D-values < 0.001) 
when the extraction experiments were carried out from 3 M as well as 
0.5 M HNO3. 

4.1. Effect of contact time on the D-values 

For HONTA and HDDNTA, the time needed for obtaining equilib-
rium D-values of the metal ions was determined experimentally. The 
extraction kinetics of U(VI), Pu(IV) and Am(III) was studied by con-
tacting the respective aqueous phases (at 3 M HNO3) containing the 
respective radiotracers (233U, 239Pu and 241Am, respectively) with the 
organic phase containing either 0.08 M HONTA or 0.08 M HDDNTA in 
10% isodecanol + 90% n-dodecane. The concentration (0.08 M) used in 
this study was based on the fact that the same concentration and diluent 
composition were used in our previous study using HBNTA and HHNTA 
[28]. 

Fig. 2 shows that the extraction kinetics of all the metal ions with 
both HONTA and HDDNTA was reasonably fast and the equilibrium was 
reached within 10 min (except for the extraction kinetics of Am(III) with 
HDDNTA; Fig. 2 (b)). However, for the sake of convenience, an equili-
bration time of 60 min was used for all the subsequent studies. As can be 
seen from Fig. 2, the equilibrium D-values follow the order: Pu(IV) ≫ U 
(VI) > Am(III) with both the ligands at 3 M HNO3. This trend can be 
explained based on the ionic potential of the metal ions. Also, the 
relatively low extraction of U(VI) with both the ligands is presumably 
caused by the unfavorable geometry of the metal–ligand complexes due 
to the presence of the axial oxygen atoms in the uranyl ion. 

4.2. Extraction of the actinide ions 

The extraction behavior of the actinide ions was studied at a lower 
nitric acid concentration as well. This was important as the central N- 
atom could get protonated at higher nitric acid concentrations affecting 
the metal ion extraction due to lack of coordination to the metal ion 
through the donor site. Therefore, we carried out the extraction of U(VI), 

Pu(IV) and Am(III) at 0.5 M HNO3. The extraction data are presented in 
Table 1. 

When the extraction of actinide ions was carried out in the absence of 
the ligands, the DM-values of the corresponding metal ions were negli-
gible (DM < 0.001). The extraction trend at 0.5 M HNO3 followed the 
order: Pu(IV) ≫ Am(III) > U(VI) in case of both ligands with 0.08 M 
HONTA/HDDNTA in 10% isodecanol + 90% n-dodecane. The reversal 
in the extraction trend for U(VI) and Am(III) as compared to that at 3 M 
HNO3 is quite interesting (vide supra). The higher extraction of Am(III) 
compared to U(VI) at 0.5 M HNO3 indicates that the central N atom may 
be involved in the coordination with the relatively softer Am(III) ion at 
lower nitric acid concentration which can increase the D-value. This 
appears reasonable since Am3+ is considered to be a ‘soft’ metal ion as 
compared to Pu4+ and UO2

2+ ions [31]. A closer look at the D-values 
shows that HONTA extracts Am3+ ca. nine times better than HDDNTA, 
while the extraction of Pu4+ is nearly comparable. This is attributed to 
the relatively higher steric crowding of the alkyl chains in HDDNTA vis- 
à-vis those in HONTA [28]. 

4.3. Nature of the extracted species 

The stoichiometry of the metal–ligand complexes can be determined 
from the slope of the linear fitting plot of the logarithm of the distri-
bution ratio (DM) of a metal ion against the logarithm of the free ligand 
concentration at a given nitric acid concentration. The free ligand con-
centration was determined by determining the concentration of ligand- 
HNO3 adduct from the reported acid uptake constant (KH) data of the 
ligand HONTA and HDDNTA when extraction was done at 3 M HNO3 
and subsequently subtracting the concentration of the obtained ligand- 
HNO3 adduct from the initial ligand concentration. On the other hand, 
when the extraction was done at pH 2.0, the free ligand concentration 
was assumed to be equal to the initial concentration of the ligand as 
there is negligible formation of ligand-HNO3 complex at pH 2.0. The 
metal–ligand complex formation reaction with NTAamide ligands from 
a nitric acid solution can be expressed as follows: 

10 20 30 40 50 60
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1
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100

D M

Time, minutes

 U(VI)
 Pu(IV)
 Am(III)

10 20 30 40 50 60

1E-3

0.01

0.1
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10

100

D M

Time, minutes

U(VI) 
 Pu(IV)
 Am(III)(a) (b)

Fig. 2. Extraction kinetics of Am(III), Pu(IV) and U(VI); (a) Organic phase: 0.08 M HONTA in 10% isodecanol + 90% n-dodecane, (b) Organic phase: 0.08 M 
HDDNTA in 10% isodecanol + 90% n-dodecane, Aqueous phase: 3 M HNO3. 

