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Human activities are responsible for the release of innumerous substances into the aquatic environment.
Some of these substances can be used as pollution tracers to identify contamination sources and to priori-
tize monitoring and remediation actions. Thus, their identification and quantification are of high priority.
However, due to their presence in complex matrices and at significantly low concentrations, a pre-
treatment/concentration step is always required. As an alternative to the currently used pre-treatment
methods, mainly based on solid-phase extractions, aqueous biphasic systems (ABS) composed of ionic

gﬁ{;vr?;ﬁgraphy liquids (ILs) and K3CgH5 07 are here proposed for the simultaneous extraction and concentration of mix-
Pollution tracer tures of two important pollution tracers, caffeine (CAF) and carbamazepine (CBZ). An initial screening of
Extraction the IL chemical structure was carried out, with extraction efficiencies of both tracers to the IL-rich phase
Concentration ranging between 95 and 100%, obtained in a single-step. These systems were then optimized in order to
Ionic liquid simultaneously concentrate CAF and CBZ from water samples followed by HPLC-UV analysis, for which

Aqueous biphasic system no interferences of the ABS phase-forming components and other interferents present in a wastewater
effluent sample have been found. Based on the saturation solubility data of both pollution tracers in the
IL-rich phase, the maximum estimated concentration factors of CAF and CBZ are 28595- and 8259-fold.
IL-based ABS can be thus envisioned as effective pre-treatment techniques of environmentally-related
aqueous samples for a more accurate monitoring of mixtures of pollution tracers.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Recent investigations on persistent pharmaceutical compounds
as pollution tracers have allowed to accurately track the source,
fate and type of aquatic contamination [1-4]. Among these, the
pharmacological markers caffeine (CAF) and carbamazepine (CBZ)
have been amongst the most reported pollution tracers, found at
the wgL-! level in diverse worldwide aqueous samples [5-10].
High performance liquid chromatography (HPLC) coupled with
ultraviolet (UV) or fluorescence detectors have been recurrently
used for the identification and quantification of pollution tracers
in aqueous environments since these techniques offer a simple
and more economical route, when compared, for instance, with
mass spectrometry methods/detectors|[11,12]. However, due to the
high limits of detection of more conventional analytical equipment,
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a pre-treatment and/or concentration of the target compounds
from the original aqueous matrices is usually required [11,13].
Pre-treatment methods are usually applied to remove the organic
matter aiming at decreasing interferences, also contributing to
an increase in the quantification accuracy [11,12]. Several pre-
treatment techniques have been proposed and optimized for CBZ
present in water samples, such as solid-phase extraction (SPE)
[14,15], solid-phase microextraction (SPME) [16], and liquid-phase
microextraction (LPME) [17]. Due to its good recovery capacity,
SPE has been widely reported and used as a priori concentra-
tion approach for CAF and CBZ [13,18-20]. Nevertheless, the
pre-treatment methods commonly employed present several dis-
advantages: i) they are time-consuming, labor-intensive and costly
[13]; ii) they require the use of large amounts of hazardous volatile
organic compounds (VOCs)/solvents [13]; and iii) they present
additional difficulties regarding the recovery of the adsorbed tar-
get analytes after the SPE process [13]. Therefore, a simpler and
cost-effective pre-treatment technique which would allow a more
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accurate monitoring of pollution tracers present in aquatic envi-
ronments remains a challenge to the scientific community.

Aqueous biphasic systems (ABS) composed of ionic liquids (ILs)
have been studied as pre-treatment techniques for a wide variety of
samples [21]. ABS are more benign alternatives than conventional
liquid-liquid extraction processes since the use of VOCs is avoided
[21]. Conventional ABS are formed by the mixture of different pairs
of solutes (polymer-polymer, polymer-salt or salt-salt) in aqueous
media above specific concentrations. In addition to these more con-
ventional ABS, the use of ILs as phase-forming components of ABS
has led to remarkable extraction efficiencies and selectivity [21].
ILs are salts composed of a large organic cation and an organic or
inorganic anion, by general definition liquid at temperatures below
373K [22]. Besides their outstanding properties, such as a negligi-
ble vapor pressure at ambient conditions, and high thermal and
chemical stabilities, one of the most relevant characteristics of ILs
comprises their tunable ability, resulting from the large plethora of
chemical structures available for their ions [22] - a feature that is
transferable to IL-based ABS [21].

