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Extraction Behavior of Uranyl Ion From Nitric Acid Medium by TBP
Extractant in Ionic Liquid
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In this study, extraction of uranium(VI) from an aqueous nitric acid solution was investigated using tri-n-butyl phosphate
(TBP) as an extractant in an ionic liquid, 1-alkyl-3-methylimidazolium bis (trifluoromethylsulfonyl)imide ([C,mim][Tf,N]).
The distribution ratio of U(VI) in 1.1 M TBP/[C,mim][Tf,N] was significantly high when the concentration of nitric acid
was low. The value of the distribution ratio decreased as the concentration of the nitric acid increased at lower acidities, and
then increased with a nitric acid concentration of up to 8 M. This can be attributed to the different extraction mechanisms of
U(VI) based on nitric acid concentrations. Thus, a cation exchange at low acidity levels and an ion-pair extraction at high

acidity levels were suggested as the extraction mechanism of U(VI) in the TBP/[C,mim][Tf,N] system.
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1. Introduction

Ionic Liquids (ILs) have attracted significant attention
in various stages of nuclear fuel cycle. ILs are being evalu-
ated as an alternative to the conventional diluent, n-doce-
cane (n-DD), in aqueous reprocessing and as a substitute
to the traditional high-temperature molten salts in the non-
aqueous reprocessing of spent nuclear fuels [1-5]. ILs are
compounds composed fully of dissociated ions and melt at
temperatures lower than 373 K [6, 7]. The reason why ILs
attract attention is that they have several attractive prop-
erties suitable for aqueous and non-aqueous reprocessing
applications. They have unique properties such as insignifi-
cant vapor pressure, a non-flammability, an amazing ability
to dissolve organic and inorganic compounds, and a wide
electrochemical window suitable for nuclear fuel cycle ap-
plications [8-10].

The solvent extraction technique is frequently used in
the study of uranium separation, and TBP is the extractant
for recovering uranium and plutonium from spent nuclear
fuel in the PUREX (Plutonium URanium Reduction EX-
traction) process [11]. There have been many reports on the
extraction of U(VI) by TBP in combination with ILs as al-
ternatives for conventional organic solvents such as n-DD
or kerosene. Studies on the U(VI) extraction with ILs were
mostly performed using imidazoium based ILs. For in-
stance, the extraction of U(VI) from nitric acid medium in a
solution of TBP in [C,mim][PF] or [C,mim][Tf,N] was re-
ported [12]. A high extraction efficiency has been achieved
using hydrophobic alkyl imidazole type ionic liquids as a
diluent, such as 1-alkyl-3-methylimidazolium hexafluoro-
phosphate ([C,mim][PF], n =4, 6, 8), combined with TBP
for the extraction of U(VI) from a nitric acid medium [13,
14]. Wang [15] and Dietz [16] also studied the extraction of
U(V]) from a nitric acid medium into [C,mim][Tf,N] using
TBP as the extractant.

The above studies indicate that, while the ILs are at-
tractive alternatives to a conventional organic solvent, and

they investigated the extraction mechanism of U(VI) in
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Fig. 1. Molecular structures of ionic liquid and extractant TBP.

TBP and ILs, further work is necessary to understand its
extraction behavior. Therefore, the extraction behavior of
Uranium(VI) from an aqueous nitric acid solution was in-
vestigated using TBP as an extractant in the ILs, [C,mim]
[TEN] (n = 2, 4, 6, 8). This study was undertaken in or-
der to examine the potential of hydrophobic ILs for uranyl
(UO,*) extraction from acidic water, and the aim was to es-
tablish the best extraction conditions and to obtain the basic
data for the effective use of ILs for the solvent extraction of
actinides. The effects of various parameters such as the ki-
netics of extraction, the concentration of nitric acid, and the
alkyl chain length of ionic liquid on the distribution ratio of
uranium were examined. Based on the experimental results,

the extraction mechanism in the ILs system is discussed.

