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Abstract 

Seven QuEChERS based procedures, differing in both the extraction and clean-up steps, were investigated 

for the recovery of bentazone (BTZ), atrazine (ATZ), carbamazepine (CBZ), phenytoin (PNT) and its 

metabolite 5-(p-hydroxyphenyl-),5-phenylhydantoin (HPPH) from soil. Target analytes were chosen for their 

extensive use and/or occurrence in soil, as well as for their medium-high polarity characteristics (log KOW 

values in the range 0.88-2.80), which have been reported as a critical parameter for the recovery from soil 

with QuEChERS approaches. Liquid chromatography coupled with UV and pulsed amperometric (PA) 

detection at a glassy carbon electrode was used as instrumental technique. The recovery data obtained within 

each tested procedure were discussed for each compound investigated, highlighting different behaviours 

depending on the specific physico-chemical characteristics of the analytes. The optimized QuEChERS 

conditions consisted in the extraction of analytes with CH3CN:H2O 70:30, 5% CH3COOH, followed by a d-

SPE clean-up step with C18 sorbent. This method, in which water is directly added to the soil together with 

acetonitrile and salts, allowed to avoid the rehydration step, which can be as long as 30 min. Matrix effects 

were evaluated for both the detection techniques at different concentration levels, and they were below 24 % 

for both the detection technique used. The recoveries were evaluated at three concentration levels by a 

matrix-matched calibration and were in the ranges 83-113 % (RSD ≤14 %) and 88-109 % (RSD ≤11 %) for 

UV and PA detection, respectively, highlighting very good performances of the method, even for the more 

polar analytes. Method detection limits ranged from 4 µg/kg (BTZ) to 493 µg/kg (PNT) and from 4 µg/kg 

(HPPH) to 11 µg/kg (BTZ) for UV and PA detection, respectively. The method was finally compared with a 

microwave assisted extraction procedure which provided less satisfactory extraction performances than the 

optimized QuEChERS procedure. 
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Introduction 

Soil is increasingly subject to both inorganic and organic chemical contamination, owing to either diffuse or 

point-source input of contaminants. Soil contamination is a problem of high environmental concern, 

especially considering the low renewal capacity of this matrix, compared to atmosphere and water bodies. 

Moreover, the presence of contaminants in soil represents a serious environmental risk for their potential 

accumulation in the food chain [1] and the capacity to migrate in underground waters  [2,3]. 

The extraction of contaminant residues from soil is commonly performed by classical approaches such as 

soxhlet [4] or ultrasonic-assisted techniques [5]. Pressurized liquid extraction [6] and microwave-assisted 

extraction (MAE) [7,8] have been also used as sample preparation techniques for the recovery of many 

classes of compounds from soil.  



The application of these extraction methods to the recovery of pesticides [9,10] and pharmaceuticals [11] 

from soil samples have been recently reviewed.  

An alternative approach for the extraction of organic compounds from soils and sediments is the QuEChERS 

(Quick, Easy, Cheap, Effective, Rugged and Safe) method, originally developed by Anastassiades et al. [12], 

and subsequently validated by Lehotay et al. [13] and Anastassiades et al. [14], as a rigid analytical protocol 

for the recovery of pesticide residues from fruit and vegetables.  

As highlighted by Bruzzoniti and colleagues [15], the validated QuEChERS methods have been used only in 

a few cases for environmental analysis, whereas most studies have adopted more or less modified 

procedures, according to the matrix and solute characteristics. The environmental applications of the 

QuEChERS approach mainly cover the determination of pesticides, while, according to our literature survey, 

only two papers regarding the analysis of pharmaceuticals have been published till now [15].  

Within the different types of pesticides commonly applied on soil, herbicides represent the most used class in 

European countries [16] and their presence has been frequently reported in soil [17-19]. More in detail,  

bentazone has been recently reported as one of the herbicides most frequently found in European 

groundwater [3], including Italy, where its presence in aquifers and surface water intended for human 

consumption has been found of high concern [20]. As regards atrazine, even though this herbicide was 

banned in Europe since 2004, it is still one of the top 30 most frequently detected compounds in aquifers, 

according to the Environment Agency groundwater organic micropollutant database [3]. It should also be 

mentioned that bentazone recovery from soil matrices has been investigated by QuEChERS methods in only 

one study [21], whereas for atrazine few papers using this sample preparation approach are reported in 

literature [22,23,19].   

Among contaminants that greatly affect the soil quality, pharmaceuticals are doubtless an organic compound 

class frequently determined in soil, not only as a consequence of direct excretion from animals [24], but also 

as a result of land application of biosolids [25], reclaimed water [26] and also urine [27], as fertilizing agents. 

Within this group of pollutants carbamazepine and phenytoin are both on the World Health Organization's 

List of Essential Medicines, as two of the most important anticonvulsant drugs needed in a basic health 

system [28]. Carbamazepine is excreted by humans as conjugated and hydroxylated metabolites and with a 

much lower extent (about 3%) as unchanged molecule [29]. Nevertheless, carbamazepine has been 

frequently determined in the effluent of wastewater treatment plants (WTPs) [30-32] and especially in 

biosolids [33], where it accumulates preferentially compared to its metabolites [32]. Hence, carbamazepine 

has been found in sludge-amended soil [2], also because of its persistence in this matrix [34]. In this regard, 

carbamazepine has been also proposed as a possible marker of anthropogenic contamination [30]. 