Table 1 
Distribution ratios of metal ions at 0.5 M HNO3; Organic phase: 0.08 M HONTA/ 
HDDNTA in 10% isodecanol + 90% n-dodecane.  

Metal ion DM, HONTA  DM, HDDNTA 

0.5 M 3 M  0.5 M 3 M 

U(VI)  0.043 0.15   0.017 0.070 
Pu(IV)  124.2 169   114.8 148 
Am(III)  0.267 0.03   0.029 0.03  
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Mn+
aq + nNO−

3 (aq) + yL(org)⇄M(NO3)nyL(org) (5) 

Where Mn+ = UO2
2+, Pu4+, Am3+; L = HONTA / HDDNTA; ‘n’ and 

‘y’ are the number of nitrate ions and the number of HONTA / HDDNTA 
molecules taking part in the reaction, respectively. The two-phase 
extraction constant (Kex) of the reaction can be expressed as: 

Kex =

[
M(NO3)nyL

]

org

[Mn+]aq[NO3
− ]
n
aq[L]

y
org

(6)  

DM =

[
M(NO3)nyL

]

org

[Mn+]aq
(7)  

Kex =
DM

[
NO−

3
]n
aq[L]

y
org

(8)  

logDM = logKex + nlog
[
NO−

3

]

aq + ylog[L]org (9) 

Linear dependence was observed when log DM was plotted versus log 
[L] at constant nitric acid concentration by least square fitting of the 
data. The slopes of the stright line plots gave the values of y, the number 
of ligand molecules involved in complex formation. 

Ligand concentration variation experiments were carried out for 
both HONTA and HDDNTA with the aqueous phase as 3 M HNO3 for Pu 
(IV) and that as pH 2 solution for both U(VI) and Am(III) (low DM values 
were obtained for the latter two metal ions at 3 M HNO3). Log-log plots 
(Fig. 3a) obtained with HONTA and HDDNTA yielded straight lines with 
slope values of 1.84 ± 0.06 and 1.77 ± 0.14 for Pu(IV), respectively. 
Similar plots were obtained with slope values of 1.11 ± 0.04 and 2.33 ±
0.03 for U(VI) and Am(III), respectively with HONTA and slope value of 
0.58 ± 0.05 for Am(III) with HDDNTA as the extractant (Fig. 3b). These 
results show that U(VI) forms ML type complexes with HONTA, whereas 
Pu(IV) forms ML2 type complexes with HONTA as well as HDDNTA, 
both in 10% isodecanol + 90% n-dodecane as the diluent. The 
complexation behavior of Am(III) was different with HONTA and 
HDDNTA as it formed different stoichiometric complexes (Fig. 3). 
Probably, the steric hindrance of the bulky n-dodecyl groups on the 
amidic N-atoms in HDDNTA is responsible for the formation of lower 
stiochiometric complexes with Am(III). Sasaki et al. reported that Am 
(III) formed 1:1 as well as 1:2 complexes with HONTA in n-dodecane 
when the extraction studies were carried out in 3 M HNO3 and 0.2 M 
HNO3, respectively [32] (Table 2). 

HONTA also showed ML2 type complex formation with Am(III) in 
10% isodecanol + 90% n-dodecane at pH 2, whereas ML type species 
were observed with HDDNTA under similar conditions. It was reported 
in another study that U(VI) formed a mixture of ML2 and ML3 type 
complexes with HHNTA in 20% isodecanol + 80% n-dodecane at pH 2 

