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The ex trac tion be hav ior of am er i cium, plu to nium, and ura nium from ni tric or hy dro chlo ric
acidic me dium by a so lu tion of malonamide or tributyl phos phate in trioctylmethylammonium
chlo ride (Aliquat 336) or trihexyl(tetradecyl)phosphonium chlo ride (Cyphos 101) ionic liq uids
were stud ied. The ex trac tion per cent age of these actinides was mea sured as a func tion of a con -
cen tra tion of ni tric or hy dro chlo ric acid and a set com bi na tion of a room tem per a ture ionic liq uid
and an extractant. The pure room tem per a ture ionic liq uids could ex tract the plu to nium and ura -
nium to var i ous de grees, with the com bi na tions with extractants af fect ing the ex trac tion per cent -
ages fur ther. The 100 % ex trac tion ef fi ciency of plu to nium was achieved across all con cen tra tions
of HCl with the com bi na tions of Cyphos 101 and malonamide. 100 % ex trac tion ef fi ciency of
ura nium was achieved by Cyphos 101 and malonamide from dis tilled wa ter. Am er i cium was not
ex tracted by any com bi na tion un der any con di tions.

Key words: room-tem per a ture ionic liq uid, am er i cium, plu to nium, ura nium, malonamide,
tributyl phos phate, ex trac tion per cent age

IN TRO DUC TION

With the fo cus on lim it ing car bon emis sions in elec -
tric ity pro duc tion and phas ing out fos sil fu els, cur rently,
nu clear en ergy re mains one of the only two forms that can
con tin u ously pro duce needed power. While it has the low -
est car bon foot print of the elec tric ity sources, nu clear
waste, and its han dling and stor ing re mains one of the de -
trac tors from nu clear en ergy. There fore, re pro cess ing of
spent nu clear fuel is of great in ter est, with the PUREX
method al ready pro duc ing mixed ox ide (MOX) fuel.
Even though new pro cesses and pro ce dures for ex tract ing
plu to nium and ura nium from the spent fuel are be ing con -
tin u ously de vel oped [1], namely ex trac tion chro ma tog ra -
phy and dis cov er ies of var i ous ex trac tion ma te ri als, liq -
uid-liq uid ex trac tion (LLE) re mains one of the main
meth ods for sep a ra tion. How ever, tra di tional LLE with
or ganic mo lec u lar sol vents, while still be ing ir re place able
in some ap pli ca tions, is be ing re con sid ered where pos si ble 
to limit the amount of the sol vents and to re place it with
less vol a tile sub stances. The search for a greener sol vent
co in cides with in creased in ter est in room tem per a ture
ionic liq uids (RTIL), a long-known but rel a tively re cently
fur ther stud ied new cat e gory of mol ten salts. The RTIL in -
cludes one or more alkyl side chains con nected to one of

its ions and one of the ions also needs to be large with a low 
de gree of sym me try for the RTIL to re main liq uid. The
most com mon cat ions now a days in clude imidazolium,
pyrrolidinium, piperi- dinium, am mo nium, and
phosphonium cat ions. An ions can range from sim ple ones 
like chlo ride or ni trate to (fluorosulfonyl) im ides. The per -
ceived green ness of RTIL is how ever still dis cussed [2].
They are es pe cially chal lenged by tox ic ity re search stud -
ies, as while RTIL may not evap o rate eas ily, they can still
en ter the en vi ron ment. Due to the ionic struc ture, a wide
range of an ions and cat ions can be paired to gether to
achieve the de sired ca pa bil i ties. It is es ti mated that there
are up to 1018 pos si ble com bi na tions. The RTIL is be ing
stud ied for a wide range of ap pli ca tions in clud ing ex trac -
tion and sep a ra tion, bio mass uti li za tion, lu bri cants or sup -
port to mem branes, phar ma ceu ti cal salts, syn thetic re ac -
tions, and oth ers.

