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a  b  s  t  r  a  c  t

A  fast  and  simple  method  involving  separation  and determination  of thallium  (Tl)  species,  based  on
novel  ionic  liquid-assisted  ion  pairing  dispersive  liquid–liquid  microextraction  (DLLME)  method,  was
developed.  Initially,  Tl(III)  was  selectively  complexed  with  chloride  ion  to form  [TlCl4]− chlorocomplex.
Subsequently,  tetradecyl(trihexyl)phosphonium  chloride  ionic  liquid  (CYPHOS® IL 101)  was  used  to form
the ion-pair  with  [TlCl4]− anion  followed  by  extraction.  The  DLLME  procedure  was  developed  by dispers-
ing  80  �L of  carbon  tetrachloride  with  100  �L of ethanol  added  to  the  aqueous  solution.  After  DLLME,  the
upper  aqueous  phase  containing  Tl(I)  only  was  removed  and  analysed  by inductively  coupled  plasma-
mass  spectrometry  (ICP-MS).  In contrast  to Tl(III),  Tl(I)  species  does  not  form  neither  stable  nor  anionic
complexes  with  chloride  ions  and  it was  not  extracted  into  the  organic  phase.  Total  Tl  concentration  was
obtained  by  direct  introduction  of sample  into  ICP-MS  instrument.  The  calibration  graph  for  the  analyte
was linear  with  a correlation  coefficient  of  0.9989.  Under  optimal  conditions,  detection  limit  of  Tl  species
was 0.4  ng  L−1.  The  relative  standard  deviation  (n  =  10)  at 1 ng mL−1 Tl  concentration  level  was 1.3%  for
Tl(I)  and 1.5%  for  Tl(III).  The  method  was  successfully  applied  for  fast  speciation  analysis  of  Tl  at  ultratrace
levels  in  real  water  samples.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Thallium (Tl) is an emerging pollutant that is introduced into
the environment mainly as waste from the production of lead
and cadmium and by coal combustion [1].  Thallium is an element
with greater toxicity to mammals than Hg, Cd, Pb, or Cu [2].  Thus,
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the United States Environmental Protection Agency (US EPA) has
included Tl in the list of priority pollutants in drinking water, defin-
ing 0.5 �g L−1 Tl as maximum permissible concentration. Thallium
is mainly present as monovalent [Tl(I)] and trivalent [Tl(III)], and
each oxidation state is different from a toxicological point of view
[3].  In fact, it has been stated that Tl(III) is more toxic than Tl(I)
[4].  Therefore, considerable interest on Tl species separation and
determination has come up in the research field.

The determination of Tl is not an easy task as natural content
of this analyte in environmental samples is at ng L−1 level or less.
For this reason, the application of analytical methods with high
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sensitivity and low detection limit is required. Furthermore, the
number of analytical methods reporting Tl species separation
is limited. Thus, electrothermal atomic absorption spectrometry
(ETAAS) has been successfully employed for determination of Tl
species in water samples [4–6] due to satisfactory analytical per-
formance, such as reliability, sensitivity and relatively low cost
of instrumentation [7].  Nevertheless, it is well known that chlo-
ride interferences are one of the most frequent cases of chemical
interferences in ETAAS [8].  Unquestionably, inductively coupled
plasma-mass spectrometry (ICP-MS) is one of the most powerful
techniques for trace elements analysis due to its numerous advan-
tages, such as extremely high sensitivity, low limits of detection,
ability to handle both simple and complex matrices with a mini-
mum  of matrix interferences due to the high-temperature of ICP
source. Moreover, high sample throughput and the capability to
obtain isotopic information are among the main strengths of ICP-
MS [9–11]. Despite these notorious advantages, separation of Tl
species is required before these can be individually detected by
ICP-MS. Thus, it has been reported the separation of Tl species
by reversed phase HPLC prior to ICP-MS [12]. Also, ion chro-
matography (IC) coupled to inductively coupled plasma optical
emission spectrometry (ICP-OES) or ICP-MS has been proposed
for Tl speciation analysis [13]. However, it must be pointed out
the need of additional instrumentation and the significant time
required for analysis when HPLC separation is used with ICP-MS
detection.

On the other hand, common preconcentration and separation
techniques for Tl species determination at trace levels include
solid phase extraction (SPE) [14,15] and liquid–liquid extraction
(LLE) [16] with organic solvents. However, some drawbacks arise
from the application of this class of techniques, such as the use
of significant volumes of toxic and expensive solvents, generation
of a large volume of wastes and reduced frequency of analysis
[17]. On the other hand, liquid–liquid microextraction technique
(LLME) effectively overcomes these difficulties by reducing organic
solvent consumption as well as allowing sample extraction and
preconcentration to be performed in a simple and single step
[18]. Furthermore, the use of modern solvents known as ionic
liquids (ILs) has become an attractive tool to replace environmen-
tally unfriendly solvents that generate volatile organic compounds.
Ionic liquids exhibit unique properties, including negligible vapour
pressure, high thermal stability, high ionic conductivity and wide
electrochemical window [19]. Usually, ILs have a high concen-
tration of ions (more than 5 mol  L−1) [20] and hence, ion-pairing
reactions are expected to occur in these media [21,22]. Particularly,
tetradecyl(trihexyl)phosphonium chloride ionic liquid (CYPHOS®

IL 101) has been used as ion-pairing reagent for determina-
tion of Tl species in water samples [23]. Nevertheless, separation
of Tl(I) and Tl(III) species was not feasible by direct applica-
tion of the IL during preconcentration step. Thus, an additional
separation step involving the use of ion exchange resins was
required.

