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cRadiochemistry Division, Bhabha Atomic Research Centre, Mumbai, India; dLaboratory of Molecular Nanofabrication, Department of Molecules 
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ABSTRACT
Plutonium-specific supported liquid membranes were developed and reported for the first time. 
The studies included in this paper are on the supported liquid membrane transport behavior of 
Pu(IV), Am(III) and U(VI) investigated using two tripodal amides viz. N,N,N,’N,’N,”N”-hexa-n-octylni-
trilotriacetamide (HONTA) and N,N,N,’N,’N,”N”-hexa-n-dodecylnitrilotriacetamide (HDDNTA). The 
feed phase consisted of 3 M HNO3 while 0.5 M oxalic acid +0.5 M HNO3 was used as the strip 
phase. The SLM studies indicated 78.2% and 86.2% transport of plutonium(IV) after 4 h using 0.08 M 
concentrations of HONTA and HDDNTA, respectively, and the transport of Am(III) and U(VI) was <1% 
under identical feed acid conditions indicating a possible highly selective separation of Pu(IV) using 
HONTA as the carrier ligand from a mixture of Pu(IV), Am(III) and U(VI). The stability of the 
membrane was reasonably good up to 9 days. The activation energy of the transport process was 
determined using temperature variation studies with HONTA and HDDNTA indicating the transport 
process being kinetically as well as diffusion controlled. This work is highly relevant for the 
separation of Pu from radioactive feeds containing other actinide elements such as U and Am.
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Introduction

The increased consumption of fossil fuel in the recent 
years not only diminishes the resources of fossil fuel, but 
also enhances the green house gas release into the envir-
onment resulting in adverse effects in climate change. Out 
of the different available green energy resources, viz., solar 
energy, wind energy, etc., nuclear energy is considered as 
a viable alternative in the present scenario.[1] Despite of 
the process of its clean energy generation as apparent 
from the very low carbon dioxide emission, nuclear 
energy leads to the production of highly radioactive 
spent fuel.[2] In the closed fuel cycle, this spent fuel is 
reprocessed by the wellknown PUREX (Plutonium 
Uranium Redox EXtraction) process.[3] In this process, 
a highly radiotoxic waste containing very high amounts of 
radionuclides, termed as high level liquid waste (HLLW), 
is generated which contains the unextracted U, Pu, Np, 
Cm, Am, fission products, activation products along with 
a host of structural materials.[4] In view of the difficulties 
associated with the separation of trivalent minor actinide 
ions that contributes to the major part of the radiation 
dose in the HLLW, different specific extractants, e.g., 

CMPO (carbamoylmethylphosphine oxide), TOPO 
(trioctylphosphine oxide), DIDPA (diisodecyl phosphoric 
acid), etc. are developed.[5–7] All these extractants are, 
however, phosphorus-based and therefore are non- 
incinerable and result in the production of large volumes 
of secondary radioactive wastes. Therefore, alternative 
extractants, e.g., the diglycolamides (DGAs), which are 
composed of C, H, N, O elements, and hence, considered 
as completely incinerable, were subsequently developed 
and were proposed as suitable alternatives for the separa-
tion of trivalent minor actinides from HLLW.[8–10] These 
extractants being coordinated to the metal ions through 
oxygen atoms, are slightly more selective towards trivalent 
lanthanides than the trivalent actinides when extracted 
from dilute nitric acid medium. For example, 
a distribution ratio (D) value of 30 was obtained when 
Am(III) was extracted from 1 M HNO3 using 0.1 M 
TODGA (N,N,N,’N’-tetraoctyl diglycolamide) in n-dode-
cane, whereas that of Eu(III) was about nine times larger 
under similar conditions.[8,10,11]

Amides of nitrilotriacetic acid (NTA) are another 
class of efficient extractants that are completely 
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incinerable (C, H, O, N-based extractant) and have 
yielded good separation results.[12] HONTA (N,N, 
N,’N,’N,”N”-hexa-n-octylnitrilotriacetamide), first 
investigated by Sasaki et al., showed higher selectivity 
toward the trivalent actinides than the trivalent lantha-
nides and a separation factor (S.F. = DAm/DEu) of 52.6 
was reported with 0.5 M NTA amides in n-dodecane 
from 0.2 M HNO3 [12]. The S.F. values are reported to 
decrease with increasing nitric acid concentration. 
Huang et al. reported a very high S.F. (~102-103) of 
Th(IV) with respect to U(VI) and lanthanides from 
a wide range of nitric acid feed using HONTA in 
kerosene.[13] Similarly, very high S.F. values of Pu(IV) 
with respect to U(VI) and Am(III) from a wide range of 
nitric acid concentrations (0.5 to 6 M) using HONTA 
and HDDNTA (N,N,N,’N,’N,”N”-hexa-n-dodeylnitrilo-
triacetamides) (Fig. 1) in 10% isodecanol-90% n-dode-
cane has been reported.[14] 

