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Abstract 33 

 34 

 A method based on micellar liquid chromatography has been developed to 35 

simultaneously monitor four pesticides largely post-harvest applied to citrus: thiabendazole, 36 

pyrimethanil, o-phenylphenol and imazalil. Water samples were filtered and directly injected 37 

without other treatment, thus avoiding extraction steps. The composition of the mobile phase 38 

was optimized using a chemometrical approach to achieve and excellent resolution to 0.07 39 

mol/L SDS/5%, v/v 1-pentanol buffered at pH 3. Mobile phase run through a C18 column at 40 

1 mL/min at room temperature. The detection was performing by UV-Visible absorbance 41 

using a wavelength program: 0-10 min, 305 nm (for thiabendazole); 10-12, 265 nm (for 42 

pyrimethanil) and 12–18, 220 nm (o-phenylphenol and imazalil). The developed method was 43 

validated following the guidelines of the US Environmental Protection Agency in terms of: 44 

quantitation range, (0.5–4 to 15 mg/L), linearity (r2>0.9995), sensitivity (LOD, 0.18-1.4 45 

mg/L), precision (<9.2%), trueness (93.9%–103.7%), and ruggedness (<9.9%). It was found 46 

that the fungicides remain up to eight days in surface water at outdoor conditions. The 47 

method was used to screen the presence of the analytes in several waste water samples, and 48 

was proved to be useful in routine analysis. 49 
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1. Introduction   65 

 66 

 The production of citrus and the related fruit processing industry have as strong 67 

importance in the Castellón area (Spain). In fact, the exportation of fruits has an important 68 

weight in its economy [1]. One of the problems of fruit trading is the spoilage of citrus during 69 

storage and transportation, caused by microorganism, fungi and insects. This reduces the 70 

economic yielding of the agricultural activity. To prevent this fruit decay, pesticides are post-71 

harvest added to fruits [2]. Thiabendazole (TBZ), pyrimethanyl (PYR), o-phenylphenol 72 

(OPP), and imazalil (IMZ) are pesticides widely post-harvest applied by citrus traders and 73 

fruit-processing industry to protect crops during storage and transportation, because of their 74 

broad spectrum and strong fungicide activity [3,4]. TBZ and PYR are also pre-harvest used to 75 

protect the tree and citrus during growing against mold and fungi. They are applied to the soil 76 

or sprayed over crop fields [4,5]. 77 

Because of their intensive use and persistence, pesticides represent an important 78 

source of contamination of environmental water, especially those near areas with strong fruit-79 

related activity. These pesticides are highly toxic and potentially carcinogenic, and then 80 

represent a serious threat to the local flora and fauna [3]. The population is also exposed to 81 

these hazardous compounds by dermal contact, accidental ingestion, or inhalation of polluted 82 

water. Moreover, the main danger is the ingestion of animals of vegetables, which have been 83 

in contactwith polluted water, due to because their high bioaccumulation in edible tissues of 84 

living organisms [6]. For these reasons, the European Water Framework Directive 85 

recommends the implementation of actions to avoid these compounds arrive to underground 86 

and surface water [7]. 87 

These pesticides are present in wastewater from agricultural fields, drained by rain 88 

water [6], and in sewage water from fruit-processing plants. To avoid the pollution of 89 

environmental water by pesticides, sewerage and waste water are purified in wastewater 90 

treatment plants (WWTP) before discharging to the river streams. In order to evaluate the 91 

quality of waste and sewerage water, several local governments have implemented programs 92 

to periodically perform pesticide screening in water samples from their area. Moreover, the 93 

fruit processing industry has been requested to monitor these hazardous compounds in their 94 

own wastewater before throwing it, in order to reduce the environmental impact of their 95 

activity. The effectiveness of the WWTP treatmentmust also be evaluated by analyzing the 96 
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influent and effluent flow [7]. Indeed, they must dispose of a reliable, easy-to-use and 97 

sensitive analyticalmethod to simultaneously quantify thiabendazole, o-phenyl-phenol, 98 

pyrimethanyl and imazalil in water. 99 

The preferred analytical methods to perform multiresidue pesticide analyses in 100 

wastewater are gas chromatography and liquid chromatography, coupled to mass 101 

spectrometry [8]. However, this instrumentation is costly and requires expensive 102 

maintenance; thus, the analyses are sold at higher prices. In the current context of economic 103 

crisis, industries and government institutions are forced to reduce their budgets, and 104 

increasingly demand less expensive methods. Liquid chromatography can be coupled to 105 

affordable and reasonably selective detector, as UV-Visible, to detect TBZ [9,10], PYR 106 