In this work, a simple analytical methodology based on the
application of ILs for rapid and effective separation of Tl(I) and Tl(III)
species is presented. Tetradecyl(trihexyl)phosphonium chloride
ionic liquid (CYPHOS® IL 101) was assessed for ion-pairing reaction
with [TlCl4]− chlorocomplex followed by its selective separation
from Tl(I) species using dispersive liquid–liquid microextraction
(DLLME) technique. Furthermore, the effect of several ion-pairing
reagents such as tetrabutylammonium bisulfate, cetyltrimethy-
lammonium bromide (CTAB) and trimethyltetradecylammonium
bromide (TTAB) was investigated. Determination of Tl(I) in the
upper phase was performed by ICP-MS. Evaluation of total Tl con-
centration was performed by direct analysis of the samples with
ICP-MS, while Tl(III) species concentration was obtained as the dif-
ference between total Tl and Tl(I) concentration.

Table 1
Instrumental and experimental conditions for Tl species determination.

ICP-MS parameters
RF power (W)  1550
Sampler and skimmer cones Nickel
Plasma gas flow rate (L min−1) 15.0
Auxiliary gas flow rate (L min−1) 0.9
Carrier gas flow rate (L min−1) 0.99
Sample introduction flow

(mL  min−1)
1.5

Spray chamber temperature (◦C) 2
Gas flow (mL  min−1) in the

collision cell
0.03 [He]

Nebulizer MicroMist
Isotopes monitored 203Tl, 205Tl, and 115In (as

internal standard)
DLLME conditions
Sample volume 5 mL
HCl concentration 1 mol L−1

CYPHOS® IL 101 concentration 2 × 10−5 mol  L−1

Extractant solvent Carbon tetrachloride
Volume of extractant solvent 80 �L
Disperser solvent Ethanol
Volume of dispenser solvent 100 �L

2. Experimental

2.1. Instrumentation

An Agilent 7700x ICP-MS (Agilent Technologies, Tokyo, Japan)
fitted with standard glass concentric nebulizer, quartz double-pass
spray chamber and nickel sampler and skimmer cones was used for
Tl determination. The ICP-MS instrument can operate the collision
cell in either no gas mode or helium collision mode. In this work,
individual application of both modes was  studied. The optimal ICP-
MS operating conditions are summarized in Table 1.

A centrifuge (Luguimac, Buenos Aires, Argentina) and a vortex
model Bio Vortex B1 (Boeco, Hamburg, Germany) were used for
speeding up the phase separation step and mixing the reagents,
respectively.

2.2. Chemicals and standards

Stock standard solutions of 1000 mg  L−1 of Tl(I) and Tl(III) were
prepared from an accurate weight of TlNO3 (99.9%) (Aldrich, Mil-
waukee, USA) or Tl(NO3)3·3H2O (98%) (Aldrich) dissolved in 1%
(v/v) ultrapure HNO3 (Merck, Darmstadt, Germany). A 1000 mg L−1

In-standard solution obtained from Inorganic Ventures (Lakewood,
NJ, USA) was used as internal standard to correct for any instru-
mental drift during analysis. Working standard solutions were
prepared by appropriate dilution with ultrapure water. Toluene
and methanol from Merck were used. HCl (Ultra pure grade, Fig-
may, Córdoba, Argentina) was  used to form the anionic complexes.
Chloroform and carbon tetrachloride from Merck were assessed
as extractant phases. Lithium chloride (>99%) (Merck) and sodium
chloride (>99%) (Merck) were also selected as sources of chloride
ion for complexing of Tl(III) species. Tetrabutylammonium bisul-
fate (99%) (Fluka, Suiza), cetyltrimethylammonium bromide (CTAB)
(99%) (Merck) and trimethyltetradecylammonium bromide (TTAB)
(99%) (Aldrich) were used for evaluation of ion pairing reaction.
Fig. 1 exhibits the molecular structure of these reagents. CYPHOS®

IL 101 was  obtained by a donation from Prof. Ullastiina Hakala (Uni-
versity of Helsinki, Finland) and provided by CYTEC Industries Inc.
(Canada). A Milli-Q Academic A-10 Millipore Water Purification
System (Billerica, MA,  USA) was  used for obtaining ultrapure water
(18 M� cm). All glasswares were washed with pure water, soaked
in 0.5 mol  L−1 HNO3 solution for 24 h and finally rinsed 5 times with
ultrapure water.
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Fig. 1. Molecular structures of the ion pairing agents studied in this work. (I) Tetrabutylammonium bisulfate; (II) cetyltrimethylammonium bromide (CTAB); (III) trimethyl-
tetradecylammonium bromide (TTAB); (IV) tetradecyl(trihexyl)phosphonium chloride ionic liquid (CYPHOS® IL 101).

