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Abstract 
Dispersive liquid–liquid microextraction (DLLME) has been proposed for the extraction and preconcentra- tion of 12 carbamate pesticides in juice samples, followed by their determination by micellar electrokinetic chromatography with diode-array detection. To improve sensitivity, an on-capillary sample concentration method based on sweeping has been developed. Also, separations were performed in an extended light path fused-silica capillary; the separation buffer consisted of 100 mM borate and 50 mM SDS (pH 9.0) with 5% acetonitrile. Samples were introduced by hydrodynamic injection, dissolved in the separation buffer, but free of micelles. Several parameters of the DLLME procedure (such as type and volume of extraction and dispersive solvents, pH, salt addition, and extraction time) were optimized. Recoveries obtained for fortified juice samples (banana, pineapple, and tomato) at three different concentration levels, ranged from 78% to 105%, with relative standard deviations lower than 9%. The limits of detection ranged from 1 to 7 μg l−1. Moreover, the method is fast, simple, and environmentally friendly.
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Introduction

N-methylcarbamates (NMCs) were introduced as pesticides in the early 1950s. They are used worldwide as broad- spectrum pesticides against insects, fungi and weeds [1] on a wide variety of fruits, vegetables, forage, cotton, and other crops including bananas, coffee beans, grapes, potatoes, corn, rice, sugarcane, and wheat. They are derived from carbamic acid with chemical structure R–O–C(O)–N (CH3)–R′, where R is an alcohol, an oxime or a phenol, and R′ is an hydrogen or a methyl group. They are acetylcho- linesterase inhibitors, and allow acetylcholine to build up resulting in health effects such as, headaches, vomiting, abdominal cramps, uncontrolled urination or defecation, and even a comatose state [2, 3]. NMCs are relatively unstable compounds that breakdown in the environment fairly rapidly. They are biodegradable, with low soil persistence and can be degraded in water by hydrolysis, biodegradation, oxidation, photolysis, biotransformation, and metabolic reactions in living organisms. As minute quantities of these chemicals can affect the human body, trace concentrations of these pesticides in the environment and food must be controlled.

Some of the NMCs, including carbaryl, carbendazim, aldicarb, methomyl, oxamyl, promecarb, carbofuran, and methiocarb have been included in the final list of compounds to be considered for periodic re-evaluations by the Joint FAO/WHO Meeting on Pesticide Residues [4−6]. In the European Union (EU), the Regulation (EC) No. 396/2005 on maximum residue levels (MRL) of pesticides in products of plant and animal origin, and the Regulation (EC) N. 149/2008 (amending Regulation (EC) No 396/2005), bring together and harmonizes in a single act all the limits applicable to the various types of food and feed and establishes a maximum residue limit (MRL) of 10 μg kg−1 as a default value [7, 8]. Currently, EU and USA are preparing recommendations on principles and practices for the establishment of MRLs for fruit juices [9]. Chromatographic methods have been usually used for the determination of carbamates in food, using mainly UV/ Vis [10–13], fluorescence [14–18], and mass spectrometry (MS) detection [19–25]. Capillary electrophoresis (CE) [26, 27] and micellar electrokinetic chromatography (MEKC) with UV/Vis detection has also been proposed for the determination of some NMCs in cucumber [28], tomato [29], carrots [30] and lettuce sample [31]. CE has been also coupled with MS for determination of NMCs in apple juices [32] and grape and orange juices [33].

Concerning sample treatment, several methods have been developed for the determination of carbamates in foodstuff [34], mainly solid-phase extraction [11, 32, 35–

