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Investigation on the extraction of strontium ions from
aqueous phase using crown ether-ionic liquid systems
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The extraction of strontium ions using DCH18C6 as the extractant and various ionic liquids (ILs) as
solvents has been investigated. The distribution ratio of Sr** can reach as high as 10° under certain
conditions, much larger than that in DCH18C6/n-octanol system. The extraction capacity depends
greatly on the structure of ionic liquids. In lls-based extraction systems, the extraction efficiency of
strontium ions is reduced by increasing the concentration of nitric acid and can also be influenced
directly by the presence of Na” and K* in the aqueous phase. It is confirmed that the extraction pro-

ceeds mainly via a cation-exchange mechanism.
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1 Introduction

“ as a major radioactive fission product with a long
ifew. 2, contributes a large part of heat load and radia-
transin ah level liquid wastes (HLLW) during the re-
“rocessing < spent nuclear fuel. Removal of *Sr from
Hi Whbefore the final geological disposal provides
sever. hadvartagea, e.g., reducing waste volume and
subsurfa. »starage thae, facilitating the handling and
transportatic » and “also “sutting down the cost of the
treatment.

So far, solvent'. raction haseen regarded as a main
method of separatifi_ 5% tiatn, MLLW. Hydrophobic
organic compounds are. waily wsed as diluents, while
macrocyclic crown ethers & seiected as the extractants.
Extensive investigations have' an\carsied out in these
aspects® 1. However, in traditic. % salventsextraction
processes there exist problems suct, law “axiraction
efficiency..2nd_environmental problems. husad “avithe
vdporous and toxic ‘= solvents. In rec * years, o
new kind of compounc mnerature ior. tiguids
« “ILs), is attracting inci hecause ¢ »eir
po._ tial applications a: ts on .

trac. . of metal ions®. | com-

posed entirely of ions and with a low melting point usu-
ally below room temperature. In contrast to conventional
solvents, RTILs hold several excellent properties®”
such as low toxicity, no obvious vapor pressure, wide
liquid range, totally ionic environment, good thermal
stability, and the ability to dissolve various organic and
inorganic compounds. Replacing the toxic and vaporous
organic solvents with RTILs for the extraction of metal
ions can not only obtain high extraction efficiency but
also bring about less harm to the environment. So far,
many studies have been focused on the fundamental
physicochemical properties of RTILs as well as their
applications on catalysis and organic synthesis. However,
the work is also performed on the use of RTILs for ex-
traction of metal ions, especially those in nuclear fuel
process.

A pioneer study™ by Dai et al. in 1999 concerned the
extraction of Sr** by adopting 1-ethyl-3-methyl-imida-
zolium bis(trifluoromethyl-sulfonyl)imide (ComimNTf,,
Figure 1) as solvent and dicyclohexane-18-crown-6
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Figure 1 Structures of the cations C,mim" and anions NTf,", PFs~ of
RTILs.

(DCH18C6) as extractant. Much higher extraction capa-
bility has been reached as compared with that using
toluene as diluent. Visser et al.”! further studied the ex-
traction ability of Sr** by different crown ethers in
1-butyl-3-methylimidazolium hexaflurousphosphate (C,-
mimPFg, Figure 1) and the result indicated that crown
ether with higher rigidity structure shows higher extrac-
tion efficiency. However, C;mimPFs is unstable under
conditions of high acidity. Dietz has also studied the
extraction of Sr** by RTILs based systems and suggested
a cation exchange mechanism™®. It was found that the
Jxtraction mechanisms were influenced by the structures
o1, TILs used. Yuan et al. reported the y-radiation ef-
feats . hydrophobic RTILs and subsequently their in-
flianee “u. the extraction of S The results
s. awed y=rau.ation remarkedly reduced the partitioning
of £ 7% to.tha phise crown ether/RTILs. Fortunately, the
extract. 2 eificiancy can easily be recovered with a sim-
ple water-_ »shing'metriad.