IL-based ABS have been investigated as pre-treatment tech-
niques of several complex matrices targeting a more accurate
identification/quantification of different compounds [21,23-26].
However, in most works, no concentration factors were explored
[21,23,25-27]. Only few addressed the investigation of enrichment
factors provided by IL-based ABS, with low values so far achieved
[24,28]. Liu et al. [24] and Du et al. [ 28] reported concentration fac-
tors of 10 and 20 for steroid hormones and proteins, respectively,
from human fluids. Up to now, and to the best of our knowledge,
only three works reporting on the use of ABS composed of ILs and
inorganic salts have taken the major steps on the development of
IL-based ABS as viable concentration techniques. Passos et al. [29]
reported the application of ABS composed of hydrophilic ILs and
K3PO4 to completely extract and concentrate up to 100-fold the
endocrine disruptor bisphenol A (BPA) from biological fluids. Addi-
tionally, Noorashikin et al. [30] demonstrated the performance of
IL-based ABS in the presence of 8-cyclodextrin to extract parabens
from water samples, achieving concentration factors ranging from
95 to 103. When dealing with pharmaceutical contaminants in
environmental aqueous samples, it is necessary to have even higher
concentration factors due to their presence at vestigial concen-
trations. In this context, Dinis et al. [31] recently demonstrated
that it is possible to completely extract and concentrate the syn-
thetic hormone 17a-ethinylestradiol (EE2) from aqueous samples
by manipulating the IL chemical structure and phases’ volumes,
where a concentration factor up to 1000-fold was reported, allow-
ing therefore an adequate detection and quantification of EE2 in
wastewater samples through HPLC equipped with a fluorescence
detector. In all of these investigations no major interferences of the
ILs as phase-forming components have been found. In addition to
the use of ILs as extraction solvents, these have also been used as
additives in mobile phases of liquid chromatography, showing to
be able to improve the separation and resolution of this technique
[32-34]. Although remarkable results have been reported with IL-
based ABS [29-31], these works only address the extraction and
concentration of individual compounds. Yet, when dealing with
complex matrices, such as wastewater samples, the presence of
a large number of pollution tracers has to be considered. In this
context, the potential of IL-based ABS as pre-treatment strategies
of a wider range of pollution tracers is still an unexplored issue.

In this work, we propose a more complete study on the poten-
tiality of IL-based ABS to extract and concentrate mixtures of
pollution tracers from wastewater matrices, in particular mixtures
of CAF and CBZ. Their ubiquitous presence has been investigated
throughout the past years, being these two compounds the most
reported pollution tracers in wastewater samples [5,6,8-10,35],
and most often present as mixtures [6,8,9]. The chemical structures

of the studied pollution tracers CAF and CBZ are depicted in Fig. 1.
An initial screening of ABS composed of K3CgHs507 and several
hydrophilic ILs was carried out to identify the most promising sys-
tems to completely extract CAF and CBZ in a single-step, followed
by studies on their mixtures, and application to real wastewa-
ter effluent samples. Finally, the maximum concentration factors
achievable with these systems was estimated based on the satura-
tion values of each pharmaceutical in the IL-rich phase.

2. Experimental section
2.1. Materials
The ILs studied in this work were: 1-butyl-3-

methylimidazolium trifluoromethanesulfonate, [C4C;im][CF3S03],
1-butyl-3-methylimidazolium dicyanamide, [C4C;im][N(CN),],

1-butyl-3-methylimidazolium  thiocyanate, [C4Cqim][SCN],
1-butyl-3-methylimidazolium bromide, [C4C1im]Br,
1-butyl-3-methylimidazolium chloride, [C4Cqim]Cl, 1-
butyl-2,3-dimethylimidazolium chloride, [C4C1Cyim]Cl,
tetrabutylammonium  chloride, [Ng444]Cl, tetrabutylphos-
phonium chloride, [Pg444]Cl, 1-butyl-1-methylpyrrolidinium