Nu mer ous com bi na tions of RTIL and extractants
were in ves ti gated for the ex trac tion of actinides by sev eral
re search ers. The cur rently most stud ied RTIL are based on 
imidazolium cat ions in com bi na tion with var i ous neu tral
extractants. The Pu(IV), Am(III), and ura nyl ion
UO2

2were all suc cess fully ex tracted by N, N-Diisobutyl
-2-[octyl (phenyl) phosphoryl] acetamide (CMPO) or
tributyl phos phate (TBP) in [C4 mim][PF6] [3]. Ex trac tion
of rare earth met als by imidazolium [Cn mim] RTIL with
added organophosphorus, diglycolamide, ketone, or

L. Kanka, et al., Liq uid-liq uid Ex trac tion of Am(III), Pu(IV) and U(VI) ...
138 Nuclear Tech nol ogy & Ra di a tion Pro tec tion: Year 2024, Vol. 39, No. 2, pp. 138-145

* Cor re spond ing au thor, e-mail: jiri.jand unob.cz



phos phine ox ide extractants (HDEHP, TODGA, HPMBP, 
and Cyanex re spec tively) was stud ied by Kubota and
Goto [4] and Gujar et al. [5]. Chen et al. [6] and
Nakashima et al. [7] stud ied a com bi na tion of CMPO
extractants in [bmim] RTIL. Ex trac tion of U(VI) TBP in
[bmim][Tf2N] was stud ied by Giridhar et al. [8]. Vasudeva
Rao et al. [9] stud ied the ex trac tion of U(VI) by
[bmim][PF6] and [bmim][Tf2N] with TBP. Rout et al. [10]
stud ied the sep a ra tion of Eu(III) from Am(III) us ing
[omim][Tf2N] with D2EHPA and HDEHDGA extractants. 
Ex trac tion of Am(III) by CMPO-functio- nalized pil -
lar[5]arenes (POP5A) in [C8 mim][Tf2N] was re ported by
Sengupta et al. [11]. Chen et al. [12] stud ied the ex trac tion
of U(VI) with phos phine ox ide functionalized POP5A in
[C8 mim] [Tf2N]. Ex trac tion of ura nyl ion by TOPO and its
mix ture with D2EHPA in [Cn mim] [Tf2N] was stud ied by
Mohapatra et al. [13]. Shen et al. [14] stud ied the ex trac -
tion of ura nyl ions with diglycolamide extractant in [Cn
mim][Tf2N]. Ex trac tion of U(VI) and Pu(IV) us ing
tri-alkylamines in [Cn mim][Tf2N] was re ported by Ansari
et al. [15]. Rama et al. [16] re ported the sep a ra tion of
Pu(IV) us ing 2-hydroxy acetamide in [C4 mim][Tf2N].
Panja et al. [17] also in ves ti gated the ex trac tion be hav ior
of se lected actinides us ing TODGA in [Cn mim][Tf2N].

Be sides imidazolium RTIL, other types are also
used for ex trac tions. Bell and Ikeda [18] tested am mo -
nium-based RTIL in com bi na tion with TBP to ex tract
U(VI) from a ni tric acid me dium. Rout et al. [19] re ported
ex trac tion of Pu(IV) by trioctylmethylammonium bis
(trifluoromethanesulfonyl) imide [N1888][Tf2N] RTIL con -
tain ing monoamide N,N-dihexyloctanamide (DHOA).

In some cases, RTIL can ex tract the metal with out
an ad di tional extractant, such as in the case of ex trac tion 
of Ce(IV) by pure [C8 mim] PF6 [6]. Pure [N1888]

+

-based RTIL was suc cess fully in ves ti gated for heavy
rare earth metal sep a ra tion by Kubota and Goto [4].

The most com mon mech a nism of ex trac tion of ions
in var i ous va lence states with the ad di tion of neu tral or -
ganic extractants (TBP, CMPO, malonamide, or diglycol)
is cat ion ex change. The pres ence of an extractant is nec es -
sary since ex trac tion of cat ions by pure imidazolium RTIL
is neg li gi ble [20]. Cat ion ex change is also pre ferred with
shorter alkyl chains of the cationic part of RTIL and more
hy dro pho bic an ions. The cat ion ex change by its mech a -
nism leads to a loss of RTIL into an aque ous phase, lim it -
ing the sustainability of the pro cess.

The ex trac tion of neu tral ion pairs is usu ally
achieved in higher con cen tra tions of min eral ac ids,
mostly HNO3, where the acidic an ion neu tral izes the
me tal lic cat ion. Ex trac tion of neu tral or ion pair spe -
cies is also sup ported by hy dro pho bic cat ions of RTIL.