Phenytoin is present in human excreta mainly as unmetabolized drug or free and conjugated 5-(4-hydroxy-

phenyl)-5-phenylhydantoin (HPPH) [35]; furthermore, it has been reported as quite recalcitrant to aerobic 

degradation in WTPs [36]. Accordingly, phenytoin is expected to be present in biosolids and sludge-

amended soils, even though no studies are reported in literature on this topic according to our literature 

investigation.  



It should also be remarked that the recoveries from soil of phenytoin and HPPH have not yet been 

investigated by QuEChERS methods, whereas for carbamazepine only one paper is published in literature 

[24]. 

Based on the aforementioned considerations, this study focused on the evaluation of seven different  

QuEChERS-based methods for the recovery of bentazone, atrazine, carbamazepine, phenytoin and HPPH. 

The investigated QuEChERS approaches differed in either extraction or clean-up conditions, allowing for 

evaluating the behaviour of target analytes in both the analytical steps. It is also remarkable that the analyte 

group under investigation covered a medium (log KOW=2.80) to high (log KOW=0.82) polarity range (see Fig. 

S1 of the Electronic Supplementary Material), making their study even more interesting, since the recovery 

of very polar compounds may be critical with QuEChERS approaches [15].  

Liquid chromatography was employed as instrumental analytical technique, coupling it with both 

spectrophotometric and amperometric detectors, the latter never investigated in combination with 

QuEChERS sample treatment. It should also be remarked that amperometry detection, performed in the 

pulsed mode, was applied in an innovatively way since glassy carbon was used as working electrode, rather 

than noble metals which were traditionally designed for this kind of detection system.  

The figures of merit of the optimized QuEChERS method were determined and compared, when possible, 

with the available literature data. Finally, the performances of the optimized procedure were also 

comparatively evaluated with those provided by a MAE procedure previously developed [8], replacing 

cyclohexane with acetonitrile, which is the typical solvent used for QuEChERS procedure. 

Experimental 

Chemicals and reagents 

Chromasolv gradient grade acetonitrile, ACS reagent methanol and acetic acid (99.8% w/w) were from 

Sigma-Aldrich (St. Louis, MO, USA). Sodium hydroxide (50% w/w), used to control pH, was purchased 

from J.T. Baker (Center Valley, PA, USA). Sodium chloride and magnesium sulphate, ACS reagent salts, 

were supplied by Riedel-de Haën (Seelze, Germany). End-capped C18 and primary secondary amine bulk 

sorbent (PSA), both used for the clean-up step, were from Agilent Technologies (Santa Clara, CA, USA). 

Bentazone (BTZ), 5-(4 hydroxyphenyl)-5-phenylhydantoin (HPPH), phenytoin (PHT), carbamazepine 

(CBZ) and atrazine (ATZ), all of analytical grade, were purchased from Sigma-Aldrich. Purified water used 

to prepare eluents and standard solutions was obtained from a Millipore (Billerica, MA, USA) Milli-Q Plus 

ultra-pure water system. 

Preparation of standard solutions 

The stock solution of BTZ was prepared in water at a concentration of 100 mg/L. Stock solutions of HPPH, 

CBZ, PHT and ATZ (100 mg/L each) were prepared in methanol. All the stock solutions were stored in the 

dark at +4°C. 



From the individual stock standard solutions, working solutions were prepared by proper dilutions with 

water, or with the post-extracted solutions, for matrix effect (ME) evaluation and matrix matched calibration 

(MMC). 

Sample collection and preparation 

The soil used in this work (about 100 g) was collected in Bruino (Piedmont, Italy) at a depth of 

approximately 10-15 cm. After homogenization, one sample-aliquot of approximately 10 g was taken for 

physicochemical characterization of the soil, whereas the remaining part was packed airtight in a low density 

polyethylene bag and stored in the dark at +4°C until its treatment.  

The soil was characterized for selected physicochemical parameters, according to the Italian Official 

Methods of Soil Chemical Analysis (1999) [37], obtaining the following results: texture=sandy-loam; 

pH=5.7; organic carbon=13.7 g/kg d.w.; cation exchange capacity=7.855 cmol(+)/Kg d.w. 

The sample was freeze-dried until a constant weight was achieved, homogenized, finely ground using a 

mortar, and passed through a 2-mm sieve to remove coarse particles and to increase sample homogeneity. 

In order to verify the presence/absence of target drugs and herbicides in the soil, a soil batch was firstly 

extracted using the QuEChERS protocols identified in Fig. 1 as Version 1 and Version 4. None of the 

analytes under investigation were determined in the soil extract. 

For the method optimization and validation, the soil was spiked according to the following procedure: 5 g of 

soil was introduced into a tube and spiked with target analytes at proper concentrations (i.e. 2 mg/kg for the 

optimization phase or other desired concentration for the method validation, see Table 1) by the addition of 2 

ml of an aqueous solution containing the analytes at a suitable initial concentration, in order to obtain the 

final desired concentration in the soil. The tube was then vortex and the soil sample left to soak for 72 hours 

at room temperature, to promote the interaction of target compounds with the soil matrix. In parallel, an 

aliquot of sieved and homogenized soil was treated in the same way with 2 mL of purified water, to obtain 

the “blank soil sample”. Such a term is therefore used in this manuscript to mean a soil sample which was 

not spiked with target analytes. 