Liquid – liquid extraction is one of the most preferred 
techniques to recover heavy elements from the process 
waste streams. However, it has several limitations, e.g., 
use of large volumes of extractants, involvement of mul-
tiple steps, risk of third-phase formation, lower selectiv-
ity and phase entrainment, etc.[15–18] On the other hand, 
liquid membrane-based separation methods, including 
the supported liquid membrane- (SLM) based separa-
tion, are considered as “green” alternatives to the liquid– 
liquid extraction methods. SLM-based methods have 
several advantages, e.g., low inventory of carrier ligand, 
simultaneous extraction, and stripping, higher selectiv-
ity, no third-phase formation, etc.[15,17] More than 90% 
transport of Pu(IV) and poor transport of UO2

2+ (<2%) 
after 5 h across a SLM containing HHNTA as the carrier 
ligand have been reported.[19] In view of the superior 
extraction behavior of Pu(IV) compared to Am(III) and 
U(VI) from nitric acid medium by HONTA and 
HDDNTA, it was of interest to investigate the transport 
behavior of the actinides across a SLM containing 
HONTA/HDDNTA as the carrier ligands.

To the best of our knowledge, no one has studied the 
transport behavior of actinides using HONTA/ 
HDDNTA as the carrier ligand. Only recently, our 
group has reported the encouraging transport behavior 
of HHNTA (N,N,N,’N,’N,”N”-hexa-n-hexylnitrilotriace-
tamide) [19] with tetravalent actinide ions (Np4+, Pu4+). 
This prompted us to systematically investigate the trans-
port behavior with different metal ions (Pu4+, UO2

2+, 
Am3+) with HONTA and HDDNTA as the carrier 
ligands in SLM.

In the present study, SLM transport of several acti-
nide ions such as Am3+, Pu4+ and UO2

2+ was investi-
gated using HONTA/HDDNTA in 90% n-dodecane 
+10% isodecanol. The effect of feed nitric acid concen-
tration on the transport of actinide ions, the temperature 
effect on actinide transport, variation of ligand concen-
tration on the permeation, stability of membrane, and 
the relative transport efficiency of different actinides 
ions were investigated.

Experimental

Chemicals

The NTA ligands (HONTA and HDDNTA) were 
synthesized according to the method reported 
before.[20] The purity of the ligands was >95%. The 
diluents, n-dodecane (purity >99%; Lancaster UK), iso-
decanol (purity >99%; SRL Mumbai) and xylene (AR 
grade; Merck Germany), were used as procured. α- 
Hydroxy-isobutyric acid (α-HIBA) was obtained from 
Aldrich. Dilute nitric acid solutions of different 
strengths, prepared using MilliQ water (Millipore, 
USA) and Suprapur nitric acid (Merck, Germany), 
were standardized using a NaOH solution (Merck) of 
known strength using phenolphthalein (Fluka) as the 
indicator. All the other chemicals used were of AR grade.

Membranes

PTFE (polytetrafluoroethylene) membranes (thickness: 
80 µm; diameter: 47 mm; pore size: 0.45 µm; porosity: 
64%) were purchased from Sartorius (Germany). The 
pore size was checked using Hg porosiometry measure-
ments [21] and the thickness of the membranes was 
confirmed using a Mututoya digital micrometer.

Radiotracers

Freshly purified 239Pu [22] and 233U [23] were used from 
laboratory stocks after checking their radionuclidic puri-
ties. The oxidation state of Pu was adjusted to + 4 by the 
standard recommended procedure using TTA 
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(2-thenoyltrifluoroacetone) extraction.[24] A few drops 
of a NaNO2 (0.05 M) solution was added to a beaker 
containing Pu radiotracer taken in 1.0 mL of 1.0 M 
HNO3. The solution was contacted with an equal 
volume of 0.5 M HTTA in xylene that resulted in quan-
titative extraction of the converted Pu(IV), leaving 
behind Pu(III) and Pu(VI) in the aqueous phase.[18] 

The loaded organic phase was stripped using 8 M 
HNO3 and the carefully phase-separated aqueous 
phase was washed three times with barren xylene to 
remove the dissolved TTA. The aqueous stock solution 
of Pu(IV), free from any organic impurity, was used as 
the stock solution for all subsequent studies. The purity 
of the Pu stock was checked by alpha and gamma ray 
spectrometry, which indicated a pure solution of Pu 
without any 241Am.

233U was purified using an anion exchange resin 
column (DOWEX 1 × 8, chloride form, 100–200 mesh) 
to separate from its daughter products. Laboratory stock 
241Am was purified from its decay product using an 
analogous anion exchange resin column. The radionu-
clidic purity of the radiotracers was checked by alpha 
and gamma ray spectrometry. The concentrations of 
233U, 239Pu and 241Am used in the experiments were 
10−5 M, 10−6 M and 10−7 M, respectively.

The radiometric assay of 233U and 239Pu was carried 
out by a liquid scintillation counter (Hidex, Finland) 
using an Ultima Gold scintillator cocktail (Perkin 
Elmer), whereas 241Am was assayed using a NaI(Tl) 
scintillation counter (ECIL, India). All the experiments 
were carried out in duplicate and the reproducibility of 
the results was found to be within ±10%.