2. Experimental
2.1 Reagents and apparatus

All chemicals and reagents used in this study were of
analytical grade and used without further purification. The
molecular structure of the used ILs and extractant TBP is
shown in Fig. 1. Ionic liquids, [C,mim][Tf;N] (n = 2, 4, 6,
8) were procured from C-TRI, Korea. To remove the water
and volatile impurities, the ILs were kept for more than 3
hours under a reduced pressure at 373 K, and the residual
water concentrations measured using a Karl Fisher mois-
ture content meter (Metrohm 831 KF Coulometer) were be-

low 100 ppm. The uranyl nitrate was procured from Merck,
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Table 1. Experimental parameters and conditions

Parameters Conditions

Initial concentrations of 5 gL
uranyl ion in HNO, £

Organic to aqueous phase ratio 1:1 2mL:2mL)

Equilibration time 1 hr
TBP concentration in ILs 02~1.1M
HNO, concentration 0.01~8M

and TBP was obtained from Aldrich Chemical Company.
Aqueous acid solutions were prepared using Milli-Q2 water
and nitric acid. A stock solution of 100 g-L" U(VI) was pre-
pared by dissolving an appropriate amount of UO,(NO,), in
deionized water. The uranium solution used in the extrac-

tion experiment was diluted from a stock solution.

2.2 Extraction procedure

All extraction studies were carried out at room tempera-
ture(298 K) in duplicate. The experimental parameters and
conditions of solvent extraction are shown in Table 1. The
organic phase was equilibrated with the desired concentra-
tion of nitric acid. The initial concentration of uranium in
an aqueous phase was fixed at 5 g-L!. A significant amount
of nitric acid was also extracted by the organic phase, and
the extraction of acid increases with the increase in nitric
acid concentration in the aqueous phase. Therefore, the
ionic liquid phase was pre-equilibrated with the desired
concentration of nitric acid to fix the equilibrium acidity.
The extraction of Uranium(VI) as a function of nitric acid
concentration was performed by equilibrating the ionic lig-
uid phase (2 mL) with the aqueous phase (2 mL) containing
the uranium solution. The concentration of nitric acid was
varied from 0.01 M to 8 M. After 1 hour of equilibration,
the concentration of uranium in an aqueous phase was de-
termined by a spectrophotometric method using arsenazo
IIT as a coloring agent [17]. The concentration of uranium

in the organic phase was calculated from the difference be-
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tween the uranium ion concentration in the aqueous phase
before and after extraction. The distribution ratio (D) and

extraction efficiency were calculated using Eq. (1) and (2).

D — [U]aq,ii [U]aq,f

R (M)

aq,f

Extraction efficiency (%) = 100 D, / (1 + Dy) (2)

where [U],,;

tions of uranium ions in the aqueous phases respectively.

and [U],,, are the initial and final concentra-

3. Results and Discussion

3.1 Kinetics of extraction

The extraction kinetics is one of the important param-
eters in studies involving ionic liquids. This is evident from
the fact that the viscosity of ionic liquid is usually high and
hence the mass transfer is expected to be slower than that
expected in commonly employed organic diluents such as
n-DD and kerosene. To obtain information on the attain-
ment of the extraction equilibrium of U(VI) in ILs, the
extraction kinetics was investigated. The kinetics of U(VI)
extraction was examined from a 2 M HNO; feed solution
using 1.1 M TBP in ILs with an organic to aqueous volume
ratio of 1. Fig. 2 shows the results in which the distribu-
tion coefficient of uranium ions is plotted as a function of
shaking time between the two phases. Although there were
some differences in the time required to attain equilibrium
extraction, all ILs showed a relatively fast extraction equi-
librium. The extraction of U(VI) could be completed within
20 min as shown in the figure. Hence, in subsequent ex-
traction experiments, 1 h was selected as the shaking time,
which was sufficient to attain the extraction equilibrium.

