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This study aims to understand the adsorption/desorption process in six agricultural soils of two antibiotics, Ciprofloxacin (CIP) and Trimethoprim (TRI), widely used today and the influence of pH on this process. Antibiotics can reach the soil through the application of sludge and effluents from wastewater treatment plants and are directly influenced by changes in pH, once in the soil. Therefore, this study with batch experiments allows us to know the adsorption process in a pH range between 2 and 12, in six soils with different organic carbon content, between 1% and 7.7%. The results obtained show that the adsorption of CIP has its maximum at pH between 5 and 7; above and below this range, the adsorption decreases. The soils with the highest organic carbon content (between 4.4% and 7.7%) are those with the highest adsorption. The values for each forms in which the CIP molecule is found are: for KdCIP+, between 0.887 and 8.289 L kg−1; for KdCIP−, between 0.670 and 5.440 L kg−1, while for KdCIP0, the values do not differ from 0, except soils 1 and 3, whose values are 0.206 and 0.615 L kg−1, respectively. Regarding TRI, the maximum adsorption takes place at acidic pHs, below 6 for all soils. Above these values, desorption decreases. The Kd values for each of the species vary between 0.085 and 0.218 L kg−1 for KdTRI+, between 0.011 and 0.056 L kg−1 for KdTRI0, and between 0.092 and 0.189 L kg−1 for KdTRI−. For both antibiotics, the highest adsorption was achieved in the soil with the highest organic carbon content (7.7%). Comparing both antibiotics, we see that CIP presents the highest adsorption, and in the case of desorption, for CIP, it varies between 3.7% and 75.8%, with the maximum desorption at basic pHs. In the case of TRI, desorption is higher, varying between 9.4% and 99.1%, with the maximum around neutrality, except for two soils, whose maximums are at pH of 4.3 and 9.5. These results should be taken into account, as once they reach the soil, pH will be a determining factor in their behaviour and fate.
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INTRODUCTION
One of the main problems in agricultural ecosystems is the presence of widely dispersed pollutants in the environment, such as heavy metals, pesticides or emerging contaminants, such as antibiotics (Khan et al., 2022). These chemicals, once they reach the environment, can be uptaken by crops, entering the food web, thus reaching humans, accelerating the development and dissipation of antibiotic-resistant bacteria and genes (Anuar et al., 2023). Therefore, maintaining the safety of agricultural soils must be a priority to prevent the spread of resistant genes and bacteria, ensuring food security and ecological balance (Lu et al., 2023). To this end, the processes that can influence the fate of these contaminants, such as biodegradation, photodegradation, hydrolysis or sorption (Kashyap et al., 2023), as well as factors that influence these processes, such as the edaphic properties of the soil, the properties of the contaminants themselves, as well as external factors such as environmental and climatic agents, among others, must be taken into account.
In the case of antibiotics, they can reach the soil as well as waterbodies after the application of water from wastewater treatment plants (WWTPs) as irrigation water and by the application of sewage sludge as manure and with a great antibiotic adsorption potential (Tran et al., 2018; Barreiro et al., 2022). This is because, in WWTPs, treatments do not completely remove those pollutants that reach them through human urine and faeces (Anuar et al., 2023), finding an average of 2,563 ng L−1 for Ciprofloxacin (CIP), one of the antibiotics of this study, and 17,387 ng L−1 for the other, Trimethoprim (TRI) (Sagaseta de Ilurdoz et al., 2022).
Therefore, it is necessary to know the behaviour of these compounds once they reach the soil or waterbodies, in order to determine their fate and prevent them from reaching humans. Exposure of humans to high concentrations of these compounds can reduce their immunity or even cause infections (Xiang et al., 2019). One of the main processes influencing their fate is adsorption to the soil surface. This process will depend on multiple factors of the antibiotics, such as their log KOW, pKa, ionisation state, binding properties and buffering conditions (Tran et al., 2018; Jodeh et al., 2022). The pH of the medium will play a fundamental role in the different process in soil like degradation (Rodríguez-López et al., 2022a) or mainly in adsorption and will clearly influence its fate since antibiotics tend to behave differently depending on the pH, as they are amphoteric molecules, which can behave as anions, zwitterions, or cations. The pH not only influences the solubility and behaviour of the compounds but also the characteristics of the sorbent and can change the interactions between the contaminant and the sorbent (Anuar et al., 2023).