Supported liquid membrane transport studies

The SLM transport studies were performed in a two- 
compartment transport cell (volume of each compart-
ment is 30 mL, geometrical surface area: 7.49 cm2) con-
taining a PTFE membrane loaded with the ligand 
solution in pores. The membrane was dipped (over-
night) in the carrier ligand (HONTA or HDDNTA) 
solution taken in a Petri dish Before use, the excess 
organic liquid on both sides of the membrane was 
wiped out carefully using a tissue paper. The membrane 
was put in between the glass flanges of the two- 
compartment transport cell, which was fixed firmly 
with the help of a piece of Parafilm. The transport cell, 
containing two magnetic stirring bars in each compart-
ment, was clamped properly to avoid any leakage. The 
feed compartment was filled with the suitable nitric acid 
solution spiked with the actinide tracer solution, 
whereas the strip (or the receiver) compartment con-
tained the stripping solution. Stirring of both phases was 

done uniformly at a speed of 200 rpm (prior standar-
dized) with the help of a magnetic stirrer. Fixed volumes 
of samples were collected (100 µL) from the feed and the 
strip phases at regular time intervals for subsequent 
radiometric assay of the radiotracer by alpha particle 
or gamma ray counting (vide supra). The transport 
percentage (%T) of the actinide ions into the strip 
phase and the percentage actinide ions retained in the 
feed phase (%R) at a given time were calculated as given 
below: 

%T ¼ 100� Cr;t=Co (1) 

%R ¼ 100� Co � Cf ;t
� �

=Co (2) 

where C0 is the initial actinide ion concentration in 
the feed phase, Cr,t and Cf,t are the actinide ion concen-
trations at time t in the strip and the feed phases, respec-
tively. The permeability coefficient (P) of the actinide 
ions was calculated using the following equation[25]:  

ln
Cf ;t

C0
¼ � P

A
V

� �

� t (3) 

where A, V and P are the effective surface area of the 
transport cell (4.79 cm2, obtained by multiplying the 
exposed surface area (7.49 cm2) with the porosity (64%) 
of the membrane), the volume of the transport cell (30 
mL) and the permeability coefficient (cm s−1), respec-
tively. The permeability coefficient (P) values were calcu-
lated from the slope of the straight-line fitting obtained by 
plotting ln (Cf,t/Co) versus time. The flux equation relating 
the P-value to the concentration is given as 

J0 ið Þ ¼ P � C0 (4) 

where J0(i) is the initial flux of the transport process. 
Since thickness (l) of the membrane can also influence 
the performance of the membrane, therefore thickness 
was included in the determination of modified initial 
flux (J0) defined as in equation (5). 

J0 ¼ J0 ið Þ=l (5) 

The major part of the SLM studies were performed at 
room temperature unless mentioned otherwise (25 °C). 
Some studies at varying temperature were carried out 
using a double jacket cell with water flowing through it 
at a constant temperature maintained through 
a thermostat.

Results and discussion

Supported liquid membrane studies

The solvent extraction studies of actinide ions using 
HONTA and HDDNTA,[14] showed fast extraction 
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kinetics (within 10 min) for U(VI), Pu(IV) and Am(III) 
with HONTA/HDDNTA in 10% isodecanol +90% 
n-dodecane from 3 M HNO3 and a relatively high- 
stripping efficiency using 0.5 M HNO3 +0.5 M oxalic 
acid as the strippant. Based on these encouraging results, 
the transport studies of Pu(IV), Am(III) and U(VI) were 
carried out through a SLM using HONTA and 
HDDNTA as the carrier ligands. The results were used 
to compare the transport efficiencies of both the ligands 
for the metal ions under identical experimental 
conditions.

Comparative transport behavior of the ligands
The performance of the two tripodal amide ligands, 
HONTA and HDDNTA, was evaluated by determining 

their competitive transport behavior for a given metal 
ion under identical experimental conditions. The trans-
port of Pu(IV) was carried out with an SLM containing 
either 0.08 M HONTA or 0.08 M HDDNTA in 10% 
isodecanol-90% n-dodecane in the membrane phase, 
while using 1 M HNO3 as the feed and a mixture of 
0.5 M HNO3 + 0.5 M oxalic acid as the strip phase. The 
transport behavior of the metal ions is presented in 
Fig. 2 which shows better transport of Pu(IV) with 
HONTA than that with HDDNTA at 1 M HNO3 as 
the feed solution. On the other hand, the transport 
efficiency of Pu(IV) is higher with HDDNTA than 
with HONTA at 3 M HNO3 (Fig. 3). For example, 
after 4 h, Pu(IV) transported around 78.2% and 86.2% 
into the strip phase with HONTA and HDDNTA, 
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Figure 2. Transport of Pu(IV), U(VI) and Am(III) across PTFE flat sheet membranes containing (a) HONTA and (b) HDDNTA (both 0.08 M 
in 10% isodecanol +90% n-dodecane). Feed phase: 1 M HNO3; Strip phase (i) for Pu(IV): 0.5 M HNO3 +0.5 M oxalic acid, (ii) for Am(III) 1 
M α-HIBA, (iii) for U(VI) 1 M Na2CO3. Black line: Strip phase, Violet-ish line: Feed phase.
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Figure 3. Transport of Pu(IV) across PTFE flat sheet membranes with different acidities; Carrier ligands 0.08 M (a) HONTA and (b) 
HDDNTA, both in 10% isodecanol +90% n-dodecane. Strippant: 0.5 M HNO3 +0.5 M oxalic acid; Black line. Strip phase, blue line. Feed 
phase .
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respectively. The higher transport of Pu (IV) using 
HDDNTA may be due to the formation of a larger 
fraction of the ion-pair complex at 3 M HNO3.

