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Abstract

:

The adsorption–desorption processes of organic pollutants into the soil are one of the main factors influencing their potential environmental risks and distribution in the environment. In the present work, the adsorption–desorption behavior of an antibiotic, trimethoprim (TMP), and two of its main metabolites, 3-desmethyltrimethoprim (DM-TMP) and 4-hydroxytrimethoprim (OH-TMP), were assessed in three Mediterranean agricultural soils with different physicochemical characteristics. Results showed that the adsorption kinetic is performed in two steps: external sorption and intraparticle diffusion. The adsorptions of the studied compounds in soils were similar and fitted to the three models but were better fitted to a linear model. In the case of DM-TMP and OH-TMP, their adsorptions were positively correlated with the soil organic matter. In addition, desorption was higher in less organic matter soil (from 1.3 to 30.9%). Furthermore, the desorptions measured for the TMP metabolites were lower than those measured in the case of TMP (from 2.0 and 4.0% for OH-TMP and DM-TMP, respectively, to 9.0% for TMP).
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1. Introduction


The growing population in urban areas and the changes in living standards have led to an increase in water consumption and, as a result, an increase in the amount of treated wastewater and sewage sludge. One of the main disposal options for these products is their reuse in agricultural settings through their application to the soil (in the case of sludge) and crop irrigation (in the case of wastewater). However, the presence of organic environmental pollutants in wastewater and sludge is one of the major drawbacks of these practices.



Pharmaceutically active compounds (PhACs) are the emerging contaminants that have probably received the most scientific attention in recent years. Among them, antibiotics are the PhACs that generate a major concern because of their continuous consumption and discharge into the sewer system, biological activity against living organisms, and the increase of antibiotic-resistant bacteria [1]. The presence of antibiotics in agricultural soil, not only from sludge and wastewater reuse but also from animal manure, has been described in several papers [2,3,4]. For example, antibiotics, such as fluoroquinolones, sulfonamides, macrolides, or tetracyclines, were measured in agricultural soils at concentrations up to the mg per kilogram level [3,5,6,7,8]. These studies show trimethoprim (TMP), an antibiotic usually administered with sulfamethoxazole, as one of the most recurrent antibiotics measured in agricultural soil. After intake, 80% of TMP is still unaltered, while the other 20% is metabolized [9]. These metabolites are produced by demethylation of the parent compound (3-desmethyl-trimethoprim (DM-TMP), 65% of metabolized TMP, and 4-desmethyl-trimethoprim, 25% of metabolized TMP), and by its hydroxylation (4-hydroxy-trimethoprim (OH-TMP), 2% of metabolized TMP) [9]. These compounds could not only affect the soil organism but also contaminate surface water through runoff, groundwater by leaching, or even crops entering the food chain [2,10]. However, to date, there are no studies focused on the distribution and presence of these metabolites in soil, even though they may possess the same biological activity as the parent compound, or they could be present at higher concentrations or even more toxic than their parent compound [11].



The adsorption and desorption of TMP and its metabolites in the soil is one of the main issues controlling their occurrence, fate, and even potential ecotoxicological effects in the environment [1,2,10,12]. Among others, their adsorption in the soil can be produced by Van der Waals forces, hydrogen bodings, hydrophobic interactions, or surface complexes [1,10]. These interactions are governed by the physicochemical properties of the compound (pKa, polarity, and octanol–water partition coefficient) or of the soil (organic matter, pH, and exchangeable cation capacity) [10]. This shows the need to evaluate the adsorption and desorption of each compound case-by-case in relation to the soil characteristics to know its mobility and the potential influence on its environmental risks. However, despite the fact that the adsorption of several compounds has been previously evaluated (such as polycyclic aromatic hydrocarbons [13,14], pesticides [15,16], and even PhACs [17,18,19,20,21] including TMP), to the best of our knowledge, there are no previous studies about the adsorption or desorption of TMP metabolites in Mediterranean soils. In addition, most of the reported data is focused on the adsorption of PhACs into the soil, while there is a lack of information on their desorption behavior.



The objective of the present work was to study the adsorption and desorption behavior of TMP and two of its metabolites produced from different metabolic routes (DM-TMP and OH-TMP) in three Mediterranean soils with different physicochemical characteristics. Mediterranean soils distributed in the Mediterranean zone were selected.