Previous studies have indicated that adsorption/desorption of CIP and TRI onto soils have been influenced by soil properties such as mineral fractions and extreme values of carbon and nitrogen contents (Rodríguez-López et al., 2022b; Mejías et al., 2023). Although both were widely detected in agricultural soils (Chen et al., 2023), the knowledge related to the adsorption of both antibiotics is contradictory or scarce. Some studies have been conducted with CIP to understand the role of pH (Carmosini and Lee, 2009; Vasudevan et al., 2009; Pasket et al., 2022), but results are contradictory, while studies for TRI are scarce (Mejías et al., 2023). In this sense, it is important to understand their fate after they arrive in the soil and see the possible changes in adsorption as a function of variations in pH that take place in the soil due to multiple different processes, such as plant exudates waterlogging, among others. Therefore, the main objective of this work is to study the influence of pH on the adsorption of CIP and TRI under different soil organic carbon contents.
MATERIAL AND METHODS
Chemical Products
The antibiotics, ciprofloxacin (CIP), a fluoroquinolone, and trimethoprim (TRI), a diaminopyrimidine, have a purity of 98% and were provided by Sigma-Aldrich (Barcelona, Spain). Their characteristics can be found in Rodríguez-López et al. (2022b). They present two dissociation constants (pKa) each one, being the values for CIP 6.09 and 8.74 (Dimpe and Nomngongo, 2019); and in the case of TRI, 6.16 and 7.16 (Ghirardini et al., 2020). Once we have the values of dissociation constants, we can obtain the speciation diagram depending on pH. For each one of the antibiotics, as Figure 1 shows.
[image: Figure 1]FIGURE 1 | Ciprofloxacin (A) and trimethoprim (B) speciation diagrams as a function of pH (CIP+1 and TRI+1 = cationic species; CIP0 and TRI0 = not charged species; CIP−1 and TRI−1 = anionic species).
Soil Samples
For this study, six agricultural soils were collected at three different points (Valdeorras, Rías Baixas and A Coruña province) in Galicia (NW Spain). The samples were selected by the variety of soil organic carbon content (SOC), ranging between 1% and 7.7%. Three of the soils (1–3) are from vineyards, and the other three are from corn crops (4–6). The analysis of the soil samples was described in detail in a previous study (Rodríguez-López et al., 2022b).
Adsorption/Desorption Experiments in the Function of pH
The adsorption experiment is carried out with six soils at different pH values. To adjust the pH from 2 to 12, 0.5 M HCl and 0.5 M NaOH are used in different amounts, in the same way that Ferraro et al. (2023) did. The amount of antibiotic, CIP or TRI, added was 400µM, with a ratio soil:solution 0.5:40. The background electrolyte used was 0.005 M CaCl2. The suspensions were shaken at 50 rpm for 48 h in darkness, and then, they were centrifuged at 4,000 rpm for 15 min. Then, the samples were filtered, the supernatant was separated with a syringe and nylon filters, and the soil was used for the desorption study. The supernatant is measured for pH with a combined glass micro-electrode. The quantity of antibiotic was calculated as the difference between the amount initially added and the amount remaining in the solution after 48 h.
For desorption samples, the soil of samples of the adsorption process was weighed, and then, at these samples, 5 mL of 0.005 M CaCl2 with corresponding amounts of HCl or NaOH in the pH function were added. Then, once resuspended, the samples were shaken for 48 h, centrifuged for 15 min, filtered with a syringe and nylon filters, and analysed in the same way that samples of the adsorption process.