chloride, [C4Cq pyr]Cl, and 1-butyl-1-methylpiperidinium chloride,
[C4Cqpip]ClL. The imidazolium-, pyrrolidinium-, and piperidinium-
based ILs were purchased from Iolitec. Tetrabutylphosphonium
chloride was kindly offered by Cytec Industries Inc. Tetrabutylam-
monium chloride was obtained from Sigma-Aldrich. All ILs used
have a stated supplier purity of at least 98 wt%. Before use, aiming
at reducing the water and volatile compounds contents to negli-
gible values, all IL samples were dried under constant agitation
at vacuum and at a temperature of 323K for a minimum of 48 h.
After this procedure, the purity of each IL was further checked by
TH and 13C NMR spectra. The chemical structures of the ILs studied
in this work are depicted in Fig. 2. The potassium citrate tribasic
mono-hydrated, K3CgH507-H,0, >99.0wt% pure, was acquired
from Sigma-Aldrich. Caffeine (CAF) anhydrous, >99 wt% pure, was
supplied by Fluka, and carbamazepine (CBZ) anhydrous, >99 wt%,
was supplied by Sigma. Both compounds were used as received.
The water employed was double distilled, passed across a reverse
osmosis system, and further treated with a Milli-Q plus 185 water
purification apparatus. HPLC grade acetonitrile, 99 wt% pure, was
acquired from HiPerSolv Chromanorm.

2.2. Experimental procedure

2.2.1. Screening of IL-based ABS for the extraction of CAF and CBZ
For the selection of improved IL-based ABS for the one-step
extraction and concentration of CAF and CBZ, several ternary sys-
tems (IL+K3CgH507+H,0) were prepared within the biphasic
region at constant weight fraction percentages of each compo-
nent: 40 wt¥% of IL+20 wt% of K3CgH50- +40 wt% of H,0. To better
characterize these mixtures, namely on the composition of the
coexisting phases and achievable concentration factors, the ternary
phase diagrams of the respective ABS were taken from the liter-
ature [36], with the exception of the phase diagram of the ABS
formed by [C4C;C;im]Cl+K3CgH507 +H,0 that was experimen-
tally determined in this work. Further details on the experimental
determination of the phase diagrams and tie-lines (TLs), which
describe the composition of each phase at a given mixture compo-
sition, are given in the Supporting Information. Aqueous solutions
of CAF at 0.912gL-! were used as the water weight fraction that
should be added to each ABS. Due to its low solubility in water,
and thus to difficulties in preparing aqueous solutions of known
composition, ca. 10~3 g of CBZ were added directly to each ternary
mixture and individual experiment. The ternary mixtures were vig-
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Fig. 1. Chemical structures of the investigated pharmaceuticals: (a) caffeine (CAF), and (b) carbamazepine (CBZ).
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Fig.2. Chemical structures of the investigated ILs: (a) [C4C;im][CF3S03], (b) [C4C;im][N(CN),], (¢) [C4C;im][SCN], (d) [C4C;im]Br, (e) [C4Cqim]Cl, (f) [C4C; C1im]Cl, (g) [N4444]Cl,

(h) [Pa444]Cl, (i) [CaCypyr]Cl, and (j) [C4Cypip]CL

orously stirred and left to equilibrate for at least 12h at (298 £ 1)K.
After the separation of the top and bottom phases, they were sep-
arated and weighted within+10-*g to determine the TLs (cf. the
Supporting Information), and the quantification of the pollution
tracers in each phase was carried out through UV-spectroscopy,
using a Synergy|HT Microplate Reader, from Biotek, at 272 nm for
CAF and 285 nm for CBZ, using calibration curves previously estab-
lished. Blank controls of each ternary system, without pollution
tracers, were always prepared and used. Three samples of each
phase were analyzed, in at least three individual systems, in order
to determine the average extraction efficiencies of CAF and CBZ and
the respective standard deviations.

The percentage extraction efficiencies of the pollution tracers,
EE%, were determined by Eq. (1):

. wliL
EE% = Wi st x 100 (1)

where wil and w9t are the total weight of CAF and CBZ present in
the IL-rich and in the K3CgH507-rich phases, respectively.

The pH values of both the IL-rich and salt-rich phases were mea-
sured at (298 + 1)K using a Mettler Toledo SevenMulti pH meter
within +0.02.
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2.2.2. Validation of the IL-based ABS concentration technique by
HPLC quantification of CAF and CBZ and use of real effluent
samples

The ABS formed by [N4444]Cl + K3CgH507 + H, O was used in the
studies of the pollution tracers concentration, for which the tie-line
length (TLL) of 79 was used. In order to confirm the TL and TLL data
reported in the literature [36] obtained by a gravimetric method
[37], they were additionally determined by an analytical approach
(detailed information in the Supporting Information).

