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Abstract: In this work we present a rapid and easy method to remove the totality of bisphenol A
from aqueous solutions using ionic liquid (IL). Dispersive liquid-liquid microextraction is employed.
The IL 1-octyl-3-methylimidazolium bis((trifluoromethane)sulfonyl)imide ([CsCqim] [NTf;]) is formed
in situ because of the mixture of 1-octyl-3-methylimidazolium chloride ([CgC;im]Cl) and lithium
bis(trifluoromethanesulfonyl)imide (Li[NTf;]) aqueous solutions. A cloud of microdroplets of IL
formed by the dispersion generated through the precursors metathesis reaction allows the rapid and
total extraction of bisphenol A (BPA). After centrifugation, the formed IL phase is deposited at the
bottom of the flask and the total amount of BPA is extracted in the sedimented phase. The volume of
IL is very low, in the order of microliters, which enables us to remove all the BPA from the solution.
The technique studied is highly efficient, cost-effective, and presents less environmental impact than
other extraction techniques, thus becoming an outstanding alternative to the most commonly used
methods. BPA concentration is determined by high performance liquid chromatography by injecting
the IL phase directly. An extraction kinetic model for the kinetic profile has been tested for this
method, which allows to infer the ideal experimental conditions to execute the extraction method.

Keywords: bisphenol A; extraction kinetic studies; high performance liquid chromatography;
ionic liquid; mutagenic agent; removal

1. Introduction

Bisphenol A (BPA) is an important chemical agent employed in manufacturing of plastics,
epoxy resins, polycarbonate, and flame retardants [1-4]. Trace residue level of BPA can interfere in the
normal functioning of the endocrine system [5], and it may also act as a carcinogenic and mutagenic
agent. Because of its large amount of production and numerous applications, BPA appears in the
environment in high concentrations. Consequently, nowadays there is a major interest in developing
techniques to remove BPA from different matrices, especially in water, because of its high toxicity and
high resistance to natural degradation [6-8].

Several degradation techniques of BPA such as photocatalysis [6,9], oxidative degradation [10],
and the use of reusable multifunctional electrodes have been developed recently. However,
these techniques give rise to organic decomposition products that can sometimes be toxic and
tedious to characterize. Therefore, alternative techniques to remove BPA are being investigated
nowadays, remarkably the use of adsorbents [9,11-20].
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In general, liquid-liquid extraction has not been widely employed as a research technique
to remove BPA from aqueous solutions since the use of organic solvents becomes a detriment to
the environment and implies a high cost. However, liquid-liquid microextraction techniques are
environmentally friendly. Particularly, ionic liquids (ILs) are commonly used nowadays as organic
phase because of its low vapor pressure, high thermal stability, and high capacity to solubilize different
organic compounds [21-25]. Some authors have used IL to extract BPA from aqueous samples, but the
rapid dispersion provided by the in situ IL formation does not occur. High temperatures and times
are necessary, as well as cooling cycles. In addition, because of the high volume of extractant phase,
the preconcentration factor and the detection limit are high, which limits the ultratrace analysis of
BPA [26]. Other investigations show that IL can be used to extract phenolic compounds. However,
the used volume is of the order of milliliters and high times are needed to carry out the extraction [27].

The main goal of this work is to remove BPA from aqueous solutions by means of dispersive
liquid-liquid microextraction (DLLME). The developed technique comprises in situ IL formation
by mixing two soluble reagents in a straightforward ion-exchange reaction producing a dispersion
followed by formation of small drops of IL insoluble in water, which allows BPA to be extracted
rapidly. After centrifugation, an insoluble IL phase remains at the bottom of the tube and can be easily
separated from the aqueous phase and analyzed by high performance liquid chromatography (HPLC).
It is worth pointing out that the volume of IL necessary to carry out the extraction is in the order of
microliters because of the cloud of microdroplets formed that allows the total extraction of BPA to be
rapid, not being a harm for the environment. The study has been complemented by characterizing the
microextraction kinetics process.