[11,12], OPP [13,14] and IMZ [11,15] in water and aqueous samples. However, the 107 

resolution of a pesticide mixture is normally performed using gradient-programmed mobile 108 

phases, complicating the screening of a large amount of samples [9,10,13]. Nevertheless, 109 

wastewater samples may contain sludge particles and oily compounds dispersed in water, 110 

which must be removed before analysis [16]. Thus, tedious and time-consuming clean-up 111 

steps must be introduced, as a liquid-liquid [10,11,13] or solid phase [9,12,14,15] extraction. 112 

These steps require specific chemicals and materials, and increase the possibility of loss of 113 

analyte by low yielding or operator error. 114 

Liquid chromatography using hybrid micellar mobile phases, containing sodium 115 

dodecyl sulfate (SDS) as surfactant and short-chain alcohol (to improve the elution power 116 

and the efficiency) as additive, is an interesting alternative to analyze contaminants in 117 

wastewater. The lipophylic environment inside themicelle allows the solubilization of 118 

hydrophobic compounds. Therefore, after a simple filtration, the water sample can be directly 119 

injected in the chromatographic system, thus expediting the experimental procedure [17]. The 120 

retention mechanism is different from hydroorganic reverse phase-high performance liquid 121 

chromatography (RP-HPLC), because the monomer surfactant modifies the nature of the 122 

stationary phase, and the analyte also can interact with the core of the micelles. Hence, 123 

compounds with dissimilar hydrophobicity can be resolved in the same run under isocratic 124 

conditions. The behavior of the analytes in micellar liquid chromatography (MLC) is highly 125 

steady and reproducible. The retention parameters can be accurately predicted at different 126 

SDS/alcohol concentration by means of a statistical treatment from the results obtained by 127 

testing only few mobile phases. Moreover, SDS solutions are more stable, less toxic, non-128 
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flammable, biodegradable, and uses less amount of organic solvent (up to 12.5%, v/v), in 129 

comparison to hydroorganic mobile phases used in HPLC [18]. MLC has been already used 130 

to detect carbamate pesticides in water [19,20,21]. 131 

The aim of the work is to develop an analytical procedure based on micellar liquid 132 

chromatography for the screening of TBZ, PYR, OPP and IMZ in water. The method must be 133 

simple, rapid, inexpensive, reliable and environmental friendly. The sample preparation must 134 

be simplified to facilitate the study of a large amount of samples, in order to apply it to 135 

routine analysis. The analytical procedure would be in-house validated by the Validation and 136 

Peer Review of U.S. Environmental Protection Agency (EPA) Chemical Methods of Analysis 137 

guideline in terms of selectivity, quantitation range, linearity, sensitivity, precision, trueness 138 

and ruggedness [22]. The analytical method would be applied to evaluate the stability of the 139 

fungicides in outdoor conditions, and to detect the concentration of pesticides in sewage and 140 

WWTP treated water streams. 141 

 142 

2. Materials and methods 143 

 144 

2.1 Reagents and solutions 145 

  146 

 The pesticides thiabendazole, pyrimethanil, o-phenyl-phenol and imazalil (purity 147 

>99.9%) were purchased from Dr. Ehrerstorfer (Augsburg, Germany). The characteristics are 148 

described in Table 1 [23]. SDS (purity >99%)was supplied byMerck (Germany). Methanol, 149 

1-butanol and 1-pentanol (HPLC grade) were from Scharlab (Spain). Sodium dihydrogen 150 

phosphate monohydrate, sodium hydroxide (analytical grade), hydrochloric acid (37.0%), and 151 

1-propanol (HPLC grade) were ordered from Panreac (Barcelona, Spain). Ultrapure water 152 

was in-situ generated using a Simplicity UV ultrapure water generator device (Millipore 153 

S.A.S., France). This ultrapure water was used to prepare all the aqueous solution throughout 154 

thewholework. 155 

 156 

2.2 Solutions and mobile phase preparation 157 

 158 

  Stock solutions containing 100 mg/L of each pesticide were prepared by weighting 159 

the appropriate amount of solid standard and solving in methanol, and stored at -4°C. 160 
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Standard solutions were prepared by successive dilutions of stock solutions in water or in 161 

wastewater from sample 12, free of the studied fungicides. These solutions were not stored. 162 