2. Results and Discussion


2.1. Preliminary Experiments


Results obtained for the evaluation of the soil/solution ratio (Figure S1) show adsorption variations with the increase in the amount of the soil. The adsorption of the compounds slightly increases with the rise of the soil/solution ratio. The highest adsorption rates were obtained in the case of the soil/solution ratio of 0.4:1, being constant in a soil/solution ration of 0.5:1. This behavior could be explained by the increase in the number of soil active sites at higher soil amounts for the concentration of antibiotics used.




2.2. Adsorption Kinetics


Figure 1 shows the adsorption of studied compounds during kinetic experiments. The adsorption kinetics were evaluated by fitting the adsorption data to the pseudo-first-order (PFO) and pseudo-second-order (PSO) models. Moreover, intra-particle diffusion (IPD) was evaluated using the Weber–Morris model. The PFO and PSO models were assessed by plotting ln(qe − qt) vs. t and t/qt vs. t, respectively (Figures S2 and S3 in the Supplementary Materials). The results of the studied compounds’ adsorption kinetics are shown in Table 1. As can be seen, the adsorption kinetic data of the studied compounds were fitted to a PSO model (the R2 values for the PSO models were 0.999 in all cases, while the R2 values for the PFO models were from 0.4738 to 0.9496). This result could be due to the low initial concentration (1 mg/L) in relation to the abundant active sites in the soil, as was previously reported [22,23]; therefore, the sorption capacity of the studied compounds is controlled by the high availability of active sites in the soil. According to these results, the qe-cal values were calculated using the PSO model. These qe-cal values were 1.97, 2.06, and 2.03 μg/g for TMP, OH-TMP, and DM-TMP, respectively, which correspond with the amounts of the compounds adsorbed after 24 h of experiments (qe-exp) and show that 24 h is the equilibrium time for all studied compounds. The Weber–Morris IPD model was applied to determine the step (external diffusion, internal diffusion, or adsorption onto active sites) controlling the adsorption [23]. The two steps obtained using the IPD model corresponded to the two first steps in the adsorption of the studied compounds. The first step is controlled by surface sorption. Due to the abundance of active sites, this step occurs at a high rate. The second step, governed by interparticle diffusion, occurs when the active sites are depleted, and the molecule migrates inside the soil pores. The third step of the model corresponds to the equilibrium phase [23]. According to previously published papers about the adsorption of TMP [1,24,25] and other PhACs and their metabolites [17,18,19,20] in different soils and following the recommendations of the OECD [26], kinetic experiments were carried out from 0 to 1440 min (24 h). The studied period was enough to achieve equilibrium; however, the third step (slopes for the Weber–Morris plots (kip) close to cero) was not viewable (these are usually viewable from 24 to several days). This has been described in the case of other contaminants whose kinetic was studied up to 24 h [27]. For all studied compounds, the C1 values were nonzero (Figure S4). These results indicate that the adsorption of the studied compounds could be involved in different steps [28,29,30].



Wu et al. (2009) [31] reported that the initial adsorption behavior could be described by Equation (1):


qt/qref = 1 − Ri [1 − (t/tref)1/2]



(1)




where tref is the highest time in the adsorption process, qref is the solid phase concentration at tref for an adsorption system, and Ri is the initial adsorption factor of the IPD model. Figure S5 shows the initial adsorption curves of TMP, OH-TMP, and DM-TMP on the IPD model according to Equation (1) (qt/qref vs. t/tref). According to this model, Ri values for studied compounds were 0.07 (TMP), 0.11 (OH-TMP), and 0.14 (DM-TMP), which means that the initial adsorption (qt/qref) has already reached 93% (TMP), 89% (OH-TMP), and 85% (DM-TMP). Then, the adsorption proceeds following the IPD mechanism. According to kip,1 (Table 1), the external adsorption (first step) of DM -TMP and OH-TMP was faster than the adsorption of TMP, while in the second step, DM-TMP showed a higher IPD rate.