Quantification of the Antibiotics
The concentration of antibiotics in the supernatant for adsorption and desorption was measured with chromatography liquid equipment (Ultimate 3000 HPLC, Thermo Fisher Scientific, Madrid, Spain). A detailed description of the equipment was given by Rodríguez-López et al. (2021), and the measurement conditions for the two antibiotics by Rodríguez-López et al. (2022b). Briefly, the equipment is composed of a quaternary pump, an autosampler, a thermostatted columns compartment and an ultraviolet-visible detector. The characteristics of the analytical column (Luna C18) were 150 mm long, 4.6 mm internal diameter, 5 µm particle size (Phenomenex (Madrid, Spain)), and for the safety column, 4 mm long, 3 mm ID, 5 µm particle size. Both are packed with the same material. The quantification limits for both antibiotics, CIP and TRI, were 0.1 µM and 0.05 µM, respectively, while the detection limits were 0.03 µM and 0.015 µM. The injection volume and selected flow used were 50 µL and 1.5 mL min−1, respectively. The mobile phases used were acetonitrile (Phase A) and 0.01 M phosphoric acid (pH 2) (Phase B). The initial conditions were maintained for 0.5 min, 95% phase B and 5% phase A, then decreased from 5% to 32% for phase A and from 95% to 68% for phase B, in a period of 10.5 min. The initial conditions were restored in 2 min and were maintained for 3 min until the analysis time was finished. The time needed for total analysis was 15 min, and the retention times, were 6.5 min for CIP, and 5.6 min for TRI. The wavelength used was 212 nm.
Electro-Kinetic Determinations
In order to measure the soil’s electrokinetics, the electrophoretic apparatus was used (Zetasizer Nanoseries 3600 micro-electrophoresis Malvern Instruments, Malvern, United Kingdom). The results were shown as Z-potential values. Previously, the fine soil fraction was separated through a 0.05-mm-mesh sieve. To carry out this experiment, 50 mg of fine soil fraction suspended in 15 mL of 0.01 M NaNO3 was taken, adjusting the pH between 2 and 11 with HNO3 or NaOH. Following the method of Álvarez-Esmorís et al. (2022), the samples were shaken for 1 h and 700 µL of the sample was taken for measurement in the apparatus. The experiment was carried out in duplicate for each soil, and 30 replicate runs were performed for each sample of fine soil fraction.
Data Treatment
The model used to calculate the adsorption coefficients (Kd) corresponds to the different forms of the antibiotics (Kd+ is the adsorption coefficient for the positively charged form of the antibiotic; Kd0 is the coefficient for the zwitterion form; Kd- is the coefficient for the negatively charged form). Equation 1 (Eq. 1) (Álvarez-Esmorís et al., 2022) has been used to calculate them:
[image: image]
where, Kd is the total adsorption coefficient (L kg−1), which is calculated at different pHs, and α is the fraction of each antibiotic species as a function of pH. Specifically, α+, α0 and α− represent the proportion of the different chemical species of the antibiotic obtained from the pKa values (De-Levie, 1999; Enke, 2001). The Kd+ is the adsorption coefficient for the positively charged form of the antibiotic; Kd0 is the coefficient for the zwitterion form, and Kd- the coefficient for the negatively charged form. SPSS 21 software was used to obtain the fits of the experimental data to the model. All determinations were made in triplicate.
RESULTS AND DISCUSSION
Soil Characteristics
The analysis results, Table 1, show that the pH range varies between 5.7 and 7.3 for pHH2O, but in the case of pHKCl, the range is lower, between 5.0 and 6.5. The values of the capacity cationic exchange vary between 5.43 and 24.35 cmol+ kg−1, and Cae is the majority cation. The soils have a carbon organic content of 1%–7.7% and a nitrogen content between 0.1% and 0.6%. The majority fraction of the soil is sand, and all soils are sandy loam.
TABLE 1 | Main physicochemical properties of the soils studied.
[image: Table 1]Figure 2 shows the Z-potential for all the samples, and we can see that the potential is always negative for the pH range studied (2–12). The range of values is between −5.8 and −48.5 mV, and as the pH increases, the Z-potential of the soil decreases, which corresponds to that obtained by other authors such as Pérez-Novo et al. (2009), indicating that the soils had significant fractions with variable charge. The fact that the charge is always negative shows that the negative charges of the soil prevail over the positive ones.