Spiked and blank soil samples were freeze dried and stored at -20°C until their use. 

Modified QuEChERS method 

Target analytes were recovered from soil samples using a modified QuEChERS procedure which was 

optimized by evaluating different extraction and clean-up conditions (Versions 1-7, Fig. 1), following the 

precautions reported by Bruzzoniti and co-workers [15]. All the QuEChERS versions were comparatively 

evaluated using HPLC-UV as instrumental technique.   

Note that Version 1 of Fig. 1 differed from the original QuEChERS procedure [12] only for the use of a 

solvent excess in respect to the soil amount (1:2 w/v sample: solvent ratio); this modification was necessary 

for ensuring a supernatant volume high enough to perform the various analytical steps [38]. In order to assess 

the influence of different clean-up approaches on apparent recovery [39], versions 1 (conventional d-SPE 

with PSA), 2 (d-SPE with C18) and 3 (no clean-up) were compared one with the others.  



The evaluation of the influence of sample re-hydration was highlighted by the comparison of versions 2 and 

4. 

The effects of extractant acidification were evaluated either in the presence (Version 4 vs. Version 5) or in 

the absence (Version 2 vs. Version 6) of water in the extraction mixture.  

Finally, the comparison between Versions 5 and 7, allowed for evaluating the effect of reducing the volume 

of the extracting solution, keeping constant the salt ratios.  

According to the experimental results obtained, Version 5 was the best compromise for recovering target 

analytes and was therefore selected for the evaluation of ME and validation parameters. Briefly, the 

optimized extraction conditions were the following. Freeze dried soil aliquots (5 g) were weighted into a 50 

mL centrifuge tube, together with 4 g of anhydrous MgSO4 and 1 g of NaCl; 10 mL of the extraction solution 

(CH3CN:H2O 70:30, 5% CH3COOH) was then added and the tube was immediately hand-shaken (1 min) in 

order to prevent agglomeration of salts; afterwards the tube was centrifuged at 2000xg for 10 min at room 

temperature. The clean-up step was performed by d-SPE on 4-mL aliquots of supernatant into a d-SPE clean-

up minitube containing 0.25 g of C18 and 0.5 g of anhydrous MgSO4. The tube was hand shaken (1 min) and 

centrifuged (2000xg, 10 min); 2-mL supernatant aliquots were diluted 1:1 (v/v) with MilliQ water, filtered 

and analyzed by HPLC. 

MAE 

MAE extraction was performed on 0.4 g soil-aliquots spiked with 2 mg/kg of each analyte using 5 mL of a 

3:2 (v/v) acetone:acetonitrile mixture as extractant. The following program was set: t=0-10 min temperature 

is increased up to the desired temperature (T=130-150 °C) with an holding time of 5 min (t=10-15 min), 

keeping a maximum power of 300 W, accordingly to Bruzzoniti et al. [8]. Under these conditions, no escape 

of solvent was observed, thus ensuring that losses of analytes did not occur. Three replicated extractions 

were performed. The extracts were then centrifuged (2000xg, 5 min). An aliquot of 4.5 mL of supernatant 

was evaporated to dryness under a gentle nitrogen stream and the residual was reconstituted with 2 mL H2O. 

Before injection into HPLC, all samples were filtered with Nylon 0.45 μm filters. A blank was run in 

parallel. 

In order to assess the stability of the target compounds under the instrumental conditions above-reported, 5 

mL of 1 mg/L individual standard solutions in 3:2 (v/v) acetone:acetonitrile mixture were treated in the 

microwave digestor following described. HPLC-UV analysis of individual standard solutions before and 

after the microwave treatment were performed. 

Instrumental conditions 

For chromatographic measurements a Dionex ICS-3000 chromatograph (Thermo Scientific, Sunnyvale, CA, 

USA), equipped with a reversed-phase Lichrospher C-18 analytical column (125x3.0 mm, 5 µm, Merck, 

Darmstadt, Germany), was used. As previously optimized [40] the mobile phase was a 72:28 (v/v) mixture of 

aqueous 50 mM sodium acetate (pH=5) and CH3CN. Elutions were performed under isocratic conditions 

(flow rate: 0.5 mL/min). For each analysis, 10 µL of sample were injected. Two detection systems, namely 



an UV-VIS spectrophotometer (AD25 Absorbance Detector, Dionex Thermofisher, Sunnyvale, CA, USA) 

and an amperometric detector (AD40 Electrochemical Detector Dionex, Thermofisher, Sunnyvale, CA, 

USA), coupled in series were used. 

The UV-VIS detection conditions were optimized with the aim of obtaining the maximum signal-to-noise 

ratio (S/N), using a HPLC system Shimadzu (Kyoto, Japan), consisting of two pumps LC-10ADVP, an 

autoinjector SIL-10AD VP and a diode array detector (DAD) SPD-M10A VP. To this aim, a portion of soil 

was extracted according to the Version 5 of Fig. 1 and the extract was spiked with known amounts of target 

analytes. According to the results obtained, a wavelength of 252 nm (band width=1 nm) was selected. 

For the amperometric detection, measurements were performed using a Glassy Carbon working electrode 

(Ag/AgCl reference electrode). Detection was performed by pulsed amperometry (PA), setting the detection 

conditions as optimized for the selected compounds throughout a recent study by Rivoira et al. [40]. PA 

parameters are briefly recalled in Table S1 of the Electronic Supplementary Material. 