2.3. ATR FT-IR Characterization


The ATR FT-IR spectra of the soils did not show much difference between them (Figure 2). An asymmetric vibration band could correspond to Si–O (1090 cm−1), an asymmetric vibration band may be correlated with Si–OH (950 cm−1), a symmetric vibration band fits with Si–O (795 cm−1), and a bending vibration band is related to Si—O—Si (480 cm−1), which indicate the possible presence of silicates (SiO2) in the soils. Bands between 800 and 1260 cm−1 have been described as a superimposition of various SiO2 peaks and Si–OH bonding and peaks due to residual organic groups. After the adsorption test, no new peaks appeared in the FT-IR spectra, which could indicate that there was no covalent bond formed during the sorption process. The only slight difference is the intensity of some peaks. Thus, the adsorption would be mainly controlled by physical interaction.




2.4. Adsorption Isotherms


Figure 3 shows the adsorption isotherms of TMP and its metabolites in three soils. The adsorption data were fitted with the Freundlich, Langmuir, and linear (Henry) models to clarify their adsorption characteristics. The parameters of the models are presented in Table 2. The data fitted well with all the Langmuir (0.993 > R2 > 0.740), Freundlich (0.997 > R2 > 0.721), and even better with the Henry (0.996 > R2 > 0.970) models for Soil 1 and 2. This tendency was not followed by Soil 3, where R2 decreases for the linear (0.734 > R2 > 0.717) and Freundlich (0.833 > R2 > 0.791) models but adjusted better with the Langmuir model (0.928 > R2 > 0.857). Therefore, Soil 3 has a less linear adsorption isotherm than Soils 1 and 2. With the increase of the TMP and metabolites concentrations, the adsorption was rapidly increased. Nevertheless, the saturation of the soils was not observed. This fact may be because of the low concentration range used in this work in an attempt to use real concentrations in the environment. Similar results were obtained by Zhang et al. (2014) and Kočárek et al. (2016) for TMP [21,24]. Moreover, considering the Kd values, the obtained linear correlation may imply a constant availability of the active sites in the soils.



Considering the surface heterogeneity parameter (1/n) obtained using the Freundlich model, its values were different from one for most of the studied compounds, which indicates that the sorption process could occur on the heterogeneous surface of the sorbent [32,33,34] and represents the adsorption strength between the pollutant and the soil. In general, the 1/n values lower than one indicate convex Freundlich isotherms, which represent stronger sorption, while 1/n values higher than one represent poorer sorption of the compound to the soil [32,33,34]. In this work, the weakest adsorption belongs to Soil 3 (1/n values from 2.72 to 5.26), followed by Soil 2 (1.27–3.61) and Soil 1 (1.29–1.58). These results could be related to the clay content of the studied soils (30.8, 19.9, and 16% for Soils 1, 2, and 3, respectively) and the higher adsorption sites in the finest particles of the soil. This behavior has been previously described for other soil contaminants [34]. The low values obtained for Kd (0.024–0.007 L/g), KL (0.461–17.07 L/g), and KF (0.013–0.028 L/g) confirm that compound retention is not strong and has a high tendency to be mobile in soils. The 1/n value has also been used to evaluate the type of adsorption process [35]. Similar results of isotherms parameters were obtained by Zhang et al. (2014) [21] for TMP. Furthermore, Kd, KL, and KF parameters increased for metabolites in comparison with TMP in all soils, resulting in higher adsorption of metabolites than TMP. Nevertheless, the qmax for metabolites increased in Soils 1 and 3 in comparison with TMP but decreased in Soil 2 in comparison with TMP, showing that TMP does not have a dependence on organic matter content in the soil.




2.5. Desorption Isotherms


Figure 3 shows the desorption isotherms of TMP and its metabolites in the three studied soils. No desorption was observed for OH-TMP in Soils 1 and 3. The desorption data obtained were fitted with the Freundlich, Langmuir, and linear models to clarify the desorption characteristics further. Desorption isotherms were fitted to the Langmuir (0.980 > R2 > 0.895), Freundlich (0.993 > R2 > 0.896), and Henry (0.996 > R2 > 0.800) models. The parameters of the models are listed in Table 2. The results reported by Rodríguez-López et al. (2022) [36] for TMP also satisfactorily fit the three models used: Freundlich, Langmuir, and linear. On the contrary to adsorption isotherms experiments, Kd, KF, and KL values must be interpreted, considering that higher scores indicate lower desorption and vice versa. Higher values were obtained for metabolites, indicating higher desorption in the case of TMP. The hydroxyl group probably has a positive effect on the adsorption process and a negative effect on the desorption process due to the possibility of forming new hydrogen bonds with the soil. Similar Kd results were obtained by Zhang et al. (2014) [21]. These results indicate that adsorbed compounds in the soil can be released into the environment, to groundwater by leaching, surface water by runoff, or even crops, entering the food chain and posing potential health and environmental risks.