At 3 M HNO3, a small fraction of anionic nitrate 
species of Pu(IV) may be present. HDDNTA, being 
slightly more basic compared to HONTA, will give rise 
to more adduct formation according to Eq. (6), causing 
more ion-pair formation with the HDDNTA•H+ adduct 
at 3 M HNO3 solution as per the following equation: 
Where L is the ligand, HONTA or HDDNTA 

Hþaq þ Lorg Ð L �Hþorg (6) 

The P-values were compared for different NTA- 
amides and are tabulated in Table 1. It can be seen 
that, when a dodecyl group is attached to the NTA 
amide, it shows a better transport behavior of Pu(IV) 
than when the NTA amide contains a hexyl or octyl 
group.

The Pu(IV) transport data are compared with those 
previously reported with TODGA (with two amide 

groups and one ether linkage) [28] and a TAP-diamide, 
a ligand with a triarylpyridine center [26] (Table 1). Use 
of a phase modifier decreases the extraction efficiency 
and hence, the transport rates as reported before. 
Discounting the effect of phase modifier on the 
P-values, the present set of tripodal amide ligands 
yielded fairly good transport rates as compared to the 
TAP-diamide ligand or even HHNTA (Table 1).
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Figure 4. Transport of U(VI) and Am(III) across PTFE flat sheet membranes with different acidities; (a) U(VI) – HONTA; (b) U(VI) – 
HDDNTA; (c) Am(III) – HONTA and (d) Am(III) – HDDNTA. [Ligand]: 0.08 M in 10% isodecanol + 90% n-dodecane. Strip phase: 1 M Na2 

CO3 for U(VI) and 1 M α-HIBA for Am(III).

Table 1. Permeability data of Pu(IV) with different amide-based 
extractants, feed phase-3 M HNO3.

Carrier 
extractant

Concentration  
of carrier

Permeability  
coefficient ×103 (cm/s) Ref.

HHNTA 0.08 Mb,h 0.73 ± 0.04e 19

HONTA 0.08 Mb 0.70 ± 0.04e This work
HDDNTA 0.08 Mb 0.83 ± 0.02e This work
TAP-diamidea 0.1 Mc 0.66f 26

TODGA 0.1 Md 2.07g 27

aTriarylpyridine based diamide; b 10% isodecanol + 90% n-dodecane; c 5% 
isodecanol + 95% n-dodecane; d n-dodecane; e strip phase: 0.5 M oxalic 
acid + 0.5 M HNO3; f strip phase: 0.5 M NH2OH+1 M HNO3; g strip phase: 0.1 
M oxalic acid. h20% isodecanol + 80% n-dodecane.
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Comparative transport behavior of different actinide 
ions
Understanding the transport behavior of different metal 
ions is very important in order to develop a selective 
extraction scheme for a specific metal ion. This is quite 
a challenge in nuclear fuel cycle applications where the 
feed consists of a mixture of actinide ions. In view of 
this, the transport behavior of Pu(IV), Am(III) and 
U(VI) was investigated at 1 M HNO3 using 0.08 M 
ligand concentration. The feed acidity was fixed at 1 M 
HNO3 based on our earlier investigation where it has 
been observed that a higher selectivity of Pu(IV) extrac-
tion with respect to Am(III) and U(VI) was obtained at 
lower nitric acid concentrations.

The transport of Am(III) and U(VI) is <1% at 1 M 
HNO3 using 0.08 M ligand concentration (Fig. 2). On 
the other hand, the transport of Pu(IV) was 55.7 ± 2.8% 
and 6.7 ± 0.3% with HONTA and HDDNTA, respec-
tively, after 5 h. The observed trend (Fig. 2) of metal ion 
transport was Pu(IV) > U(VI) ~ Am(III) for HONTA 
membrane whereas that for HDDNTA membrane was 
Pu(IV)~U(VI)~Am(III). The higher transport rate for 
Pu(IV) can be explained based on the higher ionic 
potential as compared to those of the other two metal 
ions. The negligible transport of U(VI) and Am(III) can 
be attributed to lower complex formation as well as poor 
diffusion of the complexes formed. The relatively lower 
ionic potential value as well as the presence of two axial 
oxygen atoms on uranium decrease the effective binding 
of U(VI) with the ligands as compared to Pu(IV). The 
transport of Pu(IV) using HDDNTA was extremely 
poor compared to that using HONTA (Fig. 2) at 1 M 
HNO3. This may be due to the lower distribution ratio of 
Pu(IV) obtained with HDDNTA compared to HONTA 
at 1 M HNO3.[14] Complexation of Pu(IV) with 
HDDNTA at the feed–membrane interface decreases at 
1 M HNO3 compared to that of HONTA. This phenom-
enon reduces the overall transport of Pu(IV) through the 
membrane loaded with HDDNTA.

