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ABSTRACT: Pure hydrophobic ionic liquids are known to extract metallic
species from aqueous solutions. In this work we have systematically investigated
thallium (T1) extraction from aqueous hydrochloric acid (HCI) solutions into six
pure fluorinated ionic liquids, namely imidazolium- and pyrrolidinium-based
ionic liquids with bis(trifluoromethanesulfonyl)imide and bis(fluorosulfonyl)-
imide anions. The dependence of the TI extraction efficiency on the structure
and composition of the ionic liquid ions, metal oxidation state, and initial metal
and aqueous acid concentrations have been studied. T1 concentrations were on
the order of picomolar (analyzed using radioactive tracers) and millimolar
(analyzed using inductively coupled plasma mass spectrometry). The extraction
of the cationic thallium species TI" is higher for ionic liquids with more
hydrophilic cations, while for the TIX,** anionic species (where X = CI~ and/or
Br™), the extraction efficiency is greater for ionic liquids with more hydrophobic
cations. The highest distribution value of TI(III) was approximately 2000. An

Distribution ratio

[Cymim][Tf,N]

0.1

improved mathematical model based on ion exchange and ion pair formation mechanisms has been developed to describe the
coextraction of two different anionic species, and the relative contributions of each mechanism have been determined.

Bl INTRODUCTION

The recently published report “Thallium: 2015 World Market
Review and Forecast”, prepared by Merchant Research &
Consulting Ltd,, indicates that China, Kazakhstan, and Russia
are the world’s top producers of primary thallium." According
to this study, the world demand for this metal is expected to
grow slowly through 2018, due to stable needs from different
industries, such as liquid crystal display fabrication,” the fiber
optic industry”* and glass lens production.” One of the largest
applications of thallium is the production of contrast agents for
cardiological imaging exams by healthcare companies.”™ An
accompanying problem of thallium production is its toxicity” "
and environment pollution.'”™"* Thallium is a highly poison-
ous'>™"7 and biogeochemically mobile metal.'*~*" Such
behavior is explained by the fact that monovalent thallium is
chemically similar to potassium due to their similar ionic
radii.”*** The toxicity of TI(III) (also found in the environ-
ment) is higher than that of thermodynamically stable
TI(1).>**° Thus, the content of thallium in environmental
systems has to be strongly regulated and controlled. A previous
study'® reviewed worldwide standards for thallium contami-
nation levels in soil (Canada and Switzerland, 1 mg/kg);
occupational exposure limits in air (Argentina, Mexico, United
States, Canada, UK, and Germany, 0.1 mg/m3, and Russia,
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0.01 mg/m?); and maximum contaminant levels in drinking
water (United States, 2 mg/m?).

Methods for thallium preconcentration and determination
include well-known spectrophotometric,”®*” ion exchange,”**’
and liquid—liquid extraction techniques.’”*' One novel method
is ionic liquid-based extraction,”*™** where an ionic liquid (IL)
is a salt with a melting point below 100 °C and sometimes even
below room temperature (so-called “room temperature ionic
liquids”). ILs are largely made of ions (usually a bulk organic
cation and an inorganic or organic anion) and short-lived ion
pairs.”> These new ionic solvents are regarded as a good
alternative to traditional organic solvents due to their attractive
physicochemical properties such as negligible vapor pressure,
high thermal and chemical stability, low toxicity, etc. Moreover,
the enormous variety of ILs and their properties allow such
compounds to have applications in the field of liquid—liquid
extraction as diluents, pure extracting agents, and dopants to
conventional organic phases. There are a few articles published
in the past several years that are devoted to mono- and trivalent
thallium extraction in IL media with and without an extracting
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agent. Extraction of TI(I) was tested by a variety of pure
pyridinium, pyrrolidinium, and piperidinium-based ILs with
fluorinated anions [mostly bis(trifluoromethanesulfonyl)imide],
and the corresponding distribution ratios were found to be
below 2.°° A functionalized polymer impregnated with
trihexyltetradecylphosphonium chloride, 1-octyl-3-methylimi-
dazolium tetrafluoroborate and 1-butyl-3-methylimidazolium
hexafluorophosphate ionic liquids was studied for TI(I)
adsorption.”” The authors of this article concluded that
imidazolium-based ILs are more efficient than phosphonium-
based one. And among the first group of ILs considered, ones
with longer alkyl chains showed higher efficiency, although the
anionic parts were not the same. Monovalent thallium was
extracted into a 1-hexyl-3-methylimidazolium hexafluorophos-
phate ionic liquid containing dicyclohexyl-18-crown-6, and at
least 94% recovery was achieved.*® The extraction of TI(III)
was investigated in the presence of the 1-hexyl-3-methylimida-
zolium hexafluorophosphate® and trihexyltetradecylphospho-
nium chloride™ ILs and their mixture,”" with a recovery of 96%
in the case of pure ILs and 77% for the combination of ILs,
respectively. In our previous work,"” the extraction of thallium
from HCI solution into both pure 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide and its mixture with 30%
(v/v) of tri-n-butyl phosphate (TBP) was studied. Distribution
ratios of TI(I) in these two extraction systems were below 0.1.
TI(III) was extracted quantitatively both into pure ionic liquid
with a distribution ratio Dry(ry of up to 300 and into an IL-TBP
mixture with Dy > 2000. Thus, pure bis(tri-
fluoromethanesulfonyl)imide-based ILs look promising for
metal extraction, and this approach makes the entire process
favorable due to the absence of toxic organic solvents and
conventional extracting agents, and should be considered as an
evolutional step toward green chemistry.

Published articles regarding metal extraction into pure ILs
contain fragmentary data on some elements such as iron,"
zing,” cadmium,” iridium,** platinum,“s_47 gold,47_49 mer-
cury,so’51 lead,** cerium,” neodymium,54 europium,54 and
plutonium.*>*® Obviously, knowledge in the field of liquid—
liquid extraction using pure ILs has to be extended. Here, we
extend our previous study in order to establish the extraction
mechanism and report experimental results on thallium
extraction into various hydrophobic ionic liquids. Under-
standing the mechanism of pure IL-based processes, taking
into account the key role of cations and anions of the organic
salts, reveals opportunities to optimize parameters and
conditions for efficient metal extraction and determination of
thallium by means of ecofriendly media.