For MAE extraction, a Discover SP-D (CEM, Bergamo, Italy) microwave digestor provided with 

autosampler was used throughout this work. The digestor has a focused single-mode cavity designed to 

maximize the microwave energy input to the sample in a high-density field and to reduce solvent 

consumption. 

A Jouan B4i centrifuge (Thermo Scientific Inc., USA) was used to separate the supernatant from the solid 

components. Econofilter Nylon 25/45 (CPS Analitica, Milan, Italy) 0.45 μm syringe filters were used to filter 

solutions before HPLC analysis. 

ME evaluation 

To evaluate the ME, three blank soil aliquots were extracted by Version 5 as previously illustrated (see the 

paragraphs “Sample collection and preparation” and “Modified QuEChERS method” within this section). 

These post-extracted blank soil solutions were spiked with a mixture of the selected analytes at two 

concentration levels: (i) 1 mg/L (4 mg/kg) each; (ii) 15 µg/L (60 µg/kg) BTZ, 10 µg/L (40 µg/kg) HPPH,  25 

µg/L (100 µg/kg) CBZ, 250 µg/L (1000 µg/kg) PNT, 50 µg/L (200 µg/kg) ATZ, and injected in the HPLC 

system. ME was evaluated for both UV and PA detection techniques. The chromatographic area obtained 

(Astd,matrix) was compared with that attained by spiking the same amount of analytes in the extraction solvent 

CH3CN:H2O 70:30, 5% CH3COOH (Astd,solvent), to calculate ME, according to the following equation 1: 

ME (%) = 100·(Astd,matrix − Astd,solvent)/ Astd,solvent     (1) 

It should be noted that a ME>20% is commonly considered to have a significant impact on the 

performance of the method [23,41,42]. 

Analytical performance and method validation 

Specificity of the method was assessed by the analysis of three blank soil samples, extracted by the 

optimized QuEChERS method (Version 5). The method optimized was finally validated for linearity, 

recovery, intraday precision, limits of detection (MDLs) and quantification (MQLs), using spiked soil 



samples (see the paragraph “Sample collection and preparation” within this section) according to the 

indications provided in SANCO/12571/2013 procedure [43].   

Matrix-matched calibration curves 

To compensate any matrix effect, a matrix-matched calibration (MMC) was used for both UV and PA 

detection modes. In particular, the extracted solution from blank soil aliquots were spiked at five 

concentration levels. Peak area was used as analyte response and calibration curves were constructed by 

plotting the peak areas versus the concentration of analytes, and performing calculations on the average peak 

areas of four repeated injections. Coefficients of determination (R2) were also calculated for each analyte. 

The concentration ranges used for UV detection were: 3.5–1500 µg/L (BTZ); 44–1000 µg/L (HPPH); 54–

2500 µg/L (CBZ); 360–5000 µg/L (PNT); 70–2500 µg/L (ATZ), that, considering the overall sample 

preparation procedure, correspond to a concentration range of 0.014-20 mg/kg in the soil. For PA detection, 

the following concentration ranges were studied: 9.5–1500 µg/L (BTZ); 3.5–1000 µg/L (HPPH); 7.5–2500 

µg/L (CBZ), corresponding to a concentration range of 0.014-10 mg/kg in the soil. 

Limits of detection and quantification of the method 

Instrumental limits of detection (LODmatrix) and quantification (LOQmatrix) in matrix were calculated 

according to the below-reported equations 2 and 3 [44], where σ is the standard deviation (n=8) of the signal 

registered at the retention time of the selected analyte for the blank soil extract and S is the slope of the 

calibration curve in matrix. 

S

σ3.3
LODmatrix       (2) 

S

σ10
LOQmatrix       (3) 

MDLs and MQLs were then estimated on the basis of LODmatrix and LOQmatrix, taking into account the soil 

amount and solvent volumes involved in the extraction and clean-up processes.  

Recovery and precision 

Method optimization was performed evaluating the apparent recovery of each analyte from a fortified soil 

sample (2 mg/kg for each analyte). For each QuEChERS version, three replicated extractions were 

performed and the apparent recovery was calculated comparing the HPLC-UV chromatographic areas of 

target analytes in the extracted samples with those found in standard solution of analytes prepared in 

ultrapure water, at the same nominal concentration of the sample after extraction (0.5 mg/L). 

Validation of the optimized method (Version 5) was performed using MMC, evaluating the extraction 

recovery as defined by IUPAC [39], in order to compensate ME [45]. The percentage extraction recovery 

(ER%), was calculated according to eq. 4,  

ER% = 100·(Aspiked soil/Astd,matrix)     (4) 

where Aspiked soil is the chromatographic area of a certain analyte spiked in the soil at a given concentration 

and Astd,matrix is the area obtained by spiking the same analyte at the same concentration in the post-extracted 

blank soil. 



For each analyte, recoveries and corresponding intra-day precisions were evaluated at three specific spiking 

levels (see Table 1 for details) by a MMC curve, on four independent replicated experiments. 

Statistical evaluations 

Linear univariate correlations between variables were investigated by the least square method, using 

Microsoft® Office Excel 2007 (Microsoft Corporation, Redmond, WA, USA). 

