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Abstract

A monitoring program was developed for the environmental analysis of four phenols and three phenoxyacid herbicides in natural surface and ground water samples from the vineyard region of La Rioja (Spain). An analytical method based on molecularly imprinted solid phase extraction was developed for the determination of the impact of these compounds on the quality of environmental water samples.
Different parameters were evaluated and optimized to achieve limits of detection in the 20-90 ng L-1 range for both surface and ground water, with relative standard deviations in the 12-18 % range. A comparative study of the behaviour of the imprinted polymer compared with traditional sorbents (C18 and Oasis HLB) in the analysis of river water was performed. 
The results revealed that bisphenol-A is the most ubiquitous compound (present in more than 50 % of the samples), with values up to 0.72 g L-1. Bisphenol-F was also detected in several samples (33 % of the samples), although in concentration lower than Bisphenol-A. The herbicide 2,4-D was frequently detected in water samples (present in 33 % of the samples), with concentrations above 0.1 g L-1 in two samples.
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1. Introduction
Water quality control is currently one of the most critical issues in environmental analytical chemistry. Bisphenol-A (BPA) and -F (BPF) are widely used for the production of epoxy resins and polycarbonate plastics. The final products are used as coatings on cans, as powder paints, as additives in thermal paper, and as antioxidants in plastics. BPA has also been used as an inert ingredient in pesticides, antioxidants, flame retardants, rubber chemicals and polyvinyl chloride stabilizers. They can be released into the environment through leaching from final products and during manufacturing processes (Fromme et al., 2002). Bisphenol-A (BPA) is often present in environmental water and is now attracting attention as an endocrine disruptor (Carabias-Martinez et al., 2004). Phenoxyacetic acids are a class of important plant growth regulators and herbicides widely used in agriculture. Most analytical methods are based on HPLC with DAD (Palma et al., 2004), mass spectrometry (Rodriguez-Mozaz et al., 2004) or tandem mass spectrometry detection (Loos et al., 2010; Kleywegt et al., 2011). Since the concentrations in such samples are low (usually in the sub ppb - ppb range), in order to eliminate possible interferences or matrix effects, pretreatment processes are indispensable for their analysis, even with mass spectrometry detection which allows detection in the low-ppb order.

Solid-phase extraction (SPE) is a powerful tool for the pre-treatment of biological fluids, plant tissue cultures, and forensic samples since the use of a solid sorbent offers some advantages – such as ease of operation, high loading abilities, high recoveries, a broad spectrum of available stationary phases, automation capabilities, enhanced reproducibility – and is more rapid, simple, economical, and environmentally friendly than traditional liquid-liquid extraction. 
Solid-phase extraction (SPE) is a powerful tool for the pre-treatment of environmental samples since the use of a solid sorbent offers some advantages – such as ease of operation, high loading abilities, high recoveries, a broad spectrum of available stationary phases, automation capabilities, enhanced reproducibility – and is more rapid, simple, economical, and environmentally friendly than traditional liquid-liquid extraction. However, environmental water samples often contain complex matrices and one problem associated with ordinary stationary phases is their low selectivity, even including washing steps. It has been observed that the presence of certain compounds -natural or xenobiotic- in natural waters (such as humic acids, surfactants, inorganic salts, phenols, polycyclic aromatic hydrocarbons (PAHs), other pesticides, and related compounds) may negatively affect analytical performance, by significantly diminishing the efficiency of recovery or significantly interfering in following quantification, even using MS detection (Wells and Yu, 2000), the use of isotope labeled compounds as internal standards can help to avoid problems related with matrix effects. Thus, current research is mainly devoted to reducing the co-extraction of interferences (humic acids, salts, etc.) and to removing the interferences that appear in quantification. To overcome these problems, molecularly imprinted polymers (MIPs) with higher selectivity are increasingly developed and applied to different samples (Dai et al.; 2011).
Molecularly imprinted polymers (MIPs) are polymers with predetermined selectivity toward a given analyte or group of structurally related species. The introduction of MIPs into SPE, a technique commonly referred to as MISPE, is now emerging as a very popular tool. The fact that MIPs can bind a particular analyte from a mixture of similar structures makes MISPE a highly desirable technique for the development of selective and sensitive methods for trace analysis, eliminating the matrix effect and the need of adding internal standards to correct it. In recent years, several publications have described the success of MISPE for the extraction of a broad range of compounds from different matrices, including herbicides, fungicides and phenolic compounds from water samples (Chapuis et al., 2003; Carabias-Martínez et al., 2005; Cacho et al., 2009; Feng et al., 2009, García-Galán et al., 2010), chloramphenicol from honey, urine, milk and plasma (Boyd et al., 2007), pyrimethanil from wine (Baggiani et al., 2007), veterinary drugs from milk (Yan et al., 2008), cholesterol from cheese products (Puozi et al. 2008), banned dyes from food (Baggiani et al., 2009), and antibiotics such as cephalexin (Beltran et al., 2009) and nicotine (Costa Figueiredo et al., 2009) from urine samples.

