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 22 

Abstract 23 

In this work, a four-way multivariate calibration method for the simultaneous determination of 24 

four pesticides - carbendazim (CBZ), thiabendazole (TBZ), pirimiphos-methyl (PMM), and 25 

clothianidin (CLT) - in lemon juice is presented. Third-order data were acquired by registering 26 

the photoinduced fluorescence of the analytes as excitation-emission matrices at different times 27 

of UV-light irradiation, in the presence of organized media (direct micelles) as fluorescence 28 

enhancers. The optimal experimental conditions (pH 11.5 and 32 mmol L–1 29 

hexadecyltrimethylammonium chloride surfactant) were determined through a central 30 

composite design using the response surface methodology. The analytes were individually 31 

calibrated, except for TBZ and CBZ due to the inner filter effect of TBZ on CBZ. Test samples 32 

containing all analytes and imidacloprid (as potential interference) were analyzed. PARAFAC 33 

was utilized to evaluate both the trilinearity and quadrilinearity of the third-order data and four-34 

way arrays, respectively. PMM was successfully determined with quadrilinear PARAFAC 35 

decomposition, whereas CLT, TBZ, and CBZ were satisfactorily modelled using U-PLS/RTL 36 

due to the loss of quadrilinearity caused by different phenomena. The profitable applicability 37 

of the analytical method in the CBZ, TBZ, PMM, and CLT determination in lemon juice 38 

samples was demonstrated, achieving limits of detection below the maximum residue levels 39 

reported by the European Commission, and mean recoveries at 90±5%. 40 

 41 

 42 

Keywords: Multiclass pesticides; Photo-reaction; Organized media; Four-way calibration 43 

method; Lemon juice 44 
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1. Introduction 47 

According to the last report of the Food Agricultural Organization (FAO) [1], Argentina 48 

is the second largest producer of citrus in South America and the principal exporter of lemons 49 

worldwide. For addressing the high demand, great efforts are continually made to improve the 50 

yield and quality of the products, which are constantly threatened by harmful organisms, pests, 51 

and plant diseases. In this regard, chemical control has been gaining ground in the agricultural 52 

production system because of its high effectiveness in pest and disease control [2]. 53 

Pesticides are substances used as herbicides, fungicides, and insecticides, among others, 54 

and play a key role in modern agriculture systems since they can prevent, reduce, or eliminate 55 

pests. Particularly, in citrus production, combinations of diverse classes of pesticides are 56 

employed to enhance their effectiveness and improve yields. However, their application implies 57 

that pesticide residues may remain in the fruits, involving possible risks to human health and 58 

the ecosystem [3]. The most used pesticides in citrus fruits are organophosphates (OPs), 59 

organochlorines (OCs), neonicotinoids, and azoles, which proved to be the major source of soil 60 

and water pollution and are capable of causing toxic effects in humans and animals [4–6]. To 61 

guarantee the quality and safety of citrus fruits, the European Commission (EC) [7] and the 62 

United States Food and Drug Administration (USFDA) [8] established the maximum residue 63 

limits (MRLs) of pesticides, defined as the highest level of pesticide residue that is legally 64 

tolerated in or on food when pesticides are applied. In Argentina, these limits are defined by 65 

the National Food Safety and Quality Service (SENASA) [9].   66 

In the literature, different analytical techniques focused on several pesticide residues 67 

determination in citrus fruits at levels of the MRLs are reported. The most employed techniques 68 

are gas chromatography-tandem mass spectrometry (GC-MS/MS) [10] and high-performance 69 

liquid chromatography (HPLC) coupled with diode array (DAD) [11], fluorescence [12] and 70 

MS detectors [13]. Despite their high sensitivity and selectivity, the low concentration of 71 
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pesticide residues found in these complex samples requires several sample treatments and 72 

enrichment processes to enhance the performance of the analytical method, which demand the 73 

use of organic solvents and are time-consuming.  74 

In pursuing the development of efficient, simple, fast, and sustainable analytical 75 

methodologies, spectroscopy emerges as a promising alternative. In this regard, fluorescence-76 

based methodologies have proved to be compelling approaches that guarantee high sensitivity 77 

and selectivity with a dramatic reduction in organic solvent consumption [14]. In addition, the 78 

formulation of organized media by self-assembly of compounds such as amphiphilic 79 

cyclodextrins or surfactants can induce or enhance the fluorescence emission of certain 80 

compounds [15,16], leveraging the performance of the analytical method due to improvements 81 

in sensitivity and detection capabilities. 82 

For many years, multivariate calibration-based techniques have been attracting the 83 

attention of researchers in several fields, since they proved to be a good approach that aids in 84 

enhancing the proficiency of analytical methods through the use of mathematical procedures, 85 

entailing a significant reduction in the experimental work, in agreement with the principles and 86 

fundamentals of the green analytical chemistry (GAC) [17]. In particular, second and higher-87 

order calibration methods have the capability of accurately detecting several components, even 88 

in the presence of interferences or unexpected components. This property is called “second-89 

order advantage” and it has been widely exploited in the direction of bettering the performance 90 

of the analyses. 91 

In the present work, the development of an optimized micellar-enhanced fluorescence 92 

photoinduced four-way calibration method for the simultaneous determination of four 93 

multiclass pesticides commonly used in lemons is presented. The data were acquired by 94 

registering the photoinduced fluorescence of the analytes as excitation-emission matrices 95 

(EEM) at different times of UV-light irradiation, in the presence of organized media (direct 96 
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micelles) as a fluorescence enhancer. The quadrilinearity property of the four-way data was 97 

evaluated with PARAFAC and the results were discussed. The four-way arrays with loss of 98 

quadrilinearity were analysed in depth and the proper algorithms for modelling were chosen to 99 

exploit the intrinsic properties of the data. 100 

 101 

2. Materials and methods 102 

2.1. Chemicals and reagents 103 

All standards were of analytical grade. Pirimiphos methyl (PMM, 99.3 %), clothianidin 104 

(CLT, 99.9 %), thiabendazole (TBZ, ≥ 99 %), carbendazim (CBZ, ≥ 98 %), imidacloprid (IMD, 105 

≥ 98 %), polyoxyethylene (23) lauryl ether (Brij-35, ≥ 90 %), sodium dodecylbenzene sulfonate 106 

