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Introduction

Solid waste management is a challenge faced by both industrialized and developing countries. Even if the selective collection of solid waste fractionsincluding plastics, paper, glass, metals, and electronic wastehas been already implemented in many countries, there is still a vast quantity of waste that is disposed of as municipal landfill [START_REF] Mavakala | Leachates draining from controlled municipal solid waste landfill: Detailed geochemical characterization and toxicity tests[END_REF].

The disposal of municipal waste into landfills is therefore one of the primary options adopted by many countries worldwide due to its economic advantages (Ranou et al. 2008).

Between the numerous challenges that appear due to the unplanned development of landfill areas, inadequate engineering controls or oversaturation [START_REF] Mukherjee | Contemporary environmental issues of landfill leachate: assessment and remedies[END_REF], the problems caused by the pollution by gaseous emissions of volatile organic compounds, airborne particulate matter and leachate is one of the main concerns of the urbanized areas [START_REF] Tigini | Mycological and ecotoxicological characterization of landfill leachate before and after traditional treatments[END_REF].

Leachate is a black/brown liquid formed as a consequence of waste degradation and of rainwater percolation through waste layers at landfill sites [START_REF] Baderna | A combined approach to investigate the toxicity of an industrial landfill's leachate: Chemical analyses, risk assessment and in vitro assays[END_REF]. The washing action of rainwater draws different classes of chemical compounds from waste such as heavy metals, inorganic ions (NH 4 + , NH 3 , NO 3 -, SO 4 2-

, PO 4 3-, Cl -etc.) and persistent organic pollutants, most of them being highly toxic to the environment and to human health [START_REF] Pivato | Acute toxicity test of leachates from traditional and sustainable landfills using luminescent bacteria[END_REF][START_REF] Ghosh | Bioassays for toxicological risk assessment of landfill leachate: A review[END_REF][START_REF] Khalil | Municipal leachates health risks: Chemical and cytotoxicity assessment from regulated and unregulated municipal dumpsites in Lebanon[END_REF].

Generally, the basal composition of most leachates is characterized by four groups of pollutants: (a) dissolved organic matter expressed as Chemical Oxygen Demand (COD) or Total Organic Carbon (TOC); (b) inorganic salts and ammonia; (c) heavy metals and (d)

xenobiotic organic compounds of different classes [START_REF] Öman | Chemical characterization of landfill leachates -400 parameters and compounds[END_REF][START_REF] Huang | Emissions of inorganic and organic arsenic compounds via the leachate pathway from pretreated municipal waste materials: a landfill reactor study[END_REF][START_REF] Pastore | Comparison of different types of landfill leachate treatments by employment of nontarget screening to identify residual refractory organics and principal component analysis[END_REF]. This composition may be affected by many factors such as landfill age, geological and hydrogeological conditions, local weather, internal temperature, pH and interaction of various chemicals [START_REF] Khalil | Municipal leachates health risks: Chemical and cytotoxicity assessment from regulated and unregulated municipal dumpsites in Lebanon[END_REF]) and, therefore, an exhaustive characterization of all chemicals presented in municipal landfill leachate becomes a challenge.

Moreover, the identification of contaminants, especially in the case of xenobiotic organic compounds, is difficult because of: the variety of chemicals present; the limited number of chemicals being routinely analyzed; the complexity and diversity of leachate from different sources [START_REF] Budi | Toxicity identification evaluation of landfill leachate using fish, prawn and seed plant[END_REF]) and also, the limited number of chemical standards available. Hence, the traditional way of identifying chemicals becomes really complicated.