2. Materials and Methods

2.1. Chemical and Materials

The bisphenol A standards were purchased from Sigma-Aldrich (97% purity, Darmstadt, Germany).
Ultrapure water was employed for preparation of 0.1 M solutions of these ILs.

Bis(trifluoromethane)sulfonamide lithium salt and 1-butyl-3-methylimidazolium chloride
(Sigma-Aldrich, Darmstadt, Germany) were used in order to form the IL. Analytical grade acetonitrile
was obtained from Panreac (Barcelona, Spain) and HPLC water from Macron (Valsamoggia, Italy).
A volume of 2.54 mL of non-ionic surfactant Triton X-114 (Sigma-Aldrich, Darmstadt, Germany) were
dissolved in 50 mL of water in order to obtain a 0.1 M solution. Working standard solutions were
prepared by appropriate dilution of the stock solution by Milli-Q water.

2.2. Instrumentation and Analytical Conditions

HPLC analysis was performed on JASCO BS-4000 system equipped with a sample injector and an
ultraviolet detector (UV-4075)(Madrid, Spain).

Chromatographic determination of BPA was performed on a C18 column (150 x 4.6 mm i.d.,
5 um). The mobile phase was a solution of 60% acetonitrile and 40% water at a flow rate of 0.8 mL
min~!. The injection volume was 10 uL and the monitoring wavelength was 230 nm.

2.3. General Procedure

A total of 10 mL of sample solution containing BPA in the 0.5-3 ug L~! range, placed in a 15-mL
glass tube, was heated in an ultrasonic bath for five minutes at 30 °C, after that 20 uL of pH 4 regulatory
solution was added. Then, 100 uL of the [CgC;im]Cl solution and 100 uL of 0.1 mol L' Triton X-114
solution were added to the mix. After homogenizing by shaking manually, 100 pL of the Li[NTf;]
solution was incorporated, observing a cloudy appearance of the mixture because of the dispersion
phenomenon that takes place when the IL is formed. After centrifugation at 3000 rpm for 20 min, a low
volume (33 + 1 uL) of the IL was recovered in the bottom of the tube. Using a chromatographic-type
syringe, 10 uL was taken, injected into the HPLC by triplicate procedure for the analysis using the
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instrumental and analytical conditions later described. Additionally, the concentration of BPA was
determined by HPLC from aqueous solution before and after carrying out the microextraction process,
observing that under the experimental conditions described, the compound is completely extracted
from water to the IL phase, leaving the aqueous solution totally free of BPA.

2.4. Microextraction Kinetics Studies

The extraction kinetics of the BPA was examined by fitting the experimental data of the peak area
vs. the exposure time, which can be described by the first-order mathematical model [28,29]:

Peak Area = C [1 —exp(—kt)] 1)
where C is the saturation value (mV) and k is the rate constant of the extraction (s™1).
3. Results and Discussion

3.1. Acceptor Phase—The lonic Liquid

Replacing the use of common organic solvents with ILs for the removal of pollutants in aqueous
media is of great interest because of the unique properties of some ILs, especially those having low
viscosity and low water solubility [30].

This procedure offers the possibility of getting a large surface in contact between the microdroplets
and aqueous phase without the need of a specific disperser solvent as it can be seen in Figure 1.

Figure 1. (A) Rapid formation of a dispersed phase, (B) deposited after centrifugation.

If 1-octyl-3-methylimidazolium chloride ([CgC1im]Cl) is used to provide a voluminous cation,
and it is mixed with lithium bis(trifluoromethanesulfonyl)imide (Li[NTf,]) which would act as
anion, and both reagents being insoluble in water, a turbidity is formed because of an insoluble
1-octyl-3-methylimidazolium bis((trifluoromethane)sulfonyl)imide ([CgC1im][NTf;]) produced in the
reaction [30]. The metathesis reaction that takes place was then:

[CgClim](] + Li[Nsz] - [CgClim] [Nsz] + LiCl

It was experimentally found that mixing 100 pL of 1 mol L~! [CgCyim]CI with 100 uL of 1 mol
L~! Li[NTf,] and 10 mL aqueous phase, followed by centrifugation, resulted in approximately 33 uL
of IL in the bottom of the tube, which agrees with the theoretical prediction, taking into account the
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[CgCqim][NTH,] density [31]. The total BPA extraction is rapid and the whole procedure takes only a
few minutes.