While ma. irivestigatians have carried out on the
extraction of Si by, kTlks-hased systems, it is still
worthwhile to perfc. . systematicvanalysis of the extrac-
tion behaviors under vi. aus.conaitions, especially those
related with the specialty. € ML Iiwthis paper, we
present a further study on . “extracticn of Sr** using
DCH18C6 as extractant and va. :shionic tiquids (ILs)
as solvents, and thus compare the ‘traction ehaviors
with those using conventional solvern. The influances
of various aque Tinhase conditions, espe. ytheacid-
ity and inorganic s. *he extraction STEANY,

cown ether/RTILs are v investiga.  We
a. »make a preliminary the extrac N
Meci. ism by comparing Miors

XU

RTILs bearing different structures.

2 Experimental
2.1 Reagents

C4mimPFg and C,mimNTf, (n=2,4,6) were synthesized
and purified according to reported methods™ %, The
purity is above 99% as determined by 'H NMR and
Elemental Analysis.

Dicyclohexano-18-crown-6 (DCH18C6) was received
as a racemate from INET, Tsinghua University and puri-
fied by recrystallization in n-heptane. The purity of final
product was above 98%.

Sr(NO3)2, SrClz, NaNO;;, KNO3, H,SO,, K,SOy,
HNOs3, n-octanol and other reagents were of analytical
grade.

2.2 Instruments

HZQ-C Thermostatic Vibrator, LZD4-0.8 Centrifuge,
Hitachi 180-80 Atomic Absorption Spectrometry (AAS),
Hitachi U-3010 UV-Vis spectrometry, and IKA Genius 3
\ortex Agitator.

2.3 Methods

The extraction experiments were conducted as follows:
0.5 mL of RTIL containing DCH18C6 with different
concentrations thoroughly mixed with 1 mL aqueous
solution of Sr** in the vibrator for 30 min (preceding
experiments have demonstrated that the equilibrium can
be achieved in 10 min), followed by centrifuging to en-
sure fully phase separation. Then, suitable volume of the
upper aqueous phase was removed into 5 mL volumetric
flask and diluted with three-distilled water. The concen-
trations of Sr** in the diluted solution were determined
by AAS and the concentration of Sr** extracted into the
RTILs phase can be calculated by subtraction. Finally,
the extraction efficiency Eg; or distribution ratio Ds; was
calculated.

Flame (C;H,-Air) AAS was adopted to determine the
concentration of Sr**. The range of working curve was
0—40 pg-mL™ using 1 mg:-mL™* Sr(NO3), as stock so-
lution. It was worth noting that small quantity of RTILs
dissolved in the aqueous phase has obvious sensitization
effect on the atomization of Sr**. To ensure veracity of
the results, the quantities of RTILs in every measured
sample should be identical and the absorption value
sheuld. be stable. Therefore, certain volume of aqueous
sowtien saturated by RTILs was added into the samples
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before measurement.

3 Results and discussion
3.1 Extraction capability of different RTILs

The extraction results of Sr** by DCH18C6 in n-octanol
and four RTILs under same conditions are shown in Ta-
ble 1.

Table 1 Results of extracting Sr** by DCH18C6 in various solvents
under neutral conditions
n-Octanol CymimPFs ComimNTf, C,mimNTf, CgmimNTf,
E(%) 0 955 100 >99.5 90.0
D 0 21.2 >1000 >400 18
[DCH18C6]=0.1 mol-L™*, [Sr**]=0.01 mol L™

As shown in Table 1, the extraction efficiencies with
RTILs as solvents are much higher than that with
n-octanol. In the case of ComimNTf,, the distribution
ratio of Sr?* can be more than 10%, which exceeds all
reported results of extraction systems with conventional
organic solvent as diluents. This large D value may be
attributed to the easy dissolution of the Sr**/crown ether
complex by the total ionic environment of RTILs.