Studies performed so far have revealed over 200 organic compounds of hazardous nature in landfill leachate [START_REF] Khalil | Municipal leachates health risks: Chemical and cytotoxicity assessment from regulated and unregulated municipal dumpsites in Lebanon[END_REF]. The most frequently identified compounds include: halogenated aliphatic compounds, benzene and alkylated benzenes, phenol and alkylated phenols, chlorinated benzenes, chlorinated phenols [START_REF] Kumarathilaka | Characterizing volatile organic compounds in leachate from Gohagoda municipal solid waste dumpsite, Sri Lanka[END_REF][START_REF] Qi | Contaminants of emerging concern in landfill leachate in China: A review[END_REF], ethoxylates, polycyclic aromatic compounds, phthalate esters [START_REF] Jernberg | Qualitative non-target analysis of landfill leachate using gas chromatography time-of-flight mass spectrometry[END_REF][START_REF] Qi | Contaminants of emerging concern in landfill leachate in China: A review[END_REF], mercaptans [START_REF] Borrás | Determination of reduced sulphur compounds in air samples for the monitoring of malodour caused by landfills[END_REF], pesticides, polychlorinated biphenyls, chlorinated dioxins and chlorinated furans, bromated flame-retardants [START_REF] Öman | Chemical characterization of landfill leachates -400 parameters and compounds[END_REF][START_REF] Qi | Contaminants of emerging concern in landfill leachate in China: A review[END_REF], perfluorinated alkyl substances [START_REF] Huset | Quantitative determination of fluorochemicals in municipal landfill leachates[END_REF][START_REF] Fuertes | Perfluorinated alkyl substances (PFASs) in northern Spain municipal solid waste landfill leachates[END_REF], chlorinated alkylphosphates, pharmaceuticals drugs or personal care products [START_REF] Eggen | Municipal landfill leachates: A significant source for new and emerging pollutants[END_REF][START_REF] Qi | Contaminants of emerging concern in landfill leachate in China: A review[END_REF]) etc.

Usually, the analysis of these classes of compounds involves chromatographic techniques, the most used being gas chromatography (GC) [START_REF] Öman | Chemical characterization of landfill leachates -400 parameters and compounds[END_REF][START_REF] Eggen | Municipal landfill leachates: A significant source for new and emerging pollutants[END_REF]Ying et al. 2012;[START_REF] Jernberg | Qualitative non-target analysis of landfill leachate using gas chromatography time-of-flight mass spectrometry[END_REF][START_REF] Borrás | Determination of reduced sulphur compounds in air samples for the monitoring of malodour caused by landfills[END_REF][START_REF] Kumarathilaka | Characterizing volatile organic compounds in leachate from Gohagoda municipal solid waste dumpsite, Sri Lanka[END_REF][START_REF] Khalil | Municipal leachates health risks: Chemical and cytotoxicity assessment from regulated and unregulated municipal dumpsites in Lebanon[END_REF]) and high performance liquid chromatography (HPLC) [START_REF] Öman | Chemical characterization of landfill leachates -400 parameters and compounds[END_REF][START_REF] Eggen | Municipal landfill leachates: A significant source for new and emerging pollutants[END_REF][START_REF] Huset | Quantitative determination of fluorochemicals in municipal landfill leachates[END_REF][START_REF] Fuertes | Perfluorinated alkyl substances (PFASs) in northern Spain municipal solid waste landfill leachates[END_REF][START_REF] Pastore | Comparison of different types of landfill leachate treatments by employment of nontarget screening to identify residual refractory organics and principal component analysis[END_REF] coupled with either selective detectors or mass spectrometry. The main drawback of these techniques is the limited number of compounds that can be analyzed in a single run. As a result, a comprehensive characterization of xenobiotic organic compounds contained in municipal landfill leachate requires multiple analysis rounds which mean time and reagents consumption, and generation of high quantities of waste. [START_REF] Öman | Chemical characterization of landfill leachates -400 parameters and compounds[END_REF].