B EXPERIMENTAL SECTION

Chemical Reagents. High-purity grade (99.5%) 1-alkyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide ionic
liquids (henceforth indicated as [C,mim][Tf,N], where n =
2, 4, and 8), l-propyl-2,3-dimethylimidazolium
bis(trifluoromethanesulfonyl)imide (indicated as
[C;Cimim][Tf,N]), N-propyl-N-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (indicated as
[C3C,pyrr][Tf,N]), Il-ethyl-3-methylimidazolium
bis(fluorosulfonyl)imide (indicated as [C,mim][FSI]), and
Li[TE,N] salt (>99% purity) were purchased from Solvionic
(Toulouse, France). Concentrated hydrochloric acid, saturated
3% (w/v) bromine and 0.3% (w/v) chlorine water, and
thallium(III) chloride hydrate were of analytical grade. All

chemical reagents were used as received without any further
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purification. Figure 1 shows chemical structures of the ionic
liquids used in present study. Their physicochemical character-
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Figure 1. Chemical structure of ionic liquid cations and anions used in

the present work: (a) [Tf,N]-based ILs; (b) [C,mim][FSI]. Parameter
n gives the number of carbon atoms in alkyl chain R.

istics are given in Table 1 and sorted in the order of increasing
viscosities. Deionized water from a PURELAB flex purification
system (ELGA) with a resistivity of 18.2 MQ cm was used for
solution preparations and dilutions.

Thallium Radionuclide. Carrier-free 2°'T1 (half-life 3.04 d,
70.8 keV y-ray, 46% intensity) medical radioisotope (~6 mCi)
was purchased from Mallinckrodt (St. Louis, Missouri, USA).
The production method is **T1(p,3n)**'Pb — **'TI. Thallium
chloride is in 0.9% (w/v) sodium chloride and preserved with
0.9% (v/v) benzyl alcohol. The **'T1 concentration per sample
in our experiments after multistep dilution was below 1 x 107"
M. This amount of **'Tl provided an optimal level of the
activity for y-counting of each phase after extraction.

Thallium Oxidation State. The thallium oxidation state in
the 2°'TI stock solution was assigned to +1 according to our
previous work.*” Bromine and chlorine water were utilized in
order to maintain the highest thallium oxidation state. Two
stock aqueous solutions of ~107> M of stable thallium were also
prepared by dissolving a given quantity of TI(III) chloride
hydrate salt in 0.1 and 0.5 M HCI. The predominant oxidation
state of Tl in the stock solution was determined by a batch
cation exchange technique based on previously reported data.>”
The stable thallium stock solution (10 mL) in 0.1 M HCI was
placed in contact with 4 g of AG SOWx8 resin (200—400 mesh)
for 2 h for TI(I) sorption. It was shown that approximately 10%
of thallium was adsorbed on the resin, meaning that
approximately 90% of thallium was in the +3 oxidation state
in the stock solution. Another stock solution in 0.5 M HCI was
used for investigation of the effect of stable thallium
concentration on metal extraction in the presence of 20171
and chlorine water.

Extraction Sample Preparation and Technical Proce-
dure. The distribution of Tl was measured by a standard
liquid—liquid extraction technique. Typically, equal volumes of
organic and aqueous phases were used (0.5 mL each, 1:1 phase
ratio). The aqueous phases were obtained by dilution of
concentrated HCL. After both phases were placed into a test
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Table 1. Properties of Ionic Liquids Applied in This Study”

ionic liquid molar mass, g/mol  melting point, °C  density, g/mL  viscosity, cP  solubility in H,O, g/L.  cation hydrophobicity, log k.
[C,mim][FSI] 291.30 -13 1.39 245 267 + 2.7 022
[Comim][TEN] 391.31 -16 1.52 35.55 188 + 1.1 022
[C,mim][TEN] 419.36 -4 143 61.14 6.6 + 0.4 0.67
[C,Cipyrr][TEN] 408.40 +12 1.40 71.23 105 + 0.6 <0.57¢
[C,C mim][TEN] 419.36 +15 1.40 78.4 6.8 + 0.4° -
[Cymim][TEN] 47547 <+20° 132 104 0.73 + 0.05 1.8

“Molar masses, melting points, densities, and wscosmes were obtained from the manufacturer. Solublhty of ILs in water and hydrophobicities of IL

57,58
cations are from literature,””

hydrophobicity in the order [CsCpyrr*] > [C4Cpyrr'] >

respectively. “Estimation based on practical use. “This work. “Estimation based on the decrease of cation
> [C,Cipyrr’].

tube, an aliquot of the thallium stock solution was added to the
top aqueous phase. If *'T] was used as a target metallic ion to
extract, an aliquot of bromine or chlorine water was added in
order to obtain TI(III) in the solution. The biphasic system was
shaken mechanically (VWR Signature digital vortex mixer) at
3000 rpm for S min (unless stated otherwise) at room
temperature and then separated by centrifuging at 4000 rpm for
1 min (Eppendorf model $702). Then, an aliquot was taken
from each phase to determine the thallium concentration or
activity.

The metal distribution ratio, D, was determined by the
following equation:

AOV ‘/ﬂ Cﬂr ‘/a
=24 o p=-214
Aaq Varg aq Yorg (1)

where A, C, and V represent thallium activity, thallium
concentration, and volume of the solution, respectively. We
use the org and aq subscripts to define metal species in the
organic and aqueous phases, respectively.

A PerkinElmer automatic y counter with an Nal detector®
was used to determine the **'TI activity level in the samples
using a procedure described previously.”’ The stable TI(III)
concentration in the stock and work solutions was determined
by inductively coupled plasma mass-spectroscopy (ICP—MS,
Agilent 7500i) after dilution to a concentration suitable for
measurements with 1 volume percent of hydrochloric acid
solution, which contained 10 pg/L holmium (Ho) as an
internal standard.

The procedure to determine the equilibrium concentration
of ionic liquid ioms, [C,mim*] with n = 2, 4, and 8,
[C5Cipyrr*], and [TE,N7] in the aqueous phase after extraction
was described in detail in a previous publication.”’