When ILs are used as diluents for the extraction of ura-
nyl from nitric acid solutions, some amounts of nitric acid
are also extracted by the organic phase [18]. Thus, the ex-

traction of nitric acid by TBP and ILs was investigated in
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Fig. 2. Extraction kinetics of uranium from 1 M HNO, feed into
1.1 M TBP in ionic liquids.
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Fig. 3. HNO; acid extraction behavior in ionic liquids.

this study. The concentration of TBP was fixed at 1.1 M
and the nitric acid concentration in the aqueous phase was
varied from 0.01 to 6 M. After 1 h of equilibration between
the two phases, the concentrations of nitric acid in the or-
ganic and aqueous phase were determined using acid-base
titration with phenolphthalein as an indicator. The results of
the extraction behavior of nitric acid in 1.1 M TBP/ILs are
shown in Fig. 3. It can be seen that the extraction of nitric
acid by the organic phase increases with an increase in the
nitric acid concentration in the aqueous phase. In addition,
the extraction of nitric acid increases with the decrease in

the alkyl chain length of the cationic part of the ILs, which
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is attributed to the hydrophobicity of the ILs. Hydrophobic-
ity of an ionic liquid increases with an increase in the alkyl
chain length [19], and the increase in distribution ratios
with a decrease in the alkyl chain length in the cationic part
of the ILs has been well reported [20].

3.2 Effect of aqueous phase acidity

The extraction behavior of U(VI) in the 1.1 M TBP/
[C,mim][Tf,N] phase was studied under different nitric
acid concentrations. Fig. 4 shows the distribution ratios of
U(VI) as a function of nitric acid concentration. Similar ob-
servations have been reported for the extraction of U(VI) by
TBP in various [C,mim][Tf,N] (n=4, 5, 8, 10) [16]. The D
values are relatively high in 0.01 M nitric acid, followed by
a gradual decline as the nitric acid concentration increases,
and then increases gradually up to 8 M nitric acid. For the
conventional organic solvents, n-alkanes, the extraction
of uranium into each solvent rises with an increase in acid
concentration, and variations in the hydrocarbon chain
length of the alkane have little effect on the extraction of
uranium at the given acidity. In contrast, as shown in Fig. 4,
the acid dependency of uranium extraction into [C,mim]
[T£,N] varies considerably as the nitric acid concentration
is changed. Further, the alkyl chain length of the imidazo-
lium cation also has an influence on the extraction of ura-
nium. The distribution ratio increases with a decrease in the
alkyl chain length from octyl to butyl cation, indicating that
a shorter alkyl chain of [C,mim]" shows a higher distribu-
tion ratio. The dependencies for [C,mim][Tf,N] comprise
two distinct regions; one, a lower acidity region below 1 M
of HNO, in which increasing the acidity is accompanied
by reducing the uranium extraction; and second, a higher
acidity region above 1 M of HNO; in which uranium ex-
traction increases with the nitric acid concentration. In the
latter higher nitric acid concentration region, D values in
four ILs which have a different hydrocarbon chain length of
the cation are closely the same. The close correspondence

of the uranium distribution ratios obtained in the four ILs
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Fig. 4. Dependency of the uranium distribution ratio on HNO,
concentration in 1.1 M TBP/[Cnmim][Tf,N] ionic liquids.

in the latter region indicates that TBP extracts U(VI) into
ILs through an ion-pair extraction [16, 21], i.e., a similar
extraction mechanism as a conventional organic solvent
system. For such type of mechanism, the concentration of
nitrate ions plays a significant role, and thus the extraction
increases with an increase in nitric acid concentration. On
the other hand, in the lower nitric acid concentration re-
gion, the extraction of uranium ion does not seem to be
influenced by the anionic species in the feed solution. D
decreases with the nitric acid concentration, and decreases
with the alkyl chain length of the cation of ionic liquids.
The longer the alkyl chain lengths of the IL cations are, the
more hydrophobic the IL cations [22] and the more difficult
they are to be transported into aqueous phases through an
ion exchange. D decreases as a function of [H]* upon the
use of HNO;. This shows that no anions are involved in the
extraction mechanism. The cation-exchange transfer was
considered the most convincing extraction mechanism for
this system. Thus, a cation-exchange extraction equilibrium
equation was suggested for the lower acidity below 1 M of
HNO,, and will be discussed further later.

JIJNFCWT Vol.18 No.4 pp.457-464, December 2020

@ [HNO,J=0.1M
10F | o HNOJ=05M
v [HNO;]=3.0M
A [HNO;]=50M slope=1.9
v
s 1t
01}
L n L
0.1 1

[TBP] (M)

Fig. 5. Dependency of the uranium distribution ratio on TBP
concentration in [C,mim][Tf,N] at several HNO, concentrations.