Preliminary experiments showed that, after centrifuging the turbid solution, some IL droplets
remained on the walls of the centrifuge tube, and reproducibility was affected. To overcome this
drawback, several anti-sticking agents [32], namely Triton X-100, Triton X-114, Tween 20, and Span
20, were assayed. Maximum and reproducible volumes for the recovered IL were obtained when the
metathesis reaction was carried out in presence of 0.001 mol L™! of Triton X-114.

3.2. Optimization of Removal Conditions

3.2.1. Optimization of lonic Liquid Precursors Volumes

Different volumes of aqueous phase were tested with different proportions of IL precursors
([CgCqim]Cl and Li[NTf;]). Volumes of 5, 10, 15, and 20 mL of aqueous phase were taken and the
volume of IL precursors was studied.

Volumes equal to 25, 50, and 100 puL of each precursor were added to carry out the dispersion and
subsequent IL formation. For volumes of aqueous phase studied, the IL phase was hardly formed
when the IL precursors volumes were 25 and 50 pL.

When the volume of each IL precursor was 100 puL the IL formed was 48 pL, with the volume of
aqueous phase 5 ml. Total of 33 pL of IL was obtained when the volume of aqueous phase was 10 mL
and 18 pL of IL achieved if aqueous phase is 15 mL. However, when the volume of aqueous phase is
20 ml the volume obtained from IL is 10 uL.

From the experiment it is depicted that the best concentration factor would be obtained taking a
volume of aqueous phase of 20 mL. Nevertheless, a volume of 10 ml for the aqueous phase has been
selected for two reasons. On the one hand, 33 pL of IL obtained are in agreement with the theoretical
prediction about [CgC1im][NTf;] density, which implies that the aqueous solution is totally free of IL.
On the other hand, 33 uL allows to perform the measurement by triplicate. This small volume of IL
enables the procedure as a low-cost and environmentally friendly technique compared with the use of
organic solvents.

3.2.2. Optimization of pH Conditions

Several experiments were carried out to determine the adequate pH for the extraction of BPA in
the IL. The pH has been studied to obtain the maximum efficiency in the extraction of BPA from pH 1
to pH 10. As can be seen in Figure 2, the BPA maximum extraction is achieved in a pH range between
3 and 5. The pKa value of BPA ranges from 9.6 to 10.2 [33]. When pH increases, the hydrophobic
interaction between IL and BPA decreases because of the deprotonation of BPA, and the removal of
BPA also decreases. Subsequently, a value of pH 4 was selected to carry out the removal process.
A non-linear fit of the experimental data was performed, non-theoretical, only for practical purposes
(red solid line in Figure 2):
2uw? @)

From the fit we obtained yy = 89.24 +9.96, x. =4.27+0.11, w =2.38+0.26, A =113.83+9.56
(R? = 0.964).

H— 1)
Peak Area = yo + A exp(—u]
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Figure 2. Effect of pH on the bisphenol A (BPA) signal obtained from ionic liquid (IL) phase.
3.2.3. Optimization of Temperature Conditions and Incubation Time

The solution temperature plays a very important role in the extraction procedure. The temperature
effect can influence the extraction efficiency. In the present work, this effect was studied within the
range of 25-60 °C by heating the aqueous phase for 10 minutes prior to the addition of the IL precursors.
As it is shown in Figure 3, the best extraction efficiency was obtained at 30 °C. Experimental data fit
well to the following equation, non-theoretical, only for practical purposes (red solid line in Figure 3):

Peak Area = yo + A(—exp(-z) —z+1) ©)]

wherez = (T — T;) /w. From the fit we obtained yp = 169.19+0.87, T, =31.39+0.27, w = 4.89+0.28,
A = 27.02 +1.40 (R* = 0.9904).
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Figure 3. Effect of the temperature on the BPA signal obtained from IL phase.