CAF and CBZ were quantified in the IL-rich phase using a
Shimadzu High-Performance Liquid Chromatograph (HPLC) Promi-
nence system equipped with a SPD-20A, UV detector, at a
wavelength of 272nm and 285nm, respectively. The equip-
ment comprises a degasser DGU-20A5, a bomb LC-20AD, and
a column oven CTO-10ASVP. An ACE C18 column-PFP (5 pum,
150 mm x 4.6 mm) connected to an ACE 5 C18 4.6 mm i.d. guard
column was used. Both the column and cell temperature were
maintained at (298 + 1) K. Standard aqueous solutions of [N4444]Cl
at known concentrations, as well as IL aqueous solutions spiked
with CAF and CBZ at known concentrations, were used in order to
optimize the flow and composition of the mobile phase by gradi-
ent elution (detailed information in the Supporting Information).
The mobile phase consisted of a water-acetonitrile gradient mix-
ture, at a flow rate of 0.8 mLmin~!. Both solvents were filtered
before use using 0.2 pm polyamide membrane filters from What-
man. The IL-rich phase containing CAF and CBZ was analyzed in
order to determine the extraction efficiencies and concentration
factors of both pollution tracers at the IL-rich phase. At least three
replicates of each sample were carried out. Blank controls of the
systems (no pollution tracers added) were always prepared and
the corresponding IL-rich phases were also analyzed. A final con-
centration in the IL-rich phase was fixed at 1 x 10~3 gL~ for both
CAF and CBZ (5.15 x 10~ mol L-! and 4.23 x 10~ mol L-!, respec-
tively). Individual standard stock aqueous solutions of CAF and CBZ
were prepared at appropriate concentrations (1x 103 gL-1) in
order to compare the peaks areas of the pharmaceuticals obtained
in the aqueous standard solutions and in the IL-rich phase. Since
this methodology is intended to be applied directly to environmen-
tal samples, an effluent sample from a wastewater treatment plant
serving a population of about 20,000 inhabitants, located in central
Portugal, was also used. As stated before, a final concentration in
the IL-rich phase was fixed at 1 x 10~3 g L~! for both CAF and CBZ.
In order to compare the peak areas, individual standard stock solu-
tions of CAF and CBZ at appropriate concentrations (1 x 10-3gL-1)
using the effluent sample were additionally prepared. The efflu-
ent sample was filtered before use through a 0.45 pwm regenerated
cellulose membrane filters from Whatman.

2.2.3. Solubility of CAF and CBZ in the [N4444]Cl-rich phase

In order to evaluate the maximum concentration factor of CAF
and CBZ in the studied ABS, the solubility (saturation) of each com-
pound was determined in the IL-rich phase of the respective ABS,
at (298 +£1)K and atmospheric pressure. To this end, each tracer
was added in excess amounts to 1g of individual samples of the
[N4444]Cl-rich phase (ca. 1.55 x 10~ g for CAF and 1.00 x 102 ¢
for CBZ) and left to equilibrate under constant agitation using an
Eppendorf Thermomixer Comfort at (298 + 1)K and atmospheric
pressure. Previously optimized conditions were established: the
agitation was settled at 850rpm during 72 h. After saturation,
all samples were centrifuged and left to equilibrate for 24h at
(298 +1)K. The liquid phases were carefully collected and the
pollution tracers were quantified through UV-spectroscopy, using
a Synergy|HT Microplate Reader, from Biotek, at a wavelength
of 272 nm for CAF and 285 nm for CBZ, using calibration curves
previously established. Blank controls were always prepared to
eliminate interferences caused by the IL and the salt. Three samples
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Fig. 3. IL anion effect on the ABS extraction efficiencies, EE%, of CAF (M) and CBZ ().

of each aqueous phase were analyzed, in at least three individual
systems, in order to determine the average solubility values of CAF
and CBZ and the respective standard deviations.

3. Results and discussion

An initial optimization of IL-based ABS to act as extrac-
tion/concentration platforms is required in order to find the most
adequate conditions, such as the nature of the phase-forming com-
ponents and the composition of the initial mixture. This approach
was taken into consideration by scanning the extraction efficien-
cies of IL-based ABS composed of different ILs for CAF and CBZ, as
discussed below. For all ABS investigated, the top-rich phase corre-
sponds to the IL-rich phase, whereas the bottom-phase represents
the K3CgHs507-rich phase.

3.1. Screening of IL-based ABS for the extraction of CAF and CBZ

All ternary phase diagrams studied for the extraction
of pollution tracers were previously characterized and are
reported in the literature [36], with the exception of the
[C4C1Cqim]Cl+K3CgH507 +H,0 ABS that was experimentally
determined in this work. The corresponding liquid-liquid phase
diagram, as well as the parameters from the data fitting, are
provided in the Supporting Information. The pH values of the coex-
isting phases, the experimental TLs, i.e. the compositions of the
coexisting phases, along with their respective lengths (TLL), are also
reported in the Supporting Information.