The ex trac tion of an ionic spe cies is re ported for com -
bi na tions of imidazolium RTIL with var i ous extractants
(BenzoDODA, DMDOHEMA [21], DMDBMA [22])
from higher, usu ally 3M* or 4M, con cen tra tions of ac ids.
Some of the an ionic spe cies of met als can be ex tracted by

pure RTIL [22]. While tri va lent actinides re quire the pres -
ence of an extractant as pure RTIL achieves neg li gi ble
ex trac tion, tetra- and hex ava lent actinides have been re -
ported to be ex tracted by pure RTIL from higher con cen tra -
tions of ac ids [20].

In gen eral, the ex trac tion tech niques can dif fer
based on the ap plied extractant, length of the alkyl
chains of RTIL's cat ion, con cen tra tion of the acid in
the aque ous phase, or any com bi na tion of the three.

Thus, based on the in for ma tion pro vided by Rout
et al. [23], trioctylmethylammonium chlo ride (Aliquat
336) and trihexyl(tetradecyl)phosphonium chlo ride
(Cyphos 101) RTIL were se lected for study of their ca pa -
bil ity to ex tract ura nium, plu to nium and am er i cium. The
rea son ing was par tially due to the stated as sump tion of
them not ex hib it ing cat ion ex change, and par tially be -
cause no pa per was found at the time that stud ied these
RTIL in greater de tail. At the time of the be gin ning of the
study, only the work by Rout et al. [19] was found that
nev er the less used dif fer ent ex tract ing agents, and the
struc ture of the RTIL is also sig nif i cantly dif fer ent due to
us ing bis(trifluoromethanesulfonyl)imide in stead of
chlo ride. Since then, Rout and Ramanathan pub lished a
pa per in 2022 about the use of Cyphos ni trate for ex tract -
ing plu to nium [24].

As the gen eral as sump tion about the ex trac tion of
met als by RTIL is that pure RTIL rarely achieves sig nif i -
cant val ues, ex tract ing agents were se lected to be dis -
solved in RTIL to study pos si ble synergic ef fects. Based
on the re search, malonamide, and tributyl phos phate [22] 
[8] were cho sen as the ini tial extractants.

EX PER I MEN TAL SEC TION

Ma te ri als

All the chem i cals used were of an a lyt i cal grade and 
were used as re ceived, methyltrioctylammonium chlo -
ride (mix ture of C8-C10 with C8 pre dom i nat ing, Aliquat 
336, la beled AL) was ob tained from Sigma- Aldrich
(USA), trihexyltetradecylphosphonium chlo ride
(Cyphos 101, la beled CY) from Sigma-Aldrich (USA)
and Abcr (Ger many), malonamide (la beled MA) from
Lach-Ner, (Czech Re pub lic), and tributyl phos phate (la -
beled TBP) from Fluka (USA). Ni tric and hy dro chlo ric
ac ids were pro cured from Penta, Inc. (Czech Re pub lic).
Radiochemical iso tope trac ers 232U, 238Pu, and 241Am
were ob tained from AEA Tech nol ogy, UK, and QSA
Amersham In ter na tional. The 232U tracer was pre pared
by re mov ing its 228Th daugh ter us ing ion ex change resin
BIORAD AG 1-X8 (200-400 mesh).

Pro ce dures

The steps to de ter mine the ex trac tion per cent -
ages for each com bi na tion of RTIL, aque ous phase,
and radionuclide were as: dis solv ing the extractant in
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the ionic liq uid sup ported by an ul tra sound bath, add -
ing the aquatic phase into the sep a ra tion tubes, add ing
the radionuclide, add ing the equiv a lent of 1 mL of the
ionic liq uid with the extractant, mix ing of phases sup -
ported by a ro ta tor, sep a ra tion of the phases sup ported
by a cen tri fuge, trans fer ring an aliquot of the or ganic
phase into scin til la tion cock tail, and liq uid scin til la -
tion count ing. Each sam ple was pre pared twice for the
sta tis ti cal eval u a tion.

Based on the re search the ini tial con cen tra tion of 
extractants was se lected as 0.1 mol dm–3. The ap pro -
pri ate amount of malonamide was weighed and added
to the weight equiv a lent of 20 mL of ionic liq uid that
was used for one batch of tests. The mix ture was
placed into the Sonorex ul tra sonic bath (Bandelin
elec tronic GmbH & Co. KG, Ger many) for 90 min utes
at 25 °C. The length of time was de ter mined ex per i -
men tally to en sure com plete dis so lu tion of the
extractant. In the case of TBP, the ap pro pri ate vol ume
was mea sured, and the mix ture was placed into the ul -
tra sound bath for 90 min utes to en sure the same con di -
tions as the ionic liq uid.