Different contributions to the development of BPA-imprinted polymers (Navarro-Villoslada et al., 2004), combined with sol-gel technology (Jiang et al, 2007), have been published. However, only a few papers have described their applications as SPE sorbents (Sambe et al., 2006; Ou et al., 2006; Alexiadou et al., 2008). Likewise, MIPs for phenoxyacetic acid herbicides have proliferated as stationary phases in chromatography (Legido-Quigley et al., 2007; Zhang et al., 2007). Additionally, SPE cartridges have been explored with a view to finding suitable applications for the clean-up and pre-concentration of aqueous samples containing chlorinated phenoxyacids (Baggiani et al., 2001).

In this work, we used a BPA-imprinted polymer, prepared by precipitation polymerization to selectively extract and preconcentrate some phenols (4,nitro-phenol, 3,methyl-4,nitrophenol, bisphenol-A and bisphenol-F) and some phenoxyacids (2,4-D; 2,4,5-T and 2,4,5-TP) from natural waters. We also monitored the quality of environmental waters from the vineyard region of La Rioja (Spain), where thousands of kg of pesticides are applied each year and there are several canned food factories, which are one of the main focus of bisphenol-A. Besides, no data are available concerning the presence of these compounds in this region. To our knowledge, this is the first time that a molecularly imprinted polymer has been used for the environmental monitoring of pollution due to phenolic compounds and phenoxyacid herbicides in surface and ground waters.
2. Materials and methods
2.1. Chemicals


Most of xenobiotic compounds were obtained from Sigma-Aldrich (Steinheim, Germany). The compounds studied were as follows, among the pesticides, 2,4-Dichlorophenoxyacetic acid (2,4-D), 2,4,5-Trichlorophenoxyacetic acid (2,4,5-T), 2-(2,4,5-Trichlorophenoxy)propionic acid (2,4,5- TP), other pesticides studied were obtained from Dr. Ehrenstorfer (Augsburg, Germany) and were atrazine (Atz) and its metabolite desethylatrazine (DEA), chlortoluron (Clt) and its metabolite CMPU (CMPU), carbaryl (Cbl), and diuron (Din). As industrial pollutants, we chose several phenol derivatives such as bisphenol-A (BPA), bisphenol-F (BPF), 4,nitrophenol (4NOPL) and 3,methyl-4,nitrophenol (MeNOPL). Stock solutions of each analyte were prepared in acetonitrile at 500 g mL-1. 


4-vinyl pyridine (4-VP) and ethylene dimethacrylate (EGDMA) were obtained from Sigma-Aldrich (Steinheim, Germany); 2,2’-Azobis(2-methyl-propionitrile) (AIBN) was obtained from Acros organics (Geel, Belgium).


The organic solvents, acetonitrile and methanol, were of HPLC grade (Merck, Darmstadt, Germany) and were used as received; dichloromethane and acetic acid were of analysis grade (Scharlau, Barcelona, Spain). Ultra-high-quality (UHQ) water was obtained with an Elgastat UHQ water purification system.