The effects of the IL anion, the IL cation core, and number of
aliphatic tails were evaluated regarding the partitioning of the two
pollution tracers between the coexisting phases of all ABS at a
fixed mixture composition (40 wt% of IL+20wt% of salt+40 wt%
of aqueous solutions containing CAF or CBZ). Figs. 3 and 4 depict
the extraction efficiencies of the investigated IL-based ABS, formed
with different ILs and K3CgH5 0+, for CAF and CBZ. Detailed data are
provided in the Supporting Information. In general, both CAF and
CBZ preferentially partition to the IL-rich phase, with extraction
efficiencies higher than 95% in all systems evaluated. Since the pH
values of each phase range from neutral to slightly alkaline values
(from 6.70 to 10.01; cf. the Supporting Information with detailed
data), and CAF and CBZ are mostly present in their neutral form
according to their pK, values (pK,1/pKy; of 0.12/10.5 for CAF [38]
and pK,1/pKa of 2.3/13.9 for CBZ [35,39]), electrostatic interactions
occurring between the salt or IL ions and charged solutes do not
play a significant role in the partition trend observed with these
systems/solutes.

The effect of the IL anion can be appraised in Fig. 3, where the
results for ABS composed of ILs containing a common cation com-
bined with different anions ([C4C;im][CF3S03], [C4C;im][SCN],
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Fig. 4. IL cation effect on the ABS extraction efficiencies, EE%, of CAF (M) and CBZ ().

[C4Cqim]Br, [C4C;im]Cl) are depicted. The results for CBZ are similar
in all studied ABS, with the complete extraction of CBZ to the IL-rich
phase obtained in a single-step. This is in agreement with the high
extraction efficiencies afforded by IL-based ABS when dealing with
hydrophobic solutes [29,31]. Although the salting-out effect of the
salt used cannot be discarded, this feature mirrors the affinity of
CBZ for more hydrophobic phases, i.e. the IL-rich phase. In fact, CBZ
is a highly hydrophobic substance with a logKow value of 2.32 [40].
On the other hand, the IL anion effect has a significant impact on
the partition of CAF. CAF presents a more polar character than CBZ,
as reflected by its lower logKow value (-0.07 [40]), and its partition
is thus more dependent on the IL chemical structure. The extrac-
tion efficiencies of CAF (ranging from 96.57 to 99.18%) are lower
than those observed with CBZ, decreasing in the following order:
[C4C1im][N(CN);]>[C4Cqim][SCN] > [C4Cqim]Br ~[C4C;im]|Cl >
[C4C1im][CF3S03]. According to this rank, CAF also has a higher
affinity to more hydrophobic phases, closely following the ILs
hydrogen-bond basicity [21]. Moreover, the trend obtained fol-
lows the decreased amount of IL at the IL-rich phase given by
the TLs data for the fixed initial mixture composition studied (cf.
the Supporting Information). The higher the amount of IL at the
IL-rich phase, the higher is the partition of CAF to this phase.
The main exception was observed with the system containing
[C4C1im][CF3S03]. This behavior was also previously observed
with the extraction of alkaloids using ABS composed of ILs and
K3PO,4 [21], and may result from specific IL-CAF interactions. It
should be stressed that higher differences in the effect of the IL
chemical structure through the ABS extraction efficiencies for CAF
are observed in this work when compared to the previous study in
which the K3POy4 salt was used [21]. These lower differences are a
consequence of the K3PO4 stronger salting-out effect [41] (when
compared to the organic salt K3CgH507 used in this work).

In addition to the IL anion effect, the effects of the IL cation
core and number of aliphatic tails on the ABS extraction effi-
ciencies were investigated with ILs containing the common CI~
anion, combined with the following cations: [Ng44]*, [P4444]",
[C4Cyipyr]*, [C4Cypip]*, [C4C1im]" and [C4C;Cqim]*. As shown in
Fig. 4, the extraction efficiencies of ABS composed of [Ng444]Cl,
[P4444]Cl, [C4Cqpyr]Cl and [C4Cqpip]Cl for CBZ are ca. 100%,
obtained in a single-step. Slightly lower values were obtained
with the ABS formed by [C4C;im]Cl and [C4C;C;im]Cl, although
always higher than 98.52%. On the other hand, and in accordance
with the data obtained for the IL anion effect, the partitioning
extent of CAF is more dependent on the IL chemical struc-
ture, with extraction efficiencies ranging from 95.21 to 99.61%,
decreasing in the order: [Ngg44]Cl>[P4444]Cl>[C4Cqpyr]Cl>
[C4C1Cqim]Cl > [C4Cqim]Cl > [C4Cqpip]Cl. In general, it seems that
the IL cation aromaticity has a low impact on the extraction of CAF,
as previously observed in the extraction of CAF from biomass using