The 1 mL of the aque ous phase was added into 5
mL ClikLok MCT tubes (Simpot Sci en tific Inc., Can -
ada). The aque ous phase was formed by dis tilled wa -
ter, 0.01M, 0.1M, and 1-5M ni tric acid, or 0.1M, 1M,
4M, and 7 M hy dro chlo ric acid.

An aque ous sam ple of a radionuclide was added
to each tube with the aque ous phase. The ac tiv i ties of
the sam ples were 80 Bq for 241Am, 104.6 Bq for 238Pu,
and 60.6 Bq for 232U.

Due to the high vis cos ity of the used ionic liq -
uids, add ing a spe cific vol ume in tro duced sig nif i cant
er rors and was not fea si ble. There fore we weighed an
equiv a lent of 1 mL with an er ror mar gin of   0.005 g (a 
sin gle drop let from a 1mL pi pette) into the vi als with
the aque ous phase and radionuclide.

The tubes were placed at the Ro ta tor Drive STR4 
(Stu art Sci en tific, UK) to sup port the mix ing of
phases. The ro ta tor was set at 40 rpm* for 2 hours.

The tubes were then set tled for 30 min utes and
placed into the MPE-340 cen tri fuge (Mechanika
precyzyjna, Po land) for 1 min ute at 626 RCF** to sup -
port the phase sep a ra tion.

Sim i larly to the mea sur ing of 1 mL of RTIL,
mea sur ing the pre cise vol ume to be added into the
AquaLight (Hidex, Fin land) scin til la tion cock tail was
im pos si ble, there fore the equiv a lent of 500 L was
weighted into the scin til la tion vial.

Vi als with the sam ples were in serted into the
Hidex 300 SL Scin til la tion Coun ter with PLI set at 0.
The whole set of sam ples was left for 10 min utes in
dark ness be fore mea sure ments. Each vial was mea -
sured 3 times for 300 seconds.

The ac tiv ity of the sam ples was de ter mined
based on the mea sured counts per min ute (cpm). The

cpm of each sam ple was av er aged, then both sam ples
of the same com bi na tion were av er aged, and stan dard
de vi a tion s was de ter mined as

s
m


 ( )X

N

2
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The ex trac tion per cent age %E was cal cu lated as
a ra tio of the cal cu lated ac tiv ity from the sam ples and
the orig i nal ac tiv ity of the tracer radionuclide, mul ti -
plied by 100

% [%]E
A

A
 sample

tracer

100 (2)

Back ground ra di a tion was mea sured and av er -
aged for each com bi na tion of RTIL, extractants, and
con cen tra tions of ac ids. The ini tial re sults from scin til -
la tion count ing for each sam ple were re duced by the
value of the re spec tive back ground. 

Quench ing for all com bi na tions of RTIL, ex-
tractants, and con cen tra tions of ac ids was mea sured and
in cluded in the cal cu la tions of the ac tiv ity of the sam ple. 

Due to var i ous lev els of wa ter ab sorp tion by
RTIL based on the con cen tra tion of ac ids in the aque -
ous phase, the re main ing aque ous phase was mea sured 
to de ter mine the to tal vol ume of the or ganic phase
from which a por tion was taken for scin til la tion count -
ing. This ra tio was in cluded in the fi nal cal cu la tion of
the sam ple ac tiv ity.

RE SULTS AND DIS CUS SIONS

The ex trac tion per cent ages from dis tilled wa ter as 
the aque ous phase are in cluded in both ex trac tions from
HCl and HNO3 as a “0” M con cen tra tion of an acid in all 
fig ures. For better vis i bil ity at lower con cen tra tions, a
fixed in ter val for all val ues on the x-axis was used.

The ini tial in tent to in clude ex trac tion per cent -
ages of the extractants in tra di tional vol a tile or ganic
sol vents proved to be im pos si ble to achieve as
malonamide could not be dis solved in any of the used
sol vents that can pro duce a phase bound ary with wa ter 
(see tab. 1, rel a tive po lar i ties taken from [25]). How -
ever, the fact that malonamide can be dis solved in
RTIL and the com bi na tion can en hance the ex trac tion
prop er ties of pure RTIL is one of the ben e fits of RTIL
im ple men ta tion.