Only statistical errors in y-ray counts were plotted, and
systematic experimental errors are estimated to be at a level of
10%. The experiments were generally repeated twice and some,
especially with high D values, were carried out in triplicate.

TI(Il) Loading. The method of determining the maximum
concentration of TI(III) in the organic phase was as follows.
Aliquots of stable TI(III) stock solution in 0.5 M HCI were
added to [C,mim][Tf,N] organic phase to cover metal
concentrations in the range from 1 X 107 to 1 X 107" M.
Then, 25 uL of saturated chlorine water was added and the
aqueous phases were spiked with **'TI. After extraction, the
metal activity in each phase was measured.

Back-Extraction. After the 2°'T] forward extraction, an
aliquot of the ionic liquid phase was placed in a plastic tube,
and an equal volume of 10.2 M HCI was added (volume ratio
1:1). Then, the same procedure as in the case of forward
extraction was applied.

2313

B RESULTS AND DISCUSSION

The two stable oxidation states of thallium in solution are +1
and +3, and these states are of interest in this study. It should
be noted that the use of a radioactive thallium isotope (**'T1)
allows for measuring both extremely low and extremely high
metal distribution ratios without additional modification of the
experimental protocol. This approach allows one to use
ultratrace concentrations of the metal and to significantly
increase the detection sensitivity simultaneously.

TI(I) Extraction into Pure ILs. The imidazolium-based
ionic liquids with different alkyl chain lengths, [C,mim][Tf,N]
(n = 2, 4, and 8), were examined for TI(I) extraction from
aqueous HCI solutions. Figure 2 shows the decreasing trend for

107 4
[C,mim][Tf,N]
2
=
s
g 2
£ 1074
£ 3
=
) [C,mim][Tf,N]
2
. [C,mim][Tf,N]
T T L L | T
0.1 1 10
HCL, M

Figure 2. Effect of aqueous HCl concentration on TI(I) extraction into
[C,mim][TE,N] (n = 2, 4 and 8) ionic liquids.

TI(I) extraction into [C,mim][Tf,N] and [C,mim][Tf,N]
ionic liquids at low aqueous HCI concentrations ([HCI] < 3
M). At a given aqueous HCl concentration, Dryqy values
decrease as the length of the aliphatic tail increases in the order
[C,mim][Tf,N] > [Cymim][T,N] > [Cgmim][Tf,N]. When
[HCI] > 3 M in the aqueous phase, similar trends of increasing
TI(I) extraction into [C,mim][TE,N] (n = 2, 4, and 8) with
increasing acid concentration are observed.

The speciation of the metal ion in aqueous solution allows us
to determine the mechanism of the extraction process. In the
case of TI(I), the predominant species in the diluted aqueous
hydrochloric acid solutions is mainly TI*.> The high
hydrophilicity of T1" is unfavorable for its transfer into pure
IL phase and results in a low efficiency for the extraction
process. Nevertheless, the dependence of the TI(I) extraction

DOI: 10.1021/acs.jpch.5b08924
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efficiency on the structure and composition of pure ILs can still
be used to interpret our findings in the terms of the
hydrophobicity/hydrophilicity of the ILs.

TI(I) transfer into the IL phase at low aqueous acidities
(<3 M HClI for [C,mim][Tf,N] and [C,mim][T£,N]) can be
described by cation exchange between TI" and IL cation:

[TlJr]aq + [Cnmier]Org 2 [TIJ']org + [Cnmim+Lq (n=2and4) 2)

The hydrophobicity of imidazolium-based ILs,
[C,mim][Tf,N], with various alkyl chain lengths increases in
the order [C,mim*] < [C,mim*] < [Cgmim'], and the
solubility of these ILs in the aqueous phase decreases in the
same order (see Table 1). As can be seen from Figure 2, the
extraction efficiency of TI(I) at low aqueous acidity decreases in
this order, i.e., higher extraction of TI(I) has been observed in
the case of ILs with shorter alkyl chains. This is likely due to
increased solubility of [C,mim*] (n = 2 and 4) cations with
shorter aliphatic chains in the aqueous phase, where the
extraction of T1" occurs according to eq 2. TI(I) is probably
also extracted with very small Dy values from low HCI
concentrations into the [Cgmim][Tf,N] ionic liquid via a
cation exchange mechanism, but this was not studied in the
current work.

The extraction of monovalent thallium from >3 M HCl into
[C,mim][Tf,N] (n = 2, 4, and 8) is nearly independent of the
IL cation structure. This change in the TI(I) extraction behavior
most likely depends on the metal speciation in solution, which
determines the dominant extraction mechanism. At high HCI
concentration in the aqueous phase, TI(I) likely forms an
anionic complex such as TICl,™ and/or a neutral species such as
TICL®® Thus, TI(I) extraction from the aqueous solution that
caused the increase in Dy for all three ILs possibly proceeds
via anion exchange:

[TICL, ],y + [TENT],, 2 [TICL, 7, + [TENT] (3)

Ion pair formation between TICl,” and IL cations, and/or
extraction of neutral TICI could also take place.

Figure 3 shows the extraction behaviors of two ionic liquids
which have an identical cation, [C,mim"*], but have different
anions, [FSI"] and [Tf,N~] (see Figure 1). The Dy values of
[C,mim][FSI] are slightly higher than those of

10"
7x102
[C,mim][FSI]
(=}
" 4x107 1
St
=
1]
=
=
=
2
a
[C,mim][Tf,N]
10? T T T — T
0.1 1 10

HCL, M

Figure 3. Extraction of TI(I) from aqueous solutions of varying HCI
concentration into [C,mim][FSI] and [C,mim][T£,N] ionic liquids.

[C,mim][TE,N] for all HCl concentrations, although both
curves decrease with increasing acid concentration for <3 M
HCI and increase with increasing acid concentration for >3 M
HCL. The Dy values are below 0.1 in all cases. The data
shown in Figure 3 suggest that cation exchange takes place in
<3 M HCl according to eq 2, and that anion exchange/ion pair
formation of TICl," is favorable in >3 M HCl according to eq 3
(although extraction of neutral TICl complexes is also
possible).