Nowadays, comprehensive two-dimensional gas chromatography, coupled with mass spectrometry, becomes an attractive technique for analyzing the complex mixture of organic contaminants in various gaseous, liquid or solid environmental samples, due to its high peak capacity which allows the separation of a huge number of compounds in one run [START_REF] De Vos | Comprehensive two-dimensional gas chromatography time of flight mass spectrometry (GCxGC-TOFMS) for environmental forensic investigations in developing countries[END_REF][START_REF] Beldean-Galea | Development of a screening method for the determination of xenobiotic organic pollutants in municipal landfill leachate using solvent extraction and comprehensive GCxGC-qMS analysis[END_REF][START_REF] Prebihalo | Determination of emerging contaminants in wastewater utilizing comprehensive two-dimensional gaschromatography coupled with time-of-flight mass spectrometry[END_REF][START_REF] Beldean-Galea | Identification of complex volatile organic compounds in municipal landfill leachate by head space solid phase microextraction and GCxGC-qMS analysis[END_REF][START_REF] Muscalu | Comprehensive two-dimensional gas chromatography in environmental analysis[END_REF]Górecki 2018, Ieda et al., 2019). Compared to the classical GC technique, which uses a single column for separation, GCxGC uses two columns with different polarities, coupled together through an interface called modulator whose role is to collect the compounds eluted from the first column, their concentration and re-injection in the second column for a new separation. In this way, two separation mechanisms, one based on volatility and the other on polarity, are combined, resulting in improved chromatographic separation due to the increase of peak capacity, lower detection limits (due to the focus of the compounds in modulator) and better identification due to the ability to structure the chromatograms in a chemically ordered manner according to the volatility and polarity of the compounds [START_REF] Adahchour | Recent developments in comprehensive two-dimensional gas chromatography (GC×GC): I. Introduction and instrumental set-up[END_REF].

Even with the advantages offered by GCxGC, the chromatographic analysis involves a preliminary step for the extraction of the compounds of interest from the matrix in which they are enclosed so they are amenable to GC analysis. In the case of municipal landfill leachate, over the time, different extraction methods, such as solvent extraction [START_REF] Beldean-Galea | Development of a screening method for the determination of xenobiotic organic pollutants in municipal landfill leachate using solvent extraction and comprehensive GCxGC-qMS analysis[END_REF][START_REF] Jernberg | Qualitative non-target analysis of landfill leachate using gas chromatography time-of-flight mass spectrometry[END_REF][START_REF] Khalil | Municipal leachates health risks: Chemical and cytotoxicity assessment from regulated and unregulated municipal dumpsites in Lebanon[END_REF] or solid phase extraction [START_REF] Eggen | Municipal landfill leachates: A significant source for new and emerging pollutants[END_REF][START_REF] Huset | Quantitative determination of fluorochemicals in municipal landfill leachates[END_REF][START_REF] Fuertes | Perfluorinated alkyl substances (PFASs) in northern Spain municipal solid waste landfill leachates[END_REF][START_REF] Pastore | Comparison of different types of landfill leachate treatments by employment of nontarget screening to identify residual refractory organics and principal component analysis[END_REF], were applied for the isolation of target compounds. Unfortunately, these methods are expensive, time consuming and produce considerable amount of wastes.

In the last decade, the microextraction techniques in solid-phase (Beldean-Galea et al.

2017) or liquid-phase [START_REF] Hashemi | Recent advances in liquid-phase microextraction techniques for the analysis of environmental pollutants[END_REF]) became convenient for sample pre-treatment because they only require small volumes of organic solvents or adsorbents to extract a wide variety of analytes from different matrices prior to instrumental analysis.

Of these methods, liquid-phase microextraction (LPME) has become one of the most commonly used extraction procedure for the pre-treatment of environmental, food, and pharmaceutical samples and it was proposed as an alternative solvent-minimizing sample pretreatment technique. The major advance of LPME consists in requiring only a few microliters of solvent to extract a wide variety of analytes from complex matrices. LPME is simple, rapid and has an enrichment factor comparable to or better than traditional LLE techniques [START_REF] Hashemi | Recent advances in liquid-phase microextraction techniques for the analysis of environmental pollutants[END_REF].

The purpose of the present study was to develop a method for the analysis, in just a single run, of a wide range of toxicants contained in municipal landfill leachate using dispersive liquid-liquid microextraction (DLLME) and comprehensive two-dimensional gas chromatography coupled with mass spectrometry (GCGC-qMS).