2.3. Sample collection and preparation

For the collection of tap water samples, domestic water was
allowed to run for 20 min, then collected in a 1000 mL  HDPE bot-
tles and analysed immediately after sampling. River water samples
were collected in 1000 mL  bottles (previously rinsed three times
with the sample) and filtered through 0.45 �m pore size PTFE mem-
brane filters (Millipore Corporation, Bedford, MA,  USA). Sampling
was performed at a depth of 5 cm below the surface. All materials
were previously washed overnight with a 10% (v/v) HNO3 water
solution and rinsed with ultrapure water.

2.4. Separation and determination of Tl species

An aliquot of 5 mL  of sample (or Tl(III) standard solution for
optimization) was placed in a 10 mL  graduated glass centrifuge
tube and added with 418 �L of concentrated HCl. The mixture was
shaken for 10 s with a vortex and remain for 2 min  to ensure the
complete formation of the anionic complex [TlCl4]−. Afterward, a
volume of 266 �L of a 3.8 × 10−6 mol  L−1 CYPHOS® IL 101 (prepared
in toluene) solution was added to the tube and the resulting sys-
tem was shaken for 60 s with vortex stirrer. Then, a volume of 80 �L
of carbon tetrachloride (extraction solvent) dissolved in 100 �L of
ethanol (dispersant solvent) was added to the sample solution.
Immediately, the mixture was shaken for 100 s. Finally, a centrifu-
gation step at 1500 rpm (125.8 × g) during 5 min  was applied to
obtain two well-defined phases. Centrifugation tubes were hence
placed in the autosampler of the ICP-MS instrument from where the
upper aqueous phase was directly sampled for Tl(I) determination.
203Tl, 205Tl isotopes were monitored. Likewise, 115In was  monitored
as internal standard by constant mixing with the sample flow using
a Y-shape connexion before introduction of the mixture into neb-
ulizer. Calibration was performed against aqueous standards and
blank solutions.

For determination of total Tl, direct introduction of sample into
ICP-MS instrument was performed. Finally, Tl(III) concentration
was calculated by difference between total Tl and Tl(I) concentra-
tion.

3. Results and discussion

3.1. Studies on complexation of Tl and ion-pairing reaction

Separation of Tl species was feasible thanks to initial forma-
tion of the complex between ion chloride and Tl(III). Considering

that the trivalent species can be hydrolysed in alkaline or neutral
solutions, stabilization of the cation by a complexing agent is a con-
venient approach [24]. Furthermore, the high reduction potential
shown by Tl(III) could favour its fast reduction to Tl(I) species. In
fact, a reduction potential of 1.25 V for Tl(III)/Tl(I) redox couple is
usually stated in the literature. Therefore, potential reagents for
complex formation should be carefully selected to avoid possible
conversion of Tl(III) species. Based on these considerations, Tl(III)
species was complexed with chloride ion. Thus, the formation of
[TlCl4]− complex avoided both undesirable hydrolysis and reduc-
tion of Tl(III). Moreover, original speciation of Tl was preserved
under these conditions.

Initially, the influence of chloride source for complex forma-
tion was  studied in detail. The trivalent species were complexed
with chloride ions originated from HCl acid and different salts. In
this work, the extraction of Tl(III) from HCl, NaCl and LiCl solu-
tion was  evaluated. Chloride ions from salts were conditioned in
an HClO4 medium. It was observed that Tl(III) could be completely
extracted into the organic phase using chloride anions from both
acid and salts. It has to be pointed out that an increase of exper-
imental errors could be factible when salts are used as they have
to be weighed, solubilized and transferred to a volumetric flask.
Moreover, the choice of anions from salts comes with the incor-
poration of another reagent, such as HClO4 (for adjusting the pH
of medium). For this reason, HCl acid was  selected as source of
chlorides due to higher simplicity. Fig. 2 shows the dependence of
extraction efficiency on the initial HCl concentration in aqueous
solution. Furthermore, as the complex formation with the trivalent
valency state is selective, Tl(III) was the only species able to form
the ion pair with CYPHOS® IL 101, and hence the only one that could
be extracted into the organic phase. On the other hand, considering
that Tl(I) do not form complexes with chloride anions, it remains
completely in the aqueous phase. Therefore, the selective complex
formation allowed complete separation of both species. Finally, a
concentration of 1 mol  L−1 was selected to ensure complete extrac-
tion of Tl(III).