[28]. However, in the present study there was quite a contrasting 
behavior with ML type complex formation with HONTA in 10% iso-
decanol + 90% n-dodecane at pH 2. It may be reasoned that the n-octyl 
groups in HONTA might disfavor ML2/ML3 species formation in this 
diluent mixture. We have not studied the ligand concentration variation 
effect on U(VI) extractions with HDDNTA at pH 2.0 due to its very low D- 
values resulting in very large errors (vide infra). On the other hand, 
though Pu(IV) formed an ML type complex with HHNTA in 20% iso-
decanol + 80% n-dodecane [28], it formed an ML2 type complex with 
HONTA as well as HDDNTA in 10% isodecanol + 90% n-dodecane at 3 
M HNO3. A surprisingly low slope value was reported for the extraction 
of Pu(IV) from 3 M HNO3 by Sasaki et al. [22] (Table 2). The different 
metal–ligand stoichiometries with HHNTA, HONTA and HDDNTA sug-
gest that, although the basic structure and coordination sites are the 
same for these ligands, the presence of different aliphatic chain lengths 
on the amidic N-atoms of the ligands and/or the isodecanol content in 
the mixture may have changed the metal to ligand ratio in the 
complexes. 

4.4. Effect of feed nitric acid concentration 

It is clear from Table 2 that the concentration of nitric acid plays an 
important role in the extraction of metal ions. Therefore, it was thought 
of interest to study systematically the effect of the nitric acid concen-
tration in a wide range, i.e., from 0.01 M to 6 M, on the metal ion 
extraction. The ligand concentration was kept low in this work in view of 
the very high D-values of Pu(IV) (DPu(IV) > 100 at 0.5 M HNO3 with 0.08 
M HONTA), which could lead to large errors in the aqueous phase 
counts. Therefore, the extraction of U(VI), Pu(IV) and Am(III) was 
investigated using 0.02 M HONTA / HDDNTA in 10% isodecanol + 90% 
n-dodecane (Fig. 4). 

Fig. 4 shows that the DM -values of the respective metal ions follow a 

0.25 0.5 0.75 1 2.5
1

10

100

D Pu
(IV

)

[Ligand]Free, mM

 1.84 + 0.07 (HONTA)
 1.77 + 0.14 (HDDNTA)
  Fitted lines

5 10 15 20 25 30

0.01

0.1

1

10

D M

[Ligand], mM

HONTA
 U(VI): 1.11 + 0.04 
 Am(III): 2.33 + 0.03 

HDDNTA 
 Am(III): 0.58 + 0.05 
 Fitted lines(a) (b)

Fig. 3. Effect of variation of ligand concentration on the distribution ratios of (a) Pu(IV) and (b) Am(III) and U(VI); Organic phase: x (M) HONTA / x (M) HDDNTA in 
10% isodecanol + 90% n-dodecane, Aqueous phase: Am(III) extraction at pH 2.0, Pu(IV) extraction in 3 M HNO3, U(VI) extraction at pH 2.0. 

Table 2 
Slope values obtained by the ligand concentration variation studies with HONTA 
and HDDNTA in 10% isodecanol + 90% n-dodecane with different metal ions. 
Aq. phase: U(VI), Am(III) at pH 2.0 and Pu(IV) at 3 M HNO3.  

Ligand U(VI)a Pu(IV)b Am(III) 

HHNTAa 2.45 ± 0.06 1.12 ± 0.03 – 
HONTA 1.11 ± 0.04; 

1.09b,c 
1.84 ± 0.06; 
0.08b,c 

2.33 ± 0.03; 1.19b,c; 1.29b,d; 
2.27b,e 

HDDNTA – 1.77 ± 0.14 0.58 ± 0.05  

a Data taken from ref. [28], Diluent: 20% isodecanol + 80% n-dodecane. 
b Data taken from ref. [22], HONTA in n-dodecane. 
c Feed: 3 M HNO3. 
d Feed: 1 M HNO3. 
e Feed: 0.2 M HNO3. 
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similar trend with nitric acid in case of both ligands. The D-values of U 
(VI) decreased sharply up to 0.5 M HNO3 followed by a slow increase up 
to 6 M HNO3. The initial sharp decrease may be due to the protonation of 
the ligand leading to a decrease in the free ligand concentration (non- 
protonated ligand responsible for metal ion binding) as per the following 
equation: 

mH+
aq + mNO−

3,aq + yAorg⇄yA⋅mHNO3,org (10) 

where ‘A’ represents the extractant (HONTA or HDDNTA), ‘m’ is 
number of nitrate ions and ‘y’ is the number of extractant molecules 
taking part in the extraction reaction. 