Since no stud ies were avail able for AL or CY, we 
could not com pare the ob served aque ous phase ab -
sorp tion to any ex ist ing data. Rout and Ramanathan
[24] stated the strong hy dro pho bic char ac ter of
Cyphos ni trate, Rout et al. [19] did not men tion any
hy dro pho bic or hy dro philic prop er ties of [N1888]
[Tf2N]. Per formed test ing shows a sig nif i cant aque ous
phase ab sorp tion by RTIL at low ni tric acid con cen tra -
tions up to 2M, with AL ab sorb ing up to 17 % of the
aque ous phase and CY ab sorb ing up to 11 %. Be sides,
AL forms a third phase with dis tilled wa ter and 0.01M
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ni tric acid. For com par i son, the amount of ab sorbed
aque ous phase in [Cn mim][[Tf2N] or [bmim][[Tf2N]
RTIL is re ported to be in creas ing with the con cen tra -
tion of ni tric acid [8, 22]

The ex trac tion of 241Am proved in ef fec tive by all
tested com bi na tions, the over all ex trac tion ef fi ciency is
be low 5 % and only in sev eral in stances reaches 10 %.
The ex pected rea son is that unsubstituted MA and TBP
do not form com plexes with 241Am that can be ex tracted
by the used RTIL. The ex trac tion ef fi ciency for 232U is al -
most iden ti cal re gard less of the pres ence or ab sence of an 
extractant, with the only sig nif i cant dis tinc tion of ex trac -
tion with AL + MA from dis tilled wa ter or low con cen -
tra tions of ni tric acid. The ex trac tion ef fi cien cies for
238Pu de pend on the com bi na tion of RTIL, extractant,
and aque ous phase.

Ex trac tion of U

All but two com bi na tions can ex tract uraniuma
with an ef fi ciency greater than 25 % and ex ceed ing 50 %
for most. There is a strong sim i lar ity be tween the ex trac -
tion per cent ages of pure RTIL and RTIL with extractants, 
with sev eral sig nif i cant dis tinc tions.

Ex trac tion of U us ing AL

Ex trac tion per cent ages for pure AL and AL + TBP
are al most iden ti cal, es pe cially in ex trac tions from HCl
aque ous phase, fig. 1. Ex trac tion by AL + MA fol lows
the same trend from 0.1  7M HCl so lu tions, the only sig -
nif i cant out lier is the ex trac tion us ing AL + MA from dis -
tilled wa ter, where the ex trac tion ef fi ciency is 92 2 %
in di cat ing a dif fer ent ex trac tion method by MA. Spjuth
et al. [26] does not in clude val ues for ex trac tion from the
dis tilled wa ter and con sid ers only HNO3 con di tions.
How ever, it states that ex trac tion at con cen tra tions of

HNO3 < 1 M fol lows the co-or di na tion of neu tral ni trate
com plexes. This would in di cate that chlo ride com plexes
are not ex tracted by MA and a dif fer ent com plex is
formed in the dis tilled wa ter even in the pres ence of chlo -
ride an ions from the AL. Oth er wise, the ex trac tion per -
cent age is 25-30 % in dis tilled wa ter and 0.1M HCl, then
in creas ing to 55-60 % from 1M HCl and slowly de creas -
ing to the range of 50 % ex trac tion ef fi ciency from 7M
HCl. There fore, the pres ence of any of the tested
extractants does not change the ex trac tion ef fi ciency of
the pure AL from 0.1 – 7M HCl so lu tions, with the ex -
trac tion per cent age reach ing a max i mum of 1M HCl.

Ex trac tions from HNO3 show sim i lar i ties to ex -
trac tions from HCl, namely low ef fi cien cies for pure
AL and AL + TBP from dis tilled wa ter or at low con cen -
tra tions, reach ing max i mum from 1M HNO3 and then
de creas ing. How ever, the ex trac tion per cent ages are
sig nif i cantly higher than in HCl con di tions reach ing
82-95 %, with pure AL hav ing the high est per cent age, 
and  the  min i mum  from  5M  HNO3 is still over 73 %,
fig. 2. Com bi na tion of AL + MA main tains high ef fi -
ciency of 83 4 % even from 0.01M HNO3 sug gest ing
ex trac tion of neu tral ni trate com plexes by MA, whereas 
the ex trac tion per cent ages of both pure AL and AL +
TBP drop sig nif i cantly to 7-8 % from 0.01M HNO3,
even though TBP should form neu tral ni trate com plex
as well, be fore in creas ing to 45-47 % for AL with
extractants and 62 1 % for pure AL from 0.1M HNO3.
From 0.1M HNO3, all vari ants show sim i lar ex trac tion
per cent ages, with pure AL hav ing slightly higher val ues 
than the vari ants with extractants till to 3M HNO3. The
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Ta ble 1. Over view of the ca pa bil ity of se lected sol vents to
dis solve MA and main tain phase bound ary with wa ter
based on their rel a tive po lar ity