One-way analysis of variance and Dunnett T3 nonparametric test were performed on the original data, at the 

95% probability level (P≤0.05), by using the statistical package SPSS, version 17.0 for Windows (SPSS Inc., 

Chicago, IL, USA). 

Results and discussion 

QuEChERS method development 

In order to investigate the influence on apparent recovery of some key-parameters affecting extraction and 

clean-up steps, polarity of the extraction solvent, pH conditions and the type of sorbent used in the clean-up 

were changed (Fig. 1), according to the considerations reported in the paragraph “Modified QuEChERS 

method” within the section “Experimental”. During optimization, each QuEChERS procedure was tested in 

triplicate. The results obtained and hereafter discussed are reported in Fig. 2. 

Versions 1-3 were characterized by a common extraction procedure based on the original QuEChERS 

method without sample re-hydration and differed only in the clean-up step that was performed with PSA and 

C18 in Versions 1 and 2, respectively, and was omitted in the Version 3 (Fig. 1). With this last version 

chromatograms of lesser quality were obtained compared to those deriving from Versions 1 and 2, owing to 

the presence of a noisy baseline and peaks deriving from co-extracted species (data not shown). 

Nevertheless, with Version 3 all target analytes were detected, even though with very different apparent 

recoveries. More in detail, ATZ showed the highest value (74.6±2.6%), followed by CBZ (44.0±2.8%), BTZ 

(29.8±2.9%), PNT (11.3±1.7%) and HPPH (7.8±0.8%).  

As shown in Fig. 2, the only analytes detected using the Version 1 were ATZ and CBZ, with apparent 

recoveries (78.8±9.2% and 36.0±5.2%, respectively) not statistically different from the ones achieved with 

Version 3, according to the Dunnett T3 contrast test. The complete failure in the recovery of BTZ, PNT and 

HPPH with the Version 1 can be attributed to their adsorption by PSA, probably due to hydrogen-bonding 

interactions. In fact, all these compounds contain a hydroxyl group, belonging to a phenolic moiety (HPPH) 

or deriving from keto-enol (BTZ) or imino-imide (PNT and HPPH) tautomerisms (see chemical structures 

and tautomery in Fig. S1 of the Electronic Supplementary Material) [46,47]. Strong hydrogen bonds may 

therefore occur between the hydrogen-donor hydroxyl group of the analyte and the hydrogen-acceptor 

nitrogen of PSA, together with other weaker hydrogen-bonding interactions. It should be also underlined that 

these interactions are enhanced in the aprotic solvent acetonitrile.  

The use of C18 as d-SPE sorbent (Version 2) allowed to recover all the target analytes, with apparent 

recoveries not statistically different compared to the ones achieved with Version 3. These results were in 

agreement with the poor sorption properties expected for C18 sorbent in the partition process of relatively 



polar compounds, such as co-extracted matrix components and target analytes (see log KOW values in Fig. S1 

of the Electronic Supplementary Material), with organic aprotic solvents like acetonitrile. 

As usually performed for dry food samples, water can be added to the soil before the analysis, with the aim 

of reconstituting a matrix with a high water percentage, for which the QuEChERS method was originally 

designed [15]. In this work we chose to add water directly in the extracting phase, thus reducing the time of 

sample preparation due to soil re-hydration, that can be as high as 30 min [48,19]. Accordingly, in the 

Version 4 water was added to CH3CN (30/70 v/v water/CH3CN ratio). To evaluate the effect of water 

addition, the results obtained should be directly compared with those obtained by the Version 2. As observed 

in Fig. 2, the addition of water significantly enhanced the recovery of the analytes, with the only exception of 

ATZ, which was however well-recovered, even in absence of re-hydration. The improved results in terms of 

apparent recovery should be linked to a more efficient extraction of analytes from soil; in fact, it should be 

noted that water can successfully compete with analytes for adsorption sites of soil humic substance, 

promoting their desorption; moreover, the soil re-hydration step allows acetonitrile to gain better access into 

the soil pores, thus improving the partitioning process between aqueous and organic phases [15]. 

The influence of acidification of the extraction mixture was evaluated by adding 5% (w/w) CH3COOH, both 

in the presence (Version 5) or in the absence (Version 6) of water in the extraction mixtures. This 

concentration is higher than the one usually proposed for buffered extractions (1% CH3COOH) [49,15], and 

was chosen because it allowed for reducing the pH value of the aqueous phase after equilibration with soil, 

from approximately 5.8 to about 2.7, which is intermediate between pKa values of ATZ and BTZ (see Fig. 

S1 in Electronic Supplementary Material). As illustrated in Fig. 2 (Version 5 vs. Version 4), the acid addition 

to the water/acetonitrile mixtures produced a significant increase in the apparent recovery of BTZ, PNT and 

HPPH;  an augment of the mean value of recovery, even though not statistically significant, was also 

observed for CBZ, whereas for ATZ the recovery showed a statistically significant decrease (from 

77.3±1.7% in the Version 4 to 68.6±1.8% in the Version 5). These changes can be interpreted on the basis of 

different partition properties of target analytes between aqueous and organic phases at pH≈2.7, compared to 

pH≈5.8. In fact, at pH≈2.7, HPPH, PNT and BTZ should be present as uncharged species and are therefore 

expected to be better extracted in the organic solvent. Conversely, for ATZ, which is significantly present as 

positively charged form under these pH conditions, the partition into the organic solvent is less efficient. 