38], and liquid–liquid extraction [21, 25, 28]. Most of these methods are often complicated and their sample throughput is too low to meet the challenges of food analysis. In recent years, different strategies have been proposed for simplify- ing sample treatment and preconcentration in pesticide residue analysis, which include QuEChERS (quick, easy, cheap, effective, rugged and safe) methodology [19, 24], cloud-point extraction [10], floated organic drop micro- extraction [39], solid-phase microextraction [12] and dispersive liquid–liquid microextraction (DLLME). This last method was introduced by Assadi et al. in 2006 [40] and shows simplicity of operation, low cost and high recovery. DLLME is based on a ternary component solvent system: the sample in an aqueous phase, an appropriate extraction solvent (i.e., a few microliters of an organic solvent such as chlorobenzene, chloroform or carbon disulfide) with high density, and a disperser solvent (such as methanol, acetonitrile, or acetone) with high miscibility in both extractant and aqueous phases. When the mixture of extractant phase and disperser is rapidly injected into the sample, a high turbulence is produced. This turbulent regimen gives rise to the formation of small droplets, which are dispersed throughout the aqueous sample. After the formation of the cloudy solution, the surface area between the extractant solvent and the aqueous sample becomes very large, so the equilibrium state is achieved quickly and, therefore, the extraction time is very short. In fact, this is the principal advantage of DLLME. After centrifugation of the cloudy solution, a sedimented phase is settled in the bottom of a conical tube and analyzed with the most appropriate analytical technique. The general aspects of DLLME are compiled in some recent reviews [41–44]. The applications of DLLME include the determination of NMCs carbamates in water samples [45–48] and the determination of carbaryl in fruit juices [15].

In the present paper, MEKC with DAD detection is proposed for the determination of twelve NMCs (oxamyl, methomyl, benomyl, carbendazim, asulam, baygon, carbo- furan, aldicarb, carbaryl, promecarb, methiocarb, and napropamid, whose structures are shown in Fig. 1) in fruit juice samples. In order to overcome the lack of sensitivity of CE with UV detection, an on-line sample concentration method based on sweeping has been developed. This approach is designed to focus the analytes into a narrow band within the capillary, thereby increasing the sample volume that can be injected without any loss of efficiency. It uses the interactions between an additive (i.e., a pseudostationary phase or micellar media) in the separation buffer and the sample in a solvent similar to the separation buffer but free of additive. It involves the accumulation of charged and neutral analytes in the pseudostationary phase that penetrates the sample zone and “sweeps” the analytes, producing a focusing effect [49–51]. Moreover, DLLME is proposed as extraction and preconcentration technique for a high number of analytes in a matrix no commonly explored with this methodology, being the main aim to show the applicability of both, the CE as separation technique and DLLME, as suitable alternatives for the determination of NMCs in juice samples.
Material and methods
Chemicals and Solvents 
All reagents were of analytical reagent grade, unless indicated otherwise, and solvents were HPLC grade. Ultrapure water (Milli-Q plus system, Millipore, Bedford, MA, USA) was used throughout the work. Sodium hydroxide and sodium chloride were obtained from Panreac-Química (Madrid, Spain); tris(hydroxymethyl)ami- nomethane (Tris) was obtained from Merck (Darmstadt, Germany), hydrochloric acid from Scharlab (Barcelona, Spain); and boric acid, sodium dodecyl sulfate (SDS), sodium tetraborate decahydrate and imidazol from Sigma (St. Louis, MO, USA).

Acetonitrile (ACN), acetone (ACO), methanol (MeOH), ethanol (EtOH), tetrahydrofuran (THF), and ethyl acetate (AcOEt), were obtained from Merck; chloroform (CHCl3), and dichloromethane (CH2Cl2), were obtained from VWR (West Chester, PA, USA); carbon disulfide (CS2, analysis grade) was supplied by Carlo Erba (Rodano, Mi, Italy) and chloroben- zene (synthesis grade) by Alfa Aesar (Karlsruhe, Germany).

Analytical standards of carbofuran, carbaryl, methiocarb, promecarb, oxamyl, aldicarb, methomyl, baygon, and asulam were supplied by ChemService Inc (West Chester, USA), while benomyl, napropamid, and carbendazim were supplied by Riedel-de Haën (Seelze, Germany). Individual stock standard solutions containing 3 g l−1 of each compound were prepared by dissolving accurately weighed amounts in MeOH and stored in the dark at 4°C. They were stable for at least 4 months. Standard solutions containing all the NMCs were freshly prepared by proper dilution of the stock standard solutions with MeOH.

Acrodisc 13-mm syringe filters with 0.2-μm nylon membrane (Pall Corp., MI, USA) were used for filtration of sample extracts prior to the injection in the electrophoretic system.
Instrumentation 
CE experiments were carried out with a HP3D CE instrument (Agilent Technologies, Waldbron, Germany) equipped with a diode-array detector. Data were collected using the software supplied with the HP ChemStation (Version A.09.01). Separations were performed in a 64.5 cm× 50 μm i.d., uncoated fused-silica capillary with an optical path length of 200 μm (bubble cell capillary from Agilent Technologies) and an effective length of 56 cm.