It is well known that Tl(III) forms a very stable chlorocomplex
in HCl solutions, showing a high stability constant (log K = 18.3)
[25]. On the other hand, it is expected that [TlCl4]− shows good
extractability into the organic phase because of this anionic com-
plex is tetrahedral, and hence the coordination sites of Tl(III) are
fully occupied by chloride [26]. Therefore, water molecules do
not bind to [TlCl4]−. Nevertheless, it was  supposed that the for-
mation of an ion pair between [TlCl4]− anionic complex and a
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Fig. 2. Effect of HCl concentration on extraction efficiency of (�) Tl(I) and (�) Tl(III)
species. Other experimental conditions are as mentioned in Table 1.

specific cation would allows to obtain total extraction of analyte.
In this case, tetrabutylammonium bisulfate, cetyltrimethylam-
monium bromide (CTAB), trimethyltetradecylammonium bromide
(TTAB) and CYPHOS® IL 101 were evaluated as ion-pairing agents.
Furthermore, it was useful to establish the right concentration of
the ion-pairing reagent due to its important role in the contribution
of counter ions for ion pair formation with [TlCl4]− anion. For this
reason, concentration was studied within an interval of 2.0 × 10−6

to 2.0 × 10−2 mol  L−1. As shown in Fig. 3, the best results were
obtained when CYPHOS® IL 101 was used as ion-pairing reagent.
An extraction of 100% was reached using CYPHOS® IL 101 as ion-
pairing agent. It could probably be explained because the ion pair
containing CYPHOS® IL 101 would exhibit a lower polarity in com-
parison with the others ion-pairing agents studied in this work.
On the other hand, no significant differences were observed when
tetrabutylammonium, cetyltrimethylammonium or trimethylte-
tradecylammonium were used as ion-pairing reagents, which could
be due to their similar cationic structures.

Furthermore, a concentration of 2.0 × 10−5 mol  L−1 CYPHOS®

IL 101 was essential to achieve the highest extraction efficiency,
meaning that a molar ratio of 1:100 Tl to CYPHOS® IL 101 was
enough to assure full ion pair formation between [TlCl4]− and
CYPHOS® IL 101. Although this relation is higher compared to the
minimal theoretical molar ratio needed to form the ion pair, it could
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Fig. 3. Influence of TlCl4−/ion-pairing agent molar ratio on extraction efficiency of
Tl(III). (�) CYPHOS® IL 101, (�) tetrabutylammonium bisulfate, (�) CTAB and (©)
TTAB. Other conditions are shown in Table 1.

be possible that equilibrium displacement towards total ion pair
formation occurs upon an excess of IL in solution.

3.2. Selection of the extraction solvent

The selection of extraction solvent is a critical matter to be
considered in DLLME. The extraction solvent must show higher
density than water for efficient phases separation, good extraction
capability towards different compounds and relatively low solu-
bility in aqueous medium. In this work, chloroform and carbon
tetrachloride were evaluated as extractant solvents. No marked dif-
ferences were observed in the extraction efficiency of Tl(III) species
using both chloroform or carbon tetrachloride (99.2 and 99.9%,
respectively). As carbon tetrachloride has lower solubility in water
than chloroform (1 g L−1 vs. 8.22 g L−1 (both at 20 ◦C)), the former
solvent was preferred to chloroform. Thus, any organic solvent
effects on ICP measuring conditions were prevented. Consider-
ing the previous information, carbon tetrachloride was  selected as
the extraction solvent for subsequent experiments. Furthermore,
aliquots of sample were examined by using 500 �L of ethanol (as
dispersant solvent) containing different volumes of the selected
extraction solvent (40–150 �L). The highest recovery was observed
since 80 �L of carbon tetrachloride.

3.3. Influence of the disperser solvent on extraction efficiency

In order to perform DLLME, the disperser solvent must be mis-
cible in both water and the extraction solvent. Therefore, different
disperser solvents such as acetone, methanol and ethanol were
evaluated. The highest extraction efficiency of Tl(III) (∼99%) was
reached with all the assayed solvents (at different volumes). Due
to its lower toxicity as compared to methanol and acetone, ethanol
was chosen as the disperser solvent for following experiments.
Moreover, it was observed that a stable and cloudy solution was
obtained since 100 �L of the disperser solvent led to the highest
extraction efficiency for Tl(III). Higher volumes of the disperser
caused, even though not markedly, a deterioration of the extrac-
tion efficiency. Finally, 100 �L of ethanol were chosen for further
experiments.

3.4. Speed of the overall extraction procedure

The extraction time, considered as the time between addition of
the mixture of ethanol and carbon tetrachloride up to the moment
the centrifugation process started, was studied between 0 and
6 min. The highest extraction efficiency was obtained within 2 min
only, and no significant improvement was shown at longer extrac-
tion times.

The infinitely large interfacial area obtained between the extrac-
tion solvent and aqueous phase after the formation of cloudy
solution determines the short time required for extraction of ana-
lyte. Thus, the ion pair diffuses into the extraction solvent so fast
that the extraction equilibrium can be achieved in a very short time.
A time of 2 min  was  enough for achieving an extraction efficiency
of 100%.