A strategy based on two-level full factorial experimental design, and on desirability functions, has been used for the optimization of DLLME. The optimal extraction conditions predicted by experimental design and desirability functions were experimentally validated and subsequently applied to the analysis of real-world leachate samples.

Materials and methods

Reagents and solutions

For the optimization of the analytical procedure a standard mixture containing 41 organic compounds at individual concentrations of 1.000 μg mL -1 was prepared by dissolving the required amount of the pure substances in 50 mL of n-hexane:acetone (1:1 v/v) solvent mixture. Different classes of organic compounds such as hydrocarbons, mono-and polyaromatic hydrocarbons, carbonyl compounds, terpenes, terpenoids, phenols, amines, and phthalates, covering a wide range of physicochemical properties and linked to the municipal landfill leachate were selected [START_REF] Beldean-Galea | Development of a screening method for the determination of xenobiotic organic pollutants in municipal landfill leachate using solvent extraction and comprehensive GCxGC-qMS analysis[END_REF]. The pure substances, with analytical grade purity, were all purchased from Sigma Aldrich, Supelco and Fluka. The composition of the standard mixture as well as different physicochemical proprieties is given in Table 1.

Table 1 Analytical grade sodium chloride was obtained from Sigma Aldrich (Saint Quentin Fallavier, France), acetone and n-hexane (99.99% purity) from Merck (Darmstadt, Germany)

and chloroform and acetonitrile (99.99% purity) from Carlo Erba Reagents (Fontanay-sousbois, France). Helium in purity of 99.9999% was purchased from Air Liquide, France and ultra-pure water (Milli-Q water) was prepared using a Direct-Q UV 3 system (18.2 M.cm) from Millipore (Molsheim, France).

Samples

Municipal landfill leachate samples were collected from a municipal solid waste landfill from Romania and stored in a polyethylene flask at 4ºC. Prior to extraction, the leachate samples were filtered through a 0.45 μm PTFE membrane (Millipore) in order to remove the suspended particulate matter. The obtained leachate samples were diluted at a ratio of 2:1 (v/v) with Milli-Q water in order to decrease the density of the sample and then subjected to the proposed DLLME procedure. For the collected landfill sample the values measured for the general parameters (chemical oxygen demand (COD), pH, conductivity (EC) and total dissolved solid (TDS)) were 2.212 mg O 2 L -1 , 7.44, 18.640 µS cm -1 and 9.330 mg L - 1 respectively. The pH, TDS and EC were measured using a Combo pH&EC/TDS multiparameters by Hanna Instrument, (Cluj-Napoca, Romania), while the COD were determined by titration with KMnO 4 .

Instrumentation and chromatographic separation

For all experiments a Thermo Trace GCGC gas chromatograph equipped with a dual CO 2 cryogenic modulator and a quadrupole mass spectrometer (qMS) model Thermo ISQ (Courtaboeuf, France) was used. Helium of high purity at a constant flow rate of 1 mL min -1 was used as carrier gas. The mass spectrometer acquisition frequency was 50 Hz, and the SCAN mode was used for data collection, setting a mass range from 50 to 250 amu. The ionization was performed by Electronic Ionization using a voltage of 70 eV. The ion source and transfer line temperatures were 210ºC and 280ºC, respectively. The injector temperature was set at 280ºC and the injection was made in split mode using a split ration of 10.

The analytes were separated on a set of columns consisting of a Factor Four VF-1 MS column (100% dimethylpolysiloxane), 30 m length  0.25 mm ID, 0.25 μm film thickness (Agilent) in the first dimension and of a DB-1701 column (14%-cyanopropyl-phenyl)methylpolysiloxane), 1.5 m length  0.10 mm ID, 0.10 μm film thickness (Agilent) in the second dimension.

The separation was performed with a gradient temperature of 5.0ºC min -1 from 60 to 250ºC. The modulation period was 6 seconds and the initial offset was 0.5 second. A solvent delay of 6.5 min was used.