Figure 4 shows the effect of IL cation variation on the
extraction of TI(I) into the [Tf,N]- and [FSI]-based ionic

10" 4
[C,mim][FSI]
2
=}
<
Ll
=
8] .
E [C,C mim][Tf,N]
T
£
| 1074
[C,mim][Tf,N] * 2
[C,C,pyrr][Tf,N]
T T L T T UL |
0.1 1 10

HCI, M

Figure 4. Extraction of TI(I) from aqueous solutions of varying HCI
concentration into [C3;C mim][Tf,N], [C,mim][Tf,N],
[C,C,pyrr][TE,N], and [C,mim][FSI].

liquids. It should be noted that in case of [C;C mim][Tf,N]
and [C,mim][Tf,N], the cation in both cases contains the same
number of carbon atoms in its alkyl chain, however as shown in
Figure 1, the structures of the IL cations are different. The
longer aliphatic butyl (—C,H,) group of the [C,mim][Tf,N]
ionic liquid was substituted by a propyl (—C;H,) group, and
one more methyl (—CH,) group replaced an H atom on the
imidazolium ring. It can be seen that the Dy values are
slightly higher in case of the [C;C;mim][Tf,N] ionic liquid in
comparison to those of [Cymim][Tf,N]. It should be noted
that the structural changes between [C;C;mim*] and
[C,mim*] result in less hydrophobicity and slightly improved
extraction by the former. Figure 4 also allows for comparison of
the extraction of TI(I) into the imidazolium-based
[C;Cimim][T£,N] and pyrrolidinium-based [C;C,pyrr][Tf,N]
ionic liquids. Overall, the Dry) values are notably higher for
[C,Cymim][T£,N] in >1 M HCL Distribution ratio values for
the [C,mim][FSI] ionic liquid are also shown in Figure 4 to
demonstrate how the change in the anionic part of the ILs can
affect the extraction.

The similar shape of the extraction curves described in this
section (Figures 2, 3, and 4) and the similar low Dry(;y values
indicate an identical extraction mechanism takes place for all
considered TI(I)/HCI//IL extraction systems regardless of the
composition and structure of the ILs. At low acidities, the
predominant extraction process is cationic exchange between
metallic and IL cations, and at high HCl aqueous concen-
trations, the extraction of anionic and/or neutral TICI species is
preferable. Extraction curves of similar shape were described

DOI: 10.1021/acs.jpch.5b08924
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previously for many IL-based extraction systems, for example,
U(VI) extraction with TBP dissolved in ILs.°*®* The highest
extraction efficiency of TI(I), especially in the <3 M HCI
region, was observed in the case of pure [C,mim][FSI].

TI(Il) Extraction into Pure ILs. In previous experiments
on the speciation of TI(III) in aqueous HCl solutions, TICl, is
the dominant complex in low acid concentrations (log 3, =
17.0),°> while the formation of multicharged negative species
takes place in high acid concentrations. For example, TICl*~
(Ks = 2.15) and TICI&~ (Kg = 1.80)® have been reported.*®
When bromide ions are introduced in the HCI solution, pure
tetrabromide®” and/or mixed halide complexes of TI(III) might
exist in solution; for example, log B, for TIBr,” is equal to
223

Effect of Concentration and Nature of the Oxidizing
Agent. In this work, bromine and chlorine water were used as
oxidizers of TI(I). In order to check influence of these
compounds’ aqueous phase concentrations on the correspond-
ing TI(I1I) distribution ratio, [C,mim][Tf,N] (n = 2, 4, and 8)
ILs were used to extract thallium from 1 M HCI with varying
oxidizing agent concentration. Figure 5 shows that thallium

chloride complexes. This hypothesis is supported by a previous
report that notes the ability of anions to exchange with [Tf,N~]
increases in the order F~ < CI” < Br~ < I".°® Thus, the
extraction of TI(III) complexes from HBr + Br, media is
expected to result in higher Dryqyy values. Nevertheless, the
current work was considered to be a continuation of our
previous study, so we focused on thallium extraction from HCI
+ Br, and HCl + Cl, aqueous solutions.

Kinetics. One of the most important aspects of solvent
extraction is kinetics, and many parameters may affect this
process. In our case, four different [Tf,N]-based ILs, namely
[C,mim][TE,N] (n =2, 4, and 8) and [C,C,pyrr][Tf,N], have
been evaluated in terms of how fast thallium in the presence of
bromine water can be transferred into the organic phase. The
main parameter considered here is the time when the two
immiscible phases were vigorously mixed together, because this
step significantly intensifies the extraction due to an increase in
the surface area of the phases in contact. The biphasic system
was stirred at 3000 rpm for different time intervals in the range
from 0.5 to 20 min at room temperature and then separated by
centrifuging as stated above. It has been found (Figure 6) that

1000
T x A e
A 2 A 2
500 P " S .
T [C,mim][T,N]
2
< 1004
= ]
= ]
S
=
2
£
<2
a
[C,mim][Tf,N]
10 T T T T T T T T T
5 15 25 35 45 55
Volume, pL.

Figure S. Distribution ratio of TI(III) in 1 M HCI as a function of
saturated bromine (solid lines) and chlorine (dashed lines) water
content in the aqueous phase. Including oxidizer, the total volume of
the aqueous phase was 500 yL in each case.

extraction is independent of chlorine content in the range from
S to S0 uL of added saturated oxidizer solution. Constant
distribution ratio values have been observed for each IL, and
these results confirm the reproducibility of the data. However,
the influence of bromine water concentration in each sample is
significant, and the results clearly indicate that the Dy values
reach a plateau above 25 uL of this oxidizer. Thus, in order to
be sure that enough amounts of the oxidizer is contained in our
samples, all the following trials were performed with 25 uL of
bromine and chlorine water. It should be noted that for long-
term experiments or analyses, higher bromine water volumes
per sample might be needed because of bromine degradation
under UV light.