The mobile phases were prepared by weighting the adequate amount of SDS and sodium 163 

dihydrogen phosphate. These reagents were solved in water and the pH was adjusted by 164 

adding 0.1 mol/L HCl or 0.1 mol/L NaOH. The adequate volume of alcohol was added to 165 

achieve the desired concentration. The solution was filled up with water to reach the final 166 

volume, ultrasonicated and filtered through 0.45 μm nylon membranes (Micron Separations, 167 

USA). 168 

 169 

2.3 Apparatus and instrumentation 170 

 171 

Solids were weighted using a Mettler–Toledo analytical balance (Switerland). The pH 172 

measurements were performed using a GLP 22 potentiometer (Crison, Spain) equipped with 173 

a combined Ag/AgCl/glass electrode. An Ultrasons-H ultrasonic bath (Selecta, Spain) was 174 

used to achieve the complete dissolution of the mobile phases. 175 

The chromatographic system was an Agilent Technologies Series 1100 (USA). It was 176 

equipped with an isocratic pump, a degasser, an autosampler and UV-Visible diode array 177 

detector (DAD). The signal was acquired by a personal computer connected to the 178 

chromatograph by means of an Agilent Chemstation version B.01.01.  179 

Chromatograms were treated using Michrom software [24] to extract the 180 

chromatographic parameters: retention time (tR), retention factor (k), dead time (t0), efficiency 181 

(N), asymmetry (B/A) and peak area (A). The meaning of the chromatographic parameters 182 

has been described in [25]. 183 

 184 

 185 

 186 

 187 

 188 

 189 

 190 

 191 

 192 
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Table 1. Structure, pKa and log Po/w for the studied pesticides [23]. 193 

 194 

2.4 Chromatographic conditions 195 

 196 

The stationary phase chosen for the analysis was coated in a Kromasil C18 column, 197 

with the following characteristics: length 150 mm; internal diameter, 4.6 mm; particle size, 5 198 

μm; pore size 100 Å. The selected mobile phase was an aqueous solution of 0.07 mol/L SDS 199 

- 5%, v/v 1-pentanol - 0.01 mol/L phosphate buffer at pH 3, flowing at 1 mL/min in isocatic 200 

mode at room temperature. The injection volume was 20 μL. The detection was performed by 201 

Compound 

(group) 
Structure pKa logPo/w 

Thiabendazole 

(benzimidazole) 

 

 

4.73/12.00 

 

2.39 

Pyrimethanil 

(anilinopyrimidine) 

 

3.52 2.84 

o-phenylphenol 

(phenol) 

 

9.4 3.18 

Imazalil 

(imidazole) 

 

6.49 2.65 
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switching the absorbance wavelength as follows: 0–9.20, 305 nm; 9.20–12.0, 265 nm; 12.0–202 

20.0, 220 nm. The special care required for liquid chromatographic instrumentation when 203 

dealing with micellarmobile phases has been detailed in [26]. 204 

 205 

2.5 Sample preparation 206 

 207 

Wastewater samples were collected and supplied to the laboratory by Fomento 208 

Agricola Castellonense, S.A. (FACSA, Spain), a company managing the integral water cycle 209 

and the evaluation of the water quality in the Spanish province of Castellón. The samples 210 

were taken from fruit-processing wastewater, in the influent and effluent stream water in 211 

wastewater treatment plants, as well as in the agricultural sewage water (Table 2). The 212 

samples were kept in laboratory at 4°C and analyzed in less than three days. Before the 213 

analysis, the samples were put out the fridge and maintained in the laboratory for 30 min to 214 

warm up to room temperature.  215 

 The standard solutions and water samples were analyzed by filtering an aliquot using 216 

a 0.45 μm nylon membrane and directly injected in the chromatographic system. 217 

 218 

 219 

 220 

 221 

 222 

 223 

 224 

 225 

 226 

 227 

 228 

 229 

 230 

 231 

 232 

 233 
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Table 2. Concentrations (mg/L) of TBZ, PYR, OPP and IMZ detected in sewage water samples. 234 
Origin of water 