Centrifugation of sample solution during the extraction proce-
dure is an important parameter to be considered because of their
contribution to the time of analysis. In this work, the effect of cen-
trifugation time on Tl(III) extraction was  evaluated in the interval
between 2 and 15 min at 1500 rpm. The centrifugation speed was
chosen as it was the maximum keeping the integrity of the glass
centrifuge tubes used in this study. It was observed that a mini-
mal  centrifugation time of 4 min  was required to fully separate the
organic phase containing Tl(III) species from the aqueous phase.
Then, this last phase was ready for determination of Tl(I) species
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Table  2
Characteristic performance data reported in the literature for separation and determination of Tl species by ICP-MS.

Method Sample Speciation LOD (ng L−1) RSD (%) Analysis frequency (h−1) Ref.

SF–ICP-MS Sea water No 0.1 <4 1.6 [35]
RP-HPLC–ICP-MS Sea water Yes 2 <3.4 a [12]
ECS–ICP-MS River water Yes 100 a a [36]
VG–ICP-MS Sea water No 10 2.4 a [37]
CPE–ICP-MS Tap and sea water Yes 0.02 1–3 a [38]
IL-DLLME–ICP-MS Tap and river water Yes 0.4 1.5 50 This work

SF: high resolution sector field; IC: ion chromatography; RP-HPLC: reversed-phase high performance liquid chromatography; ECS: exchange column system; VG: vapour
generation; CPE: cloud point extraction.

a Non reported.

by direct injection into ICP-MS instrument. A 5 min-centrifugation
resulted to be optimum for complete IL phase separation.

3.5. Interferences study

It has been reported that the measurement of 205Tl isotope in
ICP-MS is practically free of interferences since no other stable iso-
topes occur at this mass number [13]. However, interference from
adjacent peaks could be possible only if large concentrations of
206Pb and 204Hg occur in the samples. In this work, it was not
included a spectral interference study involving these elements
because it was assumed that concentrations of Pb and Hg in water
samples are generally low to cause some interference during mea-
surement of 205Tl isotope. However, it was necessary to evaluate
the individual effect of possible interfering ions on [TlCl4]− com-
plex formation. Thus, a procedure was performed with 5 mL  of
1 �g L−1 Tl solutions containing concomitant ions at concentration
levels at which these ions may  occur in the samples under study
or even higher. The foreign ions tested were Cu(II), Fe(III), Zn(II),
Cd(II), Co(II) and Hg(II). It was observed that these cations, form-
ing complexes with chloride ion, could be tolerated up to at least
3500 �g L−1. Moreover, Fe(III) could be tolerated up to 3000 �g L−1.
Therefore, the determination of Tl was successful even when for-
eign ions were at higher concentrations than those normally found
in water samples.

3.6. Analytical performance

The analytical characteristics of the development method,
including limit of detection, correlation coefficient, linear range,
calibration graph and precision were determined to evaluate
method performance.

Extraction recovery (ER) is an important parameter to analyse
due to it reflects if separation of Tl species is complete. It was
defined as the percentage of total analyte extracted into the organic
phase:

ER = morg-phase

maq
= Corg-phase × Vorg-phase

Caq × Vaq
× 100

where morg-phase and maq are the mass of analyte in the final organic
phase and the initial concentration in the sample solution, respec-
tively. Corg-phase and Caq are the concentration of the analyte in the
organic phase and in the sample phase, respectively. Vorg-phase and
Vaq are the volumes of the phases involved [27]. Therefore, the max-
imum extraction efficiency for Tl(III) species was  achieved under
optimum experimental conditions (Table 1). Therefore, it ensures
that separation of Tl(I) and Tl(III) species was complete.

The limit of detection (LOD) was calculated based on the signal at
intercept and three times the standard deviation about regression
of the calibration curve [28]. Since Tl detection by ICP-MS is not
species-dependant, detection limits for Tl(I), Tl(III) and total Tl were
0.4 ng L−1. The relative standard deviation (RSD) for ten replicate
measurements of 1 �g L−1 Tl was 1.3% for Tl(I) and total Tl, and

1.5% for Tl(III). Therefore, the proposed method not only offers a low
limit of detection derived from the application of a highly sensitive
technique such as ICP-MS, but also consumes very small volumes
of sample and reagents.