Figure S shows that thallium distribution ratios in 1 M HCI
are lower in the presence of chlorine water than in the presence
of bromine water. This is probably due to the fact that bromide
complexes of thallium have a higher affinity for the ionic liquid
phase (because of higher hydrophobicity) than those of
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Figure 6. Kinetic study of TI(III) extraction into various [Tf,N]-based
ionic liquids from 1 M HCI with 25 uL of bromine (solid lines) or
chlorine (dashed lines) water as an oxidizer.

equilibrium is achieved in seconds. One additional experiment
with [C,;mim][T£,N] ionic liquid has been performed to study
TI(III) extraction when less intensive, manual shaking, was
implemented for just 30 s. The trivalent thallium distribution
ratio was found to be consistent with the other data points.
Also, two more sets of experiments were performed with
[Cemim][T£,N] and [C,C,pyrr][T£,N] ionic liquids when
chlorine water instead of bromine water was used to oxidize
TI(I). The results again showed that equilibrium is reached very
quickly. Thus, unexpected relatively fast extraction of TI(III)
into [Tf,N]-based ILs was observed. Nevertheless, 5 min
shaking time was chosen for the remaining experiments based
on experimental convenience. A systematic study of the kinetics
of metal extraction with less than 1 min of shaking requires
time-consuming automation of the experiments, because such
factors as phase contact time and phase separation time are not
negligible anymore. Also, the influence of alkyl chain length and
IL structure plays a crucial role in determining the extraction
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efficiency, since it can be seen that the Dy values are in a
wide range from 20 to 700. The surprisingly fast kinetics of
trivalent thallium extraction is beneficial for analysis of both
environmental and any other kind of samples.

Influence of Hydrochloric Acid Concentration and
Effect of the IL Structure. On the basis of the two previous
sections, we chose the optimal conditions for thallium
extraction (25 uL of the oxidizer and S min of sample
shaking). Next, we studied the influence of aqueous phase HCl
concentration on metal extraction in the presence of bromine
water, chlorine water and in the absence of any oxidizer. Figure
7 shows that the tendency of bromide-based TI(III) complexes

[C,mim][T{,N]

Distribution ratio

[C,mim][Tf,N]

T — T —
0.1 1

HCI, M

Figure 7. TI(III) extraction from HCl aqueous solutions into
[C,mim][T£,N] ionic liquids (n = 2, 4 and 8). Solid and dashed
lines with closed symbols are for bromine and chlorine water oxidized
data, respectively. The dash dot line with open symbols is for no
oxidizing agent.

to extract compared to chloride-based ones remains qual-
itatively the same over the entire acid concentration range, but
the quantitative results are drastically different in the <3 M HCI
region.

The TI(III) data with no oxidizing agent (dash dot line in
Figure 7) show the lowest distribution ratio values over the
entire HCI concentration range for the [C,mim][Tf,N] ionic
liquid. The shape of this curve is similar to that for chlorine
water, due to the extraction of pure chloride complexes in both
cases. Figure 7 shows that TI(III) extraction in the absence of
an oxidizer is 25—30% lower than that in the presence of
chlorine water. This behavior is probably due to the oxidizer
presence in the aqueous phase, but this effect was not studied in
detail in this work.

We also studied the influence of the length of the alkyl chain
substituent to the imidazolium ring on TI(III) extraction from
HCI media. Figure 7 also depicts data for ionic liquids with the
same anion and 3 alkyl group substituents varying from ethyl to
octyl, and greater Dryq values have been observed for ionic
liquids with longer aliphatic chains. These results are analogous
to those found for Hg(II) and Pu(IV) extraction into other
imidazolium-based ILs, which showed a strong dependence on
alkyl chain Iength.so’ss’56 Also, the current work for TI(III)/(0.2
M HCl + 001 M Br,)//[Cemim][Tf,N] and previously
reported TI(II)/(02 M HCl + 001 M Br,)//30% TBP/
toluene*” systems show comparable distribution ratios of 1970
+ 130 and 1610 + 320, respectively.
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The TI(III) extraction from aqueous hydrochloric acid
solutions into [C,mim][Tf,N] ionic liquids (n = 2, 4, and 8)
increases in the order [C,mim][Tf,N] < [C,mim][Tf,N] <
[Cemim][T£,N] (see Figure 7), and the hydrophobicity of the
corresponding cations increases in the same order (see Table
1). Thus, imidazolium-based ionic liquids, [C,mim][T£,N],
with a long aliphatic tail (n > 8) might be utilized to extract
TI(III) into the organic phase from low HCl concentration with
Dryy 2 10°.

Figure 8 shows the effect of different IL anion structures on
TI(III) extraction efficiency. Higher Dryyyyy values were found

[C,mim][FSI]

Distribution ratio

[C,mim][Tf,N]

T — T T ———
0.1 1

HCI, M

Figure 8. TI(III) extraction from HCl media into the [C,mim][Tf,N]
and [C,mim][FSI] ionic liquids. Solid and dashed lines include 25 L
of bromine or chlorine water, respectively, as oxidizing agents.

for [C,mim][FSI] than for [C,mim][Tf,N] in the acid range
from 0.2 to 10.2 M HCL The general trends in the data where
thallium was oxidized by chlorine or bromine water, are the
same as described above. It can be seen that there is no
influence of IL structure on the shape of extraction curves. In all
considered cases, Dryqyy decreases with increasing HCI
concentration, and more steeply in the >3 M HCI region.
Figure 9 shows the extraction of TI(III) into various ionic
liquids, and it is convenient to compare data grouped in pairs.
One pair is [C,mim][TEN] and [C;Cmim][TE,N], which
have identical molecular weights and an identical anionic part.
The [C,mim][Tf;,N] Dryqyy values are lower than those of
[C5C mim][T£,N], which is probably due to the lengthening of
the alkyl side chain and the removal of an acidic proton from
the ring in the case of [C;C;mim*]. The solubility in water of
these two ionic liquids is the same within error (see Table 1),
but we are unable to attribute the change in Dy values to the
influence of the acidic proton without a further systematic study
of the influence of the number of substituent chains to the
imidazolium ring. The next pair is [C;Cymim][Tf,N] and
[C5C,pyrr][TE,N]. The anionic components and total number
of carbons are identical (except the alkyl chain position), but
the imidazolium ring is replaced by pyrrolidinium one. It should
be noted that the [C;Cpyrr][Tf,N] data show the lowest
values among the group of four ILs. [C,mim][FSI] data are
shown in Figure 9 for comparison with [C,mim][Tf,N]. The
[C,mim][T£,N] data are slightly below those of [C,mim][FSI]
for low HCI concentrations, but they are comparable in >6 M
HCIL Generally, all four ILs shown in Figure 9 are effective
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Figure 9. TI(III) extraction from HCl aqueous solutions into different
ionic liquids: (a) data with bromine water; (b) data with chlorine
water.