sample 

Sampl

e 
Location TBZ PYR OPP IMZ 

Sewage 

agricultural water 

1 Villareal n.d. 0.25 - 0.5 n.d. n.d. 

2 La Vilavella 0.18- 0.5 0.6 n.d. n.d. 

3 Betxí n.d. 0.25 - 0.5 n.d. n.d. 

4 Alcora 0.18- 0.5 n.d. n.d. n.d. 

5 Onda 0.18-0.5 0.7 n.d. n.d. 

6 Nules n.d. 1.0 n.d. n.d. 

Collector basin of 

wastewater from a 

citrus-processing 

plant 

7 Real Export (Vila-real) 2.0 1.0 n.d. 1.4 - 4 

8 Invicto (Vila-real) 1.4 n.d. 1- 3 n.d. 

9 Serifruit (Vila-real) 0.9 1.5 1- 3 n.d. 

10 Eurococi (Betxí) 1.7 1.3 n.d. 1.4 - 4 

Wastewater from 

WWPT 

11 Influent (Nules-La Vilavella) 1.3 0.8 n.d. n.d. 

12 Effluent (Nules-La Vilavella) n.d. n.d. n.d. n.d. 

13 Influent (Vora Riu) 1.4 1.1 1- 3 1.4 - 4 

14 Effluent (Vora Riu) n.d. n.d. n.d. n.d. 

15 Influent (Mancomunada OBVA) 0.6 n.d. 3.1 n.d. 

16 Effluent (Mancomunada OBVA) n.d. n.d. n.d. n.d. 

 235 

 236 

3. Results and discussion 237 

 238 

3.1. Optimization of chromatographic conditions 239 

 240 

 The stationary phase, flow-rate and injection values were taken as the standard values 241 

used in MLC, a C18 column, 1 mL/min and 20 μL, respectively. The composition of the 242 

mobile phase (SDS, alcohol and pH) and the detection wavelength were optimized. The 243 

standard solution used for the optimization analysis was a mixture of 2 mg/L of TBZ and 244 

PYR, 5 mg/L of OPP and 7 mg/L of IMZ solved in ultrapure water. 245 

   246 

 3.1.1 pH selection 247 

 248 

 The pH values can modify the retention mechanism of the pesticides with acidic/basic 249 

activity. The mobile phase was buffered to avoid the oscillations of pH can affect the 250 
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retention conditions. As the chosen column has a working pH range of 1.5-7.5, only neutral 251 

and acidic pHs were tested.  252 

The influence of the pH was evaluated by analyzing the standard solution of the 253 

pesticides using the optimal mobile phase buffered at pH 3; 5 and 7. For the four pesticides, 254 

the retention times were similar at the three studied pH. However, a strong tailing was 255 

observed for TBZ at pH 5 and 7; but at pH 3 the obtained peak was quite Gaussian. It was 256 

observed that the shape of PYR, OPP and IMZ do not change by varying the acidity of the 257 

mobile phase. Therefore, the pH 3 was selected as optimal. 258 

 259 

 3.1.2 Selection of surfactant and alcohol 260 

  261 

The selected surfactant was SDS, the most widely used in MLC, according to its 262 

moderate CMC (8.3 mmol/L), low Krafft point (15°C), high solubility in water, 263 

biodegradability and low viscosity of the solutions [18]. 264 

According to themedium-high log Po/w, the pesticides are too hydrophobic to be 265 

eluted at a reasonable retention time using a C18 column and a pure aqueous SDS solution 266 

them in a useful retention time using a C18 column. The addition of a short chain alcohol 267 

would be necessary to increase the elution power of the mobile phase to obtain more 268 

adequate retention times, and additionally improve the efficiency [27]. Therefore, the 269 

selection of the alcohol was performed by studying the retention times obtained by analyzing 270 

the standard solution at several hybrid mobile phases containing 1-propanol, 1-butanol and 1-271 

pentanol. 272 

The concentrations of SDS and organic modifier in the tested mobile phases were 273 

chosen following a full factorial design plus the center: four points, combining the minimum 274 

and maximum concentration of SDS and alcohol typically recommended for MLC, and a 275 

central point taking the intermediate concentrations [18]. In this case, the studied mobile 276 

phases were aqueous solutions buffered at pH 3 of: 277 

 278 

- SDS/1-propanol (mol/L/%, v/c): 0.05/2.5; 0.15/2.5; 0.10/7.5; 0.15/2.5 and 0.15/12.5. 279 