A pH meter (Crison model pH 2000, Barcelona, Spain) with a resolution of ±0.01 pH unit, a centrifuge (Universal 320 model from Hettich, Leipzig, Germany), a mechanical shaker (model 384 from Vibromatic, Noblesville, USA), an evaporator with nitrogen (System EVA-EC from VLM GmbH, Bielefeld, Germany) and a vortex (Genie 2 model from Scientific Industries, Bohemia, USA) were also used
Electrophoresis procedure 
Before the first use, the new capillary was rinsed with 1 M NaOH at 60°C for 10 min, then with deionized water for 10 min, and finally with the running buffer for 20 min. At the beginning of each session, the capillary was cleaned with deionized water for 3 min, then with 0.1 M NaOH for 7 min, deionized water for 1 min and finally with the running buffer for 20 min. Before each run, the capillary was pre-washed with 0.1 M NaOH for 2.5 min, deionized water for 1 min and finally with the running buffer for 5 min. In all instances, a pressure of 7 bar was applied.

The running buffer consisted on an aqueous solution of 100 mM boric acid and 50 mM SDS, pH 9.0 adjusted with 1 M NaOH and containing 5% ACN, v/v. A voltage of 27 kV (normal mode) was applied for the electrophoretic separation using a ramp of 0–27 kV in 0.5 min. The temperature of the capillary was kept constant at 27.5°C. Standard solutions and samples prepared in a buffer similar to the running buffer but without micellar medium, were hydrodynamically injected at 35 mbar for 25 s. The signal was monitored at a wavelength of 210 nm.
Sample preparation
DLLME was performed as follows: 50 ml of fruit juice (pH 7.5 adjusted with 1 M NaOH) was placed in a 50-ml falcon tube and centrifuged for 10 min at 9,000 rpm. An aliquot of the upper layer (5 ml) was placed into a 15-ml falcon tube with conical bottom. A mixture of MeOH (disperser solvent, 1,500 μl) and chloroform (extraction solvent, 800 μl) was rapidly injected into the sample tube. The tube was closed and mechanically shaken for 5 min. After that, it was centrifuged for 2 min at 5,000 rpm; the sedimented phase was removed using a syringe and collected in a glass vial. The chloroform phase was then evaporated at 30°C under nitrogen stream until dryness. The final residue was re-dissolved with 500 μl of 100 mM boric acid pH 9.0, 5% ACN (v/v), vortexed (2 min) and injected into the electrophoretic system. A schematic diagram of the sample preparation procedure is shown in Fig. 2. Following this treatment, sample throughput was approximately 12 samples per hour, obtaining a preconcentration factor of 10.
Results and discussion
Optimization of the sweeping-MEKC experimental conditions
Most of the NMCs studied are neutral compounds in a wide range of pH (see pKs in Fig. 1), therefore using CZE, these NMCs are not separated. However, when SDS surfactant is used, different migration behaviors can be achieved, due to the different interactions between the NMCs and the micelles. Thus, MEKC was the selected separation mode. The optimization of the main variables affecting the separation and simultaneous quantification of the NMCs by MEKC-DAD was carried out considering the resolution and the sensitivity (peak area) as response variables, and keeping the generated current at optimum values.

First of all, the effect of pH between 7.0 and 9.5 was investigated using 100 mM boric acid with 50 mM SDS as buffer solution, and adjusting pH with NaOH. The best resolution was obtained at pH 9.0. Then, different buffer solutions were tested (Na2B4O7/HCl, H3BO3/NaOH, imi- dazol/HCl and Tris/HCl), all of them at a concentration of 100 mM, pH 9.0 and in presence of a concentration of SDS of 50 mM. The best results in terms of resolution and analysis time were obtained using H3BO3/NaOH, pH 9.0. Thus, boric acid concentration was modified between 50 and 150 mM, keeping the concentration of the SDS at 50 mM and the pH at 9.0. The best results were obtained using a concentration of 100 mM, obtaining also a very low electric current (≈20 μA). Then, the SDS concentration was modified between 25 and 75 mM and the best signals were obtained using a concentration of 50 mM. The addition of different organic modifiers to the running buffer, such as MeOH, EtOH, and ACN, was also considered. A significant improvement in resolution was obtained in the presence of ACN, and percentages of 2.5%, 5.0%, and 10% (v/v) were tested. An optimum of 5% of ACN was selected, as it provided the best results in terms of resolution (RS), especially between benomyl, carbendazim, and asulam, and analysis time. It was observed that these three analytes changed their migration sequence when % ACN was added. These effects can be seen in Fig. 3. Once the running buffer had been optimized, the separation voltage was modified between 15 and 28 KV. A voltage of 27 kV was selected as optimum as a compromise between running time, resolution, and electric current. The effect of the temperature on the separation was studied in the range of 20–30°C, and a capillary temperature of 27°C was selected as optimum.