IL aqueous solutions [42]. The ability of the IL cation to establish
hydrogen-bonds with CAF also has a negligible impact on the
extraction efficiencies, as can be appraised from the data obtained
for ABS composed of [C4C;im]Cl and [C4C;C;im]|Cl, in which the
most acid hydrogen at the imidazolium ring was substituted by a
methyl group in the former. Overall, the effect of the IL chemical
structure seems to have a more significant impact on the partition
of CAF than in CBZ, which seems to derive from the higher polarity
of CAF and its lower affinity for organic fluids, as discussed before
for the IL anion effect.

Although ammonium- and phosphonium-based ILs have been
scarcely investigated as constituents of IL-based ABS when com-
pared to imidazolium-based fluids [21], these cation-based ILs
outstand as promising phase-forming constituents of IL-based ABS
for the extraction of pollution tracers. In addition to their high abil-
ity to form ABS, ammonium- and phosphonium-based ILs offer
additional advantages when compared with imidazolium-based
ones, such as their lower cost, availability at a larger scale, and lower
toxicity [43,44].

3.2. Concentration of CAF and CBZ with IL-based ABS

The detection and quantification of pollution tracers is of vital
importance in pollution control, comprising an appropriate charac-
terization of wastewater and surface water matrices. Nevertheless,
pollution tracers are present in low amounts and will not be
accurately identified or quantified if no concentration and pre-
treatment steps of the samples are performed in advance. Fig.
5 represents a schematic illustration of the concept behind the
concentration approach using IL-based ABS. When dealing with IL-
based ABS as concentration techniques, the manipulation of the
initial compositions along the same TL allows to obtain two-phase
systems with the same compositions at the coexisting phases, while
being able to decrease the IL-rich phase volume (and consequently
increasing the volume of the salt-rich phase). Furthermore, higher
TLLvalues lead to larger differences between the composition of the
coexisting phases and to higher concentration factors that can be
more easily experimentally achieved [31]. It should be noted that
itis theoretically possible to reach a concentration factor up to infi-
nite. However, the achievable concentration factors are restricted
by the experimental feasibility of obtaining/recovering a low phase
volume and by the maximum allowable concentration of the target
analyte, which is further conditioned by its saturation solubility in
the IL-rich phase.

According to the data previously shown and discussed,
[N4444]Cl- and [P4444]Cl-based ABS lead to higher extraction
efficiencies values for both CAF and CBZ. Despite the high extrac-
tion ability of the phosphonium-based IL, the ABS composed of
[N4444]Cl1+K3CgH507 +H,0 (Fig. 5) was here selected to conduct
the concentration studies due to its more benign character resulting
from the lower toxicity of ammonium-based ILs [45]. Some quater-
nary ammonium-based ILs are also produced at a large scale and
widely used in the extraction of metals, as phase transfer catalysts,
surfactant agents, among others [43]. Moreover, as phosphonium-
based, also ammonium-based ILs do not absorb in the UV region
leading thus to lower interferences when dealing with analytical
methods based on UV absorption. Accordingly, the ABS formed
by [N4444]Cl+K3CsH507 + H,O was initially tested to individually
extract and concentrate CAF and CBZ from aqueous samples. Then,
the ability of this system to act as a single-step concentration
platform of both pollution tracers was experimentally addressed,
followed by the determination of the solubility of CAF and CBZ in
the IL-rich phase to ascertain on the maximum concentration of
tracer pollutants that can be extracted and respective concentration
factors that could ideally be achieved.
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To demonstrate the ability of IL-based ABS to simultaneously
extract and concentrate a mixture of CAF and CBZ, a concentration
factor of 50 was here employed for an easier experimental manip-
ulation. For the TLL of 79 previously described, the composition of
the mixture which allows a concentration factor of 50 is: 1.18 wt%
of [Ng4q44]|Cl+49.85 wt% of K3[CgH507]+48.98 wt% of an aqueous
solution containing the pollution tracers. The concentration fac-
tor (CF) value was determined by the ratio between the weight of
the aqueous solutions containing the target pollution tracers and
the weight of the IL-rich phase obtained after the separation of the
coexisting phases.