Effect of feed acid concentration
The nitrate ions participate in the metal ion extraction 
process and with an increase in the nitrate concentration 
in the aqueous phase, the equilibrium for metal-ligand 
complex formation shifts to the forward direction.

Therefore, an increase in the concentration of the 
metal-ligand-nitrate complex in the membrane phase 
will enhance the transport efficiency of metal ions 
through the membrane phase. It has been reported by 
us,[14] extraction of U(VI) and Am(III) with HONTA/ 
HDDNTA in 10% isodecanol +90% n-dodecane 
decreases with increase of the acidity from 10−2 to 1 M 
HNO3, whereas Pu(IV) has a high distribution ratio in 

a wide acidity range from 0.5 to 6 M HNO3. It suggests 
that feed nitric acid plays an important role in metal ion 
extraction and depending on the type of the metal ion, 
the effect may be different. This led us to investigate the 
effect of the nitric acid concentration in the feed phase 
on the transport of different metal ions across a SLM 
containing the respective ligands.

Effect of feed nitric acid on the transport of Pu(IV).
Radioactive feeds are generally in nitric acid medium of 
different concentrations. The transport of Pu(IV) was 
studied using 0.08 M HONTA/HDDNTA in 10% iso-
decanol +90% n-dodecane at 1, 3 and 6 M HNO3 feed 
solutions keeping the strip phase the same i.e., 0.5 M 
oxalic acid +0.5 M HNO3 in all cases. Figure 3 shows 
that the transport of Pu(IV) increases from 1 to 3 M 
HNO3 and decreases from 3 to 6 M HNO3 with both the 
ligands. The increase in the transport rate can be attrib-
uted to the tendency of nitrate ion complex formation 
that increases upon increasing feed acidity.[29] In addi-
tion there may be more ion-pair formation at higher 
acidity (vide supra) due to the presence of anionic spe-
cies of Pu(IV) [30] and protonated species of the ligand 
(HL+ adduct). Due to this phenomenon, the transport of 
Pu(IV) through the membrane increases. However, 
further adduct formation by HONTA/HDDNTA with 
nitric acid at higher feed nitric acid concentration 
resulted in a decrease in the free ligand concentration 
at the feed-membrane interface with concomitant 
decrease in the transport of Pu(IV) at 6 M HNO3.[29] 

Again the increased acidity (due to co-transport) in the 
receiving phase also decreases the stripping of Pu(IV) 
from the membrane phase. A similar decrease in the 
transport at higher acidity was also obtained in the 
transport studies of actinide ions by other authors 
[19,27] (Table 2).

At 3 and 6 M HNO3, the transport of Pu(IV) is higher 
using HDDNTA than with HONTA (Table 2). This is 
not in line with their extraction behavior reported 
before.[14] However, the number of ligand molecules 

Table 2. Effect of feed acid concentration on the transport and 
permeability coefficient of Pu(IV); Membrane: PTFE filled with 
0.08 M HONTA/HDDNTA in 10% isodecanol +90% n-dodecane; 
Feed: HNO3, Strippant: 0.5 M HNO3 +0.5 M oxalic acid, data at 4 
h.

[HNO3] 
M

HONTA HDDNTA

% 
Transport

PPu(IV)×103(cm. 
s−1)

% 
Transport

PPu(IV)×103(cm. 
s−1)

1 50.3 0.28 ± 0.01 5.5 0.02 ± 0.01
3a 78.2 0.70 ± 0.04 86.2 0.83 ± 0.02
6b 57.6 0.38 ± 0.01 69.3 0.53 ± 0.01

aHHNTA: P = (0.73 ± 0.04) × 10−3 cm s−1; b HHNTA: P = (0.52 ± 0.03) × 10−3 

cm s−1 (data taken from ref. 19).
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associated in the extracted species was reported to be 
lower for HDDNTA as compared to HONTA. SLM 
transport involved diffusion of the complex as the 
most important step.[25] Therefore, HDDNTA shows 
higher Pu(IV) transport than HONTA at higher 
acidities.

Effect of feed nitric acid on the transport of U(VI) and 
Am(III). A strong acid dependency has been observed 
in the range of 0.01 to 1 M HNO3 when U(VI) and 
Am(III) were extracted with HONTA/HDDNTA in 
10% isodecanol-90% n-dodecane.[14] Therefore, it was 
pertinent to investigate the transport behavior of U(VI) 
and Am(III) in the range of 0.01 to 1 M HNO3.