The slow increase in the D-value above 0.5 M HNO3 may be due to 
the increased nitrate ion activity leading to the metal ion extraction 
according to Eq 5 and also by the formation of anionic UO2(NO3)3

- 

species, which could get extracted by an ion-pair mechanism with the 
protonated ligand. A similar trend in the extraction of U(VI) was also 
noticed in our earlier report with HHNTA [28]. Huang et al. reported 
almost similar results for U(VI) extraction at 0.1 M to 10 M HNO3 using 
0.02 M HONTA dissolved in kerosene [20]. 

On the other hand, the sharp decrease in the DAm(III)-values up to 1 M 
HNO3 corresponds to the trend observed with DU(VI) at lower nitric acid 
concentrations (up to 0.5 M HNO3). The subsequent continuous slow 
decrease up to 6 M HNO3 indicates the effect of protonation of the ligand 
leading to a decrease in the free ligand concentration (vide supra). The 
crossover point near 2 M HNO3 above which DU(VI) > DAm(III) points to 
the effect of an ion-pair mechanism for the U(VI) extraction owing to the 
formation of UO2(NO3)3

- species at higher acidities. However, a nearly 
constant DPu(IV)-value was observed at the entire nitric acid concentra-
tion range (0.5 M to 6 M) with both the ligands. This may be due to the 
higher dependency of DPu(IV) on the nitrate concentration (Eq. (4)). In 
addition, the higher ionic potential of the metal ion makes Pu(IV) 
extraction more important than protonation of the ligand and also due to 
the possible extraction of Pu(NO3)6

2- by an ion-pair mechanism by the 
liagand at higher nitric acid concentrations [33,34]. Because of hydro-
lysis of Pu(IV) at lower acidity, nitric acid concentrations < 0.5 M were 
not ventured. The DAm(III) values of 6.4 and 0.04 with HONTA and 
HDDNTA, respectively, at pH 2.0 suggested the better extraction effi-
ciency of the former. This is due to the higher number of HONTA mol-
ecules attached with Am(III) in the extracted species as compared to that 
with HDDNTA (vide supra). 

4.5. Separation behavior 

The separation factor values of Pu(IV) over Am(III) and U(VI) 
(defined as SFPu-Am and SFPu-U, respectively) with both the ligands at 
different HNO3 concentrations are given in Table 3. Very high SF values 

were obtained for Pu(IV) and those with HDDNTA being higher than 
those with HONTA. This is quite interesting since the D-values of the 
respective metal ions are larger with HONTA vis-à-vis those obtained 
with HDDNTA. 

In summary, the DPu(IV) values were reasonably high (>30) in the 
entire acidity range with both the ligands, whereas the DAm(III)- and DU 

(VI)-values were very low (<0.1) at > 0.1 M HNO3, suggesting very 
impressive separation possibilities (SFPu-M ~ 103; M = U or Am). Thus, 
these ligands can be used for the selective extraction of Pu(IV) from the 
entire range of nitric acid concentrations studied here. 

4.6. Comparative extraction of Pu(IV) with different NTAamide ligands 

In view of the very high extraction efficiency of HONTA and 
HDDNTA towards Pu(IV), it was of interest to compare the performance 
of these ligands with the n-butyl and n-hexyl NTAamide variants, 
HBNTA and HHNTA, respectively. From Table 4 the order of Pu(IV) 
extraction at 3 M HNO3 is; HHNTA > HONTA > HDDNTA ≫ HBNTA, 
although the isodecanol content with HONTA and HDDNTA was not the 
same as that with HBNTA and HHNTA. Increase inthe isodecanol con-
tent would lead to a decrease of the D-values (vide infra). Therefore, one 
can extrapolate and conclude that the DPu(IV)-values with HHNTA/ 
HBNTA could be higher using 10% isodecanol. The above decreasing 
trend in the extraction of Pu(IV) may be due to the increased steric in-
teractions in the structure of the metal–ligand complex with the higher 
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Fig. 4. Effect of nitric acid on the distribution ratio of Am(III), Pu(IV) and U(VI); (a) Organic phase: 0.02 M HONTA in 10% isodecanol + 90% n-dodecane, (b) 
Organic phase: 0.02 M HDDNTA in 10% isodecanol + 90% n-dodecane. 