All other chemicals were of analytical reagent grade.
2.2. Molecularly imprinted solid-phase extraction procedure

The molecularly imprinted polymer (MIP) and the non-imprinted polymer (NIP) were prepared by the non-covalent approach, using bisphenol-A as template, 4-VP as the functional monomer, EGDMA as the cross-linker monomer, toluene as the porogenic solvent and AIBN as the initiator. The precipitation polymerisation procedure followed and the characterization (particle size, pore volume, surface area and scanning electron micrographs) of the imprinted polymer have been described previously by the authors (Herrero-Hernandez et al., 2009 and Herrero-Hernandez et al., 2011). A fixed mass (100 mg) of the MIP or NIP was weighted in empty SPE reservoirs with frits to secure the packing and outlet stopcocks.

For the development of the preconcentration procedure, different types of water were used. Samples of river water were taken from the River Tormes in the city of Salamanca (Spain), some parameters were measured in-situ: pH 7.17; conductivity 31.70 S cm-1; dissolved oxygen 9.41 mg L-1; dissolved total solids 20.30 mg L-1 and NaCl content 15.05 mg L-1. Samples of ground water were taken from a 10-m deep well in a village of Salamanca with little agricultural activity, with the following characteristics: pH 6.33; conductivity 209 S cm-1; dissolved oxygen 3.25 mg L-1; dissolved total solids 134.0 mg L-1 and NaCl content 98.10 mg L-1. First, all water samples were analyzed using the proposed method to check for the presence of the analytes. No signals corresponding to target analytes were found, and hence spiked water samples were used to optimize the methodology.


Preconcentration was accomplished by passing 250 mL of natural water through the extraction cartridge with the BPA-MIP; this cartridge had previously been conditioned with 5 mL of dichloromethane, 5 mL of acetonitrile/acetic acid (9:1, v/v) and 10 mL of water. Following this, the cartridges were dried for 30 minutes under a vacuum of -15 mm Hg, after which 5 mL of dichloromethane was passed through the system to wash the analytes retained by non-specific interactions; the analytes retained specifically were then eluted with 5 mL of acetonitrile/acetic acid (9:1, v/v). The fraction eluted was evaporated to dryness and the dry residues were reconstructed in 500 L of a water/methanol mixture (1:1, v/v).


The preconcentration procedures with Oasis HLB and C18 cartridges were similar; but the cartridges were conditioned with 5 mL of ethyl acetate, 5 mL of acetonitrile, and then 5 mL of water. After loading the water samples (250 mL), a slight vacuum was applied and each cartridge was eluted by passing 0.5 mL of acetonitrile and 3 mL of ethyl acetate. The organic phase obtained in the elution was evaporated to dryness under a gentle nitrogen flow and re-constituted in 500 L of water/methanol (1:1, v/v).


Recovery values (means of the three experiments) were determined by relating the signals of the analytes after the MISPE procedure to the signals generated by an external standard (prepared in a matrix extract) of the same concentration as would be expected if recoveries were 100%.
2.3. Analysis of environmental water samples

For the analysis of natural waters a total of 39 samples were taken in the vineyard region of La Rioja (North of Spain) in September 2011 (fig. 1). La Rioja wine region is located in northern Spain, on both sides of the River Ebro. Three sub-areas were considered in the area: (i) the Rioja Alavesa, with a significant influence of the Atlantic climate and, in general, chalky-clay soils situated on terraces and small plots; (ii) the Rioja Alta, with an also mainly Atlantic climate, while the soils are chalky-clay, ferrous-clay or alluvial, and (iii) the Rioja Baja, with a drier and warmer climate and alluvial and ferrous-clay soil types. In general, the soils have low organic matter contents (<2 %) and a moderate water content, which favour the mobility of organic pollutants (Gobierno de La Rioja, 2012). It is known that the number of wells and springs in the Rioja Alta and the Rioja Alavesa is higher than in the Rioja Baja, where irrigation is from river water (the Lodosa irrigation channel). 


Seven of the taken samples corresponded to surface waters (two from the river Ebro at the entrance and at the exit of La Rioja region and five more in some of the main tributaries), while thrity-two samples corresponded to ground waters from wells and springs in different areas affected by agricultural development along the three different sub-areas of the Rioja Alavesa (6 points), the Rioja Alta (12 points) and the Rioja Baja (14 points).