(SDBS, 98 %) and hexadecyl trimethyl ammonium chloride (HTAC, 98 %) were provided by 107 

Sigma-Aldrich (St. Louis, MO, USA). LC-grade methanol (MeOH) and acetonitrile (ACN) 108 

were obtained from Merck (Darmstadt, Germany). Sodium hydroxide (NaOH), monobasic 109 

sodium phosphate (NaH2PO4), anhydrous magnesium sulfate (MgSO4), and sodium chloride 110 

(NaCl), all of analytical grade, were purchased from Biopack (Buenos Aires, Argentina). 111 

Primary secondary amine (PSA) and activated carbon (Cact) were supplied from Phenomenex 112 

(Torrance, CA, USA) and Ciccarelli (Buenos Aires, Argentina), respectively. Ultrapure water 113 

was obtained from a Milli-Q water purification system from Millipore (Bedford, MA, USA). 114 

 115 

2.2. Solutions and standard samples 116 

PMM, TBZ, and CBZ stock solutions were prepared by dissolution of the appropriate 117 

amounts of each pesticide in MeOH, while CLT and IMD standard solutions were prepared in 118 

ACN. Stock solution concentrations were ca. 500 mg L–1 for PMM and CBZ, and ca. 119 

1000.0 mg L–1 for TBZ, CLT, and IMD. All the solutions were maintained at 4°C in the dark 120 

for four months. Working standard solutions of ca. 50.0 mg L–1 were daily prepared by 121 
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transferring the proper aliquots of the pesticide stock solutions to 1.0 mL volumetric flasks and 122 

completing the mark with MeOH or ACN, as appropriate.  123 

Phosphate buffer solution (NaPS) 0.01 mol L–1 was prepared by dissolution of the 124 

appropriate amounts of NaH2PO4 in ultrapure water. pH was adjusted between 8.0–11.5 with 125 

NaOH, as appropriate. 250 mmol L–1 Brij-35, 150 mmol L–1 SDBS, and 200 mmol L–1 HTAC 126 

solutions were daily prepared by dissolving the appropriate amount of the powder in ultrapure 127 

water.  128 

 129 

2.3. Calibration and test samples 130 

5-level concentration sample sets of pure PMM and CLT standards were prepared in 131 

triplicate by transferring the appropriate aliquot of the corresponding working solution and 132 

160 μL of the HTAC solution to 1.0 mL volumetric flasks and completing the mark with NaPS 133 

pH 11.5. The final pesticide concentrations ranged between 30 – 150 μg L–1 and 500 – 134 

1700 μg L–1 for PMM and CLT, respectively.  135 

Since TBZ has an inner filter effect on CBZ fluorescence, a calibration set of 20 mixed 136 

solutions containing TBZ and CBZ was randomly prepared in 5 concentration levels by 137 

transferring the appropriate aliquots of each working solution and 160 μL of the HTAC solution 138 

to 1.0 mL volumetric flasks, and completing the mark with NaPS pH 11.5. The final pesticide 139 

concentrations ranged between 30 – 110 μg L–1 and 40 – 200 μg L–1 for TBZ and CBZ, 140 

respectively.  141 

A 16-sample test set was built by mixing the four pesticides at concentrations different 142 

than those used to calibrate, by following a random design. IMD was incorporated in these 143 

samples as non-modelled interferent at different concentrations, as detailed in Table 2. The test 144 

samples were prepared as previously described for the calibration samples. 145 

 146 
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2.4. Lemon samples 147 

All lemon fruits were directly obtained from lemon trees without pesticide treatment. 148 

After arrival at the laboratory, the fruits were immediately washed with Milli-Q water and 149 

stored at 4 °C for no more than 5 days until all assays were performed. To obtain a homogenized 150 

sample of fresh lemon juice, 6 randomly selected fruits were cut into two pieces, and the juice 151 

was mechanically extracted. The juice was maintained at 4 ºC for up to 3 days, if necessary.  152 

Aliquots of lemon juice were spiked with PMM, CLT, CBZ, and TBZ following the same 153 

random design employed to prepare the test sample set, to build a spiked sample set. 154 

Appropriate aliquots of each working solution were transferred to 5.0 mL of fresh lemon juice. 155 

The samples were then properly homogenized using a vortex mixer and maintained at room 156 

temperature in the dark for 2 hours before analysis. 157 

 158 

2.5. QuEChERS-based procedure 159 

The sample pre-treatment was performed employing a quick, easy, cheap, effective, 160 

rugged, and safe extraction (QuEChERS)-based methodology, schematically depicted in Fig. 161 

1.  162 

In a glass centrifuge tube containing 5.0 mL of blank or spiked lemon juice sample, as 163 

appropriate, 5.0 mL of ACN was added, and the mixture was mechanically shaken with a vortex 164 

for 1 min to guarantee homogeneity. Then, 2.0 g of anhydrous MgSO4 and 0.5 g of NaCl were 165 

added and the tube was mechanically shaken with a vortex for 1 min and centrifuged for 10 min 166 

at 3000 rpm to allow phase separation. For the clean-up step, 4.0 mL of supernatant (SN, the 167 

organic phase) was transferred into a glass centrifuge tube, and 150 mg of PSA, 450 mg of 168 

anhydrous MgSO4, and 200 mg of Cact were added to remove the matrix pigments. The mixture 169 

was mechanically shaken with a vortex for 1 min, subjected to ultrasound for 10 min, and 170 

centrifuged for 15 min at 3000 rpm. The SN was then transferred to a Khan tube and dried 171 

Jo
urn

al 
Pre-

pro
of



 

8 

under a gentle stream of nitrogen at 40 g°C using a nitrogen evaporator. The final residue was 172 

reconstituted with 160 μL of HTAC solution and completed to 1.0 mL with NaPS 0.01 mol L–173 

1 pH 11.5.  174 

 175 

Figure 1. Schematic illustration of the (QuEChERS)-based methodology employed for sample 176 

pre-treatment. 177 

 178 

2.6. Optimization of the photochemical reaction conditions  179 

In light of the difference in nature between the analytes, and considering that the 180 

photochemical reaction efficiency depends on several experimental variables, the response 181 

surface methodology (RSM) with a central composite design (CCD) was used to derive the 182 

optimal conditions of the photochemical reaction with a reduced number of experiments.  183 