3.3 Mechanism of extraction

A slope analysis [16, 23] was used to derive the stoi-
chiometry of the extracted species. A log-log plot of the D
values versus [TBP] provides an indication of the stoichi-
ometry of the predominant species present in the form of
the slope of the resulting linear relationship. The distribu-
tion ratios of U(VI) as a function of TBP concentration in
[C,mim][Tf,N] phase are shown in Fig. 5. It can be seen that
the D value increases with increasing TBP concentration. A
slope of about 2 was obtained for the extraction of U(VI)
from above 1 M concentrations of nitric acid, and a slope
of 1 was obtained from below 1 M concentrations of nitric
acid. This indicates that, for the nitric acid concentrations
above 1 M, 2 molecules of TBP are involved in the uranium
extraction and the extracted species is UO,(NO;),"(TBP,).
On the other hand, for a nitric acid concentration below 1
M, 1 molecule is involved in the extraction of uranium and
the extracted species is UO," (TBP)*".

The acidities of the aqueous phases after extraction of

U(VI) from nitric acid solutions were also measured by ac-
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Fig. 6. [H]" variation before and after extraction.

id-base titration under different nitric acid concentrations.
The TBP concentration in [C,mim][Tf,N] was 1.1 M, and
the nitric acid concentration varied from 0.1 to 8 M. Fig. 6
represents the variations of the acidity in the aqueous phase
as a function of initial nitric acid concentration. As shown
in the figure, the acidities of aqueous phases do not change
when the initial nitric acid concentration is higher than 1 M.
On the other hand, the acidities increase significantly when
the initial nitric acid concentration is lower than 1 M. This
result indicates that [H]" in the organic phase is transferred
into the aqueous phase when the initial nitric acid con-
centration of the aqueous phase is below 1 M. Nitric acid
dissolves easily in [C,mim][Tf,N] [24] and large amounts
of acid are readily transferred to the IL phase during the
pre-equilibration stage of the extraction experiments. Nitric
acid extracted by the IL phase provides large quantities of
[H]*, and are likely to be backward extracted to counterbal-
ance the U(VI) extraction.

Based on the distribution behavior and stoichiometry
determination analyses, the mechanism for the uranium ex-
traction was suggested as follows. The mode of uranium
ion distribution in the TBP/[C,mim][Tf,N] phase changes
from cation-exchange to the ion-pair extraction with the
increase in nitric acid concentration in the aqueous phase.
For a nitric acid concentration higher than 1 M, an ion-pair

extraction mechanism is proposed. Thus, two molecules of
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Fig. 7. Influence of [C,;mim]+ on the extraction efficiency.

nitrate and TBP form a complex with uranyl ion in an or-
ganic phase, and this resembles that of the TBP/n-DD sys-
tem. In addition, for a nitric acid concentration lower than
1 M, the cation-exchange mechanism involving both [H]

and [C,mim]" is proposed.

* Jon-pair extraction mechanism, for [HNO;] > 1 M:
UO,** +2NO;. + 2TBP,,, > UO,(NO;)* - (TBP),,,, (3)

* Cation-exchange mechanism, for [HNO,] <1 M:
Uo,*" , +TBP,, +n Cmim" , + (2-n) H" , <
UO,(TBP)*" .+ n C;mim* , + (2-n) H", 4

For the cation-exchange mechanism to be valid, the D
values should decrease with an increase in the concentra-
tion of [C,mim]* ions in the aqueous phase based on the
equilibrium shift. To ascertain the proposed mechanism,
distribution studies of uranium were carried out by adding
[C,mim][Cl] to an aqueous phase as a source of [C,mim]",
and the results are shown in Fig. 7. As shown in this fig-
ure, the transfer of uranium into [C,mim][Tf,N] at a nitric

acid concentration higher than 1 M was independent of the
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[C,mim]" concentration, whereas the extraction of uranium
at a nitric acid concentration lower than 1 M was gradu-
ally reduced with an increase in the [C,;mim]* concentra-
tion. These data suggest that the transfer of uranium with
TBP into ILs at lower acidities proceeds through a cation-

exchange mechanism, as represented through Eq. (4).