Sol vent Rel a tive
po lar ity

Dissolves
MA

Wa ter
mis ci ble

n-dodecane 0.000 – –
n-heptane 0.012 – –

xylene 0.074 – –
to lu ene 0.099 – –
ben zene 0.111 – –

di ethyl ether 0.117 – –
chlo ro form 0.259 – –

pyridine 0.302 – –
1,2-dichloroethane 0.327 – –

benzonitrile 0.333 + form ing
emul sion

N, N-dimethylpropyleneurea 0.352 + +

N, N-dimethylformamide 0.386 + +

dimethylsulphoxide 0.444 + +
formamide 0.799 + +

Fig ure 1. Ex trac tion per cent age of U from dis tilled wa ter
and 0.1-7 M HCl by AL, AL + MA, AL + TBP

Fig ure 2. Ex trac tion per cent age of U from dis tilled wa ter
and 0.01-5 M HNO3 by AL, AL + MA, AL + TBP



drop of the ef fi ciency for AL + MA at 0.1M HNO3 to the 
level of AL + TBP sug gests a change in the ex trac tion
mech a nism to one that is sup press ing the ex trac tion
prop er ties of the pure AL. A pos si ble ex pla na tion could
be a cocreation of non-neu tral com plexes with the
extractants that can not be ex tracted by the pure AL.

Ex trac tion of U us ing CY

Ex trac tion of U by CY or CY + extractant fol lows
a sim i lar trend for both HCl and HNO3, while ex trac -
tions from HNO3 have higher ef fi ciency. The ex trac tion 
per cent ages are like those for pure CY and CY +
extractants, es pe cially in ex trac tions from HCl, fig. 3,
where the ef fi cien cies are nearly iden ti cal. The max i -
mum ef fi ciency of 91 2% for pure CY and 99 3 % for
CY + MA is achieved from dis tilled wa ter. The ef fi -
ciency then drops to the 64 % range at 0.1M HCl and
grad u ally de creases to 5 the 4 % range.

In ex trac tions from HNO3, the high est ef fi ciency
for any com bi na tion is from dis tilled wa ter, where CY +
+ MA and CY + TBP reach over 98 % and pure CY has
an ex trac tion per cent age of 91 2 %. The ef fi ciency then
de creases grad u ally to the 70-85 % range with CY + TBP 
com bi na tion main tain ing higher ef fi cien cies, fig. 4.

Ex trac tion of Pu

Ex trac tion of Pu is much less con sis tent com -
pared to U. The val ues range from 0 to 100 % and there 
is some out lier value break ing the trend for most com -

bi na tions. Add ing the extractants to the RTIL has a no -
tice able im pact in ei ther in creas ing or de creas ing the
ex trac tion per cent age com pared to the pure RTIL.