After a preliminary analysis, the factors selected for the optimization were the NaPS pH 184 

of the HTAC concentration. A total of 21 experiments were generated by the CCD (Table S1) 185 

and they were randomly performed to guarantee the independence of the results. In all 186 
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experiments, the concentrations of the analytes remained constant at a level of 100 μg L–1 CBZ, 187 

80 μg L–1 TBZ, 50 μg L–1 PMM, and 500 μg L–1 CLT.   188 

The third-order data acquired for each CCD experiment was individually subjected to 189 

PARAFAC decomposition, and the photochemical reaction time and the fluorescence 190 

contribution of each analyte were obtained as responses. After response modelling, the 191 

optimization was accomplished by using the desirability function [18].  192 

 193 

2.7. Instrumental procedure and data generation 194 

The spectrofluorometric measurements were performed on a Cary Eclipse fluorescence 195 

spectrophotometer (Agilent Technologies, Waldbronn, Germany) equipped with a xenon flash 196 

lamp, using a quartz-cell of 10×2 mm optical path length. 254 nm-UV light irradiation was 197 

performed using the pulsed xenon light source of the spectrophotometer.  198 

The EEMs were recorded covering the excitation range of 245–380 nm, every 5 nm, and 199 

the emission range of 300–440 nm, every 3 nm, using a scan rate of 7200 nm min–1, a PMT 200 

voltage of 650 V, and excitation and emission slits of 10 nm. All experiments were performed 201 

at room temperature.  202 

Third-order data were generated by measuring the EEMs at different periods of UV-light 203 

irradiation, completing a total of 360 s/240 s (before/after optimization) irradiation, every 30 s. 204 

Hence, the three-dimensional arrays obtained before the optimization comprised 13×28×48 205 

datapoints for irradiation time, excitation, and emission dimensions, respectively. After the 206 

optimization, the data were of 9×28×48 length for irradiation time, excitation, and emission 207 

dimensions, respectively. 208 

 209 
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2.8. Software 210 

The Cary Eclipse Package software (Agilent Technologies, Waldbronn, Germany) was 211 

employed for instrument control and data acquisition. Experimental design, surface response 212 

modelling, and desirability function calculations were performed using Stat-Ease Design-213 

Expert 8.0.0 (Stat-Ease, Inc., Minneapolis, USA) [19]. 214 

All chemometric models were implemented in MATLAB R2015a (The MathWorks Inc., 215 

Massachusetts, USA, 2015) [20]. PARAFAC, APARAFAC, and U-PLS/RTL were 216 

implemented by using the MVC3 toolbox for MATLAB R2015a, which is freely available at 217 

www.iquir-conicet.gov.ar/descargas/mvc3.rar [21]. Rayleigh and Raman scatterings were 218 

removed using the EEM_corr MATLAB GUI, available at 219 

https://fbcb.web1.unl.edu.ar/laboratorios/ladaq/download/ [22]. 220 

 221 

3. Results and discussion 222 

3.1. General considerations 223 

For chemometric-based applications, a comprehensive evaluation of the underlying data 224 

properties promotes the development of multi-way calibration methods with the greatest 225 

likelihood of success. For instance, multilinearity is one of the most important data features that 226 

drive the selection of the algorithm for data modelling. In third-order data analysis, 227 

multilinearity is expressed in terms of trilinearity. Furthermore, when a sample set is analysed, 228 

the three-dimensional arrays of each sample can be organized into a four-way object, and 229 

quadrilinearity must be evaluated [23]. The relationship between concentration and the 230 

analytical signal will also motivate the election of some algorithms over others. 231 

In the present case, the analytical methodology consists of registering EEM at the end of 232 

a photochemical reaction triggered by UV-light irradiation, which generates changes in the 233 

fluorescent signal while it is applied, but not in its absence. Hence, the EEMs are acquired at 234 
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steady-state conditions. In this regard, the third-order data obtained for a single sample 235 

comprised the photochemical reaction behaviour, the excitation, and the emission wavelength 236 

dimensions, and fulfilled the criterion of trilinearity. When several samples are jointly analysed 237 

and full synchronization and independence between modes are observed, the data fulfil the 238 

criterion of quadrilinearity. Otherwise, some issues in the four-way data object break the 239 

quadrilinearity [24]. For instance, in kinetics, some reactions depend on the initial concentration 240 

of the analytes, provoking a lack of reproducibility in the photo-reaction profile between 241 

samples, which entails nonquadrilinearity type 1 data generation. Quadrilinearity can also be 242 

affected by the inner filter effect, a phenomenon that causes variations in the excitation and 243 

emission spectra of the analyte in the presence of some sample constituents [25]. When the 244 

inner filter effect simultaneously occurs in the excitation and emission modes, 245 

nonquadrilinearity type 2 arises [23]. 246 

PARAFAC is a widespread algorithm that performs multilinear decomposition of 247 

multidimensional data (three or more dimensions). The most important characteristic of this 248 

algorithm is that the solutions are often unique, in addition to the ability to provide meaningful 249 

profiles [26]. In this regard, trilinear third-order data or quadrilinear four-way arrays can be 250 

properly subjected to PARAFAC, obtaining profiles that can be comprehensively analysed for 251 

quantitative or qualitative purposes. These characteristics make PARAFAC suitable for 252 

multilinearity evaluation aiding in characterizing the data and selecting the proper algorithm 253 

for the modelling [26,27]. In this work, PARAFAC was applied to evaluate the trilinearity 254 

fulfilment of the individual third-order data (photochemical reaction-EEM) and the 255 

quadrilinearity of the four-way arrays. 256 

 257 
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3.2. Optimization of the experimental conditions 258 

3.2.1. Preliminary studies 259 

Pesticides as organophosphates and chlorinated hydrocarbons, among others, undergo 260 

hydrolysis promoting their decomposition in aqueous solutions at a pH higher than 7 [28]. 261 