In addition, the extraction efficiency differs largely
when different RTILs are used. Generally, Es, for RTILs
with NTf, anion is higher than that with PFg;. And with
the same anion NTf,, RTILs bearing shorter substituted
alkyl chain on the imidazolium ion give higher Es;.

3.2 Influence of the DCH18C6 concentration

The concentrations of DCH18C6 in RTILs exhibit ob-
vious influence on the extraction of Sr*. As shown in
Figure 2, Es increases with increasing the DCH18C6
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Figure 2 Relation between the extraction efficiency of Sr** and the
concentration of DCH18C6 in various RTILs. [Sr*"] = 0.01 mol L™,
V||_/VAq:1/2.

concentration. RTILs show no extraction of Sr* in the
absence of DCH18C®6, i.e., RTILs themselves cannot
extract Sr** in the absence of proper extractants.

The results in Figure 2 also indicate that the extrac-
tion capability of the four selected RTILs systems fol-
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creasing the acidity of agueous phase to more than
5 mol L™* leads to a rapid decrease of Eg,, which can be
attributed to the decompose of C4ymimPFs, i.e., PF; is
transferred to POE', caused by the strong oxidation ca-
pability of high concentration of HNOs. The interface
between C;mimPFg and the aqueous phase will disap-
pear after contacting with 8—10 mol L™ HNO; for a
short time.

The trend of the influence of HNOj3 in RTILs-based
extraction systems differs distinctly from that with
n-octanol as the diluent. In the later casel?, Es, increases
with the increase of the concentration of HNO; and an
obvious extraction is achieved only under high HNO;
concentrations (>1 mol L™%). The difference between the
two extraction systems may indicate a different extrac-
tion mechanism involved with RTILs as solvents.

3.4 Effects of inorganic salts
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adopted to precipitate Sr** from RTIL phase. It is dem-
onstrated that more than 99% of Sr** can be efficiently
stripped by K,SO, solution. The RTIL phase after strip-
ping has been reused to extract Sr** and the extraction
capability is not obviously decreased.

3.6 Exploration of extraction mechanism

As shown above, the extraction behaviors in RTILs
based extraction system differ clearly from that of con-
ventional solvent extraction systems. These differences
should be related to the different extraction mechanism.
In conventional solvent extraction system, the extraction
of metal ions mostly proceeds through a neutral complex
mechanism, i.e., the metal ions and extractant form neu-
tral complexes with counter anions and then transfer to
the organic phase. For the extraction of Sr** by
DCH18C6/octanol, the extraction mechanism can be
expressed as follows!*®):

Srs +CEqyq +2NO3,, = Sr CE (Nog)20rg )

where CE represents the crown ether DCH18C6.

As reported’® the extraction mechanism also dif-
fers in different RTILs-based extraction systems but
usually involves cation exchange. By measuring the UV
absorption at 211 nm for imidazolium ions, the concen-
tration of C,mim" in the aqueous phase before and after
extraction can be determined. We have performed a
study to explore the mechanism of extracting Sr** by
DCH18C6/ComimNTf, and the results are shown in Ta-
ble 2 and Figure 5. Considering that nitrate ions have
intense interference on the UV absorption of imida-
zolium ions, Sr(NOs), is replaced by SrCl; in following
experiments.

From Table 2, it is found that the decrease of the
concentration of Sr** correlates closely with the increase
of the concentration of C,mim™ in the agueous phase. It
can be thus deduced that the extraction of Sr** mainly
proceeds via a cation exchange mechanism, which
agrees well with that reported by Dietz et al.*"!.

Moreover, it can be seen from Figure 5 that there is a
linear relationship between variations of [Sr**] and

Table 2 Variations of [Sr?*] and [C;mim®] in the aqueous phase before
and after extraction of Sr** by DCH18C6/C,mimNTf, (DCH18C6 = 0.1
mol L™

[Sr*Tinisar (107 mol L) 0 500 100 150 200

[Sr*]aq (107 mol L) 0 -500 -100 -150 -19.4
[Cmim*]a (207 mol L) 0 594 126 196 263
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Figure 5 Relation between variations of [Sr?*] and [C,mim™] in the aque-
ous phase before and after extraction of Sr** by DCH18C6/C,mimNT#,.