Data acquisition was performed using the Xcalibur® software and GCGC data analysis was done using the Chromcard® software.

Identification of the compounds was done by comparison of the obtained mass spectra with those from NIST (2012) and Wiley (10 th edition) mass spectral libraries.

DLLME procedure

For the optimization of DLLME a volume of 6 mL of Milli-Q water was placed in a 10.0 mL conical glass tube. Then, the Milli-Q water sample was spiked with 50 µL of standard mixture at a concentration of 100 µg mL -1 of each compound and then NaCl was For leachate samples, 4 mL of filtered leachate were diluted with 2 mL of Milli-Q water and placed in a 10.0 mL conical glass tube. An amount of 0.5 g of NaCl was added into the sample and subsequently a mixture containing 100 µL of acetonitrile and 75 µL chloroform was rapidly added to the sample and hand shake gently for 2.0 min. The resulted sample was then centrifuged for 5 min at 2264 xg in order to separate the extract from the sample. After that, the aqueous part was removed and 1.0 µL of the extract was manually injected into GCGC-qMS for analysis. The volume of extract obtained after each DLLME experiment was measured using microsyringes of 10 and 100 µL respectively and subsequently used to calculate the extraction recovery.

The performance of the extraction method was tested by a recovery study performed on a fortified leachate sample.

Enrichment factor and extraction recovery

In order to assess the efficiency of the analysis method, the enrichment factor (EF) and the extraction recovery (ER) were used.

For DLLME, the EF is defined as the ratio of the concentration of the analyte in the collected organic phase (C col ) and the initial concentration of the analyte into the sample (C aq ).

For our purpose EF was calculated based on the following equation [START_REF] Wang | Determination of triazines in honey by dispersive liquid-liquid microextraction high-performance liquid chromatography[END_REF][START_REF] Asati | Comparison of two microextraction methods based on solidification of floating organic droplet for the determination of multiclass analytes in river water samples by liquid chromatography tandem mass spectrometry using Central Composite Design[END_REF][START_REF] Dil | Comparison between dispersive solid-phase and dispersive liquid-liquid microextraction combined with spectrophotometric determination of malachite green in water samples based on ultrasound-assisted and preconcentration under multi-variable experimental design optimization[END_REF]):

(1)

The ER is defined as the percentage of the total analyte amount from the sample (n aq )

which is extracted into the collected organic phase (n col ):

(2)

where: V col and V aq represent the volume of the collected organic phase and the volume of the aqueous sample, respectively.

Statistical approach used for DLLME optimization

Typically, optimizing experimental conditions requires a number of experiments due to the number of variables (or factors) that can affect the experimental results. Traditionally, these conditions are determined using univariate approaches, which consist in changing one variable at a time, while keeping the others constant, and observing the subsequent effect [START_REF] Callao | Multivariate experimental design in environmental analysis[END_REF]. Unfortunately, the univariate approach is time-consuming and does not enable the assessment of potential interactions between factors.

The multivariate experimental design strategies that simultaneously change variables are used with the goal of reducing the high cost of a univariate strategy and minimizing the number of experiments. The multivariate approach requires few experimental runs and can be used for quantitative and qualitative modeling of relationships between factors and responses (Abdulra'uf and Tan 2013; [START_REF] Dil | Comparison between dispersive solid-phase and dispersive liquid-liquid microextraction combined with spectrophotometric determination of malachite green in water samples based on ultrasound-assisted and preconcentration under multi-variable experimental design optimization[END_REF]. The most widely used kind of experimental design, to estimate main effect as well as interactions, is the 2 n full factorial design, in which each variable is investigated at two levels [START_REF] Callao | Multivariate experimental design in environmental analysis[END_REF].

In this study, a 2 3 experimental design with a triplicate center point was chosen to The minimum (-1), the medium (0) and the maximum (+1) values for each variable have been established before applying the experimental design and the considered values were as follow: extraction solvent volume (X 1 ) (-1=40, 0=70 and +1=100 µL); dispersion solvent volume X 2 ) (-1=100, 0=550 and +1=1000 µL); salt amount (X 3 ) (-1=0, 0=250 and +1=500 mg) respectively.