Incubation time of the samples was studied at 30 °C within the range of 2-30 min. As Figure 4
shows, the extraction performance of the BPA increased from 2 to 5 min, remaining constant for 30 min,
becoming a fast technique that allows a wide working time range. Accordingly, we employed five
minutes as heating time. The extraction kinetics was modeled via Equation (1) (red solid line in
Figure 4), depicting C = 198.40 + 1.93 mV, k = 0.57 + 0.03 s! (R? = 0.978).
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Figure 4. Effect of incubation time at 30 °C on the BPA signal obtained from the IL phase. Solid line
represents the fit of experimental data to Equation (1).

Same experiments were carried out wusing 50 pL of the commercial IL
1-octyl-3-methylimidazolium-bis((trifluoromethane)sulfonyl)imide ([CsCim][NTf,]), purchased from
Solvionic (99.5% purity). It was subjected to ultrasounds for 2, 5, 10, 20, and 30 min. In all cases,
after centrifuging for 15, 30, 45, and 60 min, the volume of IL at the bottom of the tube was only
10 pL, which does not allow to make the measurements by triplicate ensuring the reproducibility.
In addition, when the ultrasound time was 2, 5, and 10 min it is not appreciated that BPA has been
removed when the IL is injected into HPLC. The experiment was repeated using 100 pL of commercial
IL. In this case, after centrifuging for 60 min, a volume of IL of 85 uL was recovered, indicating that
not all of the IL had been removed from the aqueous solution. In addition, it was necessary to apply
ultrasound for 30 min to achieve maximum BPA extraction, and it was not possible to remove the
total, only 80% was acquired (See experimental conditions and results summary in Supplementary
Material, Table S1). Therefore, the in situ formation of the IL provides better results, providing a higher
extraction, reaching the total removal of the BPA, in just 2 min and without applying ultrasounds.
In addition, the concentrations of the IL precursors used are low and the density values of the formed
IL indicate that there are no residues of this in the aqueous solution.

3.2.4. Analytical Figures of Merit

Using the conditions described in the experimental section, a linear relationship between the
analytical signal and the BPA concentration in the aqueous phase was verified in the 0.5-0.3 ug L™}
range (linear equation: y = 96.437x + 4736). Regression coefficient R? = 0.997 and enrichment factor of
299 were achieved.

The detection limit, calculated on the basis of three times the standard deviation of y-residuals
from the calibration graph (sy/x) was 0.19 ug L~!. The repeatability was estimated from ten
consecutive experiments at the 0.5 pg L1 level, and the relative standard deviation (RSD) was
5.2%. The reproducibility was calculated from ten measurements obtained on five consecutive days,
and the RSD was 6.5%.

3.2.5. Recycling and Reuse Studies

To study the reusing process, the IL was separated from the aqueous solution and subjected to a
new BPA extraction process by using ultrasound for 2, 5, 10, 20, and 30 min to disperse the IL in the
aqueous sample. However, because of the small volume of IL (around 30 pL), after the centrifugation
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process to separate the phases, it is not sedimented at the bottom of the tube. Therefore, the IL formed
by the in situ procedure cannot be reused.

4. Conclusions

In this work, we have developed a dispersive liquid-liquid microextraction technique by in
situ formation of an IL through a metathesis reaction of its precursors. This approach allows us to
use very low volumes of solvent leading to rapid and total removal of BPA from aqueous solutions.
This procedure is a fast and efficient technique. Optimal experimental conditions were applied to
achieve maximum BPA extraction, reaching the total removal at a pH value between 3 and 5, in just two
minutes and at 30 °C. Additionally, in order to optimize the experimental conditions kinetic models
have been tested to characterize the extraction process.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/10/2087/s1,
Table S1: Experimental conditions and results for the use of commercial IL ([C8C1im][NTf2]) and in-situ IL.
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