- SDS/1-butanol (mol/L/%, v/v): 0.05/1; 0.15/7; 0.10/4; 0.15/1 and 0.15/7. 280 

- SDS/1-pentanol (mol/L/%, v/v): 0.05/2; 0.05/6; 0.10/4; 0.15/2 and 0.15/6. 281 

 282 
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The four pesticides show a binding behavior with SDS-micelles: their retention time 283 

decreases at higher concentrations of SDS. Moreover, the retention time also diminishes by 284 

increasing the concentration and the length of the carbon chain, as it is usual in MLC. In 285 

nearly all the tested mobile phases, the elution order was maintained: tR(IMZ) > tR(OPP) > 286 

tR(PYR) > tR(TBZ). Besides, even using the mobile phase with the higher elution power (0.15 287 

mol/L/6% 1-pentanol), the less retained pesticide (TBZ) was eluted enough far (≈4 min) from 288 

the dead time (1.04 min). 289 

The use of 1-propanol was discarded, because even at the more eluent conditions 290 

(0.15 mol/L/12.5%, v/v 1-propanol), the retention time of IMZ was too high. Comparing 1-291 

butanol and 1-pentanol, this last one provide less retention times in all the SDS/alcohol 292 

amount combinations. Therefore, 1-pentanol was selected as the more adequate organic 293 

modifier. 294 

 295 

 3.1.3 Optimization of SDS/1-pentanol concentration 296 

 297 

The optimization criterion was to obtain a mobile phase that allows the complete 298 

separation of the pesticides in an appropriate analysis time. The concentration of SDS and 1-299 

pentanol were simultaneously optimized using an interpretative strategy based on a statistical 300 

model described in [28]. It allows the prediction of the chromatographic behavior of each 301 

analyte depending on the composition of the mobile phase.  302 

The retention factor of a compound is related to the concentration of SDS and 1-303 

pentanol in the mobile phase using the following equation: 304 

  305 

 

 (3.1) 

 306 

where, [M] (mol/L)) and φ (%, V/V) are the concentration of SDS and 1-pentanol. The 307 

constants mean partition coefficients characteristics of each analyte, and has been described 308 

in [28]. Besides, the peak shape, and then the efficiency and asymmetry, were modeled using 309 

the Eq. (3.2), which calculates the signal h(t) at each time of the chromatographic run (t): 310 
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 (3.2) 

  311 

where, si are constants depending on tR (min), N (number of theoretical plates) and B/A 312 

(dimensionless) [28]. They are ideally the same for each studied compound and mobile 313 

phase. H0 (absorbance unit) depends on the concentration of the pesticide. 314 

Michrom software [24] requires the experimental values of retention factor, N and 315 

B/A obtained at five mobile phases to adjust the Eqs. (3.1) and (3.2). Thus, the values for 316 

each pesticide obtained using the SDS/1-pentanol mobile phases described in section 3.1.2 317 

were processed. Once known, the statistical model was able to estimate the theoretical values 318 

of the chromatographic parameters (retention factor, efficiency and asymmetry) and peak 319 

shape for TBZ, PYR, OPP and IMZ at intermediate concentrations of SDS/1-pentanol (0.05-320 

0.15 mol/L/2-6%, v/v, respectively) by interpolation. It can utilize this information to draw 321 

the corresponding simulated chromatograms without performing the analysis and to calculate 322 

the theoretical resolution (rij) for each pair peak (following the valley-peak criterion) and the 323 

predicted global resolution of the chromatogram (Z) calculated as the minor rij [28]. 324 

Applying the maximum resolution-minimum analysis time, the optimal mobile phase 325 

proposed by the statistical model was 0.07 mol/L SDS - 5%, v/v 1-pentanol at pH 3 (Z = 326 

0.9997). The pesticide standard solution was analyzed (n = 3) under these conditions (Fig. 1). 327 

The obtained chromatogram show completely resolved peaks with adequate shape in <18 328 

min. This indicates the specificity of the method, because each pesticide can be 329 

unambiguously identified. The experimental chromatographic parameters (tR; N; B/A) were: 330 

TBZ (8.29; 2272; 1.098), PYR (10.95; 3398; 0.973), OPP (13.19; 2176; 1.159), IMZ (15.70; 331 

6637; 12.78). The error in the prediction of the retention factor was <5%. 332 

 333 
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 334 

Figure 1. Chromatogram obtained by the analysis of a standard solution of 2 mg/L of thiabendazole (TBZ) and 335 
pyrimethanil (PYR), 5 mg/L of o-phenylphenol (OPP) and 7 mg/L of imazalil (IMZ) in water. 336 
 337 