extracting solvents and might be potentially applied for TI(III)
isolation from HCI media. It also must be noted that ILs are
slightly soluble in aqueous solution, especially in highly acidic
media, and this results in contamination of the aqueous phase
by IL ions and partial loss of costly ionic solvent. One possible
way to minimize this drawback is to use moderate acidities
and/or highly hydrophobic (less soluble) ILs. For example, the
[Cgmim][T£,N] ionic liquid seems to be the most appropriate
solvent according to its low solubility in water, but this one is
very viscous and expensive as compared to [C,mim][TE,N].
On the other hand, the [C,mim][FSI] ionic liquid might be
considered as more preferable from a practical point of view
due to having the lowest viscosity (see Table 1), which makes
work with this IL easier. Thus, a compromise between
extraction efficiency, chemical conditions, technical aspects,
and IL cost should be found for each particular extraction
system.

It can be seen in Figure 9 that extraction with shorter alkyl
chains on the imidazolium ring can be compensated by a less
hydrophobic anion such as [FSI™] compared to [Tf,N~]. The
predominant TI(III) species in the HCl aqueous solution is
TIX,” (where X = CI™ and/or Br7)*™% as discussed above.
This suggests that the extraction mechanism (discussed in
detail below) is an anion exchange reaction between TICl,~
anionic complexes in the aqueous phase and IL anions in the
organic phase, and/or ion pair formation in the aqueous phase
between thallium species and IL cations.

If we summarize the results of all ionic liquids in this work,
then the ability of the six ionic liquids considered to extract
TI(III) increases in the order [C,mim][Tf,N] <
[C,Cipyrr][TEN] < [Cymim][TE,N] < [Cymim][FSI] <
[C;Cmim][TH,N] < [Cgmim][Tf,N]. The solubility of
[Tf,N"]-based ionic liquids in water decreases in the same
order (see Table 1). It should be noted that the [Tf,N~]-anion
is more hydrophobic than [FSI”], because the former one
contains six fluorine atoms versus two fluorine atoms in the
latter (see Figure 1). Greater hydrophilicity can be expected
due to the lower fluorine content in the molecule, and this
explains the high solubility of [C,mim][FSI]. Nevertheless, the
extraction mechanism is still the same and some insights to this
process are given below.
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Theoretical Extraction into an lonic Liquid. Generally,
the distribution of any metallic species between two immiscible
phases, ie., IL and aqueous solution, should be described in
terms of ions transferred because ionic liquids are known to
favor the extraction of charged complexes.’***% This
extraction behavior is completely different from molecular
organic solvents, which are electrically neutral media and favor
the extraction of neutral complexes.

In jonic liquid-based extraction of negatively charged
complexes, one of the possible mechanisms is the anion
exchange between an anionic species in the aqueous phase
([$*7].g where z is the charge of the species of interest) and an
anion of the ionic liquid ([A_]org):

A g + [N 2 [$ T + 2[AT], @

Another possible extraction mechanism is the formation of ion
pair complexes. The generic equations to estimate extraction
constants and proposed mechanisms of ion pairing can be
found in previous reports.”’”"> This process occurs between
species of interest and counterions of the ionic liquid dissolved
in the aqueous phase ([C'],,), followed by transfer into the IL
phase. It can be described for anionic solutes as

2[CT],y + [S7] 2 2[CT], + [S77]

org org

()

The solute transfer process into the IL phase is affected with
the distribution of IL constituent ions between the two
immiscible phases:

[CT o + [AT]

org org

2 [C'], + [A] (6)

Thus, the equations to describe the process of solute transfer
based on charge balance is

(AT, = [CTg = 2([S Ligume —

org org aq

[570,) = 2AI7), ()

where “init” indicates the initial concentration of the species in
the aqueous phase. The equilibrium constants for the ion
exchange extraction mechanism (K eq 8), ion pair extraction
(Kppy €q 9), and the solubility product of the IL (K, eq 10) are
defined as

Ky = DSZ_[A_]an (8)

Kp = DSZ’[C+]uq_Z 9
—1Cct A

Ky, = [CT] (A, (10)

I<spz = I<IEI<IP_1 (11)

Combining eqs 7 and 10 leads to a quadratic equation in
(A7 ]

K, = ([A_]aq - ZA[SZ_]uq)[A_]aq (12)

Substituting the solution of this equation into eq 8 gives the
following result:

2A[$7),, + (ZPA[ST], + 4K,
2

Kjp = Dg:- (13)

The sign before the radical must be positive in order to
eliminate nonphysical values of K. An analogous derivation
might be done for Kjp or any cation extraction. Thus, the
function Dg = f(A[S**],) describes the experimental data on
the extraction of solutes from the aqueous phase into the ionic
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liquid phase. This function is not linear and the experimental
nonlinearity is easily observed if the concentration of the
extracted ion of interest is varied over a wide range. In the limit
of infinite A[S*],, eq 13 collapses to

log D, = log Kz — z log z — z log A[SZi]aq (14)
where D, is the distribution ratio for the theoretical infinitely
concentrated A[$*],;. On a plot of D versus A[S™],, the
slope of the asymptote as A[S**],; — co will be always negative
regardless of whether cations or anions of interest are extracted.
The parameter z of the linear function given in eq 14 provides
information on the number of cations or anions of the ionic
liquid required to compensate the charge of the extracted ion.
The value of z is discussed in the next section.

It must be mentioned that the mathematical model
considered above is correct only in the absence of H*-ions in
the aqueous phase. In case of acidic aqueous solution,
protonation of [Tf,N”] anions must be taken into account
and can be described as

[HAL, = [H'],, + [A] (15)

where the equilibrium concentrations of H[Tf,N] acid,
protons, and [TE,N”] anions are represented as [HAJ,,
[H'], and [A7],,, respectively. The H[Tf,N] acid dissociation
constant, K,, is defined as

K, = [HT][A][HAT™

aq

(16)

and was found to be 0.70 + 0.04 mol dm~>.”* Therefore, eqs 8
and 10 must be modified due to the simultaneous presence of
[A7],q and [HA],; in the aqueous phase, and are defined as

Kz = Dg-[A],,°(1 + [H'], K —1)* (17)

aqg~vz

where [A7],, + [HAL,, = [A7],,(1 + [H'],K, ).