In order to perform the simultaneous optimization of the factors to reach the maximal extraction recovery yields, a desirability approach was used [START_REF] Ferey | Use of response surface methodology to optimize the simultaneous separation of eight polycyclic aromatic hydrocarbons by capillary zone electrophoresis with laser-induced fluorescence detection[END_REF][START_REF] Alinat | Multivariate optimization of the denitration reaction of nitrocelluloses for safer determination of their nitrogen content[END_REF][START_REF] Deblonde | Development of a capillary electrophoresis method for the analysis in alkaline media as polyoxoanions of two strategic metals: Niobium and tantalum[END_REF]). Individual desirability used was very simple as it corresponded to the higher the extraction recovery, the better the desirability, i.e. desirability value was respectively 0 for an extraction recovery of zero, and 1 for the maximum extraction recovery with a linear variation in between. All the individual desirabilities had the same weight in the overall desirability function. The combination of the 2 3 design and the desirability approach aimed at getting a balance extraction recovery yield for all the compounds.

The selection of the extraction and disperser solvents, which can influence the DLLME recovery, was carried out in preliminary experiments and involved a univariate approach. The results performed in this way showed that acetonitrile as disperser solvent and chloroform as extraction solvent are the best choice for the purposed experiments (supplementary material Figures S1a andS1b).

Results and discussion

Optimization of DLLME

The 2 3 full factorial design combined with the desirability approach was applied for the simultaneous optimization of the three factors influencing the DLLME procedure:

extraction solvent volume (X 1 ) disperser solvent volume (X 2 ), and salt amount (X 3 ).

The mathematical relationship between the response Y (enrichment recovery) and the three independent variables, X 1 , X 2 and X 3 , can be modeled by a linear polynomial equation [START_REF] Chormey | Accurate and sensitive determination of selected hormones, endocrine disruptors, and pesticides by gas chromatography-mass spectrometry after the multivariate optimization of switchable solvent liquid-phase microextraction[END_REF]) including 3 linear terms, 3 two-way interaction terms, 1 three-way interaction term, and 1 intercept term, as follows:

Y=β 0 + β 1 1 + β 2 2 + β 3 3 + β 12 1 2 + β 13 1 3 +β 23 2 3 + β 123 1 2 3 (1)
where β 0 is a constant; β 1 , β 2 and β 3 are linear coefficients and β 12 , β 13 , β 23 and β 123 are interaction coefficients.

For the present study, taking dodecane (C12) as an example, the empirical relationship between the independent variables (X 1, X 2, X 3 ) and the response (Y) can be represented by the following equation:

Y=33.95 -4.46X 1 -5.24X 2 -2.67X 3 + 0.23X 1 X 2 -1.68X 1 X 3 -9.53X 2 X 3 + 5.91X 1 X 2 X 3 (2)
The statistical data processing enabled to establish that the three linear coefficients and were significant with a negative effect. However, this negative effect was counterbalanced by significant interactions between extraction solvent and salt, and between dispersion solvent and salt. The amplitude of these effects can be better observed in the histogram (Table S1)

which includes the level of significance for the factors and their interactions. It must be recalled that the magnitude of the influence of the factors is by essence related to the range used for each factor in the experimental design because coded values were used.

Optimal conditions predicted by the model were in coded values: +0.2 for extraction solvent, +1 for salt amount and -1 for disperser volume (Figure S2), which correspond to the following experimental conditions: extraction solvent (chloroform) volume 75 µL, salt amount (ionic strength) 500 mg and disperser solvent (acetonitrile) volume 100 µL. These theoretical optimal conditions were then experimentally validated and used for the subsequent experiments. This step is all the more essential as the model chosen in this study is rather simple. Its prediction capabilities could be consequently limited and would be of no interest without a true experimental validation. In the present case, the experimental validation demonstrated unambiguously that the objective of getting experimental conditions with a balanced extraction recovery yield for all the compounds.