Concerning the sweeping preconcentration step, and in order to obtain the maximum sensitivity, the sample solvent and the sample injection volume were studied. The adequate sample solvent for an optimum collection and accumulation of analyte molecules by the pseudostationary phase was the same running buffer but without micellar medium (SDS). The injection time was studied from 10 to 75 s. Finally, 25 s at 35 mbar was used as optimum, equivalent to a volume of approximately 21 nl (≈2% of the total volume of the capillary). As a result, an increment in the sensitivity up to four times was obtained, depending on the NMC, compared with a normal injection (without sweeping).
Optimization of DLLME
There are some factors affecting the extraction process, namely: extraction solvent, disperser solvent, volumes of extraction and disperser solvent, salt addition, pH, and extraction time. The optimization of these parameters was carried out using 5 ml of an aqueous mixture standard solution containing a concentration of 150 μg l−1 of each NMC. The recovery was used to evaluate the extraction efficiency.
Type and volume of extraction solvent

The selection of an appropriate extraction solvent is very important for the DLLME process. The extraction solvent must meet three requirements, namely: a higher density than water; be immiscible with water; and provide the highest extraction efficiency for all the analytes. Among the solvents with a higher density than water, CH2Cl2 (1.32 g ml−1), CHCl3 (1.47 g ml−1), chlorobenzene (1.11 g ml−1), and CS2 (1.26 g ml−1) were tested, using a volume of 100 μl of extraction solvent with 1.0 ml of ACO as disperser solvent. The best results were obtained using CHCl3 as extraction solvent. Then, in order to study the effect of extraction solvent volume on the extraction efficiency, different volumes of chloroform between 50 and 700 μl were tested, using 1.0 ml of ACO as disperser solvent. The recovery increased with volumes of CHCl3 up to 600 μl, and after that the extraction recoveries remained constant. Therefore, 600 μl was selected as optimum.
Type and volume of disperser solvent
The disperser solvent must be miscible with both sample solution and extraction solvent. Therefore, MeOH, EtOH, ACO, AcOEt, and THF were tested as disperser solvents, using 1 ml of each one containing 600 μl CHCl3. The best recoveries were obtained with MeOH. Then, volumes of methanol between 700 and 2200 μl, using 600 μl of CHCl3 were tested. A value of 1,500 μl was selected, as it provided the best recoveries in most of the NMCs.
Sample pH

In order to evaluate the effect of the sample pH in DLLME, experiments were carried out without adjusting the pH of the original aqueous samples (pH≈6.5), and with buffered aqueous samples with pHs from 2.5 to 7.5. This pH range was selected according to the pKs of the NMCs (see Fig. 1), to keep most of them neutral. The results showed that the sample pH had a significant effect on the average recovery, being optimum at a pH of 7.5.

Salt addition

The influence of ionic strength on the performance of DLLME was investigated by adding different amounts of

NaCl (0–5%, w/v) under the previous optimum conditions. However, a decrease on recoveries of all NMCs was observed when the ionic strength was increased. As a consequence, DLLME was carried out without addition of salt.

Extraction time

In DLLME, extraction time is defined as the interval between the injection of the mixture of disperser and extraction solvents and the centrifugation step. In order to evaluate this parameter, different extraction times (from 0–10 min) were evaluated. The results showed that recoveries increased with the extraction time up to 5 min, without a significant effect for longer extraction times. Therefore, 5 min was selected as extraction time.