The transport of U(VI) was studied using 0.08 M 
HONTA/HDDNTA at 1 and 0.01 M HNO3 feed solutions 
(Fig. 4). For effective stripping of uranium, 1 M Na2CO3 

was used in the receiving phase. The U(VI) transport 
through the SLM was very low even after 5 h (≤1%) at 
both acidities for both the ligands while Am(III) transport 
was relatively more significant (38.5% with HONTA and 
6.96% with HDDNTA). This may be due to the low 
distribution ratio (DU(VI) <0.1) of U(VI) at both acidities 
using both the ligand solutions.[14]

Similarly, the pertraction of Am(III) was studied at 1 
and 0.01 M nitric acid feed solutions using 1 M α-HIBA 
as the stripping solution. About 0.56% and 0.09% of the 
Am(III) taken in the feed (1 M HNO3) were transported 
after 5 h for HONTA and HDDNTA, respectively. The 
poor transport rates indicate very low distribution ratio 
values of Am(III) at 1 M nitric acid solution.[14] On the 
other hand, the Am(III) transport increased consider-
ably when the feed solution consisted of 0.01 M nitric 
acid. For HONTA, 38.5% Am(III) was transported in 5 
h, while the corresponding value for HDDNTA is 7%. 

This result follows a similar trend as the reported dis-
tribution ratio values of both the ligands at pH 2.0. The 
distribution ratios of Am(III) reported in our previous 
work [14] were 3.37 and 0.04 using 0.02 M concentra-
tions of HONTA and HDDNTA in 10% isodecanol 
+90% n-dodecane, respectively. This poor transport of 
Am(III) through the membrane containing HDDNTA 
may be attributed to the fact that HDDNTA is more 
basic compared to HONTA and the extent of protona-
tion is more for HDDNTA at pH 2. Therefore, a lesser 
amount of free ligand is available to bind with Am(III) 
for HDDNTA.

Effect of the carrier concentration
In carrier mediated transport of metal ions through 
a SLM, complexation of metal ions with carrier ligand 
takes place at the feed–membrane interface and release 
of metal ions occurs at the membrane–strip interface. 
Therefore, the carrier ligand concentration plays an 
important role in the overall transport process. In view 
of this, transport studies of Pu(IV) were performed 
using three different ligand concentrations, viz., 0.02, 
0.05 and 0.08 M (for both HONTA and HDDNTA) in 
10% isodecanol +90% n-dodecane from feed solutions 
containing 3 M HNO3. The transport studies of metal 
ion (Pu4+) at 3 M HNO3 with blank membrane (without 
carrier) containing n-dodecane was done and <1% 
transport of Pu(IV) was seen in the receiver phase. By 
increasing the ligand concentration from 0.02 to 0.08 M, 
the metal ion transport (%T) increased for both the 
ligands (Fig. 5; Table 3) A plot of ln(Cf,t/Cf,0) versus 
time was given in Fig. 6, to estimate the permeability 
coefficient for the transport of Pu(IV) at 25 ºC across the 
SLM with both the ligands that indicated linear fitting of 
the experimental data points.
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Figure 5. Transport of Pu(IV) across PTFE flat sheet membranes with different carrier ligand concentrations for (a) HONTA and (b) 
HDDNTA, both in 10% isodecanol + 90% n-dodecane. Strippant: 0.5 M HNO3 + 0.5 M oxalic acid, Membrane- PTFE, pore size- 0.45µm.
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The “maximal phenomenon” assigned by Babcock 
et al.[31] depends on the following factors, such as: a) 
the concentration gradient of the metal-carrier complex, 
b) the viscosity of the medium and c) hindered diffusion 
of the metal complex due to the aggregation of the 
carrier. The increased transport percentages from 0.02 
to 0.05 M may be attributed to the increased carrier 
concentration of the medium. With further increase in 
ligand concentration, the distribution ratio may rise 
sharply due to aggregation, which may overcome the 
viscosity effect resulting in higher overall transport per-
centages of Pu(IV) at 0.08 M ligand concentration. In 
some analogous ligands such as TODGA, such aggregate 
formation has been reported at a certain concentration 
of the ligand.[32]

Effect of temperature on the transport of Pu(IV)
Most of the transport studies reported in literature are at 
ambient or constant temperature. The transport of 
Pu(IV) was studied to evaluate the activation energy of 
this process. This would shed light on whether it is 
controlled by the kinetics of reaction between the 
metal ion and the NTA amide at the source–membrane 
interface or by diffusion of the metal ion-ligand species 

through the membrane. For a diffusion controlled pro-
cess, the activation energy is less than 20 kJ•mol−1, 
whereas for a kinetically controlled process the activa-
tion energy is more than 42 kJ•mol−1. The processes for 
which the activation energy lies in between 20 and 42 
kJ•mol−1 are controlled by both kinetic factors and 
diffusion.[33–36]

The initial flux of the transport can be related to the 
temperature by the Arrhenius type behavior using the 
following formulae:[33,35] 