Water samples were collected in 1 L amber glass bottles and transported in ice-boxes to the laboratory. Within four days, the samples were filtered through nitrocellulose filters with 0.45-m pore size membrane filters (Millipore), and were kept refrigerated at 4 ºC in the dark prior to extraction. The extracts were analyzed within 2 weeks after collection. Two replicates of each sample were carried out.
2.4. Chromatographic conditions


HPLC-DAD UV was performed on a HP 1100 Series chromatograph from Agilent (Waldbronn, Germany) equipped with a binary pump, a membrane degasser, an autosampler, and a diode-array UV detector (DAD UV). The system was controlled by an HP ChemStation, which also performed data acquisition from the diode array detector and quantitative measurements. The analytical column used was a 150 x 4.60 mm Luna PFP(2) packed with 3-m particles (Phenomenex, Torrance, CA, USA). The diode array detector was set at 300 nm for 4NOPL and MeNOPL, 244 nm for CMPU, Clt and Din, and 214 nm for all the other analytes. Spectra were recorded in the 190-400 nm range.


A binary mobile phase with acetonitrile (solvent A) and 5 mM ammonium formate buffer at pH 3.5 (solvent B) was used at a flow rate of 1 mL min-1.The mobile phase consisted initially in an isocratic mixture (15 % of solvent A) for 1 min; 1-3 min changed to 35 % of solvent A; 3-10 min kept constant, 10-23 min changed to 55% of solvent A, and 23-25 min was returned to the initial conditions, with 3 min to equilibrate the column. The volume injected was 100 L. The analytical column was thermostatted at 25 ºC.
3. Results and discussion

3.1. Performance of the method

The behaviour, process of retention in organic and aqueous media and influence of the washing solvent was described by the authors in a previous work (Herrero-Hernandez et al. 2011). Different compounds were selected to study the selectivity of the imprinted polymer: several pesticides which have been recently used in the selected area, including some of their degradation products, and some industrial pollutants that may be present in samples of natural water. Table 1 shows the results obtained for a sample spiked with all the above analytes using the MIP and NIP as sorbents for the MISPE procedure. In these experiments, the organic phases obtained in both the washing step and in the elution of both sorbents were subjected to chromatography following the procedure described for the eluted fraction in the experimental part. 

Interference compounds, including DEA, CMPU, Atz, Clt, Cbl and Din, were detected in the washing solutions with recoveries between 73-88 % and 71-84 % for MIP and NIP respectively. The phenolic and phenoxyacid compounds were detected in the elution step of the MIP with recoveries ranging between 72-95 %, indicating that their retention occurs through specific interactions. The fact that these analytes were also detected (although in lower proportions 15-57 %) in the NIP elution step indicates that interactions of a certain intensity also occurred with the polymeric matrix. These findings reveal that the BPA-MIP specifically retained the phenolic derivatives studied and also the phenoxyacid compounds.


With a view to designing a preconcentration procedure that could provide suitable enrichment factors, a study of possible matrix effects and the influence of the sample volume was conducted. Two other types of water - surface and ground - were used. Three different volumes (2, 100 and 250 mL) of each type of water were spiked with the target analytes, keeping the total amount constant at a level of 500 ng each. Figure 2 shows the recoveries obtained for each type of water, and also includes the recovery values for the UHQ water (Fig. 2.a). In all cases, the presence of compounds other than phenolic or phenoxyacid derivatives was not detected in any of the samples analysed, confirming the selectivity of the MIP. Moreover, the recovery values were significantly equal for the different sample volumes tested, regardless of the type of water assayed and the volume of water percolated. In later studies it was decided to preconcentrate a sample volume of 250 mL.
3.2. Validation of the method

Surface and ground water samples were used to evaluate the analytical characteristics of the preconcentration procedure based on the use of the BPA-MIP as a selective sorbent prior to chromatographic analysis.

Surface and ground water samples (250 mL) were spiked with all the analytes (phenolic compounds, phenoxyacids and non-related herbicides and metabolites) in the 0.2 - 3.0 g L-1 concentration range (corresponding to a preconcentrated amount of between 50 and 750 ng for each compound) and preconcentrated according to the proposed MISPE procedure. Good linear relationships between the analytical signal (area of the chromatographic peak) and analyte concentrations were obtained within the range studied. The regression parameters of the calibration straight lines are shown in Table 2.