Therefore, the higher the pH, the faster the pesticide decomposition or degradation by 262 

hydrolysis [29]. Preliminary studies showed that the photochemical reaction of pesticides in 263 

aqueous solutions at different pHs (5-12), adjusted with HCl and NaOH, does not arouse 264 

observable changes in the fluorescent signals of the analytes after 6 minutes of UV-light 265 

irradiation (data not shown). Notwithstanding, changes in the fluorescent signal at pH >8 were 266 

noticed when NaPS was used instead of NaOH to control the pH, either as an 267 

enhancement/detriment of the native intensity or as the arising of a new fluorescent band, which 268 

can be attributed to the degradation of the pesticides.  269 

On the other hand, it has been proved that the organized media presence not only provokes 270 

a sensitivity enhancement in some fluorescence-based determinations but also improves the 271 

selectivity by displacement of the analyte emission bands concerning aqueous conditions 272 

[16,30]. Thus, to improve the figures of merit of the method, the influence of cationic (HTAC), 273 

anionic (SDBS), and non-ionic (Brij-35) surfactants on the photoinduced fluorescence signal 274 

of the pesticide was evaluated in NaPS solutions. In all cases, they were added at the beginning 275 

of the reaction, as a constituent of the background solution, at levels above the critical micellar 276 

concentration. For CBZ, TBZ, and PMM, HTAC was the surfactant that significantly enhanced 277 

the native fluorescence intensity concerning that observed in the absence of surfactant (Fig. 278 

S1). Moreover, it was proved that HTAC enhances the fluorescence intensity of the 279 

photochemical product of CLT, which does not have an observable native fluorescence signal. 280 

 281 
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3.2.2. Data acquisition and analysis 282 

Considering the preliminary results, a CCD approach was performed to establish the best 283 

combination of factors, i.e., pH (8.0–11.5) and HTAC concentration (10–60 mmol L–1), that 284 

ensures the effectiveness of the photochemical reaction in terms of reaction rate and analyte 285 

micellar-enhanced fluorescence intensity (MEFI). 286 

For each experiment, trilinear third-order data comprising excitation, emission, and 287 

photochemical reaction time modes was acquired and subjected to PARAFAC decomposition 288 

to gather the CCD responses. In all cases, the core consistency (CORCONDIA) and the lack of 289 

fit (LOF) of the modelling were considered to determine the number of spectroscopically active 290 

components [26]. For PARAFAC modelling, initial estimates by random initialization were 291 

used, and the non-negativity constraint was applied to the three modes. The decomposition 292 

results rendered approximations to pure constituent profiles, such as the spectral and kinetic 293 

profiles shown in Fig. 2, which were then used to obtain the CCD responses.  294 

 295 

Figure 2. (A) Excitation, (B) emission, and (C) photochemical reaction profiles of CBZ 296 

(green), TBZ (orange), PMM (blue), and CLT (pink) obtained by PARAFAC modelling of the 297 

CCD experiment Nº 12 data. 298 

 299 

As can be appreciated, CBZ and CLT present weak and null native fluorescence, 300 

respectively, which increases as the photochemical reaction evolves. This behaviour suggests 301 
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the generation of fluorescent products as a consequence of their photochemical degradation. A 302 

different trend is observed for PMM, for which the strong native fluorescence decays along 303 

with the irradiation time suggesting the breakdown of the molecules, and for TBZ, whose 304 

fluorescence remained stable.  305 

Some of the CCD responses were obtained through curve-fitting procedures of the 306 

photochemical PARAFAC profiles. As can be appreciated in Fig. 3A, CBZ, and CLT follow a 307 

kinetic growth behaviour, which could be adequately described by a sigmoid Boltzmann 308 

function, as follows: 309 

where y is the MEFI, x is the irradiation time, x0 is the centre of the curve, and A1 and A2 are the 310 

upper and lower MEFI limits. dx represents the time interval in which the abrupt change in the 311 

MEFI occurs. In these reactions, the CCD response was the time at which the reaction reaches 312 

the equilibrium or plateau (Tp). The parameter was obtained from the fitted Boltzmann function 313 

as the tangent to the curve passing through its centre (x0), according to the procedure described 314 

by Aguiar et al. [31], following Eq.2: 315 

𝑇𝑝 = 𝑥0 +  2𝑑𝑥 (2) 

Contrarily, PMM follows a behaviour that could be properly fitted using a single 316 

exponential decay function (Fig. 3B), according to Eq.3:  317 

𝑦 = 𝑦0 + 𝐴 × exp (−
𝑥

𝑡
) (3) 

where y is the MEFI, y0 is the native MEFI, x is the irradiation time, and A is the lower limit of 318 

MEFI. t is the reaction rate obtained from the slope of the decay curve.  319 

Last, the maximum MEFIs of TBZ, CBZ, and CLT were taken at the end of the irradiation 320 

procedure, while for PMM, the maximum MEFI value was considered as the native 321 

fluorescence signal, i.e., the intensity before the UV-light irradiation. 322 

𝑦 = 𝐴2 +  
(𝐴1 − 𝐴2)

1 +  𝑒𝑥𝑝
(𝑥−𝑥0)

𝑑𝑥

 (1) 
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  323 

Figure 3. (A) Typical photochemical profile of CBZ and CLT with growing Boltzmann-type 324 

fitting for Tp estimation. (B) Typical photochemical profile of PMM with exponential decay 325 

fitting for t estimation. 326 

 327 

In conclusion, the 7 responses obtained from the experiments and used in the optimization 328 

procedure were TBZ, CBZ, and CLT MEFI at 360 s; native PMM MEFI; CLT and CBZ Tp; 329 

and PMM t. All the responses are summarized in Table S1. 330 

 331 

3.2.3. Central composite design optimization  332 

An ANOVA test with backward selection, at a significance level of 0.05, was 333 

implemented to find the model that best fits the relation between each response and the 334 

experimental factors. Table 1 summarizes the ANOVA results indicating the significance of the 335 

experimental factors in each model, the associated probability values (p) for model significance 336 

and LOF, and the adjusted correlation coefficients (R2).  337 

The results indicate that all responses follow cubic models and suggest that both pH and 338 

HTAC concentration significantly affect the MEFI of all analytes, the PMM t, and the CLT Tp 339 

(Fig. S2). However, the one obtained for CBZ Tp showed no significance, suggesting 340 

Jo
urn

al 
Pre-

pro
of



 

16 

independence between the response and the experimental factors. Hence, this response was not 341 

included in the subsequent optimization stage. 342 

Then, the simultaneous optimization of the experimental conditions was carried out by 343 

using the desirability function (also known as Derringer, D) [18]. D values range from 0 to 1, 344 

referring to the null and fully desirable solutions, respectively. As can be seen in Table S2 345 

different criteria were followed to simultaneously optimize the six responses. For instance, the 346 

concentration of HTAC was minimized to reduce the interferences and dispersions caused by 347 

the medium, whereas the MEFI was maximized to improve the analytical figures of merit 348 