Performance of DLLME-GCGC-qMS method

The performance of the developed DLLME-GCGC-qMS method was evaluated in terms of in terms of intra-and inter-day precision, linearity, LOD, and LOQ. For this purpose, the following experimental conditions have been used: 6 mL of Milli-Q water, 75 µL of chloroform as extraction solvent, 100 µL of acetonitrile as disperser solvent, 500 mg of NaCl and centrifugation for 5 min at 2264 xg. In order to increase the confidence of the results, the volume of extract obtained after DLLME was measured with a microsyringe of 100 µL and subsequently used to estimate the performance of the method. The measured volume was 55 uL and it was much lower than 75 uL used as extraction solvent. This fact can be a consequence of the dissolution of extraction solvent in the sample due to the fact that the equilibrium between extraction solvent volume, disperser volume and salt amount were not reached. However, the performances of the method were in accordance with the validation requirements and could therefore be used in practice (Table 2).

Table 2 The precision of the proposed method was assessed by intra-day and inter-day relative standard deviations (RSDs), which were evaluated via analysing of different Milli-Q water samples spiked with 1800 ng of each compound on the same day and on three consecutive days, respectively. The obtained RSD% values were below 7.7% for intra-day and below 15%

for inter-day assessment for all tested compounds, being therefore in agreement with the concentrations of pollutants found in landfill leachate and with the requirements of the method validation procedures referring to the compounds at the µg L -1 concentration range (Guidelines for validation of analytical methods for non-agricultural pesticide active ingredients and products).

To study the linearity of the method, 6 mL of Milli-Q water were spiked with 900, 1800, 2700, 4500 and 9000 ng of each compound. After DLLME-GCGC-qMS analysis of each sample a calibration curve was constructed using peak area versus concentration of the analyte. The results showed a good linearity of the method, the correlation coefficients (R 2 ) being greater than 0.99 for almost all compounds except for 2,3-dimethylphenol, pisopropylphenol, dibutyl phthalate and 4-tert-butylbenzamide for which the R 2 values were lower.

The LOD and LOQ of the tested compounds were determined by statistical approach using the standard deviation SD of the regression line (s), the slope (S) of each calibration ER values are compared it can be observed that a better ER was obtained experimentally, meaning that, while the models are not perfect, the method has good real-life performance.

Analysis of real-world leachate samples

In order to test the applicability of the developed DLLME method to real-world samples, recovery studies of selected compounds from spiked leachate samples were carried out.

For this purpose, 4 mL of leachate sample were filtered through PTFE membrane of 0.45 µm in order to remove the suspended particulate matter and then spiked with 6750 ng of each compound. The resulting sample was then diluted in two milliliters of Milli-Q water and subjected to DLLME and GCGC-qMS analysis according to the previously described protocol.

The GCGC TIC chromatogram provided sufficient resolution for separating all tested compounds based on their volatility and polarity (Figure 1A and 1B). Moreover, it can be observed that the complex composition of the leachate sample was vastly simplified by the structured GC×GC chromatogram, which produces distinct spaces for different chemical families.

Figure 1.

Regarding the extraction recovery of selected compounds from the spiked leachate sample, the obtained results suggest that the developed DLLME-GCxGC-qMS method provided a recovery of over 80% for virtually all tested compounds, with the exception of hydrocarbons, monoaromatic compounds and heavy PAHs, for which the ER was lower (Table 3). This could be explained by the interaction of these highly lipophilic compounds with dissolved organic matter from the leachate samples [START_REF] Öman | Chemical characterization of landfill leachates -400 parameters and compounds[END_REF], which leads to lower recoveries compared to the Milli-Q water samples.

Table 3.