2.6. Influence of Compounds Properties and Physicochemical Characteristics of the Soils on Compound Adsorption–Desorption Behavior


Adsorption and desorption of TMP and its metabolites, measured as the mean value obtained in the determination of the adsorption and desorption isotherms, are shown in Figure 4. Globally, no significant differences were observed between the mean adsorptions measured in the studied soils. However, considering only the metabolites of TMP, the adsorptions measured in Soil 2 were significantly different from those measured in Soils 1 and 3 (Student’s t-test: tcal = 6.39 and 12.89, in comparison with Soils 1 and 3, respectively; ttab = 2.36, p < 0.05). In the case of TMP, the lowest adsorption was measured in Soil 1, while the adsorptions in Soils 2 and 3 were similar. Considering the desorption experiments, Soil 2 showed the highest desorption (mean 10.3%) of the studied compounds (Student’s t-test: tcal = 8.098 and 6.558, in comparison with Soils 1 and 3, respectively; ttab = 2.36, p < 0.05), followed by Soil 3 (3.3%) and Soil 1 (1.2%). These results could be related to the different physicochemical characteristics of the studied soils. According to the OECD [26], the key parameters of soil that play the most crucial role in the adsorption and desorption of organic pollutants are the pH of the soil for ionizable compounds, organic matter content, clay content, soil texture, and cation exchange capacity. The pH is important because antibiotics have pKa values that determine speciation. The pH of the three different soils is very similar, so in this case, no significant differences are shown. The soil organic matter is fundamental for the interactions with hydrophobic pollutants. The presence of organic matter in three soils follows the order of 3 > 1 > 2, which correlates with the adsorption and desorption behavior of pollutants. However, the similar and low organic matter of the studied soils (lower than one in the case of Soils 1 and 2) does not allow for drawing clear conclusions. In order to establish a potential relationship between the measured adsorptions and desorption and the characteristics of the studied soils, statistical and correlational analyses were carried out. The correlational analysis was conducted considering the soils as cases and the physicochemical characteristics of the soils, and the adsorption and desorption of the studied compounds as variables. The correlation matrix is shown in Table S1. High positive correlations (higher than 0.60) were obtained between the organic matter and the adsorptions of compounds DM-TMP (0.60) and OH-TMP (0.84) considering the organic matter, while negative correlations (lower than −0.60) were obtained between the desorption of these compounds and the organic matter. On the contrary, no correlations were obtained between the organic matter and the adsorption and desorption of TMP. These results could be related to a different adsorption mechanism of the studied compounds, in which the hydroxyl group of the metabolites could play an important role in the interaction of these compounds with organic matter [17]. In the case of TMP, without a hydroxyl group, its adsorption behavior could be explained by considering its non-ionizable form [26]. These results, in the case of TMP, are in concordance with previous studies [1,21,24,26]. For example, Zhang et al. (2014) [21] reported that, based on pKa, TMP was in neutral form in neutral and basic mediums and obtained the highest adsorption affinity in acidic mediums. The pH of our three studied soils were 8.27, 8.21, and 8.06 in Soil 1, Soil 2, and Soil 3, respectively, supporting this hypothesis. These results are consistent with the study reported by Kočárek et al. (2016) [24], who have not found the dependence of TMP adsorption on the soil’s organic matter.