Table 3 
Separation factor values with 0.02 M HONTA/HDDNTA in 10% isodecanol +
90% n-dodecane.  

[HNO3], M HONTA HDDNTA 
SFPu-Am SFPu-U SFPu-Am SFPu-U 

0.5 2.7 × 103 8.9 × 103 6.5 × 103 2.2 × 104 

1 5.0 × 103 8.1 × 103 5.8 × 103 1.5 × 104 

3 4.3 × 103 2.2 × 103 6.8 × 103 2.7 × 103 

6 5.8 × 103 8.3 × 102 1.5 × 104 1.3 × 103  

Table 4 
Distribution ratios of Pu(IV) with hexa-n-alkylnitrilotriacetamide ligands at 3 M 
HNO3.  

Extractants DPu(IV) Ref. 

0.08 M HBNTA in 20% isodecanol + 80% n-dodecane 3.3 [28] 
0.08 M HHNTA in 20% isodecanol + 80% n-dodecane 210 ± 4.20 [28] 
0.08 M HONTA in 10% isodecanol + 90% n-dodecane 169, (~10)a This work 
0.08 M HDDNTA in 10% isodecanol + 90% n-dodecane 148 This work  

a 0.1 M HONTA in n-dodecane [22]. 
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homologs of the ligands having a larger alkyl chain length. The very low 
DPu(IV) with HBNTA was due to its greater aqueous solubility as 
compared to the other ligands [28]. Wang et al. [27] reported on the 
effect of alkyl substituents on the D-value of Eu(III) and reasoned both 
steric reasons and relative solubility of the NTAamides in the organic 
and aqueous phases as responsible for the observed D-value variations. 

The comparatively lower DPu(IV)-value reported by Sasaki et al. [22] 
with HONTA in n-dodecane appeared quite surprising as the extraction 
of the analogous Th(IV) was rather large (DTh(IV) of ca. 100 at 3 M HNO3 
with 0.05 M HONTA in kerosene) [20]. In the case of Pu(IV) extraction 
with HONTA reported before [22], the L/M ratio was 0.08, whereas in 
this study it was ca. 1.84, which might be the reason for the very high 
DPu(IV) reported in the present paper. 

4.7. Effect of isodecanol content 

It is important to understand the effect of the isodecanol content in 
the ligand solution in n-dodecane on the distribution ratio of the metal 
ions as its presence not only alleviates the third phase formation when 
contacted with acid, but also alters the distribution ratios [28] of the 
metal ions, viz., U(VI), Pu(IV) and Am(III). Therefore, this effect was 
studied by varying the isodecanol content from 5 to 20% (v/v) in 0.05 M 
HONTA/HDDNTA solution in n-dodecane (95 to 80%). U(VI) and Am 
(III) were extracted from 0.01 M HNO3, while Pu(IV) was extracted from 
3 M HNO3 as the DM-values of the respective metal ions were rather high 
at these acidities. 

As seen from Table 5, the DM-values decrease with the increase of the 
isodecanol content. A similar effect of isodecanol on the DM-values was 
also observed in our previous study [28]. The decreasing trend of the 
extraction of metal ions may be explained as the interaction of iso-
decanol with the NTA ligands. The enhanced interaction with increasing 
isodecanol content can effectively reduce the interaction of the metal 
ions with the NTA ligands. This could be due to the interaction of the 
polar amide group of the extractant with the polar hydroxyl group in the 
isodecanol molecule which may result in a decreased affinity of the 
extractant molecules towards the metal ions. Basu et al. [35] also 
showed the interaction of isodecanol with N,N,N’,N’-tetra (2-ethyl 
hexyl) diglycolamide (T2EHDGA) owing to the presence of polar groups 
in both the components which caused a lower affinity of the extractant 
molecules for the extraction of Am(III). Sengupta et al. [36] also showed 
the presence of isodecanol lowered the extraction of Eu(III) by octyl- 
phenyl N,N-diisobutyl carbamoyl methyl phosphine oxide (CMPO). 
The effect of the isodecanol content on the extraction of U(VI) using 
HONTA is less prominent compared to that of Am(III) and Pu(IV). This 
can be due to the difference in the stoichiometry of the metal ligand 
complexes with HONTA (Am(III) and Pu(IV) formed a 1:2 (M:L) com-
plex, whereas U(VI) formed a 1:1 complex) at the acidities studied here. 