[Comim™] in the aqueous phase before and after extrac-
tion of Sr®*. Therefore, the degree of ion exchange is
independent on the initial concentration and the ex-
tracted concentration of Sr**, i.e., more Sr** is extracted,
more C,mim" is exchanged. Meanwhile, it is noticed
that the C,mim"* exchanged can not afford charge equi-
librium of the two phases, so there must have a part of
CI” entering the RTILs phase. In
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Table3 Comparison of the effects of HNO; on the extraction of Sr** by octanol and RTILS systems

n-Octanol

RTILs

Sr CE* +2NO; = Sr CE* 2NO;

Equilibria existing in the systems

H CE'+NO; =H CE" NO;

Key factor salt out effect of NO;

Second factor competition effect of H*

The overall effect increase of Es,

Sr CE* +2C, min;, = Sr CEZ, +2C mim*

org
e Sr CE” +2NO; = Sr CE* 2NOjy,
3org

H CE"+NO; =H CE" NO;

3org
competition effect of H*

salt-out effect of NO;~

decrease of Es;

the aqueous phase and thus pushes the above equilib-
rium to the right direction, facilitating the extraction of
sr**Bl Notice that in this case H* can also be complexed
competitively with DCH18C6, however, the dominant
effects are caused by NO;. For RTILs-based extraction
system where cation exchange is dominated, NO; par-
ticipates in the extraction to a relatively limited extent
and the competition of H" might be the leading factor
which causes an overall decrease in the extraction effi-
ciency of Sr?¥*. The effects of HNO; on the extraction are
summarized in Table 3.

From the mechanism proposed, we can have a deeper
understanding of the role of RTILs in the extraction sys-
tem. RTILs not only act as diluents for the extractant
DCH18C6, but also participate in the extraction process
directly by exchange of C,mim* with Sr**. So, RTILs
.7 be regarded as a special functional media here.

245 . Cunclusions

e axwzaction of Sr?* by DCH18C6 in various RTILs
hac heen, systeriatically investigated. RTILs can be used
as a _hoancnaice for matching with DCH18C6 and
higher e actiorincapehility has been achieved. Gener-
ally, Es; for v an erderaf ComimNTf, > CymimNTf, >
CymimPFg > C. imiN1% nasticularly Ds, can be more
than 10% in the cac »f CHoMimiN 7f,.

In RTILs-based ex =tian sysiarss, Es, decreases with
the increase in the conce. atian ¢f IMNQj; in the aqueous
phase. Existence of inorga. »salts wuch as NaNO; and
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KNOj; usually reduces Es,, with the detailed trends re-
lated to the structure of RTILs selected. Sr** can be
stripped from the RTILs phase by competition or pre-
cipitation methods. A cation exchange mechanism has
been demonstrated by detecting the variation of C,mim”*
concentrations in the aqueous phase before and after
extraction.

According to the investigation results shown above
and the specialty of RTILs, it can be deduced that RTILs
have provided several advantages for the extraction of
Sr?* when compared with conventional solvent extrac-
tion systems.

(1) Reduce the amount of extractant and RTILs in
practical processes as a result of the high extraction effi-
ciency. Therefore, the cost can be saved to some extent.
In addition, the process will be much safer and have less
influence to the environment because the introducing of
RTILs avoids the use of vaporous organic solvents.

(2) Sr** can be extracted by RTILs-based extraction
systems in a wide range of acidity, especially under low
acidity. This is of practical significance for the separation of
Sr** from HLLW after the removing of actinides because it
is not necessary to adjust the acidity to a high value.

(3) Due to the variety of cations and anions compos-
ing RTILs, there is a wide range to select appropriate
RTILs and further to match proper extractant.

In conclusion, RTILs-based extraction systems may
promise an alternative way for the separation of Sr**
from HLLW.
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