(AFOMs) of the methodology. Moreover, the preferred level of PMM t and CLT Tp was the 349 

minimum as they refer to the time required to finish the reaction since, as can be appreciated in 350 

Fig. 3, the higher the CLT Tp value, the slower the reaction (Fig. 3A), whereas the higher the 351 

PMM t value, the faster the reaction (Fig. 3B). 352 

The values yielded by the D function (D=0.593) suggest that the optimal experimental 353 

conditions are reached when using an HTAC concentration of 31.66 mmol L–1 and a medium 354 

pH of 11.5. To minimize operational errors in the preparation of the solutions, the concentration 355 

of HTAC was fixed at 32 mmol L–1. Fig. S3 shows the surface of the D results according to the 356 

pH and the HTAC concentration.  357 

Subsequently, the predicted conditions were experimentally verified in triplicate (Table 358 

S3), and the reliability of the model was evaluated by employing a t-test. Considering a level 359 

of α=0.05, the texp values were lower than the critical t(α,υ) for all responses, indicating that there 360 

were no statistically significant differences between the responses at a confident level of 95%, 361 

proving the accuracy of the mathematical models and the reliability of the results. Thus, the 362 

calibration method development was accomplished by utilizing the optimal experimental 363 

conditions of 32 mmol L–1 HTAC at pH 11.5 with a total irradiation time of 240 s. 364 

 365 
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Table 1. Model fitting of the responses obtained from the CCD 

Response 
 

Model a  ANOVA results  
R2 pred. 

 
R2 Adj. 

 
CV (%) c 

p-value b Lack of fit 

MEFI 

CBZ 

 A, B, AB, 

A2, B2, A2B, 

AB2 

 

< 0.0001 0.9726 

 

0.9852 

 

0.9917 

 

2.04 

TBZ  
 A, B, A2, 

B2, AB2 

 
< 0.0001 0.2619 

 
0.9847 

 
0.9892 

 
2.28 

PMM 
 A, B, A2, 

B2, AB2 

 
< 0.0001 0.5657 

 
0.8518 

 
0.9144 

 
4.54 

CLT  
 A, B, A2, 

B2, AB2 

 
< 0.0001 0.1277 

 
0.9007 

 
0.9453 

 
2.59 

Reaction 

time 

t PMM   B, A2, A3  0.0002 0.5892  0.5049  0.6661  6.16 

Tp CLT 

 A, B, A2, 

B2, A2B, 

AB2 

 

< 0.0001 0.6448 

 

0.9369 

 

0.9535 

 

10.01 

a Factors studied: A: pH, B: HTAC concentration (mmol L-1) 
b Terms were considered significant with p-values < 0.05 
c CV: coefficient of variation 

 366 

Last, the PARAFAC spectral profiles obtained at the optimal conditions (s1) were 367 

benchmarked against the real profiles of the analytes (s2) to quantitatively evaluate the 368 

reliability of the decomposition. At this point, it should be clarified that the spectral comparison 369 

of CBZ and TBZ was done by utilizing the PARAFAC profiles obtained after the 370 

decomposition of the data corresponding to a binary mixture as a reference (s2) because of the 371 

spectral distortion of the CBZ by the inner filter effect of TBZ. The spectral comparison was 372 

performed by using the criterion of spectral overlapping degree s12, (Pearson’s correlation 373 

coefficient) estimated as [32]: 374 

𝑠12 =
‖𝐬𝟏

𝐓𝐬𝟐‖

‖𝐬1‖‖𝐬2‖
 

(4) 

The value s12 ranges from 0 to 1, corresponding to no overlapping and full overlapping, 375 

respectively. The retrieved s12 values for excitation/emission spectra of PMM, CLT, CBZ, and 376 

TBZ were 0.99910/0.99598, 0.99771/0.99987, 0.99909/0.99816, and 0.98553/0.99981, 377 

respectively. These figures allow us to ascertain the good quality of the PARAFAC 378 

decomposition and, hence, the reliability of the modelling.  379 

 380 
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3.3. Four-way calibration method development 381 

3.3.1. Data processing considerations 382 

First, it is worth mentioning that three sets of calibration samples were prepared with the 383 

aim of exploiting the intrinsic properties of the data according to the behaviour of the analytes 384 

in the presence of the sample constituents. CLT and PMM were individually calibrated and the 385 

photochemical behaviour at different concentrations was thoroughly analyzed. For this purpose, 386 

individual third-order data obtained for different analyte concentrations were subjected to 387 

trilinear PARAFAC decomposition, and the retrieved profiles were benchmarked against each 388 

other. For PARAFAC modelling, initial estimates by random initialization were used, and the 389 

non-negativity constraint was applied to the four modes. This analysis aided to unravel a perfect 390 

overlapping of the PMM profiles (Fig. 4A), and a concentration-dependency in the CLT 391 

photochemical behaviour (Fig. 4B). This evidence allows us to conclude that the concentration 392 

mode of the CLT four-way data is a quadrilinearity breaking mode and, in consequence, 393 

nonquadrilinear type 1 data is acquired [23] and also asserts the fact that the PMM four-way 394 

data fulfil the criterion of quadrilinearity, which was then corroborated with further predictive 395 

analyses.  396 

 397 

 398 

Figure 4. (A) Photochemical reaction profiles of 30 μg L–1 (●) and 150 μg L–1 (○) solutions of 399 

PMM obtained from PARAFAC. (B) Photochemical reaction profiles of 500 μg L–1 (●), 1700 400 
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μg L–1 (○), 2000 μg L–1 (■) and 3000 μg L–1 (□) solutions of CLT obtained from PARAFAC. 401 

(C) CBZ (green) excitation and emission spectra in the presence (dashed line) and absence 402 