Considering the texture, the results obtained by the statistical analysis seem to be contradictory. For example, high negative correlations (<−0.68) were obtained in the case of the adsorption of TMP and fine sand, clay, and silt. However, the correlations obtained in the case of the desorption of this compound with fine sand, silt, and clay were negative, too (lower than −0.80). This could be due to the high adsorption measured for TMP in the studied soils. In the desorption experiments, high negative correlations were obtained between fine particles, such as fine sand, clay, and silt in the case of TMP, and fine sand and silt in the cases of DM-TMP and OH-TMP, which were lower than −0.76 and −0.75, respectively, while high positive correlations (higher than 0.73) were obtained between the desorption of studied compounds and coarse sand.



The obtained results could be because of two different adsorption–desorption mechanisms of the studied compounds. Firstly, a surface sorption interaction of all studied compounds in the particle size consequently plays an important role, and secondly, an interaction between the soil organic matter and the hydroxyl groups of studied metabolites. The high adsorption of metabolites could be explained by the hydroxyl group, which could enhance the stability of the studied molecules on the soil’s surface because of the formation of hydrogen bonds with the functional groups of the organic matter present in the soil [17].





3. Materials and Methods


3.1. Chemicals and Reagents, Sampling, and Soil Preparation


All chemicals and reagents used are described in the Supplementary Materials. The structures, pKa, water solubility, and octanol–water partition coefficient (log Kow) values of each selected compound are presented in Table S2 (Supplementary Material). Three typical Mediterranean soils were selected, which are ubiquitously distributed throughout the Mediterranean region and have different physicochemical characteristics. Soil 1 is present near rivers in the European zone, and it is an alluvial soil; Soils 2 and 3 are distributed in many European countries, such as Italy, Spain, France, Germany, or Greece, and are terra rossa and cambisol soils, respectively. Two kilograms were sampled from each soil and were collected from the surface of the agricultural area (0–20 cm) in Seville (Southwest Spain). The collected soils were freeze-dried in a Cryodos-50 lyophilizer (Telstar, Terrasa, Spain), homogenized with a mortar, sieved (particle size < 2 mm), and kept in glass bottles until sorption experimentation.




3.2. Soil Characterization


Soil characterization was performed by texture determination (coarse sand with particle sizes between 2–0.2 mm, fine sand with particle sizes from 0.2 to 0.02 mm, silt with particle sizes in the range from 0.02 to 0.002 mm, and clay with particle size less than 0.002 mm). Electrical conductivity and pH measurements were carried out of a soil:water suspension of 1:2.5 (w/v) and organic matter using the Walkley–Black methodology. The selected soils’ physicochemical characteristics are presented in Table 3. The previous presence of TMP and its metabolites in the studied soils was evaluated by the analysis of the selected soils, as reported by Mejías et al. (2022) [37]. In all cases, concentrations of TMP, DM-TMP, and OH-TMP were lower than the method’s detection limits.




3.3. Batch Experiments


Sorption experiments were executed in triplicates as per the indications of the OECD guideline 106 [26]. Fifty milliliters of falcon centrifuge tubes were used. All experiments were conducted at 298 K. To judge the degradation of TMP and its metabolites and their potential adsorption into the plastic of the falcon tubes in the assays, a quality control experiment was carried out as a blank experiment without soil. The soil/solution mixture was shaken in a rotator shaker (LLG-uniLOOPMIX2) at 40 rpm. Experiments were performed while keeping all variables constant and changing just one of them. In all experiments, the soil was weighted, 0.01 M of CaCl2 aqueous solution was added, and the solid-liquid suspension was shaken for 24 h to pre-equilibrate the soil before the addition of studied compounds.



3.3.1. Soil/Solution Ratio Optimization


The soil/solution ratio was studied to achieve the correct conditions for the experiments. Soil 1, which has an intermedia percentage of organic matter between the three studied soils, was selected. The tested soil/solution ratio was based on previous literature regarding soil adsorption experiments of TMP [1,21,24,25,26]. The amounts of soil (0.1, 0.2, 0.4, and 0.5 g) corresponding to 0.1:1, 0.2:1, 0.4:1, and 0.5:1 of soil/solution ratio (w/v) were placed in a falcon centrifuge tube and 0.6 mL of 0.01 M CaCl2 solution was added. The soil/solution suspension was shaken for 24 h for soil pre-equilibration. Then, 0.4 mL of standard solution was added to a final concentration of 1 mg L−1 of each compound and a final volume of 1 mL. Centrifuge tubes were agitated for 24 h.