4.8. Stripping studies 

Back extraction experiments were carried out to get an idea about the 
method of recovery of the metal ions from the organic phase. The 
stripping of Pu(IV), U(VI), Am(III) was carried out from the loaded 
organic phase (0.08 M HONTA/HDDNTA in 10% isodecanol + 90% n- 

dodecane). For the Pu(IV) extract, the stripping experiments were per-
formed using a mixture of 0.5 M HNO3 and 0.5 M oxalic acid, 0.2 M 
hydrazine hydrochloride (N2H4.HCl) in 1 M HNO3 and 0.1 M (2- 
hydroxyethyl)ethylenediamine triacetic acid (HEDTA) in 0.5 M HNO3. 
All the stripping solutions contained nitric acid to discount any chances 
of hydrolysis of Pu(IV). The experimental data in Table 6 show that the 
mixture of 0.5 M HNO3 and 0.5 M oxalic acid is the best stripping agent 
amongst all the three reagents studied here with stripping percentages of 
94.8% and 88.6%, respectively, for HONTA and HDDNTA. 

In a separate study, the back extraction of U(VI) and Am(III) was 
done by first extracting the respective metal ions in 0.08 M HONTA/ 
HDDNTA in 10% isodecanol + 90% n-dodecane from pH 2 and subse-
quently contacting the U(VI) and Am(III) loaded phases with 1 M 
Na2CO3 and 1 M α-HIBA (α-hydroxyisobutyric acid), respectively. 
Table 7 shows that around 84.4% and 56.3% of U(VI) can be stripped 
from the HONTA and HDDNTA containing phases, respectively. In 
another experiment, 99% of Am(III) was stripped from the loaded 
HONTA phase. 

4.9. Effect of uranium loading on the extraction of Pu(IV) 

It is known that the D-value of a metal ion may be affected by the 
presence of macro concentrations of other metal ions [37]. The present 
study showed that at 3 M HNO3, DPu(IV) ≫ DU(VI) (DU(VI) < 0.1) with both 
ligands. Therefore, it was of interest to study the effect of varying macro 
concentrations of uranium (1–10 g/L) on the D-values of Pu(IV) at 3 M 
HNO3. The concentration of U(VI) was chosen based on its concentration 
present in PHWR high level waste which has undergone burn up of 7000 
MWD/te. The experiment was done using 0.02 M NTAamide (HONTA/ 
HDDNTA) in 10% isodecanol + 90% n-dodecane. The results in Fig. 5 
show that the extraction of Pu(IV) was not affected much upon 
increasing uranium concentration in the aqueous phase in case of 
HONTA. However, there was a slight decreasing trend with increasing 
uranium concentration for HDDNTA as the extracting ligand. 

4.10. Effect of absorbed dose 

The radiation stability of the extractants HONTA and HDDNTA was 
studied to determine their potential utilization in the radioactive waste 
processing. Therefore, 0.02 M solutions of HONTA/HDDNTA in 10% 
isodecanol + 90% n-dodecane were subjected to 60Co gamma irradiation 
(4.75 kGy/h) in a gamma chamber and the total gamma dose experi-
enced by the samples was 274 kGy. The DM-values of U(VI), Pu(IV) and 
Am(III) in the irradiated solvents were determined and the results are 
given in Table 8 along with the D-values obtained with the pristine 
ligand solutions under identical conditions. 

As can be seen from Table 8, the D-values of Am(III) decreased after 
irradiation of the solvents. Whereas for Pu(IV), the D-value increased 
marginally for the irradiated HONTA solution, while a decrease in the 
metal ion extraction was seen for the irradiated HDDNTA solution 
making almost a random trend. On the contrary, the D-values of U(VI) 
increased upon irradiation of the solvents. A similar increase in the D- 
values was observed with TREN-DGA (a substituted tripodal 

Table 5 
Effect of the modifier content on the D-values of the metal ions; Organic phase: 
0.05 M HONTA/HDDNTA in isodecanol + n-dodecane mixtures with varying 
isodecanol content; Aqueous phase: Am(III), U(VI) at 0.01 M HNO3 and Pu(IV) at 
3 M HNO3.  