The acid addition to the extraction mixture in the absence of water (Version 6 vs. Version 2) showed a 

limited influence on the apparent recoveries of BTZ, CBZ PNT and HPPH, in accordance with the very 

similar polarities of the two solvents [50]. Conversely, for the recovery of ATZ a statistically significant 

reduction (approximately equal to 20%) was observed. In this regard, it should be noted that the presence of 

CH3COOH in a protophobic aprotic solvent like CH3CN may give rise to the charged form of ATZ, which 

partitioned differently between soil and extraction mixture, compared to the sole CH3CN. 

With the purpose of increasing sensitivity, a reduced volume of the extraction mixture (7.5 mL instead of 10 

mL) was employed in Version 7, compared to Version 5. This approach produced chromatograms with a 

higher background noise than that obtained with Version 5, suggesting the presence of greater concentrations 



of co-extracted matrix components in the final solution injected. However, for most analytes the recovery 

was not statistically affected by the increase of the sample/solvent ratio (PNT and HPPH) or showed a 

modest reduction (BTZ and CBZ). A very different behaviour was highlighted for ATZ, for which a drastic 

recovery decrease was observed, probably due to its aforementioned acid-base properties, that are peculiar, 

compared to those of the other investigated molecules. In this case stronger interactions between ATZ and 

humic substances and a lower partition into the organic solvent can be hypothesized. 

According to the comprehensive discussion reported above, the Version 5 represented the best compromise 

and was therefore chosen to evaluate the figures of merit of the whole procedure. 

ME evaluation 

Soil is a very complex matrix and its extraction by aqueous-organic solvent mixtures often lead to the 

presence of co-extracted matrix components in the final extract to be injected, thus decreasing or increasing 

the instrumental response factors of target analytes, compared to those observed in solvent. 

In this work, ME was evaluated at two concentration levels (see the paragraph “ME evaluation” within the 

section “Experimental” and Fig. 3 for full details) by comparing the signals of target analytes in the soil 

extracts obtained by Version 5 with the ones determined in solvent for the same concentration, according to 

the equation reported in the paragraph “ME evaluation” within the section “Experimental”. ME was 

evaluated with both UV and PA detection, the latter being investigated in a previous study, highlighting the 

hydrodynamic electroactivity for BTZ, CBZ and HPPH at a glassy carbon working electrode [40]. 

As illustrated in Fig. 3, for all the tested compounds, suppressive effects were observed for either UV or PA 

detection modes, even though with different extent, depending on both the analyte and the concentration 

level investigated.  

For both UV and PA detection modes, a higher ME was observed when lower analyte concentrations were 

determined, probably due to the higher co-extracted compounds/analytes concentration ratio.  

As regards UV detection, at the highest concentration level investigated (1 mg/L, see Fig. 3A), ME ranged 

from +0.8% (PNT) to -12.1% (CBZ) and was therefore well below the threshold limit of 20%, commonly 

considered low enough to avoid the use of the MMC approach [23,41,42]. As above-mentioned, the signal 

suppression due to the matrix increased, when the 10-250 µg/L concentration levels were tested (see Fig. 

3B); however, ME remained quite low, being it slightly higher than 20% only for BTZ (21.2%) and PNT (-

23.7%), and included between -13.7% and -20.1% for the other analytes. It is noteworthy to mention that the 

literature dealing with the use of QuEChERS procedures coupled with UV detection for soil analysis of 

organic residues is focused to compounds different from our target analytes [51-53] and, most important, in 

these papers ME evaluation was not provided, thus hampering any comparison between our results and other 

published studies. Our findings are in agreement with the modest ME usually experienced in HPLC-UV 

detection, since neither the transmission nor the extinction coefficient of analytes is likely to be changed by 

the presence of co-extracted matrix components [54]. It should also be underlined that the lack of signal 

enhancement in the analysis of spiked matrix extracts, compared to standard in solvent, is in agreement with 



the absence of significant co-elutions among target analytes and matrix components, which represents the 

only important source of the positive matrix effect with UV detection [55].  

For PA detection, mean values of ME were generally lower than or comparable with those found with UV, 

being them less than 10% and 20% for the highest (1 mg/L) and the lowest (10-25 μg/L) analyte 

concentrations tested, respectively (see Fig. 3B). The lack of signal enhancement in matrix, again supported 

the good chromatographic separations, as well as the selectivity of the detection system. The presence of 

suppressive effects, even if limited, might be ascribed to a decrease of the density of active sites groups on 

the surface of glassy carbon electrode surface (typically carboxylic and hydroxyl groups), caused by 

interactions of the electrode with the co-extracted species, at the detriment of the electron transfer of the 

oxidation reaction and hence of the reactivity of the glassy carbon electrode, as highlighted in our previous 

study [40]. Since, based on our literature survey, the present work represents the first one coupling PA 

detection mode with a QuEChERS extraction, further comparisons with literature data are not possible. 

According to the results above-discussed, although the ME was quite low, in order to avoid any 

underestimation of target analytes, a MMC was used for the method  validation. 

Method validation 

For both UV and PA detection mode, the method validation was performed evaluating specificity, linearity, 

MDLs, MQLs, recovery and precision. 