(solid line) of TBZ (orange). 403 

 404 

On the other hand, binary samples were built for TBZ and CBZ calibration because of 405 

the inner filter effect of TBZ on the CBZ fluorescence. In general terms, this phenomenon arises 406 

when one or several sample constituents absorb radiation from that emitted by the analyte, and 407 

it is evidenced as an analyte spectral distortion, which depends on the presence and 408 

concentration of the compound responsible for the inner filter effect [25]. In the present case, 409 

the TBZ spectra remain invariant against variations in the CBZ concentration while CBZ 410 

spectra are seriously affected by the presence and changes in the concentration of TBZ. From 411 

the chemometric standpoint, this effect leads to a break in the quadrilinear structure of the four-412 

way data. Since both emission and excitation spectra of CBZ vary from sample to sample as a 413 

consequence of the inner filter effect, two modes of the four-way structure are considered 414 

quadrilinearity-breaking modes (Fig. 4C). Hence, according to the classification data structure 415 

reported by Olivieri and Escandar [33], nonquadrilinear type 2 data is obtained. To demonstrate 416 

this observation, a four-way data array, built with the calibration and test samples, was 417 

subjected to quadrilinear PARAFAC decomposition, and the results were evaluated in terms of 418 

recovery and reproducibility. The predictive figures rendered for TBZ were rather satisfactory 419 

(REP%= 9.1 %), whereas the predicted CBZ concentrations were significantly different from 420 

the nominal values (REP%= 110 %), proving the lack of quadrilinearity of the four-way data. 421 

All these considerations aided in finding the best calibration model for each analyte 422 

capitalizing on the intrinsic characteristic of the data and the individual particularities of the 423 

chemometric algorithms. 424 

 425 
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3.3.2. Data modelling and quantitative analysis 426 

Relying on the fact that four-way data built for PMM samples fulfil the criterion of 427 

quadrilinearity, the calibration method was built by applying quadrilinear PARAFAC 428 

decomposition. In this regard, a four-way data array was built with the third-order data of the 429 

15 calibration samples and one test sample and was then subjected to decomposition. For the 430 

chemometric modelling, initial estimates by random initialization were used, and non-431 

negativity constraint in the four modes was applied in the ALS optimization. To determine the 432 

number of spectroscopically active components, the core consistency (CORCONDIA) and the 433 

LOF of the modelling were considered. It is worth mentioning that the number of components 434 

was always in accordance with the real number of the sample constituents. To quantitatively 435 

evaluate the reliability of the decomposition, the spectral comparison between the PARAFAC 436 

profile and real spectra was carried out by obtaining the s12 estimator, according to Eq. 4. The 437 

values s12 for excitation/emission spectra of PMM were 0.99687/0.99943, shedding light on the 438 

good performance of the decomposition.  439 

For CLT, it was proved that the four-way data array is nonquadrilinear type 1 due to the 440 

lack of reproducibility in the photochemical reaction profile along the concentration mode. 441 

Under this scenario, and capitalizing on the fact that the third-order data of the calibration and 442 

test samples fulfil the criterion of trilinearity, two chemometric approaches were evaluated. The 443 

first approach consisted of the implementation of the augmented PARAFAC (APARAFAC) 444 

model to an augmented trilinear three-way data array. The second approach involved the 445 

decomposition through a latent-structured methodology, considering the linear relationship 446 

between the concentration of the analyte and the MEFI. Thus, unfolded PLS with residual 447 

trilinearization (U-PLS/RTL) was used. 448 

APARAFAC is an algorithm that exploits the ability to bear nonquadrilinear type 1 data 449 

utilizing the augmentation strategy but preserving the original three-dimensional structure of 450 
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the data [34]. For the modelling, third-order data corresponding to different samples was 451 

appended on each other in a way that guarantees the trilinearity of the augmented object, i.e., 452 

an array augmented along the photochemical reaction mode. To initiate the decomposition, 453 

initial estimates by random initialization were used and non-negativity constraint in the four 454 

modes was applied in the ALS optimization.  455 

On the other hand, U-PLS/RTL presents the capability to deal with a slight loss of 456 

quadrilinearity, albeit trilinearity of the residuals must be assured [35]. For the modelling, the 457 

number of calibration latent variables (LV) was determined using the leave-one-out cross-458 

validation method described by Haaland and Thomas [36]. The number of LV was set at six, 459 

considering the background and emitting constituents generated during the CLT photochemical 460 

reaction. The estimation of the proper number of RTL was based on the evaluation of the 461 

residuals obtained when a different number of RTL was utilized, in terms of residual fit and 462 

loading features. When using three RTL components in test samples decomposition, the 463 

retrieved residual profiles demonstrated that the third one featured the noise structure, reaching 464 

a good stabilization of the residuals. Therefore, three RTL were used. The predictive figures 465 

(REP= 10.1 %) revealed that even though APARAFAC retains the original structure of the data, 466 

aiding in reaching unicity in the results, U-PLS/RTL rendered better predictive figures since its 467 

intrinsic flexibility leverages the predictive performance of the method.  468 

 Finally, in the case of TBZ/CBZ, U-PLS/RTL was implemented since it has been widely 469 

proven that this algorithm can successfully cope with nonquadrilinear type 2 data [25]. The 470 

number of LV in the test sample was set at five for TBZ and six for CBZ, using two or three 471 

RTL components, as appropriate.  472 

The predictive results obtained for the four analytes in the test samples, in the presence of 473 

IMD as a potential interferent, are summarized in Table 2. As can be seen, the relative errors of 474 

prediction (REP%) are below 6.4% in all cases proving the excellent predictive capability of 475 
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the developed method. Moreover, to appraise whether the recoveries are statistically different 476 

that 100% or not, a hypothesis test was conducted. For this, an experimental t value was 477 

estimated for each calibration model, as follows:  478 

𝑡𝑒𝑥𝑝 = |100 − 𝑅̅|
√𝐼

𝑆𝑅
 (5) 

where 𝑅̅ is the mean experimental recovery, SR is the standard deviation of the recoveries and 479 

I is the number of samples. The recoveries are considered statistically different than 100% when 480 

texp exceeds the critical t(α,υ) value at level α and υ=I-1 degree of freedom [37]. Here, considering 481 

a level of α=0.05, the texp values were lower than the critical t(0.05,15) =2.13 for all analytes, 482 

indicating that the experimental recoveries are not statistically different from 100%, and 483 

therefore asserting the accuracy of the method.  484 

 485 

Table 2. Predicted concentrations of PMM, CLT, TBZ, and CBZ in test samples containing IMD as a 

potential interferent. 