A widely used method to obtain more insight into the
extraction mechanism is the introduction into the aqueous
phase of a salt which has a common cation or anion with the
ionic liquid under investigation, for example Li[Tf,N] for
[Tf,N]-based ILs or [C;,mim]Cl for imidazolium-based
ILs.”*”* The choice of corresponding compound depends on
whether the anionic or cationic species of interest are expected
to be predominant under the given chemical conditions. This
approach allows one to determine the charge of the extracted
ion and helps in the interpretation of extraction processes. The
charge balance for the acidic aqueous phase before and after
extraction when Li[Tf,N] is added to the aqueous phase
(discussed below) can be defined as follows.

Before extraction:

[Li*]

K

ag=a

K}, = [C"], [A],(1 + [H'] (18)

aq,init + [H+]aq,init = [TfZN_]aq,init + [Cl_lzq,init + Z[SZ_]aq,init

(19)

After extraction:

[Li],q + [H' ] + [CT],y = [TENT]g o + [CIT]g + 2[S 7]

(20)
It was experimentally confirmed that Li*, H', and CI~ were not
detectably extracted into the IL phase from up to S M HC],
which is in agreement with the results of other research-
ers.57’73’75 Thus} [Li+]aq, init = [Li+]aql [H+:|aq, init = [H+]aq +
[HA],y, and [CI7],g jni = [CI7],. Also due to the identity of
the ionic liquid ([A_]aq, 1) and lithium salt ([szN_]aq, LTEN])

aq
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anions, the total equilibrium aqueous concentration of organic
anions was measured, where [THNT ] o = [TENTLg Lipreng

+ [A_]aq, 1L
Therefore, subtraction of eq 20 from eq 19 leads to

[HA]aq - [C+]aq = A[TfZN_]aq + ZA[SZ_] (21)

aq
where A[TfZN_]aq = [TfZN_]aq, init [TfZN_]aq, total*

Thus, a combination of eqs 18 and 21 results in a quadratic
equation:

I<5/P = ([H+]aq [A_]aq1<a_1 - A[TfZN_]‘“I - zA[SZ_]“‘Z)
(A1, (1 + [H"],K ™) (22)

Let [T7],q = A[TENT],
equation is therefore

q T ZA[S* ], The solution to this

[T, + ([T‘Lq2 + 4(Ka+[H+Jaq)‘l[H*LqK;p)O'S

&,

K—l

2[H"], K,
(23)
Effect of Li[Tf,N] on TI(lll) Extraction. In order to
confirm the extraction mechanism and determine the charge of
the extracted ions, an experiment devoted to introducing
Li[T,N] into the aqueous phase has been performed. In our
experiment, the initial aqueous concentration of stable TI(III)
was constant (~10"* M) and the only variable is the
concentration of Li[Tf,N] in the aqueous phase. In the case
of TI(III) extraction, strictly speaking [T~],q = A[TENT],, +
zA[TICl,,,*"],,, although A[TICL,,,”"],, is negligible and can
be eliminated.
Figure 10 shows the TI(III) extraction behavior without an
oxidizing agent as a function of the concentration difference

aq q
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= ]
Lo
=
2
=}
=
=
bl
2 10°5
[=) 3

10 T T — T — T — T —— T

10" 10° 102 10" 10° 10"
A[TENT, +z*A[TICL, "], , M

Figure 10. Extraction of stable TI(III) without an oxidizing agent from
1 and § M HCl into [Cymim][Tf,N] as a function of added Li[Tf,N]
(solid lines). The tangents (dashed lines) are discussed in the main
text.

between initially added Li[Tf,N] and stable TI(III) and the
equilibrium concentration of [Tf,N~] and TI(IIl), namely
A[TfZN_]aq + zA[TIC, ﬂz_]aq (these parameters were directly
measured by NMR and ICP—MS), in the aqueous phase for
both 1 and S M HCL It can be seen that distribution ratio
values of TI(III) in the [Cymim][Tf,N] ionic liquid phase
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decrease with increasing A[Tf,N~],.. All of the Dy values
are below those for the corresponding TI extraction into
[Cymim][Tf,N] in the absence of the lithium salt in the
aqueous phase (see Figure 7). It should be noted that there is
clear evidence of the influence of HCI concentration on TI(III)
extraction, which might be explained in terms of different
speciation of the extracted metal.

In order to fit the experimental data in Figure 10, a combined
equation based on eqs 17 and 23 has been used. The
equilibrium concentration of protons was determined as [H'],,
= [H*] gime (1 + [A7],, K,7')7", where [A7],, was found to be
independent of acid concentration and equal to 20 mM in up to
S M HCI solution. Also, the lower limit of the modified
solubility product, Ky, was set to 2.7 X 107%, because this is the
solubility product of the [C,mim][Tf,N] ionic liquid in
water.”” The nonlinear fitting process was performed in Origin
8.5 software. The best fit provides parameters that minimize
deviations of the theoretical curve from the experimental
points, according to the so-called Pearson’s chi-squared test. An
iterative strategy to estimate the parameter values leads to the
reduced chi-square, which is the mean deviation for all data
points. Table 2 gives the results of fitting the data in Figure 10.

Table 2. Fitted Parameters for the TI(III)/HCI/Li[Tf,N]//
[C4mim][Tf,N] System”

parameter 1 M HClI S M HCI
reduced y? 0.703 0.069

z 1.12 + 0.06 197 + 0.16
K, (83 £25) x 107 0.064 + 0.013
Ky 0.75 + 0.06 1.22 + 0.02
Kp 2160 + 250 273 + 10

“The data are presented in Figure 10.