% Isodecanol DAm, HONTA DU, HONTA DPu, HONTA DPu, HDDNTA 

5  83.8  0.51  251.2  139.7 
10  55.6  0.21  140.4  121.2 
15  29.0  0.20  85.4  67.9 
20  16.6  0.20  74.3  43.2  

Table 6 
Stripping of Pu(IV); Organic phase: Extracted with 0.08 M HONTA/HDDNTA in 
10% isodecanol + 90% n-dodecane at 3 M HNO3.  

Stripping agent D-Pu 
(HONTA) 

%Stripping, 
HONTA 

D-Pu 
(HDDNTA) 

%Stripping, 
HDDNTA 

0.5 M HNO3 +

0.5 M oxalic 
acid  

0.06  94.8 0.13 88.6 

0.2 M N2H4.HCl 
in 1 M HNO3  

21.5  4.4 – – 

0.1 M HEDTA in 
0.5 M HNO3  

73.0  1.4 – –  
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diglycolamide ligand) for the extraction of Pu(IV) [38]. All these results 
indicate that degradation of the ligands affects the metal ion extraction 
to different extents. 

4.11. Water and acid uptake in the organic phase 

During the extraction of a metal ion from the aqueous phase using 
lipophilic ligands into isodecanol + n-dodecane, often water gets 
extracted into the organic phase. This water could be in the primary 
sphere of the metal–ligand complex [27] which comes from the 
incomplete breaking of the water sphere around the metal ion in the 
aqueous phase during the extraction. Alternatively, the water could be 
extracted into the organic phase itself due to the presence of the 
extractant, the modifier (isodecanol) or even the extracted acid in the 
organic phase. Therefore, the presence of water has a great influence not 
only on the structure (species) of the metal ion complex, but it also can 
affect the solubility of the metal–ligand complex. 

The extraction of water in the organic phase was investigated by 
contacting the aqueous phase (3 M HNO3) with varying amounts of 
isodecanol (5 to 20% (v/v)) in n-dodecane in 0.05 M HONTA/HDDNTA. 
The total water content was determined using Karl Fischer titration; the 
results are shown in the Supporting Information. The water uptake by 
0.05 M HONTA in 10% isodecanol + 90% n-dodecane was 0.19 ± 0.01 

% (wt %), whereas that by 0.05 M HDDNTA in 10% isodecanol + 90% 
isodecanol was marginally higher at 0.21 ± 0.01 % (wt %) (Table S1). If 
the percentage water uptake in the organic phase is plotted against the 
percentage isodecanol in the organic phase, the intercept of the linear 
plot upon extrapolation to the origin gives the water uptake by the 
extractant (0.05 M) in n-dodecane (Fig. 6a) when contacted with 3 M 
HNO3. It shows that around 0.05 ± 0.01 wt% and 0.03 ± 0.01 wt% 
water was extracted by HONTA and HDDNTA, respectively. The details 
of water extraction with varying isodecanol amounts in the organic 
phase are given in the Supporting Information. 

In a manner similar to water extraction, nitric acid can be extracted 
by the extractant according to Eq. (10) due to protonation of the central 
nitrogen atom of the NTAamide. A significant influence of nitric acid on 
the metal ion extraction was observed (vide supra). Moreover, isodecanol 
can also extract nitric acid, which can influence the metal ion extraction 
by changing the polarity of the medium. Wang et al. [27] reported that 
the acid uptake constant (KH) of NTAamides increased with the increase 
of the alkyl chain length of the ligands. They found that the KH of 
HDDNTA (KH = 4.78 ± 0.04) was nearly same as that of HONTA (KH =

4.74 ± 0.02). Here, we determined the effect of the isodecanol content 
on the extraction of HNO3 in the organic phase which also contained 
0.05 M extractant (HONTA/HDDNTA) in the isodecanol + n-dodecane 
diluent mixture. 

The organic phase containing varying amounts of isodecanol (5–20% 
(v/v)) in n-dodecane with 0.05 M extractant was contacted with 3 M 
HNO3. The extracted acid in the organic phase was determined by 
titrating against a standard sodium hydroxide solution using phe-
nolphthalin as the indicator. Details are given in the Supporting Infor-
mation. In both the cases, it was observed that with the increase in the 
isodecanol content, the acid uptake in the medium increases: about 0.10 
M and 0.11 M of HNO3 were extracted with HONTA and HDDNTA in 
10% isodecanol + 90% n-dodecane, respectively (Table S2). For both the 
ligands, the plots of the acid uptakes (M) against that of the isodecanol 
percentage are linear. Upon extrapolation to the origin, the intercepts of 
the plots give the acid uptake of the respective ligand (0.05 M) in n- 
dodecane alone being about 0.04 M HNO3 (Fig. 6b). 