Sample 

Analytea 

PMMb  CLTc  TBZd  CBZd 

Nominal Predicted e Nominal Predicted e Nominal Predicted e Nominal Predicted e 

V1 45.0 43.5 (96.7) 650 696 (107) 40.0 40.0 (100) 60.0 66.0 (110) 

V2 75.0 69.9 (93.1) 950 930 (98.3) 60.0 60.8 (102) 100.0 108.0 (108) 

V3 105.0 108.0 (103) 1250 1250 (100) 80.0 75.0 (93.8) 140.0 140.0 (100) 

V4 135.0 134.0 (99.3) 1550 1520 (98.1) 100.0 102.0 (102) 180.0 182.0 (101) 

REP% f 6.4  4.9  6.2  5.9 

Mean 

recovery

(𝑅̅%)  

97.7 

 

101 

 

99.4 

 

102 

texp
 g 1.44 0.32 0.44  1.32 

a Concentrations are expressed in µg mL-1 

b Quadrilinear four-way data modelled with PARAFAC 
c Nonquadrilinear type 1 four-way data modelled with U-PLS/RTL 
d Nonquadrilinear type 2 four-way data modelled with U-PLS/RTL 
e Between parenthesis, the mean recovery of the quadruplicate expressed in % 

f Relative Error of Prediction in %, 𝑅𝐸𝑃% = 100 × √
1

I
∑ (𝑐𝑛𝑜𝑚 − 𝑐𝑝𝑟𝑒𝑑)

21
𝐼 𝑐̅⁄ ; where I is the number of validation samples; cnom and cpred are 

the nominal and predicted concentration, respectively; and 𝑐̅ is the mean calibration concentration 

g Experimental t value, 𝑡𝑒𝑥𝑝 = |100 − 𝑅̅|
√𝐼

𝑆𝑅
, where SR is the standard deviation of the recoveries.  

 

  486 
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To graphically illustrate the predictive ability of the developed methods, the elliptical 487 

joint of confidence region test (EJCR) was performed. The elliptical domains obtained for all 488 

analytes contain the theoretically expected point (1,0) for slope and intercept, respectively, 489 

indicating the accuracy of the proposed methodologies (Fig. 5). 490 

 491 

Figure 5. EJCR plots for CBZ (green), TBZ (orange), PMM (blue), and CLT (pink) obtained 492 

for test samples. 493 

 494 

3.3.3.  Real samples analysis 495 

To assess the ability of the developed analytical method to determine the pesticides in real 496 

samples, a predictive analysis of the four pesticides in lemon juice samples was carried out. It 497 

should be mentioned that the sample treatment methodology allowed for reaching a pre-498 

concentration factor of 5. Hence, lemon juice samples were spiked with the pesticides at 499 

concentration levels 5 times lower than those used in the test samples.  500 

Despite the implementation of an exhaustive cleaning procedure, some sample 501 

constituents remained in the measured solution. These constituents showed fluorescence signals 502 

that overlap the signal of the analytes and, therefore, should be considered during the 503 

chemometric analysis. For instance, the number of components used in the PMM PARAFAC 504 
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analysis was seven, higher than the one used to model the test samples. Likewise, the modelling 505 

of CLT, TBZ, and CBZ through U-PLS/RTL involved a higher number of RTL. In addition, 506 

blank lemon juice samples, i.e., not spiked, were analysed. 507 

Table 3 resumes the predicted concentrations of PMM, CLT, CBZ, and TBZ in spiked 508 

and blank lemon juice samples. It can be noticed that the mean recoveries of the four analytes 509 

were ranging from 84% to 94% with REP% oscillating between 10 and 18%. All these figures 510 

prove the feasibility of the method to determine pesticides at very low concentration levels, 511 

even in the presence of highly complex samples, with satisfactory results.  512 

 513 

Table 3. Predicted concentrations of PMM, CLT, TBZ, and CBZ in the blank and spiked lemon juice 

samples containing IMD as a potential interferent. 

Sample 

Analytea 

PMMb  CLTc  TBZd  CBZd 

Nominal Predicted e Nominal Predicted e  Nominal Predicted e  Nominal Predicted e 

R0 - ND - ND - ND - ND 

R1 9.0 7.4(82.5) 130 102 (77.9) 8.0 7.7 (96.7) 12.0 11.2 (93.3) 

R2 15.0 12.7 (84.3) 190 166 (87.4) 12.0 10.8 (90.0) 20.0 19.5 (97.5) 

R3 21.0 17.9 (81.4) 250 219 (87.8) 16.0 14.9 (93.3) 28.0 25.7 (91.6) 

R4 27.0 23.2 (85.7) 310 285 (92.1) 20.0 17.0 (84.8) 36.0 32.7 (93.1) 

REP% f 17.8  14.1  10.6  12.0 

Mean 

recovery

(𝑅̅%)  

84.5 

 

86.5 

 

92.2 

 

93.5 

a Concentrations are expressed in µg L-1 

b Quadrilinear four-way data modelled with PARAFAC 
c Nonquadrilinear type 1 four-way data modelled with U-PLS/RTL 
d Nonquadrilinear type 2 four-way data modelled with U-PLS/RTL 
e Between parenthesis, the mean recovery of the quadruplicate expressed in % 

f Relative Error of Prediction in %, 𝑅𝐸𝑃% = 100 × √
1

I
∑ (𝑐𝑛𝑜𝑚 − 𝑐𝑝𝑟𝑒𝑑)

21
𝐼 𝑐̅⁄ ; where I is the number of validation samples; cnom and cpred 

are the nominal and predicted concentration, respectively; and 𝑐̅ is the mean calibration concentration 

 

As can be observed, PMM analysis entails the poorest analytical figures in comparison 514 

to the other analytes. This effect can be a consequence of the sample treatment procedure since 515 

one of the sorbents utilized in the clean-up stage (activated carbon) is also used for the remotion 516 

of PMM in contaminated water [38], albeit it acts as an efficient cleaning agent in samples that 517 

are highly pigmented  [39]. Nevertheless, it was utilized pursuing a reduction in the general 518 
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cost of the method, considering that the cost of active carbon is considerably less than other 519 

carbon-based sorbents, such as graphitized carbon black. 520 

 521 

3.3.4. Analytical figures of merit  522 

AFOMs are numerical parameters that aid in comprehensively describing the performance 523 

of the analytical methodology in terms of detection and prediction capabilities. When 524 

estimating AFOMs, a compelling issue that should be considered in advance is the order of the 525 

data, as well as the algorithm that was used for its analysis, to obtain representative figures of 526 

the method [37].    527 

Sensitivity (SEN) is one of the most important AFOMs and can be defined as the variation 528 

in the net response for a given variation in the analyte concentration. Limit of detection (LOD) 529 

and quantitation (LOQ) are outstanding figures directly related to SEN. Given the fact that SEN 530 

is a sample-dependent parameter, LOD (and LOQ) also depends on the sample since the 531 

detection of an analyte may vary between samples of different compositions [40]. Hence, the 532 

LOD and LOQ of each pesticide were estimated for test and real samples according to ref [40]. 533 

 534 

Table 4. Analytical figures of merit in test and lemon juice samples. 