  338 

The selected mobile phase permits the resolution of the pesticidemixture in a short 339 

time. Besides, as the isocratic run is used, the stabilization time between two injections is not 340 

needed. For these reasons, the achievement of many successive chromatographic runs is 341 

facilitated. Moreover, the mobile phase contains lower amount of toxic solvent (5%) than 342 

hydroorganic HPLC (up to 100%), and only requires inexpensive reagents and basic 343 

chromatographic instrumentation. 344 

 345 

3.1.4 Detection conditions 346 

 347 

The pesticide standard solution was analyzed using the optimal micellar mobile, and 348 

UV-Visible spectra of each pesticide were registered between 200 and 400 nm using a diode 349 
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array detector. Therefore, the spectra of each pesticide were obtained for each pesticide in the 350 

same environment furthermore used for the analysis. 351 

The maximum absorbance wavelength of each pesticide was taken as the optimal 352 

value for the analysis: 305 nm for TBZ, 265 nm for OPP and 220 nm for PYR and IMZ. The 353 

baseline noise is higher for PYR and IMZ, because 220 nm is a less selective wavelength, and 354 

the absorption of the background increases, especially for aqueous solutions. The wavelength 355 

detection was then modified during the chromatographic run to quantify each pesticide at its 356 

optimal value. 357 

 358 

3.2 Method validation 359 

 360 

 The method was in-house validated following the US EPA review for chemical 361 

methods of analysis, applicable for the analysis of environmental water samples, to check the 362 

concentration range of applicability and the reliability of the obtained data. The studied 363 

validation parameters were: linearity, quantitation range, inter- and intraday trueness and 364 

precision, and ruggedness [22]. The whole validation was performed using standard solutions 365 

of TBZ, OPP, PYR and IMZ in effluent wastewater from a WWTP (sample 12), initially 366 

without the analytes. The four pesticides were simultaneously studied. 367 

 368 

 3.2.1 Quantitation range and linearity 369 

 370 

For calibration studies, several solutions containing increasing concentrations of 371 

pesticides were analyzed (n = 3) at increasing concentrations up to 15 mg/L. The lowest 372 

concentration was different for each analyte (see Table 3). The slopes, y-intercepts and 373 

determination coefficients were obtained by plotting the peak area versus the corresponding 374 

concentration by the least-square linear regression. This procedure was carried out five days 375 

during a 3-months period, and the calibration curve parameters were taken as the average 376 

values of the five measurements. The quantization range covers from the limit of 377 

quantification (see below) to 15 mg/L. 378 

The limit of quantification (LOQ) is the minimal concentration at which the analyte 379 

can be reliably quantified. It was taken as ten times (10 s-criterion) the standard deviation of 380 

the blank, taken as the standard deviation of the residual, divided by the sensitivity (slope of 381 
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the calibration curve) [28]. Levels under LOQ were removed, and the calibration parameters 382 

changed accordingly. The final results are shown in Table 3. The excellent values for 383 

determination coefficient (r2>0.9990) indicate a good linearity in the considered range. 384 

The limit of detection (LOD) is the lowest concentration that provides a signal 385 

significantly over the baseline noise. Between LOD and LOQ, the analyte is detected, but it 386 

cannot be quantified with enough trueness and precision. The LOD was determined as 3 387 

times the standard deviation of the blank divided by the sensitivity (3 s-criterion) [29]. 388 

 389 
Table 3. Calibration parameters and quantitation range (concentrations in mg/L).  390 

Fungicide Slope y-intercept r2 LOD LOQ 

TBZ 110.3 ± 1.0 0 ± 14 0.99990 0.18 0.5 

PYR 81.2 ± 1.5 5 ± 6 0.99990 0.25 0.5 

OPP 89.3 ± 1.3 - 50 ± 30 0.9992 1.0 3.0 

IMA 38.5 ± 1.1 - 48 ± 6 0.9990 1.4 4.0 

n = 5;  Quantitation range: LOQ to 15 mg/L 391 
  392 

 393 

 3.2.2 Trueness and precision 394 

 395 

For the intraday measurements, the standard solution was analyzed 6-times in the 396 

same day. Intraday precision (repeatability) was determined as the relative standard deviation 397 