The individual extraction/concentration of CAF and CBZ up to
50-fold was firstly addressed in order to validate the feasibility of
using IL-based ABS for this purpose. The HPLC-UV chromatograms
obtained are provided in the Supporting Information. In general,
the complete extraction of CAF and CBZ and a concentration factor
of 50-fold afforded by the IL-rich phase was confirmed by HPLC-UV
identification/quantification. Based on these results, the simulta-
neous extraction and concentration of CAF and CBZ was further
investigated, by applying the same IL-based ABS and the same con-
centration factor. Fig. 6A depicts the chromatogram resulting from
the simultaneous extraction and 50-fold concentration of CAF and
CBZ into the IL-rich phase of the [Ng444]Cl-based ABS. The recov-
ery results obtained are 914 15% for CAF and 104 + 5% for CBZ.
The detailed chromatographic data are presented in the Support-
ing Information. According to Fig. 6A, the peak areas of CAF (peak
1) and CBZ (peak 2) in the [Ng444]Cl-rich phases remain similar to
those obtained with the standard spikes, revealing that both com-
pounds can be simultaneously extracted and concentrated without
saturating the IL-rich phase, and their quantification can be car-
ried out by HPLC with UV detection without major interferences of
the ABS phase-forming components. The chromatograms for the
blank controls, which correspond to the chromatograms of the
IL-rich phases (without pollution tracers added) are also shown
in Fig. 6, confirming that there are no major interferences of the
ABS phase-forming components in the analytical method used.
Moreover, blank controls were analyzed for the experiments of
individual extraction/concentration of CAF and CBZ (cf. the Sup-
porting Information).

The simultaneous extraction and concentration of CAF and CBZ
was also carried out with a real wastewater effluent sample to con-
firm the viability of the developed technique when applied to more
complex matrices. With this more complex matrix, now compris-
ing additional interferents, the recovery results for both pollution
tracers were 90+ 16% for CAF and 87 9% for CBZ. These results

are satisfactory, showing that IL-based ABS can be applied to real
effluent samples with no significant differences in the recovery
results and concentration factors obtained — the respective chro-
matograms are shown in Fig. 6B and detailed information on the
HPLC-UV conditions is given in the Supporting Information.

In order to determine the solubility and the maximum allow-
able concentration factor of the two pollution tracers in the IL-rich
phase, i.e., the amount of CAF and CBZ that can be extracted without
saturating the phase and/or without decreasing the ABS extrac-
tion efficiency, the solubility of both compounds was determined
in the [Ng444]Cl-rich phase, at (298 + 1) Kand atmospheric pressure.
The detailed experimental information is provided in the Support-
ing Information. The saturation solubility values of CAF and CBZ
are 28.60+0.27gL-! and 8.26+0.60gL"1, respectively. Accord-
ingly, it is possible to significantly increase the concentration of
CAF and CBZ in the IL-rich phase up to a 1.5- and 485-fold when
compared to their solubility in pure water (ca. 21.6gL-! for CAF
and 16.8 x 10-3 gL~ for CBZ) [46]. This remarkable increase in the
solubility of target solutes in aqueous solutions of ILs was recently
reported and discussed as a result of an hydrotropic action afforded
by ILs [47]. Based on this increase in the solubility, the detection of
pollution tracers with poor-water solubility, and consequently dif-
ficult to be analyzed due to their presence in vestigial amounts in
water samples, can be also improved by employing IL-based ABS.

Concentrations ranging from 0.47 to 11.16 wgL~! and from 0.27
to 1.02 wg L1 for CAF [6,8], and from 0.137 to 6.30 and from 0.022
to 2.5ugL-1 for CBZ [6,48,49], have been reported in wastew-
ater effluents and in surface waters, respectively. The limit of
detection (LOD) values associated to the HPLC equipment with
UV detection (equipment employed in this work) ranges between
(0.1-1.0) x 10-3 gL~ for both pollution tracers, meaning that con-
centrations factors ranging from 100- to 1000-fold are required to
accurately identify/quantify CAF and CBZ present in wastewater
effluents and in surface waters. Taking into account the satura-
tion solubility values of CAF and CBZ in the IL-rich phase discussed
before and a final concentration of 1.0x10~3gL-! for an accu-
rate quantification of the two pollution tracers by HPLC-UV, it
is reasonable to admit that IL-based ABS outstand as promising
concentration strategies since “ideal” concentration factors up to
28595-fold for CAF and up to 8259-fold for CBZ could be attained
up to the saturation of the IL-rich phase.