Finally, a comparison on analytical performance between the
proposed method and others reported in the literature is presented.
As shown in Table 2, our method shows a detection limit that is
comparable or better than others previously reported using IC–ICP-
MS.  Furthermore, considering that this method does not involve the
need of additional instrumentation besides ICP-MS, as it is with
chromatography-based methods, it is quite economic in compari-
son with previous publications. In fact, the consumption of reagents
is lower and the use of large volumes of toxic solvents is avoided.
Unfortunately, the frequency of analysis is not reported by the
majority of the authors. It is certain that separation of Tl species
by chromatography methods takes longer time compared to the
proposed methodology. On the other hand, the use of ion exchange
resins for Tl species separation is not a fast step and significant
contact time between sample solution and resins is necessary to
achieve equilibrium in the adsorption. In contrast to these afore-
mentioned works, the proposed method is amazingly rapid and
hence it leads to a high frequency of analysis. Although the whole
extraction procedure (metal complex and ion pairing formation,
extraction into the organic phase and centrifugation) could take
about 10 min, it is possible to simultaneously treat as many sam-
ples as can be placed in the centrifugation equipment. Thanks to
this advantage and the help of a continuous elemental detector
such as ICP-MS, a frequency of analysis of 50 samples per hour was
obtained.

3.7. Validation study and speciation analysis of Tl in water
samples

In order to validate the proposed analytical method, it was
applied to the determination of total Tl in a certified refer-
ence material (CRM), natural water NIST SRM 1643e “Trace
Elements in Water”. The concentration of total Tl was  found
to be 7.428 ± 0.109 �g L−1, which was not significantly different
(p < 0.01) from the certified value of 7.435 ± 0.096 �g L−1. On the
other hand, since there are not available CRMs certifying concentra-
tion of individual elemental species of Tl, a recovery study could be
a validation alternative in speciation studies [29]. Thus, the recov-
ery of a known amount of Tl(I) and Tl(III) ions in the presence of the
matrix sample was studied. The proposed IL-DLLME method was
applied for the rapid separation and determination of Tl species in
several tap and river water samples. Tap and river water samples
spiked at 0.5 �g L−1 Tl(I) and 0.5 �g L−1 Tl(III) concentration levels
were analysed by IL-DLLME–ICP-MS method. As can be observed
in Table 3, satisfactory recoveries ranging 98.2–104% for Tl(I) and
96.3–103% for Tl(III) were obtained. These results obtained with
the proposed method indicate that it is a reliable alternative for
fast speciation analysis of Tl in the samples under study.
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Table  3
Determination of Tl(I) and Tl(III) species in river and tap water samples (95% confidence interval; n = 6).

Water sample Tl(I) species Tl(III) species

Added (�g L−1) Found (�g L−1) Recovery (%)a Added (�g L−1) Found (�g L−1) Recovery (%)a

Tap 1 0 0.11 ± 0.03 – 0 0.06 ± 0.04 –
0.5  0.60 ± 0.05 98.2 0.5 0.57 ± 0.07 102

Tap  2 0 0.17 ± 0.03 – 0 0.08 ± 0.04 –
0.5  0.67 ± 0.05 100 0.5 0.56 ± 0.08 96.4

Tap  3 0 0.24 ± 0.04 – 0 0.14 ± 0.05 –
0.5  0.75 ± 0.06 102 0.5 0.65 ± 0.07 102

Tap  4 0 0.32 ± 0.04 – 0 0.17 ± 0.06 –
0.5  0.84 ± 0.06 104 0.5 0.67 ± 0.08 100

River  1 0 0.02 ± 0.02 – 0 0.04 ± 0.04 –
0.5  0.51 ± 0.04 98.6 0.5 0.55 ± 0.12 102

River  2 0 0.03 ± 0.02 – 0 0.05 ± 0.04 –
0.5  0.54 ± 0.08 101 0.5 0.53 ± 0.11 96.3

River  3 0 0.04 ± 0.03 – 0 0.06 ± 0.05 –
0.5  0.55 ± 0.09 102 0.5 0.57 ± 0.12 103

River  4 0 0.06 ± 0.04 – 0 0.08 ± 0.06 –
0.5  0.55 ± 0.08 98.2 0.5 0.57 ± 0.13 98.1

a [(found − base)/added] × 100.

Finally, concentrations of Tl species were evaluated. It has been
previously studied that from a thermodynamic point of view, Tl(I)
species seems to be favoured in natural water in most cases due
to high reduction potential of Tl(III)/Tl(I) redox couple. Neverthe-
less, the formation of complexes with Tl(III) species may  cause the
persistence of this species in the samples [30–32].  Moreover, it
has been shown that dissolved Tl fraction in natural waters repre-
sents about 95% of total Tl, meanwhile Tl in particulate can barely
reach an insignificant fraction of the total concentration of this ele-
ment [33]. Therefore, determination of Tl(I) and Tl(III) species turns
into a useful tool for the full knowledge of the majority of analyte
concentration occurring in the samples under study. Thus, con-
centrations of Tl species in river water samples were in the range
of 0.04–0.08 �g L−1 for Tl(III), and 0.02–0.06 �g L−1 for Tl(I). The
concentrations found in tap water samples were in the interval
of 0.11–0.32 �g L−1 for Tl(I) and 0.06–0.17 �g L−1 for Tl(III). These
results expressed for both tap and river water samples are in good
agreement with those previously obtained by other authors [6,34].