5. Conclusions 

The present study involved two hexaalkylnitrilotriacetamide ligands 
(HONTA and HDDNTA) dissolved in the diluent mixture 10% iso-
decanol + 90% n-dodecane for the extraction of U(VI), Pu(IV) and Am 
(III) from nitric acid feed solutions. HONTA showed slightly better 
extraction properties than HDDNTA, while both were better than the 
lower homologs of HBNTA and HHNTA [28], and the extraction trend 
followed the order: Pu(IV) ≫ U(VI) > Am(III) at 3 M HNO3 with both the 
ligands. The SF values of Pu(IV) over Am(III) and U(VI) were > 1000 at 
3 M HNO3, HDDNTA giving slightly better SF values than HONTA. Slope 
analysis pointed out that U(VI) formed a 1:1 (ML) type complex with 
HONTA at pH 2, while Pu(IV) gave a 1:2 (ML2) type complex with both 
HONTA as well as HDDNTA at 3 M HNO3. On the other hand, Am(III) 
showed 1:2 (ML2) and lower stoichiometric complexes at pH 2 with 
HONTA and HDDNTA, respectively. 

Back extraction experiments indicated that Pu(IV) could be back 
extracted using 0.5 M HNO3 + 0.5 M oxalic acid with an efficiency of ca. 
90% from the loaded organic solutions, whereas U(VI) could be stripped 
with an efficiency of ca. 84.4% and 56.3%, respectively, from the loaded 
HONTA and HDDNTA phases, respectively. Increasing the concentration 
of U(VI) (1–10 g/L) did not influence the D-value of Pu(IV) with 0.02 M 
HONTA in 10% isodecanol + 90% n-dodecane at 3 M HNO3. However, a 
decrease of ca. 33% in the D-values with HDDNTA was observed when 
the uranium concentration was increased from 1 to 10 g/L at the same 
conditions. 

The effect of the isodecanol content in the diluents was studied 
indicating a decrease in the D-values of the metal ions with increasing 
isodecanol content possibly suggesting an interaction with the ligand. 

Table 7 
Stripping of U(VI), Am(III); Organic phase: Extracted with 0.08 M HONTA/ 
HDDNTA in 10% isodecanol + 90% n-dodecane at 0.01 M HNO3.  

Metal 
ion 

Stripping 
agent 

DM, 

HONTA 

% Stripping, 
HONTA 

DM, 

HDDNTA 

% Stripping, 
HDDNTA 

U(VI) 1 M 
Na2CO3  

0.19 84.4 0.78  56.3 

Am(III) 1 M α-HIBA  0.01 99 –   
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Fig. 5. Extraction of Pu(IV) at 3 M HNO3 in presence of uranium; organic 
phase: 0.02 M HONTA/HDDNTA in 10% isodecanol + 90% n-dodecane. 

Table 8 
Effects of radiation on distribution ratios of U(VI), Pu(IV) and Am(III); Organic 
phase: 0.02 M HONTA/ HDDNTA in 10% isodecanol + 90% n-dodecane.  

Metal ion [HNO3], M DM, HONTA DM, HDDNTA 

0 Mrad 274 kGy 0 Mrad 274 kGy 

U(VI)  0.01  0.07  1.01  0.01  3.25 
Pu(IV)  3.0  40.23  46.03  29.3  21.20 
Am(III)  0.01  3.37  0.80  0.04  0.03  
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The water and acid uptake data using diluents with increasing iso-
decanol content, showed an increase in the uptake of water and HNO3 
suggesting isodecanol content can significantly influence the behavior of 
the extraction medium. an irradiation study of both the ligands with 
274 kGy (arbitrarily fixed total gamma dose) showed a minimal effect on 
the extraction of Pu(IV) and a significant change in the extraction of U 
(VI) and Am(III). The highly selective extraction ability with both li-
gands, particularly in the presence of macro concentrations of U(VI), 
indicated a good application prospects for separation and purification of 
Pu(IV) from actual radioactive waste solutions. 
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