AFOMs 

Analytea 

PMMb  CLTc  TBZd  CBZd 

Test Juice   Test Juice  Test Juice  Test Juice 

SEN a 28.9 24.3 0.5 0.34 5.8 10-3 3.3 10-3 3.8 10-3 2.7 10-3 

[ɣ–1] b 2.7 10–4 3.5 10–4 0.02 0.04 1.2 10-4 3.0 10-4 1.8 10-4 3.4 10-4 

LOD c 17.0 19.0 (3.8) e 77.5 151.0 (30.2) e 5.7 14.0 (2.8) e 11.1 25.5 (5.1) e 

LOQ d 38.5 44.9 (8.9) e 234.8 447.6 (89.5) e 17.3 42.4 (8.5) e 33.6 77.3 (15.5) e 
a Sensitivity, expressed in AUF L µg -1, (AUF=arbitrary unity of fluorescence), estimated according to ref [40] 
b Inverse of analytical sensitivity, expressed in µg L-1 AUF -1, (AUF=arbitrary unity of fluorescence), estimated according to ref [40] 
c Limit of detection expressed in µg L -1, estimated according to ref [40] 
d Limit of quantitation expressed µg L  -1, estimated according to ref [40] 
e LOD and LOQ considering a preconcentration factor of 5 

 535 

As can be seen in Table 4, the LODs obtained for CLT, TBZ, and CBZ in lemon juice are 536 

higher than those obtained in test samples, whereas similar figures were obtained for PMM. 537 
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This phenomenon can be explained as a slight detriment in the selectivity of the method due to 538 

the presence of sample constituents that emit in the same spectral range. In addition, despite the 539 

LODs and LOQs achieved in this work might be rather higher than those reported using HPLC-540 

MS/MS and GC-MS, among others [41,42], the developed method allows determining 541 

concentrations below the MRL established by the EU in lemon fruits (MRLPMM=10 µg kg–1; 542 

MRLCLT=60 µg kg–1; MRLTBZ=7000 µg kg–1; and MRLCBZ=700 µg kg–1, considering 0.975 kg 543 

L–1 lemon juice), which reinforce the satisfactory performance of the developed analytical 544 

method. 545 

 546 

3.4. Analytical greenness evaluation 547 

To quantitatively evaluate the sustainability of the method following the criteria of the 548 

GAC, the previously introduced Analytical GREEnness (AGREE) metric approach was 549 

implemented [43]. This approach, based on the 12 principles of GAC, retrieves a score between 550 

0 and 1 that comprehensively represents the greenness of the method (the higher the score the 551 

greener the method).  552 

 In the case of the proposed method, the AGREE metric approach assigned the lowest 553 

scores for the sample treatment, sample amount, automation, and solvent toxicity items. The 554 

pretreatment of the lemon juice sample allowed the adequate removal of certain fluorescent 555 

components that interfered with the quantitation of the analytes. Even though it was not possible 556 

to completely avoid the extraction and clean-up steps, minimum amounts of organic solvent 557 

(ACN) and non-polluting cleaning agents (PSA and Cact) were used, and the whole procedure 558 

involved a reduced number of steps. Despite these considerations, the retrieved score of 0.72 559 

endorses the sustainability of the method developed to determine highly environmentally 560 

harmful compounds. Figure 6 shows a pictogram depicting the resulting global score and the 561 
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performance of the individual criterion on a colour scale which goes from red to green as the 562 

numerical value goes from 0 to 1, respectively. 563 

 564 

 565 

Figure 6. Green assessment of the four-way calibration method developed to determine CBZ, 566 

TBZ, PMM and CLT in lemon juice using the AGREE metric software.  567 

 568 

4. Conclusions 569 

The combination of a micellar-enhanced fluorescence photoinduced methodology and 570 

four-way calibration models empowered the successful determination of four pesticides in 571 

lemon juice samples. The optimized photochemical reaction of the analytes has been 572 

demonstrated to be a great alternative to reaching a high sensitivity for those analytes with weak 573 

fluorescence, as well as an efficient way to enhance the selectivity of the method.  574 

A preliminary evaluation carried out to gain more insight into the chemical behaviour of 575 

the analytes against different experimental conditions aided in achieving the optimized 576 

conditions that empowered the photochemical reaction in the direction of bettering the 577 

performance of the calibration method. Moreover, the intrinsic characteristics of the third-order 578 

data were thoroughly investigated to accurately select the chemometric algorithm for data 579 

modelling. It has been proved that TBZ has an inner filter effect on CBZ fluorescence which 580 

was successfully overcome by designing a proper calibration procedure and selecting U-581 
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PLS/RTL for data decomposition. The results show that the CLT photochemical behaviour 582 

depends on its concentration, leading to a nonquadrilinear data type 1 that could be conveniently 583 

modelled with U-PLS/RTL. Last, a quadrilinear PARAFAC-based method allowed the 584 

adequate quantitation of PMM. In light of the results, it can be concluded that the proposed 585 

method is highly suitable for the quantitation of pesticides in lemon juice samples in a fast, 586 

efficient, and sustainable way. 587 
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• Simultaneous determination of four pesticides in lemon juice by four-way 

multivariate calibration  

• Acquisition of third-order photoinduced fluorescence data  

• Use of organized media (direct micelles) as a fluorescence enhancer 

• Optimization of the experimental conditions through design of experiments  

• Data modeling by means of PARAFAC and U-PLS/RTL  
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