4. Conclusion

The extraction behavior of U(VI) by TBP dissolved in
[C,mim][Tf,N] was studied. The distribution ratio of U(VI)
was measured as a function of various parameters such as
the concentrations of nitric acid and TBP. In contrast with
the extraction behavior observed for a conventional system,
the distribution ratio of U(VI) was fairly high when the
concentration of nitric acid was low. D values decreased
as the nitric acid concentration increased at lower acidities,
and then increased with the nitric acid concentration. These
can be attributed to different extraction mechanisms of
U(VI) depending on the nitric acid concentrations, and the
results suggest that the U(VI) extraction mechanism in 1.1
M TBP/[C,mim][Tf,N] changes from a cationic exchange
at low acidities to extraction of the neutral species (ion-pair

extraction) at high acidities.

Acknowledgements

This work was supported by the National Research
Foundation of Korea(NRF) grant funded by the Korea
government(MSIP) (No. NRF-2017M2A8A5015147).
REFERENCES

[1] X.Q. Sun, H.M. Luo, and S. Dai, “lonic Liquids-Based

Extraction: A promising Strategy for the Advanced
Nuclear Fuel Cycle”, Chem. Rev., 112(4), 2100-2128

JIJNFCWT Vol.18 No.4 pp.457-464, December 2020

(2012).

[2] PR. Vasudeva Rao, K.A. Venkatesan, A. Rout, T.G.
Srinivasan, and K. Nagarajan, “Potential Applications
of Room Temperature Ionic Liquids for Fission Prod-
ucts and Actinide Separation”, Sep. Sci. Technol., 47(2),
204-222 (2012).

[3] K.A. Venkatesan, T.G. Srinivasan, and P.R. Vasudeva
Rao, “A Review on the Electrochemical Applications
of Room Temperature lonic Liquids in Nuclear Fuel
Cycle”, J. Nucl. Radiochem. Sci., 10(1), R1-R6 (2009).

[4] S.H. Ha, R.N. Menchavez, and Y.M. Koo, “Reprocess-
ing of Spent Nuclear Waste Using Ionic Liquids”, Ko-
rean J. Chem. Eng., 27(5), 1360-1365 (2010).

[5]1 B.H. Park, “A Review on the Application of Ionic Liqg-
uids for the Radioactive Waste Processing”, J. Nucl.
Fuel Cycle Waste Technol., 12(1), 45-57 (2014).

[6] T. Welton, “Room-Temperature Ionic Liquids. Solvents
for Synthesis and Catalysis”, Chem. Rev. 99, 2071-2083
(1999).

[7T1A.V. Mudring and S. Tang, “Tonic Liquids for Lantha-
nide and Actinide Chemistry”, Eur. J. Inorg. Chem.,
2569-2581 (2010).

[8] A.E. Visser, R.P. Swatloski, W.M. Reichert, S.T. Griffin,
and R.D. Rogers, “Traditional Extractants in Non-Tra-
ditional Solvents: Group 1 and 2 Extraction by Crown
Ethers in Room Temperature lonic Liquids”, Ind. Eng.
Chem. Res., 39(10), 3596-3604 (2000).

[9] V.A. Cocalia, K.E. Gutowski, and R.D. Rogers, “The
Coordination Chemistry of Actinides in Ionic Liquids. :
a Review of Experiment and Simulation”, Coord. Chem.
Rev., 250, 755-764 (2006).

[10] S. Chun, S.V. Dzyuba, and R.A. Bartsch, “Influence of
Structural Variation in Room Temperature lonic Lig-
uids on the Selectivity and Efficiency of Competitive
Alkali Metal Salt Extraction by Crown Ether”, Anal.
Chem., 73(15), 3737-3741 (2001).

[11] T. Tsukada, K. Takahashi, and N. Yoshiki, “Behavior
of Uranium in the Partitioning Process of PUREX Re-
processing”, J. Nucl. Sci. Tech., 45, 179-194 (2008).