(RSD) of the peak areas. The intraday trueness was calculated as the quotient of the average 398 

value of the concentration provided by the method and true value. For the interday values, the 399 

same procedure was performed five different days over a 3-months period, by renewing the 400 

solution at each occasion. The interday precision (reproducibility) was the RSD of all the 401 

taken peak area, whereas the interday trueness was calculated as the average value of five 402 

intraday values. 403 

The results are shown in Table 4. The measures show good recovery (93.9%-103.7%) 404 

and low variability (<9.2%) for the quantitative data provided by the method. The high 405 

quality of the results is due to the quantitative transferring of the aliquot by the direct 406 

injection, which reduces the probability of loss of analyte. 407 

 408 

 409 
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3.2.3 Ruggedness 410 

 411 

The modification of the elution power and the sensitivity at slight, but deliberate 412 

changes in the main chromatographic parameters (SDS concentration, 1-pentanol, pH and 413 

flow-rate) are studied. The influence of each parameter was separately studied by analyzing 414 

(n = 3) the standard solution using three mobile phases at: the optimal value, slightly under 415 

and slightly over, and remaining the others constant. The RSD of the three measurements was 416 

calculated for retention time and peak area of the three measurements. The results are shown 417 

in Table 5. 418 

The method was considered quite robust, as low variations were observed for 419 

retention times (<9.9%) and peak area (<8.8%). 420 

 421 
Table 4. Intra- and inter-day trueness and precision for the studied pesticides. 422 

  Intra-daya Inter-dayb 

Pesticide 
Concentration  

(mg/L) 

Trueness 

(%) 

Repeatability 

(RSD, %) 

Trueness 

(%) 

Reproducibility 

(RSD, %) 

 0.5 102.9 4.1 93.9 8.1 

TBZ 2 101.1 3.2 97.2 1.3 

 15 98.7 6.3 98.3 2.9 

 0.5 101.8 6.9 103.7 2.8 

PYR 2 98.6 4.4 96.5 1.9 

 15 97.8 2.9 98.5 5.4 

 3 103.2 3.6 95.5 8.3 

OPP 5 103.0 5.1 101.2 3.5 

 15 98.9 4.5 103.2 4.7 

 4 94.5 9.2 98.7 7.2 

IMZ 7 104.3 2.1 103.3 0.6 

 15 97.8 4.4 97.8 3.8 

an=6;   bn = 5 423 
 424 

 425 

 426 
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Table 5. Evaluation of the ruggedness of the MLC-method.  427 

Pesticide Chromatographic parameters Level 
Retention time 

(R.S.D.; %) 

Peak area  

(R.S.D; %) 

Thiabendazole 

SDS concentration (mmol/L) 65 - 75 4.3 2.6 

1-pentanol amount (%, v/v) 4.9 - 5.1 4.0 0.8 

pH     2.9 - 3.1 3.5 2.5 

Flow rate (mL/min) 0.95 - 1.05 5.4 3.1 

Pyrimethanil 

SDS Concentration (mmol/L) 65 - 75 5.0 4.8 

1-pentanol amount (%, v/v) 4.9 - 5.1 3.1 4.5 

pH  2.9 - 3.1 5.5 1.1 

Flow rate (mL/min) 0.95 - 1.05 5.6 3.3 

o-phenylphenol 

SDS Concentration (mmol/L) 65 - 75 4.8 8.6 

1-pentanol amount (%, v/v) 4.9 - 5.1 4.5 2.3 

pH 2.9 - 3.1 3.1 3.6 

Flow rate (mL/min) 0.95 - 1.05 5.4 8.8 

Imazalil 

SDS Concentration 

(mol/L) 

65 - 75 
2.9 1.6 

1-pentanol amount (%, v/v) 4.9 - 5.1 9.9 5.5 

pH 2.9 - 3.1 6.5 4.5 

Flow rate (mL/min) 0.95 - 1.05 5.9 8.2 

 n  = 3 428 
 429 

 430 

3.3 Stability in surface water 431 

 432 

 The stability of the pesticides in water under environmental conditions was evaluated. 433 

Thus, the effect of the oscillations of the temperature and the irradiation was considered. A 434 

solution of 10 μg/mL of TBZ and PYR, and 15 mg/L of OPP and IMZ spiked in water was 435 

kept for eight days reproducing the outdoor weather conditions: without controlling the 436 

temperature, under the sunlight and warm during the day and in darkness and cold during the 437 

night. The flask was thoroughly sealed to avoid water evaporation. An aliquot was analyzed 438 

each day (nearly at noontime), and the peak area was measured for each pesticide. The results 439 

can be seen in Fig. 2. 440 
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 441 

Figure 2. Plot of the ratio peak area/initial peak area for the studied pesticides v.s. storage time under outdoor 442 
conditions. 443 
 444 