In surface water, the limits of detection (LODs), for a signal-to-noise ratio of 3, ranged between 0.02 g L-1 for 2,4-D, 2,4,5-T and 2,4,5-TP. and 0.09 g L-1 for MeNOPL. The precision of the proposed method was determined from the relative standard deviations (RSD) of the signals corresponding to six samples at two different concentration levels (0.5 and 2.0 g L-1) for each analyte; the RSD values ranged between 11 % and 18 % at a concentration level of 0.5 g L-1, and they were in the 4 - 12 % range at a concentration level of 2.0 g L-1. Similar results were obtained in ground water.

It may be seen that the sensitivity (the slope of the calibration straight line) obtained for surface and ground water (Table 2) was similar. A paired t-test was applied to compare the slopes obtained for surface and ground water and revealed that there were no significant differences. The p values obtained were higher than 0.05 in all cases, indicating the absence of a matrix effect in the analysis of natural water samples. 

Since no reference materials were available, recovery studies were carried out in order to validate the proposed method. Surface and ground water samples, previously analyzed to confirm the absence of the compounds studied, were spiked at two levels, 0.1 and 2.0 g L-1, and were analysed using the BPA-MIP as sorbent, following the above-described procedure. The signal obtained for each of the analytes was introduced into the corresponding calibration line. In all cases, satisfactory recoveries were obtained: for both types of water, recoveries were in the 91-107 % range, with RSD values lower than 14 %. The results obtained for both types of water (in the spiked/found format) are shown in Table 3.

A comparative study of the behaviour of the BPA-MIP sorbent versus more conventional sorbents, such as C18 and Oasis HLB, in the analysis of river and tap water was performed. Figure 4 shows the chromatograms obtained upon analyzing samples of river water spiked at the same fortification level (0.3 g L-1).

When the preconcentration of natural water was carried out with C18 (Fig. 3.a) and Oasis HLB (Fig. 3.b), the presence of DEA, 4NOPL and the phenoxyacids 2,4-D and 2,4,5-TP was not detected; while 2,4,5-T and BPA were not detected nor co-eluted with other compounds retained to a greater extent, such as carbaryl and diuron, pointing to the lower selectivity of these sorbents for such compounds. However, it was possible to identify and quantify these analytes when preconcentration was performed using the proposed MISPE procedure with BPA-MIP as sorbent; in this case, the analytes retained specifically in the BPA-MIP were readily identified and quantified in the elution step (Fig. 3-d), whereas the analytes retained due to non-specific interactions were removed in the washing step (Fig. 3.c). Additionally, the chromatograms obtained when preconcentration was carried out with C18 and Oasis HLB exhibited a very intense signal due to the presence of humic and fulvic acids. This signal disappeared when the BPA-MIP was used as sorbent, showing that the use of selective sorbents such as the BPA-MIP is an efficient route for the elimination of substances that may interfere in analyte detection or that may damage the chromatographic system.
3.3. Monitoring of phenolic and phenoxyacid compounds in natural waters
The developed method was further used to analyze surface and ground waters from Rioja vineyard area. Phenols and phenoxyacid herbicides were detected in most of the samples investigated. Out of the thirty-nine points sampled, only one in Rioja Alavesa, six in Rioja Alta and six in Rioja Baja did not contain any of the compounds studied.