Ex trac tion of Pu us ing AL

Pure AL ex trac tions from HNO3, fig. 5, reach
their max i mum ex trac tion per cent age of 85 4 % from
dis tilled wa ter, then de creases to 7 1 % from 0.1M
HNO3 be fore ris ing to 61 1 % at 1 M and then trending
from 56 % to 71 % from con cen tra tions 2M-5M. The
ad di tion of MA pro vides a slightly smaller ef fi ciency
than dis tilled wa ter at 68 6 % in creas ing the ex trac tion
per cent age to 73 1 % from 0.01M HNO3 com pared to
15 1 % of pure AL. This in crease in di cates the for ma -
tion of neu tral ni trate com plexes by MA and
Puextracted by AL. The ef fi ciency drop for AL + MA at
0.1M is com pa ra ble to the pure AL, how ever, the ex -
trac tion per cent age re mains low at 5  1 % even from
1M HNO3. From 2M- 5M, the ef fi ciency fol lows a sim -
i lar in creas ing trend with slightly smaller val ues of
45-68 %. While the ad di tion of TBP de creases the ini -
tial ex trac tion per cent ages from dis tilled wa ter and
0.01M HNO3 to 55 4 %, the ef fi ciency drops only to
40 1 % at 0.01M com pared to 7 1 % and 7 3 % for
pure AL and AL + MA, re spec tively. The ef fi ciency in -
creases to 73 3 % at 1 M and then trends up to 85 %
from 4-5M HNO3. The drop for AL + MA from 0.1M
and 1M HNO3 would in di cate the for ma tion of a dif fer -
ent spe cies than the neu tral ni trate com plex by MA and
Pu, how ever, TBP achieves ex trac tions over 40 % and
70 % from 0.1M and 1M HNO3, re spec tively, and the
ex tracted spe cies should be sim i lar neu tral ni trate com -
plex. More over, if a formed spe cies is not ex tracted by
the extractant, it should be ex tracted by the RTIL it self,
there fore reach ing at least the ef fi ciency of pure RTIL,
which is not the case. This means that the pres ence of
MA de creases the ex trac tion ca pa bil ity of the RTIL.
The sim i lar ex trac tion per cent ages of pure AL and AL + 
+ MA above 2M HNO3 sug gest that the pre dom i nant
mech a nism is the an ion ex change of the pure AL. The
in creas ing ex trac tion ef fi ciency of TBP with the in -
creas ing con cen tra tion of HNO3 was re ported by
Vasudeva Rao [27] with the ex pected ex tracted spe cies
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Fig ure 3. Ex trac tion per cent age of U from dis tilled wa ter
and 0.1-7 M HCl by CY, CY + MA

Fig ure 4. Ex trac tion per cent age of U from dis tilled wa ter
and 0.1-7 M HNO3 by CY, CY + MA, CY + TBP

Fig ure 5. Ex trac tion of Pu from dis tilled wa ter and
0.01-5 M HNO3 by AL, AL + MA, AL + TBP



be ing the neu tral ni trate com plex. The TBP was used
with out any ad di tional sol vent. How ever, the re ported
neu tral ni trate com plexes at high con cen tra tions of
HNO3 should not be ex tracted by AL as an ion ex change 
should be the main ex trac tion tech nique at that acid ity
range.

The ex trac tion per cent ages from HCl, fig. 6, are
ini tially sim i lar to those from HNO3, with pure AL and 
AL + MA drop ping to sub 10% ef fi ciency from 0.1M
HCl and AL + TBP drop ping to 37 2 % ef fi ciency, in -
di cat ing that TBP is form ing dif fer ent com plexes that
MA. How ever, ef fi cien cies for all three vari ants are
less than 10 % at 1M, with ex trac tions with the AL +
MA com bi na tion be ing barely mea sur able. The ef fi -
cien cies in crease for pure AL and AL + TBP to 80 %
range at 4 M, while for AL + MA the ef fi ciency in -
creases only to 21 1 %. The ex trac tion per cent ages of
all three vari ants are within 80-90 % from 7M HCl.
Higher per cent ages from con cen tra tions of HCl > 4 M
than from HNO3 sug gest greater af fin ity of the AL to
the formed an ionic chlo ride com plexes than ni trate
com plexes. The de crease of ef fi ciency in the pres ence
of MA from 0.1-4M HCl be low the ef fi ciency of the
pure AL can in di cate an un de sir able in ter ac tion of MA
with AL or the for ma tion of non-extractable com -
plexes un der those con di tions.

Ex trac tion of Pu us ing CY

The ex trac tion of Pu by pure CY or CY +
extractants from HNO3 shows min i mal dif fer ences in
the ex trac tion per cent ages among the three vari ants,
fig. 7. All three vari ants main tain ef fi ciency around
100 % from dis tilled wa ter and 0.01-0.1M HNO3. The
ef fi cien cies drop to 55-65 % at 1M. From 2M, CY +
MA drops fur ther to 57 2 % in di cat ing at least par tial
for ma tion of non-extractable com plexes, whereas
pure CY in creases to 80 2 % and CY + TBP in creases
to 70 3 %. For con cen tra tions 3M and above, all three 
vari ants pla teau within 83-91 %. 

The most sig nif i cant dif fer ence be tween pure
CY and CY + MA was achieved in ex trac tions of Pu
from HCl, fig. 8. While pure CY pro duces sim i lar ex -
trac tion per cent ages to pure AL with max i mum ef fi -
ciency of around 100 % with ex trac tions from dis tilled
wa ter, de crease to sub 10 % ef fi ciency from 0.1M and

1M HCl and then pla teau within 75-80 % from
4M-7M, the com bi na tion of CY + MA main tains the
ex trac tion per cent age of 100 % from all con cen tra -
tions of HCl.