 445 

The four pesticides show a detectable and continuous degradation process. On the 446 

first day, the peak area has diminished (5%-10%). This decrease continues during the 447 

following days, and the analytes become undetectable at the eighth day. TBZ undergo a slow 448 

decomposition rate during the first six days, since the peak area diminishes nearly 20% 449 

during this period. Furthermore, the degradation accelerated, and in only two days the 450 

concentration of TBZ falls up to below the detection limit. PYR and OPP show a similar 451 

behavior, the peak area lessens at a nearly constant rate of 7% per day during the seven first 452 

days, and fully decompose in one more day. On the other hand, IMZ undergoes a rather linear 453 

degradation during seven days, when the concentration attains undetectable values. 454 

It was deduced that the four pesticides are significantly affected by the sun radiation 455 

and the high temperatures in aqueous media, and remain a short period. Even using high 456 

concentration as initial conditions, they fall to undetectable levels in only eight days. 457 

 458 

3.4 Analysis of wastewater samples 459 

 460 

The concentration of TBZ, PYR, OPP and IMZ was determined in several samples 461 

from agricultural sewage, fruit-processing industry waste, and WWTP influent and effluent 462 

water from the Castelló area. The origin and the concentrations can be seen in Table 2. The 463 
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analytes were resolved without interferences. Fig. 3 shows the chromatogram obtained by 464 

analysis of sample 15. 465 

 466 

 467 

Figure 3. Chromatogram of sample 15, collected from the influent water stream of a wastewater treatment plant. 468 
 469 

 470 

3.4.1 Optimization of the experimental procedure 471 

 472 

Several samples had sludge or oily drops suspended in the aqueous matrix. These 473 

samples were filtered, and directly injected, as the aliquot. The pressure does not change, and 474 

then neither precipitation nor obstruction in the needle, column or chromatographic tubes was 475 

noticed. Thus, the sample was not diluted, allowing to keep a reasonable sensitivity level. 476 

This possibility of direct injection, previous filtration, without dilution, clean-up or 477 

extraction step can be considered as the main advantage of the method. The simplification of 478 

the experimental procedure allows to reach good quality of the validation results, while 479 

minimizing the participation of trained staff, and strongly shortening the analysis time, then 480 

favoring the analysis of a large amount of samples. Besides, neither chemical nor extraction 481 

instrumentation are needed, reducing the cost, the environmental impact and the safety of the 482 

operator. 483 
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 484 

 3.4.2 Results in real samples 485 

 486 

Wastewater samples from agricultural origin show a significant concentration of TBZ 487 

and PYR. This indicates that these pesticides are pre-harvest applied to crops, and remain in 488 

sludge, prior to be dragged to rain water to the wastewater. The collector basins of the fruit-489 

processing plants contain a significant amount of TBZ, OPP and IMZ, those used for 490 

postharvest protection. However, considering the large quantity of pesticides needed to assess 491 

a correct storage of the fruits, the results indicate that the plants have implemented a 492 

purification treatment to partially purify the wastewater prior discharge. 493 

The influent stream of WWTPs contains a moderate concentration of the TBZ, PYR, 494 

OPP and in one case, IMZ, because they come fromareas with a strong agriculture-related 495 

activity. The pesticides in effluents were lower than in influent, ensuring the validity of the 496 

water purification process. 497 

  498 

4. Conclusions 499 

 500 

 The here-described MLC-method can be used to monitor TBZ, PYR, OPP and IMZ in 501 

routine analysis of sewage water. The sample was directly injected into the chromatographic 502 

system after a simple filtration, thus avoiding complex and time consuming intermediate 503 

steps. The analytes were identified and elutedwithout interferences from the waste water 504 

matrix in less than 18 min. Asmain features, we highlight the low global analysis time, and 505 

the easy-to-handle sample preparation, which permits the analysis of a large amount of 506 

samples per day. The method was validated in terms of quantitation range, linearity, 507 

precision, trueness and ruggedness, following the Validation and Peer Review of US EPA for 508 

chemical methods of analysis. The method meets the requirements of “green chemistry”, as 509 

low amount of toxic reagents are used, then reducing thewaste of pollutants andminimizing 510 

the danger for the operator health. Besides, the method is quite inexpensive, and then making 511 

it accessible even to laboratories with low economic power. The stability of the pesticides in 512 

water at outdoor conditions was evaluated. Finally, the method was applied to determine the 513 

concentration of TBZ, PYR, OPP and IMZ in sewage water from an area with a strong fruit-514 

related activity, and suspected to be contaminated. 515 
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