Shaking mode

Finally, shaking modes were compared: vortex, manual shaking, and mechanical shaking. Although no significant differences on the recoveries were observed, more repro- ducible results were obtained with the mechanical shaker, which was selected for the extraction.

Recoveries under these optimum conditions varied from 91.2% to 105% for the studied carbamates.

Optimization of DLLME for juice samples

Once the DLLME had been optimized with aqueous standard solutions, it was tested with banana juice samples commercially available. With this purpose, 50 ml of sample was spiked with 50 μg l−1 of each NMC and placed in a 50- ml falcon tube. A previous step to clean the sample was required, consisting of centrifugation for 10 min at 9,000 rpm. A 5-ml aliquot of the upper layer was placed into a 15-ml falcon tube with conical bottom. As the recoveries obtained were slightly lower than those obtained with aqueous standard solutions, a re-optimization of the volumes of extraction and disperser solvents was carried out; the optimum value for the extraction solvent was finally 800 μl of CHCl3, while the optimum volume of dispersive solvent did not change. The rest of the variables remained constant.
Validation of the method

Calibration curves and analytical performance characteristics of the method
Matrix-matched calibration curves were established using banana juice samples free of analytes as representative matrix and spiked with different analyte concentrations: 10, 20, 50, 100, and 200 μg l−1 for carbaryl and nanopropamid; 5, 10, 20, 50, and 100 μg l−1 for oxamyl, methomyl, carbendazim, asulam, and aldicarb; and 25, 50, 100, 200, and 500 μg l−1 for benomyl, carbofuran, promecarb, methiocarb, and baygon. Each concentration level was processed following the DLLME method and injected by triplicate. Peak area was considered as a function of analyte concentration in the sample. A blank sample was also processed, and none of the NMCs was detected. 
Limits of detection (LODs) and quantification were calculated as 3× S/N and 10× S/N, respectively. Statistics and performance characteristics of the method in banana juice samples are shown in Table 1.

Trueness assessment

In order to check the trueness of the proposed methodology for the analysis of real samples, recovery experiments were carried out in different types of fruit juice samples (banana, tomato, and pineapple) spiked at three different concentration level of NMCs (see Table 2). In all the cases, a sample free of analytes was analyzed to check the presence of NMCs, and none of them gave a result above the LODs of the method. Taking into account that in pesticide residue analysis the acceptable range for recovery has been established between 70% and 120%, the results obtained with the proposed method (ranging between 78% and 105%) can be considered in agreement with the current demand [52].

Typical electropherograms corresponding to banana juice samples spiked with increasing concentrations of NMCs, analyzed by the proposed DLLME-sweeping-MEKC method under optimum conditions are shown in Fig. 4.

Precision study

The precision of the method was evaluated in terms of repeatability (intraday precision) and intermediate precision (interday precision) by application of the proposed DLLME and sweeping-MEKC-DAD method to samples of banana, pineapple and tomato juices spiked at three different concentration levels of NMCs. Repeatability was evaluated over five samples prepared and injected by triplicate on the same day, under the same conditions. Intermediate preci- sion was evaluated with a similar procedure, but the samples were analyzed in five consecutive days. The results, expressed as %RSD of the peak areas, are summarized in Table 3. Good precision, lower than 8.9%, was obtained in all cases.

Conclusions

A method for the simultaneous determination of 12 NMCs in fruit juice samples by MEKC-DAD with sweeping on-line preconcentration has been developed. The analytes can be separated and detected in less than 18 min. Moreover, DLLME has been proposed for sample preparation as an attractive methodology for extraction and off-line preconcen- tration, being an easy, inexpensive and fast method for aqueous matrices such as juices from different fruits, allowing high extraction efficiency. Both off-line and on-line precon- centration steps increased the sensitivity of the analysis, allowing the determination of the pesticides at low concen- trations, even using DAD detection. Compared to HPLC-UV methods reported in the literature for the determination of carbamates in juice samples [11, 12], the proposed CE method provides similar sensitivity, allowing the determina- tion of a higher number of compounds, with higher recoveries and with the advantage of a cleaner, simpler, and quicker sample treatment.

As a conclusion, the proposed method could be satisfactorily applied as a routine procedure to quantify NMCs in laboratories of food quality and safety control, demonstrating the possibilities of DLLME and CE in the analysis of foodstuff.
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