CON CLU SIONS

Whereas am er i cium can not be ex tracted by any
com bi na tion of Cyphos 101 or Aliquat 336 and
malonamide or tributyl phos phate in sig nif i cant
amounts, plu to nium, and ura nium can be ex tracted with
ex trac tion per cent ages above 80 % with sev eral com bi -
na tions. More over, some com bi na tions can suc cess fully
pro vide sep a ra tion of the two actinides, namely AL +
MA from 1M HNO3 where the ex trac tion ef fi ciency for
plu to nium is be low 5 % and for ura nium over 85 %. On
the other hand, plu to nium can be ex tracted with an ef fi -
ciency of over 80 % with pure AL from dis tilled wa ter,
whereas the ef fi ciency for ura nium is be low 10 %. The
plu to nium can be ex tracted with an ef fi ciency reach ing
100 % with CY + MA from HCl of any con cen tra tion.
The ura nium can be ex tracted with an ef fi ciency reach -
ing 100 % with AL + +.TBP from 0.1M HNO3. Ex trac -
tion per cent ages of most com bi na tions from dis tilled wa -
ter ex ceeded 50 %, ex cept for ex tract ing ura nium with
AL and AL + TBP. The ex trac tion mech a nism is ex -
pected to be an ion ex change for acid con cen tra tions
above 3M and the for ma tion of neu tral com plexes be low
3M. How ever, sig nif i cant ir reg u lar i ties in the ex trac tion
per cent ages, es pe cially with MA as an ex tract ing agent
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Fig ure 6. Ex trac tion of Pu from dis tilled wa ter and 
0.1-7 M HCl by AL, AL + MA, AL + TBP

Fig ure. 7 Ex trac tion of Pu from dis tilled wa ter and
0.01-5 M HNO3 by CY, CY + MA, CY + TBP

Fig ure 8. Ex trac tion of Pu from dis tilled wa ter and
0.1-7 M HCl by CY, CY + MA



would re quire fur ther stud ies in this area to de ter mine the
ex act ex tracted spe cies. While plu to nium can be ex -
tracted from higher con cen tra tions of ac ids to limit the
pass ing of the aque ous phase into the RTIL, ex trac tion of
uranium de creases with the in creas ing acid con cen tra -
tions, mak ing an aque ous phase trans fer into RTIL a pre -
vail ing is sue. Chlo ride vari ants of the used RTIL proved
ad van ta geous in higher con cen tra tions of ac ids, as dur -
ing the an ion ex change no ir re place able part is lost, com -
pared to the loss of cat ion from imidazolium RTIL dur ing 
their ex trac tion pro cesses.
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Lukas KANKA, Jir`i JANDA

EKSTRAKCIJA  TE^NOST-TE^NOST  Am(III),  Pu(IV)  I  U(VI)  KORI[]EWEM
MALONAMIDA  I  TRIBUTIL  FOSFATA  U  JONSKIM  TE^NOSTIMA

NA  SOBNOJ TEMPERATURI  KAO  RAZBLA@IVA^U

Ispitivano je pona{awe ekstrakcije americijuma, plutonijuma i uranijuma iz azotne ili
hlorovodoni~ne kiseline jonskim rastvorima malonamida ili tributil fosfata u triok-
tilmetilamonijum hloridu ( ) ili triheksil(tetradecil)fosfonijum hloridu ( ).
Procenat ekstrakcije ovih aktinida meren je kao funkcija koncentracije azotne ili hlorovodoni~ne
kiseline i postavqene kombinacije jonske te~nosti na sobnoj temperaturi i ekstratanta. ̂ iste jonske
te~nosti na sobnoj temperaturi mogu ekstrahovati plutonijum i uranijum u razli~itim stepenima, u
kombinacijama sa ekstraktantima koji daqe uti~u na procente ekstrakcije. Stopostotna efikasnost
ekstrakcije plutonijuma postignuta je u svim koncentracijama hlorovodoni~ne kiseline sa
kombinacijama  101 i malonamida. Tako|e, stopostotna efikasnost ekstrakcije uranijuma
postignuta je pomo}u  101 i malonamida iz destilovane vode. Americijum nije ekstrahovan bilo
kakvom kombinacijom ni pod kojim uslovima.

Kqu~ne re~i: jonska te~nost na sobnoj temperaturi, americijum, plutonijum, uranijum,
.........................malonamid, tributil fosfat, procenat ekstrakcije