The specificity of the method was assessed through the analysis of blank soil samples extracted by the 

optimized QuEChERS method (Version 5), ascertaining that no other significant peak (S/N > 3) was present 

at the retention times of target compounds, in agreement with the ME results previously discussed. Typical 

UV and PA chromatograms of QuEChERS extracts from spiked soil and blank soil samples are shown in 

Fig. 4. 

The chromatographic response of target analytes as a function of their spiked concentrations in matrix 

extracts was linear for either UV or PA detectors. More in detail, R2 values ranged from 0.9954 for ATZ to 

0.9993 for PNT for UV and were in all cases higher than 0.999 for PA. 

For the HPLC-UV method, the recoveries achieved using the proposed QuEChERS procedure felt within the 

range of 83-113% with their relative standard deviations (RSD) in all cases ≤14%. For PA detection, 

recoveries were included between 88% and 109%, with RSD ≤11%. As regards the three analytes that could 

be determined with both UV and PA, the recoveries found with the two detection modes were quite in 

accordance, with the main exceptions of HPPH at the intermediate calibration level and, above all, BTZ at 

the lowest one (see Table 1). 

In the case of BTZ, ATZ and CBZ, the recoveries obtained in our study can be compared to literature data 

obtained with various QuEChERS methods; conversely, for the more polar PNT and HPPH no comparison 

with literature data is available. 

The recovery of BTZ from soil using the QuEChERS approach was recently investigated by Fuhrmann and 

co-workers [21], evidencing an extraction efficiency comparable to that observed in our investigation. 



For ATZ, data shown in Table 1 highlighted recoveries remarkably higher than those found by Lesueur et al. 

[22], who applied the original QuEChERS procedure on dried soil samples. This finding is in accordance 

with the lower recovery efficiency, already assessed for soil extraction in absence of water [15]. As a further 

confirm of the importance of water addition during the QuEChERS extraction, our recoveries were very 

similar with the ones achieved by Yang et al. [19] and Mei et al. [23] who adopted the sample re-hydration 

technique with different QuEChERS procedures. It should however be noted that with the QuEChERS 

method herein proposed, an actual re-hydration step, which entails a time consumption as high as 30 min., is 

not required. 

Also for CBZ, the recoveries found in this work were comparable with those elsewhere obtained [24], using 

a quite complicated clean-up step, based on SPE coupled with strong anion-exchange (to remove matrix) and 

polymeric reversed phase (to retain the analytes of interest) cartridges in series before instrumental analysis.  

For UV detection, MDLs ranged from 4 µg/kg  (BTZ) to 493 µg/kg (PNT). As regards the analytes detectable 

with PA, significantly lower MDLs were observed for CBZ and HPPH, whereas a slightly higher limit of 

detection was found for BTZ (Table 1). 

The sensitivity of this method was obviously influenced by the kind of detectors coupled with LC; in fact, 

UV and PA generally exhibit lower performances compared to mass spectrometry. More specifically, for 

BTZ, ATZ and CBZ, tandem mass spectrometry was found to be two-three magnitude orders more sensitive 

than the detectors used in this work [21,23,24,56]. However, it should be remarked that MDLs and MQLs 

obtained herein for ATZ with UV detection, were comparable to those achieved by Lesueur et al. and Brondi 

et al. by GC-MS [22,57].  

QuEChERS versus MAE 

The results obtained by the QuEChERS approach were compared with those achieved by MAE, which is 

extensively used for the recovery of organic micropollutants from soil and sediments [9,11]. It should be 

highlighted that, according to our literature survey, no recovery data for BTZ, PNT and HPPH by MAE from 

either environmental or food matrices are present in literature. Conversely, ATZ and CBZ were successfully 

recovered by MAE from soil [58] and sludge [59] using acetonitrile and acetone, respectively. It is 

noteworthy to mention that the intrinsic characteristics of these solvents, such as mass heat capacity and 

microwave power absorption, make them two valuable options for MAE procedures [60]. It should be also 

underlined that acetonitrile and acetone are recommended for multi-residue extraction of pesticides by the 

Canadian Pest Management Regulatory Agency and US Food and Drug Administration [61], respectively. 

According to the above mentioned considerations, a 3:2 (v/v) acetone:acetonitrile mixture was chosen as 

extractant for the target analytes, and two different extraction temperatures (130 °C and 150 °C) were tested. 

The stability test performed on standard solutions (1mg/L) of target analytes, evidenced a quantitative 

recovery with the only exception of BTZ for which a loss as high as 70% was found. 

Data reported in Table 2, concerning  the determination of mean apparent recoveries after MAE on three 

replicated tests, evidenced that only ATZ and CBZ could be detected with this method, even though with 

unsatisfying recovery percentages.  



CBZ was recovered at mean values of 38-51%, which were about half than that found by Mohapatra et al. for 

MAE from sludge of this drug [59]. The significant differences between these recoveries could be ascribed to 

a very different ME occurring in the two cases; in fact, in the study of Mohapatra and colleagues a clean-up 

step based on C18 SPE and tandem mass spectrometric detection were adopted. 

Also for ATZ, the results obtained in this work (44-46%) were lower than those achieved by Shah and co-

workers (about 60%), who apparently worked under more drastic extraction conditions (microwave potency 

of about 680 W), using only acetonitrile as extraction solvent and UV detection, without any clean-up step 

[58].  