J0 ið Þ ¼ Ae
� Ea
RT (7) 

lnJ0 ið Þ ¼ lnA �
Ea

RT
(8) 

where J0 (i) is the initial flux of the transport of the 
metal ion, A is the pre-exponential factor, Ea is the 
activation energy, R is the gas constant (8.314 
J mol−1K−1) and T is temperature (K). By plotting ln J0 

versus 1/T, Ea can be obtained from the slope of the 
linear fitting of the plot. The transport studies of Pu(IV) 
using 0.08 M HONTA/HDDNTA in 10% isodecanol 
+90% n-dodecane were performed at four different tem-
peratures viz., 287, 298, 308 and 318 K. The plots of ln J0 

versus 1/T are presented in Fig. 7. The Ea value was 
calculated from the slope of the linear fitting. The Ea 

values, as calculated using Equation (8) , for HONTA 
and HDDNTA, are 33.0 ± 5.8 kJ mol−1 and 27.5 ± 4.3 kJ 
mol−1, respectively. The values of J0(i), J0 and the tem-
perature of analysis are given in the Table 4. This indi-
cates that the transport process involving Pu(IV) with 
both the ligands is controlled by both a chemical inter-
action at the source–membrane interface and diffusion 
of the metal-ligand species through the membrane. It 

Table 3. Effect of ligand concentration on the %transport and 
permeability coefficient of Pu(IV); Membrane: PTFE filled in 0.08 
M HONTA/HDDNTA in 10% isodecanol +90% n-dodecane; Feed: 
3 M HNO3; Strippant: 0.5 M HNO3 +0.5 M oxalic acid; data at 240 
min.

[Ligand] 
M

HONTA HDDNTA

% 
Transport

PPu(IV) × 103 

(cm s−1)
% 

Transport
PPu(IV) × 103 

(cm s−1)

0.02 62.5 ± 3.1 0.46 ± 0.01 54.8 ± 2.7 0.45 ± 0.02
0.05 69.7 ± 3.5 0.53 ± 0.01 58.3 ± 2.9 0.47 ± 0.01
0.08 78.2 ± 3.9 0.70 ± 0.03 86.2 ± 4.3 0.82 ± 0.03

Figure 6. Plots of ln (Cf,t/Cf,0) versus time (minute) for the transport of Pu(IV) across the SLM; Membrane: 0.08 M HONTA/HDDNTA in 
10% isodecanol + 90% n-dodecane; Feed. 3 M HNO3, strip. 0.5 M HNO3 + 0.5 M Oxalic acid.
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was found that the transport rates were faster at higher 
temperature (Fig. 8). This may be due to the combined 
effect of decreased viscosity of the medium, faster rate of 
association/dissociation reactions of the ions with the 
carrier ligands at the interfaces and through the mem-
brane phase at higher temperature, hence a better per-
formance of the membrane at high temperature [37]

The diffusion coefficient (D0) can be obtained using 
Wilke-Chang equation (Eq. 9) which is defined as per 
equation (9). 

D0 ¼ 7:4� 10� 8 χ0:5M0:5T
ηV0:6

m

� �

(9) 

where M is the molecular weight of the complex, 
M(NO3)4.2 L (M=Pu and L=HONTA/HDDNTA), χ 
and η are the solvent association parameter and viscosity 
of the solvent, respectively, Vm is the molar volume of 
the ML2 complex and T is the temperature in degree 
Kelvin. The molar volume of HONTA and HDDNTA 
was calculated as 1510.71 cm3mol−1 and 2303.19 cm3-
mol−1 respectively [38] whereas molecular weight of the 
Pu(NO3)4.2HONTA and Pu(NO3)4.2HDDNTA was cal-
culated to be 2207 and 2879, repectively. The dynamic 
viscosity of n-dodecane was used as an approximation 
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Figure 7. Arrhenius plot of Pu(IV) transport with (a) HONTA and (b) HDDNTA (both 0.08 M in 10% isodecanol + 90% n-dodecane).

Table 4. Data of initial flux (J0(i)) and modified initial flux (J0=J0 

(i)/l) with temperature for the transport of Pu(IV) through the 
membrane containing 0.08 M HONTA/HDDNTA in 10% isodeca-
nol-90% n-dodecane.

T (K) HONTA HDDNTA

J0(i) 
(molcm−2s−1)

J0(i)/l 
(molcm−3s−1)

J0(i) 
(molcm−2s−1)

J0(i)/l 
(molcm−3s−1)

288 1.14 × 10−4 1.42 × 10−2 1.31 × 10−4 1.64 × 10−2

298 1.59 × 10−4 1.99 × 10−2 1.93 × 10−4 2.41 × 10−2

308 3.28 × 10−4 4.11 × 10−2 2.27 × 10−4 2.84 × 10−2

318 3.83 × 10−4 4.78 × 10−2 4.16 × 10−4 5.20 × 10−2

Figure 8. Transport of Pu(IV) across PTFE flat sheet membranes with different operating temperatures for (a) HONTA and (b) HDDNTA 
(0.08 M ligand in 10% isodecanol + 90% n-dodecane). Feed phase: 3 M HNO3, Strip phase: 0.5 M HNO3 + 0.5 M oxalic acid.
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for the diluents system containing 10% isodecanol-90% 
n-dodecane that is 1.34 mPa.s and χ is taken as unity for 
the solvent system. The D0 values for Pu(IV) with 
HONTA and HDDNTA were 9.566 × 10−6 cm2/s and 
8.483 × 10−6 cm2/s, respectively.