3.3.2. Adsorption Kinetic


Adsorption equilibrium time was evaluated to obtain the best conditions for the adsorption experiments. As in Section 3.3.1., Soil 1 was selected for adsorption in this experiment. The soil (0.4 g) was placed in a falcon centrifuge tube, and 0.6 mL of 0.01 M CaCl2 aqueous solution was added. The soil/solution mixture was shaken for 24 h for soil pre-equilibration. Then, 0.4 mL of standard solution was added to a final concentration of 1 mg L−1 and a final volume of 1 mL. Centrifuge tubes were shaken for 10, 20, 30, 40, 50, 60, 120, 480, and 1440 min. According to the literature on the adsorption of TMP into the soil [1,24,25], 24 h was selected as the final point of kinetic experiments.




3.3.3. Adsorption Isotherms


The adsorption isotherms were evaluated in the three selected soils. For this purpose, 0.4 g portions of each type of soil were placed in a falcon centrifuge tube, and 0.6 mL of 0.01 M CaCl2 aqueous solution was added. The mixture of soil/solution was in agitation for 24 h for soil pre-equilibration. Then, 0.4 mL of different standard solutions were added to a final concentration of 0.8, 1.2, 2, 3.2, 4, and 8 mg L−1 in a final volume of 1 mL. These concentrations were selected based on previous studies of TMP adsorption in soils [21,24,26]. Centrifuge tubes were shaken for 24 h.




3.3.4. Desorption Isotherms


For the desorption experiments, the soils obtained after adsorption isotherms (using 0.8, 1.2, 2, 3.2, 4, and 8 mg L−1 concentrations) were submitted to desorption experiments. For this purpose, 1 mL of 0.01 M CaCl2 aqueous solution was added to the soil remaining in the falcon tubes. The mixture was shaken at 40 rpm for 1440 min.





3.4. Soil FT-IR Analysis


The soil characterization was carried out using the Fourier transform infrared spectroscopy (FT-IR) method. The FT-IR analysis was conducted with a Cary 630 FT-IR (Agilent, Santa Clara, CA, USA) with attenuated total reflection (ATR). Three selected soils were characterized before and after the adsorption process. The spectral range was between 4000–650 cm−1, and the spectral resolution was 4 cm−1.




3.5. LC-MS/MS Analysis


After the sorption experiment, the tubes were centrifuged at 5000 rpm for 10 min. The liquid phase was filtered through a 0.22 µm nylon filter. Analysis of TMP and its metabolites was performed by direct injection with liquid chromatography-tandem mass spectrometry (LC-MS/MS). A volume of 10 μL of the filtered sample supernatant was injected into the LC-MS/MS system. Determination was carried out using an Agilent 1290 Infinity II chromatograph (Agilent, Santa Clara, CA, USA). Chromatographic separation was performed using a Zorbax RRHD Eclipse Plus C18 (150 × 3.0 mm i.d., 1.8 μm particle size) column (Agilent, Santa Clara, CA, USA), protected with a Zorbax RRHD Eclipse Plus C18 (3.0 mm i.d., 1.8 µm particle size), guard column (Agilent, Santa Clara, CA, USA), and thermostated at 35 °C. Elution was carried out in an isocratic mode. The mobile phase was composed of 40% 10 mM ammonium formate buffer containing 0.05% of formic acid and 60% of methanol. Elution was carried out at a flow rate of 0.4 mL min−1. The total run time was 5 min.



The LC system was coupled to a 6495 triple quadrupole mass spectrometer (MS/MS) equipped with an electrospray ionization source operated in positive mode. The following settings were used: fragmentor, 166 V; capillary voltage, 4000 V; nebulizer pressure, 40 psi; sheath gas flow rate, 12 L min−1; sheath gas temperature, 250 °C; drying gas flow rate, 11 L min−1; gas temperature, 350 °C. The analyses were carried out using the Multiple Reaction Monitoring mode (MRM). Two transitions were selected for each compound. The most abundant transition (MRM1) was selected for the quantification, while the second transition (MRM2) and the relation between both transitions were used for the identification. Chromatographic and MS/MS conditions can be found in the Supplementary Material (Table S3). The analytical methodology and quality control can be found in the Supplementary Materials as well as the method’s performance (Table S4).