Firstly, it is observed that three compounds (two phenols and an herbicide) of the seven selected in this study were detected in one or more of the samples. However, the nitro-phenols and the herbicides 2,4,5-T and 2,4,5-TP were not detected in any one of the samples studied. The average concentration and range of each compound detected and their detection frequency in surface and ground waters of each area are shown in Table 4. The presence of the herbicide 2,4-D was detected in four out of seven surface samples (two in Rioja Alta and other two in Rioja Baja) and in nine out of thirty-two ground water samples (three in each area), although in most samples its concentration was lower than 0.1 g L-1; only two groundwater samples (both in Rioja Alta) overpassed that limit, reaching a maximum concentration of 0.18 g L-1; this two sampling points were close to zones where the main agricultural activities were vineyard and cereals. However 2,4-D concentrations detected in this study were lower than the amounts of terbuthylazine and fluometuron (herbicides widely used in vineyard) detected by the author in La Rioja in a previous work (Herrero-Hernandez et al.; 2012).
The most ubiquitous compound was bisphenol-A (BPA), which was detected in four of the surface samples (two in Rioja Alta and other two in Rioja Baja) and seventeen of the groundwater samples (two in Rioja Alavesa, seven in Rioja Alta and eight in Rioja Baja) reaching maximum concentrations of 0.111 g L-1 with average concentrations of 0.098 in Rioja Alavesa; 0.446 and 0.175 g L-1 in Rioja Alta and 0.721 and 0.287 g L-1 in Rioja Baja. BPF was also detected in one of the surface water samples of Rioja Alta and twelve of the groundwater samples (one in Rioja Alavesa, five in Rioja Alta and six in Rioja Baja) reaching maximum concentrations of 0.075 g in Rioja Alavesa; 0.125 g L-1 with average concentrations of 0.083 g L-1 in Rioja Alta and 0.154 and 0.099 g L-1 in Rioja Baja. These results are consistent with the higher number of food and vegetable canning industries located in Rioja Baja (Fig. 1), which are one of the origins of these compounds. 
Figure 4 shows the distribution of concentrations for the individual compounds. Also shown is the number of samples that surpassed the quality standard of 0.1 g L-1 for 2,4-D, which is the limit established by EU for individual pesticides in waters for drinking use.

Other published studies have reported the presence of BPA in the surface and ground waters (at concentrations ranging between 0.0005 and 1.6 g L-1) from different countries, such as France (Baugros et al. 2008), Austria (Hohenblum et al. 2004) and Spain (Rodriguez-Mozaz et al., 2004). However, there are few papers in which the presence of BPF in natural waters has been reported. Fromme et al. detected the presence of BPF in surface waters in Germany, at lower concentrations than BPA; these results are in agreement with those reported in this paper.
4. Conclusions
The results of the present study point to the analytical possibilities of the BPA-MIP due to its excellent selectivity for phenolic compounds and phenoxyacid herbicides in environmental water samples. The BPA-MIP showed high affinity for the target analytes and can be used as a selective sorbent for direct solid-phase extraction (allowing direct preconcentration, regardless of the volume of sample to be preconcentrated, as long as this is less than 250 mL). Moreover, no significant matrix effects were observed in the analysis of natural waters from different sources. Use of the BPA-MIP sorbent for the determination in environmental waters of phenols, including bisphenol-A and -F and phenoxyacid herbicides, offers not only high selectivity but also affords greater sensitivity than that observed when C18 and Oasis HLB sorbents are used. The proposed MISPE procedure prior to HPLC-DAD allowed us to obtain LODs lower than 0.1 g L−1, the maximum concentration established by EC (Directive 98/83/EC, 1998) for individual pesticide levels in drinking water. 

The proposed methodology was applied to analyze natural water samples from the river Ebro basin in La Rioja. The herbicide 2,4-D was detected in several samples at concentrations in the 0.02-0.17 g L−1 range. Furthermore, the xenobiotic compounds bisphenol-A and –F were the most ubiquitous compounds in both the surface and ground water samples but with maximum and average concentrations higher for BPA. 
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Figure legends

Figure 1. Map of the La Rioja vineyard region (Spain) representing the surface and ground water samples studied, the location of several canned food factories and the pollutants detected in each point.
Figure 2. Influence of sample volume on recoveries, keeping the total amount of analytes constant, for different water samples: (a) UHQ water; (b) well water, (c) river water. Washing step: 5 mL of dichloromethane. Elution step as in Fig. 2.

Figure 3. Chromatograms obtained after the preconcentration of 250 mL of river water samples spiked with 0.3 g L-1 of each analyte: (a) with C18 cartridges as the SPE sorbent; (b) with Oasis HLB cartridges; (c) MISPE, washing step of BPA-MIP; (d) MISPE, elution step of BPA-MIP. Washing and elution steps of MISPE as in Fig. 2.

Figure 4. Concentration of the compounds detected in the natural water samples analyzed.
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