Stability of the supported liquid membrane
The stability of the liquid membrane plays an important 
role for long-term applications and its reusability, thereby 
deciding the sustainability of the process. Several factors 
are responsible for the stability of SLMs.[39] Loss of carrier 
solvent from the membrane pores is the main contributor 
to reduce liquid membrane stability. Several attempts 
were done to improve the stability of SLMs by techniques 
such as interfacial polymerization [40] and coating of the 
membrane surface with a thin gel layer.[41] It was reported 
that the properties of the diluent play a crucial role to 
determine the long-term stability of a membrane.[42–44] 

To check the stability of the supported liquid membranes 
containing 0.08 M HONTA/ HDDNTA in 10% isodeca-
nol +90% n-dodecane, Pu(IV) transport studies were 
carried out taking 3 M HNO3 solution as feed and 0.5 M 
HNO3 +0.5 M oxalic acid as the receiver solution for 9 

consecutive days (Fig. 9 and Table 5). The feed and strip 
phases were changed with the respective fresh solution on 
each day before start of the experiment without disturbing 
the membrane. It was observed that for both ligands, the 
percentage of Pu transport through the membrane was 
marginally decreasing with time. After 9 days operation 
the percentage transport was more than 70% at 5 h 
operation for both the ligand solutions, which is consid-
ered quite satisfactory. Therefore, it indicates that both 
the SLMs have a reasonably good stability.

Conclusions

SLM transport studies involving Pu(IV), Am(III) and 
U(VI) with HONTA and HDDNTA ligands were per-
formed which indicated highly efficient separation of 
Pu from the other actinides with very little transport of 
Am(III) and U(VI). The feed nitric acid variation from 
1 to 6 M HNO3 indicated that the transport of Pu(IV) 
increased with the nitric acid concentration from 1 to 3 
M and decreased at 6 M HNO3 with both the ligands. 
This is attributed to the drastic reduction in the free 
ligand available for metal ion binding at 6 M HNO3 

due to the formation of a higher fraction of the H•L+ 

adduct at higher nitric acid concentration (6 M). The 
transport data indicated more than 80% transport of 
Pu(IV) at 3 M HNO3 after 4 h with both the ligands 
with a comparatively better transport with HDDNTA. 
However, surprisingly, the transport of Pu(IV) with 
HDDNTA was poor at 1 M HNO3 with only 5.5% 
transport after 4 h, which is in sharp contrast to 50% 
transport with HONTA. On the other hand, the trans-
port of Am(III) and U(VI) was less than 1% at 1 M 
HNO3 with both the ligands indicating a possible selec-
tive separation of Pu(IV) with HONTA from a mixture 

Figure 9. Transport of Pu(IV) across PTFE flat sheet membranes containing (a) HONTA and (b) HDDNTA (0.08 M ligand in 10% 
isodecanol + 90% n-dodecane). Feed: 3 M HNO3; Strip phase: 0.5 M oxalic acid + 0.5 M HNO3.

Table 5. Continuous transport of Pu(IV) using the same mem-
brane phase (0.08 M HONTA (or HDDNTA) in 10% isodecanol 
+90% n-dodecane) and fresh feed (3 M HNO3) and strip (0.5 M 
HNO3 +0.5 M oxalic acid) solutions over 9 days. Feed and strip 
volumes: 30 mL; Transport data at 5 h. HDDNTA data are given 
inside parentheses.

Day % Pu transport PPu(IV) × 103 (cm.s−1)

1 84.5 (86.2) 0.70 ± 0.04 (0.83 ± 0.02)
2 81.6 (76.2) 0.60 ± 0.05 (0.64 ± 0.04)
6 80.2 (74.5) 0.59 ± 0.02 (0.63 ± 0.02)
8 73.7 (68.3) 0.45 ± 0.01 (0.51 ± 0.02)
9 67.7 (66.5) 0.39 ± 0.04 (0.49 ± 0.02)

SEPARATION SCIENCE AND TECHNOLOGY 391



of Pu(IV), Am(III) and U(VI). The temperature varia-
tion study gave activation energy values of Pu(IV) 
transport with HONTA and HDDNTA of 33.0 ± 5.8 
kJ mol−1 and 27.5 ± 4.3 kJ mol−1 respectively, showing 
that the transport was controlled by both kinetic para-
meters and diffusion. The stability study of the mem-
brane over 9 days showed a reasonably good stability of 
the membrane with both the ligands. The present study 
indicates the possible application of these ligands for 
the selective removal of plutonium from acidic waste 
solutions, including laboratory wastes, using the SLM 
technique with occasional replenishment. As such this 
method requires extremely low ligand inventory and it 
is proposed to scale up the operations using hollow 
fiber supported liquid membranes.
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