4. Conclusions

The novel use of ILs on the development of a methodology
for Tl species separation coupled with ICP-MS detection is for
the first time reported in this work. In our study, it has been
demonstrated that the ionic liquid CYPHOS® IL 101 can be an excel-
lent ion-pairing reagent to obtain highly efficient extraction and
separation of Tl species in water samples. A fast, accurate and
interference-free IL-DLLME–ICP-MS methodology was  developed
in this work. Furthermore, the proposed method required no addi-
tional instrumentation for separation of Tl species and hence, it
can be considered as a cost-effective approach for elemental spe-
ciation analysis. Moreover, potential recycling of wastes is feasible
as organic solvents are not introduced into the ICP source.

Compared to previous contributions, the proposed method
offers rapidity and simplicity as main advantages. The proposed
method showed high selectivity, while its successful application
was demonstrated for Tl species separation and determination at
ultratrace levels with good accuracy and reproducibility. Further-
more, isotope dilution analysis could be perfectly combined with
the proposed method as chlorocomplex formation is feasible with
Tl isotopes.

Finally, the method opens the possibility of developing precon-
centration of Tl as extractant IL phase resulting from DLLME could
be subjected to back extraction and applied for detection by ICP-MS.

Acknowledgements

This work was supported by Consejo Nacional de Investi-
gaciones Científicas y Técnicas (CONICET), Agencia Nacional de
Promoción Científica y Tecnológica (FONCYT) (PICT-BID) and Uni-
versidad Nacional de Cuyo (Argentina).

References

[1] A.A. Ensafi, B. Rezaei, Speciation of thallium by flow injection analysis with
spectrofluorimetric detection, Microchem. J. 60 (1998) 75–83.

[2]  G. Kazantzis, Thallium in the environment and health effects, Environ.
Geochem. Health 22 (2000) 275–280.

[3] C.H. Lan, T.S. Lin, Acute toxicity of trivalent thallium compounds to Daphnia
magna,  Ecotoxicol. Environ. Saf. 61 (2005) 432–435.

[4] R.A. Gil, P.H. Pacheco, P. Smichowski, R.A. Olsina, L.D. Martinez, Speciation anal-
ysis  of thallium using electrothermal AAS following on-line pre-concentration
in a microcolumn filled with multiwalled carbon nanotubes, Mikrochim. Acta
167  (2009) 187–193.

[5] S. Dadfarnia, T. Assadollahi, A.M. Haji Shabani, Speciation and determina-
tion of thallium by on-line microcolumn separation/preconcentration by flow
injection-flame atomic absorption spectrometry using immobilized oxine as
sorbent, J. Hazard. Mater. 148 (2007) 446–452.

[6] T.S. Lin, J.O. Nriagu, Thallium speciation in river waters with Chelex-100 resin,
Anal. Chim. Acta 395 (1999) 301–307.

[7] P. Berton, R.G. Wuilloud, Highly selective ionic liquid-based microextraction
method for sensitive trace cobalt determination in environmental and biolog-
ical samples, Anal. Chim. Acta 662 (2010) 155–162.

[8] B. Welz, G. Schlemmer, J.R. Mudakavi, Investigation and elimination of chloride
interference on thallium in graphite furnace atomic absorption spectrometry,
Anal. Chem. 60 (1988) 2567–2572.

[9] D. Beauchemin, Inductively coupled plasma mass spectrometry, Anal. Chem.
80 (2008) 4455–4486.

[10] J.W. Olesik, Elemental analysis using an evaluation and assessment of
remaining problems, Anal. Chem. 63 (1991) 12A–21A.

[11] M.  Tanner, D. Günther, Short transient signals, a challenge for inductively cou-
pled plasma mass spectrometry, a review, Anal. Chim. Acta 633 (2009) 19–28.

[12] Y.L. Chu, R.Y. Wang, S.J. Jiang, Speciation analysis of thallium by reversed-
phase liquid chromatography–inductively coupled plasma mass spectrometry,
J.  Chin. Chem. Soc. 58 (2011) 219–225.

[13] P.P. Coetzee, J.L. Fischer, M.  Hu, Simultaneous separation and determination of
Tl(I) and Tl(III) by IC–ICP-OES and IC–ICP-MS, Water SA 29 (2003) 17–22.

[14] R. Horiguchi, I. Nukatsuka, Y. Shimizu, S. Sekikawa, K. Ohzeki, Determination of
thallium in water by electrothermal AAS with the direct injection of a cellulose
nitrate resin suspension used for solid-phase extraction, Bunseki Kagaku 51
(2002) 675–679.



Author's personal copy

386 L.B. Escudero et al. / Journal of Hazardous Materials 244– 245 (2013) 380– 386

[15] Y. Li, Y. Peng, Y. Ma,  Q. Hu, G. Yang, Solid phase extraction and flame atomic
absorption spectrometry for the determination of trace thallium, Asian J. Chem.
21 (2009) 4593–4598.

[16] T. Asami, C. Mizui, T. Shimada, M.  Kubota, Determination of thallium in soils
by  flame atomic absorption spectrometry, Fresenius J. Anal. Chem. 356 (1996)
348–351.