Conclusions 

This work provided an in-depth investigation of different extraction and clean-up conditions within the 

QuEChERS approach for the recovery from soil of bentazone (BTZ), atrazine (ATZ), carbamazepine (CBZ), 

phenytoin (PNT) and its metabolite 5-(p-hydroxyphenyl-),5-phenylhydantoin (HPPH). 

In this regard, it is noteworthy to mention that very few literature is available on the recovery of BTZ, ATZ, 

CBZ from soil samples by QuEChERS, and that this study represents the first application of the QuEChERS 

techniques for PNT and HPPH. 

The interpretation of the analyte behaviour under the different extraction and clean-up QuEChERS 

conditions was attempted, evidencing the importance of evaluating the physico-chemical 

characteristics of target molecules to drive a correct selection of the parameters involved in the 

recovery by QuEChERS methods. 

Very good recoveries were obtained for all the target analytes by adding water directly in the 

extraction mixture, without adopting the preliminary sample rehydration step, usually recommended 

when the QuEChERS technique is employed; this modification allowed for greatly reducing the 

analysis time. 

This work demonstrates the suitability of the QuEChERS method also for the recovery of molecules 

characterized by high polarity such as PNT and, above all, HPPH. 

Pulsed amperometry at a glassy carbon electrode was used for the first time together with the QuEChERS 

methodology, providing successfully results in terms of both sensitivity and matrix effect, when compared to 

UV. 
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Table 1. Mean values ± standard deviation (n=4) of percentage recoveries, and limits of detection (MDLs,  
µg/kg) and quantification (MQLs, µg/kg), achieved by the optimized QuEChERS method (Version 5), with 
both UV and pulsed amperometry (PA) detection modes. For each analyte, recovery was calculated by MMC 
at the three specific levels of concentrations (µg/kg) indicated in parenthesis. 

 Recovery (%) MDLs MQLs 

 UV PA UV PA UV PA

BTZ 
(60) 

113±11 

(200) 

105±9 

(3000) 

109±4 

(60) 

91±7 

(200) 

106±9 

(3000) 

104±5 
4 11 14 38

ATZ 
(358) 

94±12 

(1100) 

103±8 

(4000) 

93±1 
n.e. n.e. n.e. 84 n.e. 280 n.e.

CBZ 
(225) 

111±16 

(450) 

108±14 

(5000) 

94±4 

(110) 

102±11 

(440) 

109±6 

(5000) 

94±1 
65 9  216 30

PNT 
(1500) 

104±15 

(2000) 

106±7 

(10000) 

106±5 
n.e. n.e. n.e. 493 n.e. 1444 n.e

HPPH 
(200) 

88±13 

(400) 

83±10 

(2000) 

89±3 

(58) 

88±4 

(290) 

109±3 

(2000) 

88±3 
53 4 176 14

n.e.= compound not electroactive in hydrodynamic conditions. 

 

 

Table 2. Apparent recovery percentage of target compounds by MAE evaluated using UV and pulsed 

amperometry (PA) as detection modes. 

 Apparent recovery (%)   

 UV PA 

 130° C 150°C 130° C 150°C 

BTZ n.d. n.d. n.d. n.d. 

ATZ 46±4 44±2 n.e. n.e. 

CBZ 49±5 38±18 51±11 44±3 

PNT n.d. n.d. n.e. n.e. 

HPPH n.d. n.d. n.d. n.d. 

n.d.= not detected  

n.e.= compound not electroactive in hydrodynamic conditions. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Optimization of the QuEChERS procedure: scheme and details of the conditions used.
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Fig. 2. Mean values (n=3) of apparent recoveries and standard deviations obtained for target compounds 

after soil spiking at 2 mg/kg each, using different QuEChERS versions. For details of the different 

QuEChERS procedures, see Fig. 1. Bars with different letters refer to mean values statistically different 

according to the Dunnett T3 nonparametric contrast test (P≤0.05). Conversely, bars provided with at least 

one common letter refer to mean values not statistically different one to the other. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Mean values (n=3) of matrix effects obtained for target compounds using different detection modes 

(UV and pulsed amperometry), at two different spiking levels: (A) 1 mg/L each and (B) 15 µg/L BTZ, 50 

µg/L ATZ, 25 µg/L CBZ; 250 µg/L PNT; 10 µg/L HPPH. Error bars refer to standard deviation as calculated 

by error propagation rules. The matrix is obtained by the soil extraction with Version 5. 
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Fig. 4 Typical chromatograms obtained for a “blank soil” (dashed line) and a fortified soil (solid line) sample 

after QuEChERS extraction (Version 5) and HPLC-UV (A) and HPLC-pulsed amperometry (B) analysis. 

Concentration levels: (A): 200 μg/kg Bentazone (BTZ), 200 μg/kg 5-(4 hydroxyphenyl)-5-phenylhydantoin 

(HPPH), 400 μg/kg Carbamazepine (CBZ), 2 mg/kg Phenytoin (PNT), 600 μg/kg Atrazine (ATZ); (B): 60 

μg/kg BTZ, 40 μg/kg HPPH, 100 μg/kg CBZ. 
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Scifinder. 



 

Table S1. Waveform and parameters set for pulsed amperometry. 

Waveform 

 

Time  

(s) 

Potential 

(V) 
Integration

0.00  1.20   

0.20  1.20  Begin 

0.40  1.20  End 

0.41  ‐2.00   

0.42  ‐2.00   

0.43  1.80   

0.44  1.20   

0.50  1.20   

 