We also graphically determined the average charge of the
complexes of interest by measuring the tangents to the curves
at high [Tf,N~] concentrations in Figure 10. The correspond-
ing slopes in 1 and S M HCl were —1.1 and —1.9, respectively.
The calculated z values in Table 2 are in agreement with the
graphically found ones and are likely more accurate and clearly
indicate on the average charge of extracted thallium complexes:
in 1 M HCI, we mostly extracted TICl,”, and in 5§ M HCI, we
extracted either TICl>~ or a mixture of TICl,” and TICI>~
with an almost 1:1 ratio. (Br~ was not present in these
experiments). The K',, values show that the modified solubility
product increased as expected with increasing HCl concen-
tration, and both values are greater than K, calculated for the
same jonic liquid in contact with 0.1 M HCI, which is equal to
3.5 X 107" The ion pair formation equilibrium constant Kp
has been found to be at least 2 orders of magnitude greater than
the ion exchange equilibrium constant K'j; in both cases. This
indicates that the ion pair formation process is predominant in
the TI(III) extraction process into pure ILs. In other words, the
formation of the [C,mim*][TICl,”] ion pair in 1 M HCI and
the [C,mim*],[TICI>"] ion pair or a mixture of
[Cymim*][TICI,~] and [C,mim*];[TICI>"] in 5 M HCI is
much more favorable than [Tf,N”] exchange with TI(III)
anionic complexes. The formation of these complexes is not
surprising because compounds of similar structure are known
and well characterized, for example [C,mim] [AIC14],76
[C,mim],[NiCl,] (n = 4—8),”” and [Cymim],[Ce(NO,),].”
We have also observed similar ion pair products in an ancillary
experiment when the [C,ymim]Cl ionic liquid was added to a
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5.4 mM TI(III) solution in 1 M HCL It was found that a new
phase (insoluble in the aqueous solution) was formed, which
was easily dissolved upon the addition of the [C;omim][Tf,N]
ionic liquid. The content of this new phase was likely
[C,omim][TIC,].

TI(Il) Loading. The loading of stable thallium should be
considered in order to determine the range of metal
concentration in the organic phase after extraction, to avoid
the possibility of third phase formation. It was found that the
extracted complex is soluble in the ionic liquid phase without
any sign of third phase formation. Figure 11 shows measured
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Figure 11. Distribution ratio of TI(III) between [C,mim][T£f,N] ionic
liquid and 0.5 M HCI as a function of differences between initial and
equilibrium concentrations of stable TI(III) in the aqueous phase.

Doy values and it can be seen that the TI(III) extraction does
not depend on metal concentration in the aqueous phase in the
range of up to 1 X 107> M. Thus, this value determines the
capacity of the organic phase.

In order to fit these experimental data, eq 23 has been
slightly modified with respect to absence of Li[Tf,N] and
presence of stable TI(III) in 0.5 M HCI in the only form of
TICL,™ (z = 1):

AlTICL, ], + (A[TICLT],” + 4K},)™
2(1 + [H'],,K,7)

&7, =
(24)
Thus, parameters for [C,mim][Tf,N] ionic liquid in 0.5 M
HCI have been measured: K'y, = (345 £ 0.14) X 1073 K’y =
1.24 + 0.02, and Kpp = 359 =+ 10. The solubility product value is
consistent with the higher solubility of [C,mim][Tf,N]
compared to [C,mim][Tf,N]. Also, the results confirm that
ion pair formation is predominant in this system as well.
TI(ll) Back-Extraction. It can be seen from Figure 9 that
TI(II) can be easily back-extracted by increasing the HCI
concentration. Back-extraction of TI(III) with 10.2 M HCI was
tested for the [C,mim][Tf,N] ionic liquid after extraction of
the metal from a 1 M HClI solution. Distribution ratio values of
TI(IIT) were successfully decreased by a single back-extraction
from 100 (bromine water used as thallium oxidizer in forward
extraction) and 60 (chlorine water used as thallium oxidizer) to
10 and 9, respectively, and these results are in good agreement
with the data shown in Figure 7. The data indicate that in terms
of extraction chromatography, if ionic liquids were attached to
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an inert support and packed into a column, efficient elution of
thallium from the column can be expected.

In order to back-extract Tl in the case of very high Dy
values (i.e, from [Cgmim][Tf,N] ionic liquid phases after
extraction), its reduction to the +1 oxidation state can be an
alternative technique, because stripping with even highly
concentrated aqueous HCI solutions will not allow one to
reach distribution ratio values below 10. For example, a
previous publication”® successfully applied hydrazine to reduce
the thallium oxidation state.

B CONCLUSIONS

Extraction of both TI(I) and TI(III) from HCI media into a
series of pure hydrophobic ionic liquids has been investigated.
It has been shown that distribution ratios attributed to TI(I) are
below 1 and the structure of ionic liquid noticeably affects the
extraction efficiency. It has been observed that the longer alkyl
chains of imidazolium-based ILs correspond to lower
extractions of cationic T1" species at low acidities, while at
high HCI concentrations, the extraction is insensitive to the
alkyl chain length of [C,mim][Tf,N] (n = 2, 4, and 8). In the
case of TI(III), surprisingly high extraction efficiencies and fast
kinetics have been observed, and equilibrium has been reached
in seconds. The influence of ionic liquid structure on the
extraction of TIX,,,*” complexes (where X = CI™ and/or Br")
is the opposite of TI". It has been found that the TI(III)
extraction ability of ionic liquids in this work increases in the
order [C,mim][Tf,N] < [C;C,pyrr][TE,N] < [Cymim][TE,N]
< [Cymim][FSI] < [C,C;mim][Tf,N] < [Cgmim][Tf,N]. The
solubilities of the [Tf,N~]-based ionic liquids in water decrease
in the same order. The charge of the TI(III) complexes has
been determined by introduction of Li[Tf,N] into the aqueous
phase for experiments with [Tf,N~]-based ionic liquids. The
measured data indicated that the extraction of TI(III) proceeds
mainly via ion pair complex formation with IL cations, and that
the extracted metallic species are TICl,” in low acid
concentrations and either TICl*~ or a mixture of TICl,” and
TICls*™ in high acid concentrations. It has been noted that
TI(IIT) extraction is quantitative for initial metal concentrations
up to 1 X 107> M. Back-extraction of TI(TIT) has been checked
based on the influence of HCI concentration, and a successful
decrease in distribution ratio values has been observed. In total,
these results indicate that the use of pure ionic liquids for
extraction of TI from aqueous HCI solutions is feasible.
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