3.6. Data and Statistical Analyses


The adsorption and desorption percentages were determined. The sorption kinetic and sorption–desorption isotherms were evaluated by different models. Excel was used to fit all models, and the correlation coefficients (R2) were applied to evaluate the good fitting of different models to data. All of this data analysis information is widely described in the Supplementary Materials (Tables S6 and S7). Correlation analysis was applied to evaluate the relations between the adsorption and desorption values of the studied compounds and the physicochemical characteristics of the studied soils. Statistical 10.0 software for Windows was used for statistical analysis, and Student’s t-test was applied to evaluate the experimental data.





4. Conclusions


The mean soil adsorption of TMP and its metabolites was higher than 90.3% for all studied compounds in all selected soils, except for the adsorptions of metabolites of TMP measured in Soil 2 (88.2 and 86.0% for DM-TMP and OH-TMP, respectively) which were significantly different from those measured in Soils 1 and 3 (mean of 94.5 and 92.5% for DM-TMP and OH-TMP, respectively), showing that organic matter positively affects adsorption. In the case of TMP, adsorption does not have a dependence on the soil’s organic matter. These results are confirmed by the adsorption isotherms. Results showed that isotherms were fitted to the Langmuir, Freundlich, and linear models. Two different adsorption mechanisms are shown: First, a surface sorption interaction of all studied compounds in the particle size consequently plays an important role and, second, an interaction between the soil organic matter and the hydroxyl groups of studied metabolites. This group could enhance the stability of the studied molecules on the soil surface because of the formation of the functional groups of the soil organic matter of hydrogen bonds. Adsorption kinetic is better fitted to the PSO model. The adsorption of studied compounds could be involved in different steps. In the first step, external sorption occurs. This process takes place at a high rate due to the abundant active adsorption sites. The second step is where the intraparticle diffusion is rate controlled. Considering the desorption, TMP possesses a higher desorption than its metabolites (mean of 9.0% for TMP, 4.0% for DM-TMP, and 2.0% for OH-TMP). Moreover, Soil 2 (the one with less organic matter content) possesses the highest desorption (mean of 30.9% for Soil 2 than 1.3 and 3.3% for Soils 1 and 3, respectively), confirming previously reported data. This study confirms that TMP and its metabolites present in wastewater can be adsorbed by the soil and then released to the environment, groundwater by leaching, surface water by runoff, or crops, posing potential health and environmental risks. More investigation is needed for the adsorption–desorption mechanisms of emerging pollutants and their degradation products or metabolites.
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Figure 1. Adsorption kinetic of TMP and its metabolites. 
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Figure 2. FT-IR transmittance spectra of three soils before (left) and after (right) the adsorption process. 
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Figure 3. Adsorption and desorption isotherms of TMP and its metabolites in three Mediterranean soils. 
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Figure 4. Adsorption and desorption percentage of TMP and its metabolites in three different soils. 
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Table 1. Experimental kinetic adsorption parameters isotherms of TMP and its metabolites in soils.
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Compound

	
C0 (mg/g)

	
PFO Model

	
PSO Model

	
IPD Model




	
R2

	
qe, cal

(mg/g)

	
k1

	
R2

	
k2

	
qe, cal

(mg/g)

	
R2,1

	
kip,1

	
C1

(mg/g)

	
R2,2

	
kip,2

	
C2

(mg/g)






	
TMP

	
0.0881

	
0.9496

	
7.96 × 10−5

	
0.0041

	
0.9999

	
308

	
0.00197

	
0.9768

	
3.0 × 10−5

	
0.0017

	
0.9821

	
1.0 × 10−6

	
0.0019




	
OH-TMP

	
0.1125

	
0.4738

	
9.71 × 10−5

	
0.0039

	
0.9999

	
264

	
0.00206

	
0.9733

	
4.0 × 10−5

	
0.0017

	
0.9288

	
1.0 × 10−6

	
0.0020




	
DM-TMP

	
0.1230

	
0.8159

	
2.09 × 10−4

	
0.0027

	
0.9999

	
97

	
0.00203

	
0.9957

	
4.0 × 10−5

	
0.0016

	
0.9853

	
5.0 × 10−6

	
0.0018
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Table 2. Experimental adsorption and desorption parameters isotherms of TMP and its metabolites in the soils.
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Adsorption