Based on the previous results, IL-based ABS are thus viable con-
centration techniques which allow a significant improvement on
the detection and quantification of CAF and CBZ, typically found
at very low concentrations in water matrices. Although some
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Fig. 6. HPLC-UV chromatograms corresponding to the identification/quantification of pollution tracers simultaneously extracted using A) model aqueous solutions and B)
an effluent sample from a wastewater treatment plant. Chromatograms of standard solutions of CAF (red line); chromatograms of standard solutions of CBZ (blue line);
Chromatograms of CAF and CBZ concomitantly extracted into the [N444]Cl-rich phase (black line); and Chromatograms of the [N4444]Cl-rich phase (no pollution tracers
added) (green line). Peaks: 1 - CAF and 2 - CBZ. The gradient elution used in these analyses is provided in detail in the Supporting Information. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

works have been found in the literature [ 14-20] regarding the pre-
treatment of water samples for CAF and CBZ analysis, most of them
reached low enrichment factors or do not highlight the enrichment
factors experimentally achieved. For instance, Miiller et al. [17]
employed a solid-phase microextraction (SPME) approach based
on a polypropylene hollow fiber for the pre-concentration of sev-
eral compounds from water samples, including CBZ. Depending on
the pH and presence of electrolytes, different concentration factors
have been attained for CBZ: 39-, 60- and 30-fold in distilled water at
pH=2,pH=7,and pH=10, respectively, and 166-fold in a saturated
sodium chloride aqueous solution [ 17]. Gonzalez-Barreiroetal.[19]
reported an enrichment factor of ca. two-orders of magnitude for
CBZ from wastewater samples using SPE, followed by its analysis by
HPLC with photochemically induced fluorescence (PIF). Santos et al.
[9]achieved enrichment factors of 5 and 10 for CAF and CBZ, respec-
tively, from wastewater samples using SPE as a pre-treatment
method and HPLC coupled to a diode array (DAD) detector as
the analytical technique. All the pre-treatment/concentration tech-
niques referred above are based on SPE, further presenting the

disadvantage of requiring an additional desorption step and that
is usually carried out with VOCs. Even so, the most important chal-
lenge in SPE techniques is the capability to simultaneously extract
several classes of compounds with a wide range of polarities,
solubilities and chemical stabilities that inherently compose the
complex wastewater and surface water matrices [50]. As demon-
strated here, IL-based ABS can overcome some of these drawbacks,
namely by not requiring the use of an additional desorption step,
by avoiding the use of VOCs, and by their tailoring ability that allow
a simultaneous extraction/concentration step of mixtures of pollu-
tion tracers. Not only CAF and CBZ, but also an array of different
classes of pollution tracers that compose the complex wastewater
and surface water matrices can be simultaneously extracted and
concentrated using IL-based ABS by an appropriate tailoring of the
IL chemical structure and composition. In summary, IL-based ABS
can be seen as efficient pre-treatment techniques within environ-
mental analysis, aiming at better establishing the source, fate and
type of aquatic contamination, as well as the risks posed to the
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environment and human health by the long-term exposure to such
pollutants.

4. Conclusions

Aiming at overcoming one of the major limitations in the envi-
ronmental analysis and monitoring of aquatic samples, IL-based
ABS are here proposed as pre-treatment/concentration techniques
for mixtures of pollution tracers. The extraction ability of several
IL-based ABS was initially addressed with two of the most com-
monly found anthropogenic tracers, namely caffeine (CAF) and
carbamazepine (CBZ). Extraction efficiencies ranging between 95%
and 100% for both compounds into the IL-rich phase were obtained
in a single-step. After this initial screening, the [Ng444]Cl-based ABS
was then used to simultaneously extract and concentrate CAF and
CBZ, both from model aqueous solutions and from a real wastewa-
ter effluent sample. The maximum allowable concentration of the
pollution tracers was assessed by determining the solubility (satu-
ration values) of CAF and CBZ in the IL-rich phase, which can go
up to 28595- and 8259-fold — values which are well above the
required concentration factors to accurately monitoring CAF and
CBZ in wastewater effluents and in surface waters. In summary, IL-
based ABS are promising pre-treatment/concentration strategies
for pollutant tracers, for which a proper detection and quantifica-
tion still remain major challenges in the analytical field towards a
better comprehension of their source, fate, type of aquatic contam-
ination, and risks posed to the environment and human health.
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