[17] R. Cornelis, J. Caruso, H. Crews, K. Heumann, Handbook of Elemental Speciation
II: Species in the Enviroment, Food, Medicine and Occupational Health, Wiley,
Chichester, 2003, pp. 69–93.

[18] Z. Mester, R. Sturgeon, Trace element speciation using solid phase microextrac-
tion, Spectrochim. Acta B 60 (2005) 1243–1269.

[19] J.F. Liu, G.B. Jiang, J.A. Jönsson, Application of ionic liquids in analytical chem-
istry, TrAC Trends Anal. Chem. 24 (2005) 20–27.

[20] L. Xu, X.Y. Gong, H.K. Lee, P.C. Hauser, Ion-pair liquid–liquid–liquid
microextraction of nerve agent degradation products followed by capillary
electrophoresis with contactless conductivity detection, J. Chromatogr. A 1205
(2008) 158–162.

[21] T. Katakabe, T. Kaneko, M.  Watanabe, T. Fukushima, T. Aida, Electric double-
layer capacitors using “Bucky Gels” consisting of an ionic liquid and carbon
nanotubes, J. Electrochem. Soc. 152 (2005) A1913–A1916.

[22] H. Tokuda, K. Hayamizu, K. Ishii, M.A.B.H. Susan, M.  Watanabe, Physicochemical
properties and structures of room temperature ionic liquids. 2. Variation of
alkyl chain length in imidazolium cation, J. Phys. Chem. 109 (2005) 6103–6110.

[23] L.B. Escudero, P. Berton, E.M. Martinis, R.A. Olsina, R.G. Wuilloud, Disper-
sive liquid–liquid microextraction and preconcentration of thallium species in
water samples by two ionic liquids applied as ion-pairing reagent and extrac-
tant phase, Talanta 88 (2012) 277–283.

[24] A. Nolan, D. Schaumlöffel, E. Lombi, L. Ouerdane, R. Lobinski, M. McLaughlin,
Determination of Tl(I) and Tl(III) by IC–ICP-MS and application to Tl specia-
tion analysis in the Tl hyperaccumulator plant Iberis intermedia, J. Anal. Atom.
Spectrom. 19 (2004) 757–761.

[25] L.G. Sillén, A.E. Martell, J. Bjerrum, Stability Constants of Metal-ion Complexes,
Chemical Society, London, 1964.

[26] F.A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry, Wiley, New York,
1976.

[27] H. Luo, S. Dai, P.V. Bonnesen, Solvent extraction of Sr2+ and Cs+ based on room-
temperature ionic liquids containing monoaza-substituted crown ethers, Anal.
Chem. 76 (2004) 2773–2779.

[28] J.N. Miller, J.C. Miller, Statistics and Chemometrics for Analytical Chemistry,
Prentice Hall, New York, 2001.

[29] R. Cornelis, J. Caruso, H. Crews, K.G. Heumann, Handbook of Elemental Specia-
tion: Techniques and Methodology, John Wiley & Sons Ltd., Chichester, 2003.

[30] T. Lin, J. Nriagu, Thallium in the Environment, John Wiley & Sons, New York,
1998.

[31] J. Blixt, J. Glaser, J. Mink, I. Persson, P. Persson, M.  Sandström, Structure of thal-
lium(III) chloride, bromide, and cyanide complexes in aqueous solution, J. Am.
Chem. Soc. 117 (1995) 5089–5104.

[32] J. Blixt, B. Györi, J. Glaser, Determination of stability constants for thallium(III)
cyanide complexes in aqueous solution by means of 13C and 205T1 NMR, J. Am.
Chem. Soc. 111 (1989) 7784–7791.

[33] T.S. Lin, J. Nriagu, Thallium speciation in the Great Lakes, Environ. Sci. Technol.
33  (1999) 3394–3397.

[34] A. de Ruck, C. Vandecasteele, R. Dams, Determination of thallium in natural
waters by electrothermal atomic absorption spectrometry, Mikrochim. Acta
92  (1988) 187–193.

[35] P. Böning, B. Schnetger, Rapid and accurate determination of thallium in sea-
water using SF–ICP-MS, Talanta 85 (2011) 1695–1697.

[36] H. Altundag, M.S. Dundar, Speeding up of a thallium speciation using ion
exchange column system, Fresenius J. Anal. Chem. 18 (2009) 2102–2107.

[37] M.T. Wei, S.J. Jiang, Determination of thallium in sea-water by flow injection
hydride generation isotope dilution inductively coupled plasma mass spec-
trometry, J. Anal. Atom. Spectrom. 14 (1999) 1177–1181.

[38] N.N. Meeravali, S.J. Jiang, Ultra-trace speciation analysis of thallium in envi-
ronmental water samples by inductively coupled plasma mass spectrometry
after a novel sequential mixed-micelle cloud point extraction, J. Anal. Atom.
Spectrom. 23 (2008) 555–560.