	
Desorption




	
Soil

	
Model

	
Parameter

	
TMP

	
DM-TMP

	
OH-TMP

	
TMP

	
DM-TMP

	
OH-TMP






	
Soil 1

	
Linear

	
Kd (L/g)

	
0.014

	
0.024

	
0.024

	
0.024

	
0.880

	
-




	
R2

	
0.996

	
0.970

	
0.970

	
0.929

	
0.968

	
-




	
Langmuir

	
qmax (mg/g)

	
0.051

	
0.076

	
0.076

	
0.187

	
0.044

	
-




	
KL (L/g)

	
0.461

	
0.560

	
0.560

	
0.224

	
33.51

	
-




	
R2

	
0.993

	
0.920

	
0.876

	
0.908

	
0.980

	
-




	
Freundlich

	
KF (L/g)

	
0.016

	
0.024

	
0.024

	
0.056

	
0.268

	
-




	
n

	
0.778

	
0.634

	
0.634

	
1.320

	
0.702

	
-




	
R2

	
0.997

	
0.995

	
0.979

	
0.954

	
0.993

	
-




	
Soil 2

	
Linear

	
Kd (L/g)

	
0.024

	
0.010

	
0.010

	
0.010

	
0.012

	
0.007




	
R2

	
0.975

	
0.991

	
0.991

	
0.971

	
0.989

	
0.955




	
Langmuir

	
qmax (mg/g)

	
0.068

	
0.035

	
0.024

	
0.036

	
0.032

	
0.031




	
KL (L/g)

	
0.537

	
0.618

	
9.635

	
0.404

	
0.604

	
0.364




	
R2

	
0.992

	
0.984

	
0.740

	
0.974

	
0.971

	
0.895




	
Freundlich

	
KF (L/g)

	
0.024

	
0.023

	
0.028

	
0.011

	
0.023

	
0.009




	
n

	
0.790

	
0.277

	
0.489

	
0.807

	
0.277

	
0.904




	
R2

	
0.990

	
0.954

	
0.721

	
0.979

	
0.954

	
0.896




	
Soil 3

	
Linear

	
Kd (L/g)

	
0.007

	
0.008

	
0.008

	
0.019

	
0.204

	
-




	
R2

	
0.717

	
0.734

	
0.734

	
0.996

	
0.800

	
-




	
Langmuir

	
qmax (mg/g)

	
0.018

	
0.018

	
0.028

	
0.090

	
0.018

	
-




	
KL (L/g)

	
5.346

	
6.782

	
17.07

	
0.258

	
158.4

	
-




	
R2

	
0.857

	
0.882

	
0.928

	
0.987

	
0.982

	
-




	
Freundlich

	
KF (L/g)

	
0.013

	
0.015

	
0.025

	
0.019

	
0.046

	
-




	
n

	
0.368

	
0.364

	
0.190

	
0.909

	
0.361

	
-




	
R2

	
0.791

	
0.810

	
0.833

	
0.991

	
0.954

	
-
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Table 3. Physical and chemical properties of the studied Mediterranean soils.
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	Soil 1
	Soil 2
	Soil 3





	Silt, wt. %
	44.5
	5.80
	18.4



	Clay, wt. %
	30.8
	19.9
	16.0



	Fine sand, wt. %
	16.4
	4.70
	14.0



	Coarse sand, wt. %
	8.20
	69.5
	51.6



	Electrical conductivity, mS·cm−1
	129
	75
	126



	Organic matter, wt. %
	0.91
	0.58
	2.01



	CEC, meq kg−1
	234
	200
	144



	Ca Exchangeable, meq kg−1
	140
	154
	106



	Mg Exchangeable, meq kg−1
	26.3
	9.5
	19.5



	K Exchangeable, meq kg−1
	7.8
	2.1
	4.6



	Na Exchangeable, meq kg−1
	<0.5
	<0.5
	<0.5



	pH
	8.27
	8.21
	8.06







CEC: cation exchange capacity.
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