The concentrations of the identified compound classes range from: not detected to 173 µg L -1 for alkyl-benzenes, not detected to 1074 µg L -1 for polyaromatic hydrocarbons, 65 to 820 µg L -1 for carbonyl compounds, 112 to 131 µg L -1 for terpenes and terpenoids, 268 to 316 µg L -1 for phenols, not detected to 358 µg L -1 for phthalates, 79 µg L -1 for diphenylamines, and 232 µg L -1 for benzothiazole. Decane was the only identified saturated hydrocarbon, at a concentration of 92 µg L -1 .

Comparison of measured concentrations to the predicted no-effect concentration (PNEC) (Thermo Fischer chemical product data) shows that, in most cases, real-world leachate samples contained concentrations exceeding the established PNEC for fresh water (Table 3), meaning that the analyzed leachate is highly toxic and poses an environmental risk if it spills into a natural water system.

Tentative identification of different classes of organic compounds in municipal landfill leachate.

The GCxGC technique allows the separation of complex mixtures and, if coupled with mass spectrometry, offers the possibility of a better identification of the compounds that are not included in the standard mixture, due to its ability to structure the compounds in a chemically ordered manner according to their volatility and polarity

In the case of the analyzed leachate sample, the identification of the compounds was performed by comparing the obtained mass spectra with those of the NIST (standard) and Wiley mass spectral library (Table S2). Only compounds for which the probabilities exceeded 60% were considered. In the absence of a reference standard, for the considered compounds, their position on 2D chromatogram (retention time in the first and second dimensions) was compared with the position of compounds from the same family used as standard mixture in order to increase confidence in identification. The assigned numbers in the chromatograms (Fig. 1A and Fig 1B ), compound names, molecular structures, molecular ions, the retention times in 1 st and 2 nd dimension and the probabilities of the similarity between the NIST (standard) or Wiley mass spectra library and the obtained mass spectra in the analyzed sample are given in Table 4.

Table 4.

31 compounds from different chemical families such as indoles, pyrroles, glycols, organophosphate flame retardants, pesticides, aromatic amines and amides, pharmaceuticals, and bisphenol A were tentatively identified. Many other compounds were separated but could not be identified due to technical limitations.

Multiple tentatively identified compounds, including organophosphate flame retardants, bisphenol A, aniline, p-Aminotoluene, N-Ethyl-o-toluensulfonamide, 4,4'-Methylenebisbenzenamine, N,N-Diethyl-3-methylbenzamide, lidocaine, are considered substances of very high concern or emerging pollutants that require monitoring. The developed DLLME-GCxGC-MS method was demonstrated to be an appropriate technical solution for monitoring these pollutants in landfill leachate.

Conclusions

The developed DLLME-GCGC-qMS method for the analysis of multiclass analytes in municipal landfill leachate is simple, fast and inexpensive. It requires considerably reduced sample and extraction solvent amounts and the performance of the analysis is comparable to that of classical solvent extraction.

The method proved its applicability for the analysis of real-world leachate samples 

  added into the water sample to increase the ionic strength and implicitly the extraction recovery by salting out effect. For the extraction of target compounds, a mixture of disperser and extraction solvents containing acetonitrile as disperser and chloroform as extraction solvent was rapidly added to the sample followed by manual shaking for 2.0 min. After the formation of the cloudy solution centrifugation was performed for 5 min at 2264 xg in order to separate the extract from the sample. The amounts of NaCl and the volumes of acetonitrile and chloroform used for the optimization of DLLME procedure are given in the Statistical approach used for DLLME optimization sub-chapter.
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  and it was able to identify over 70 xenobiotic organic compounds per sample within a total analysis time of 40 minutes, with a sample preparation time of 10 minutes and using only 75 µL of extraction solvent.Compounds with high toxicity such as polyaromatic hydrocarbons, organophosphate flame retardants, phthalates, phenols, bisphenol A, aniline, p-Aminotoluene, N-Ethyl-otoluensulfonamide, 4,4'-Methylenebisbenzenamine, N,N-Diethyl-3-methylbenzamide, diphenylamine and various terpenes were tentatively identified in a single run. The measured concentrations of these compounds exceeded the established PNEC for fresh water, posing a risk of toxicity for aquatic ecosystems.
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