463



Ik-Soo Kim et al. : Extraction Behavior of Uranyl Ion From Nitric Acid Medium by TBP Extractant in lonic Liquid

[12] P. Giridhar, K.A. Venkatesan, T.G. Srinivasan, and
P.R. Vasudeva Rao, “Extraction of Uranium(VI) from
Nitric Acid Medium by 1.1 M tri-n-butylphosphate in
Ionic Liquid Diluent”, J. Radioanal. Nucl. Chem., 265,
31-38 (2005).

[13] P. Giridhar, K.A. Venkatesan, T.G. Srinivasan, and
PR. Vasudeva Rao, “Effect of Alkyl Group in 1-Al-
kyl-3-Methylimidazolium Hexafluorophosphate Ionic
Liquids on the Extraction of Uranium by tri-n-bu-
tylphosphate Diuted with Ionic Liquid”, J. Nucl. Ra-
diochem. Sci., 5, 21-26 (2004).

[14] T. Chu, L. Qin, X. Liu, and X. Wang, “Extraction of
Uranium from Nitric Acid Medium by TBP in Room-
Temperature Ionic Liquids”, J. Nucl. Radiochem.,
29(3), 146-150 (2007).

[15]J.S. Wang, C.N. Sheaff, B. Yoon, R.S. Addleman, and
C.M. Wai, “Extraction of Uranium from Aqueous So-
lutions by Using lonic Liquid and Supercritical Car-
bon Dioxide in Conjunction”, Chem. Eur. J., 15, 4458-
4463 (2009).

[16] M.L. Dietz and D.C. Stepinski, “Anion Concentration-
Dependent Partitioning Mechanism in the Extraction
of Uranium into Room-Temperature Ionic Liquids”,
Talanta, 75(2), 598-603 (2008).

[17] S.B. Savvin, “Analytical Use of Arsenazo III. Deter-
mination of Thorium, Zirconium, Uranium and Rare
Earth Elements”, Talanta, 8(9), 673-685 (1961).

[18] C. Gaillard, G. Moutiers, C. Mariet, T. Antoun, B.
Gadenne, P. Hesemann, A. Ouadi, A. Labet, and 1.
Billard, Ionic liquids III A: Fundamentals, Progress,
Challenges, and Opportunities. 19-24, Oxford (2005).

[19] A.M. O’Mahony, D.S. Silvester, L. Aldous, C. Hard-
acre, and R.G. Compton, “Effect of Water on the Elec-
trochemical Window and Potential Limits of Room-
Temperature Ionic Liquids”, J. Chem. Eng. Data, 53,
2884-2891 (2008).

[20] A.B. Patil, P.N. Pathak, V.S. Shinde, S.V. Godbole, and
P.K. Mohapatra, “Efficient Solvent System Containing

Malonamides in Room Temperature lonic Liquids: Ac-

464

tinide Extraction, Fluorescence and Radiolytic Degra-
dation Studies”, Dalton Trans., 42, 1519-1529 (2013).

[21]T.J. Bell and Y. Ikeda, “The Application of Nov-
el Hydrophobic Ionic Liquids to the Extraction of
Uranium(VI) from Nitric Acid Medium and a Deter-
mination of the Uranyl Complexes Formed”, Dalton

Trans., 40, 10125-10130 (2011).

[22] A.E. Visser, R.P. Swatloski, W.M. Reichert, S.T. Grif-
fin, and R.D. Rogers, “Traditional Extractants in Non-
traditional Solvents: Groups 1 and 2 Extraction by
Crown Ethers in Room-Temperature Ionic Liquids”,
Ind. Eng. Chem. Res., 39, 3596-3604 (2000).

[23] K. Nakashima, F. Kubota, T. Maruyama, and M. Goto,
“Feasibility of Ionic Liquids as Alternative Separation
Media for Industrial Solvent Extraction Processes”,
Ind. Eng. Chem. Res., 44, 4368-4372 (2005).

[24] L. Billard, C. Gaillard, and C. Hennig, “Dissolution
of UO,, UO;- and of Some Lanthanide Oxides in Bu-
mimTf,N: Effect of Acid and Water and Formation of
UO,(NO,),.”, Dalton Trans., 37, 4214-4221 (2007).

JNFCWT Vol.18 No.4 pp.457-464, December 2020