[image: Figure 2]FIGURE 2 | Graphs showing Zeta-potential values versus pH for the fine soil fraction extracted from the soil samples. Average values (n = 60). Error bars represent the standard deviation.
Adsorption
Figure 3 shows the results for the CIP in the six studied soils, and we can see that the behaviour is like those obtained by authors such as Jalil et al. (2015). It can be seen how the lowest adsorption corresponds to the most basic pHs, being around pH 10, where the curves of all soils decrease their adsorption values. On the contrary, the maximum adsorption, with values close to 30,000 μmol kg−1 for all soils except for soil 1, which presents values of 16,000 μmol kg−1, is found between pHs 5 and 7, except for soil 3, which is at pH 3.0. The maximum adsorption is found around pH 6.1, which is one of the pKa values of the antibiotic. Moreover, that the adsorption maximum is close to 7 may be due to the high hydrophobicity of the zwitterionic form of CIP, which implies higher adsorption at that pH (Li et al., 2014; Ncibi and Sillanpää, 2015). This compound shows higher solubility when it behaves as an ion, that is, as an anion or cation (Jalil et al., 2015), below or above pH 7.
[image: Figure 3]FIGURE 3 | Ciprofloxacin adsorption in six soil samples in the function of pH. Average values (n = 3).
Above pH 7, we can see that adsorption shows a tendency in all soils to decrease, similar to that obtained by other authors such as Liu et al. (2022) or Xiang et al. (2019), who observed a decrease in adsorption at values above 7, as pH increases, and on the other hand, below 7, as pH increases, adsorption increases. The low adsorption at acidic pHs may be associated with the fact that the anionic form of the molecule (CIP−) may have repulsive interactions with the clay mineral negative surface (Jalil et al., 2015), and in this case, all soils are negatively charged (Figure 2).
Liu et al. (2022) show that the predominant adsorption mechanisms below pH 7.0 are hydrogen bonding or π-π interactions. However, other authors, such as Xiang et al. (2019), show that the main mechanisms for fluoroquinolones are hydrophobic attraction, electrostatic interaction or π-π dispersion force.
Among the soil properties, organic carbon has the greatest influence on CIP adsorption. Those soils with the highest carbon content are the soils with the highest adsorption values (between 27,500 and 31,000 μmol kg−1), being soils 2, 5 and 6. Authors such as Chen et al. (2023) have seen this relationship, but in this case for violet soils. Moreover, at pH 7.0, the point of maximum adsorption for most soils, the adsorption coefficient (Kd) was significatively correlated with the organic matter content (r = 0.864, p < 0.05).
Regarding the CIP molecule, it has a carboxylic acid group and an amino group in the piperazine moiety. The deprotonation of the carboxylic group causes the molecule to form complexes with positively charged sorbents, while the protonation of the amide group facilitates cation exchange on negatively charged surfaces (Li et al., 2014; Liu et al., 2022).
Since the antibiotic CIP has two pKa values, its speciation will depend on pH. Considering the pKa values, 6.09 and 8.74, we can obtain the Kd values for each of the species of the same by means of Eq. 1. Table 2 shows the values for each of the soils. We can see that the adjustments are significant judging by the R2 values, which vary between 0.504 and 0.874.
TABLE 2 | Kd values (L kg−1) for the different forms of Ciprofloxacin.
[image: Table 2]The results obtained from the equation show that all soils have higher values for the CIP+ species, except for soil 3, where the opposite occurs; the highest value is the Kd of the CIP− species. The values for the Kd of CIP+ are between 0.887 and 8.289 L kg−1, while for KdCIP− are from 0.670 to 5.440 L kg−1. In the case of CIP0, the values do not differ from 0, with the exception of soils 1 and 3, with values between 0.2 and 0.7 L kg−1, which may be due to the low solubility of the molecule in this zwitterionic form (Jalil et al., 2015). Soils 2, 5 and 6 show the highest values for the Kd of CIP+, between 3.529 and 8.289 L kg−1, which corresponds to soils with a higher organic carbon content, mainly soil 6, which is the soil with the highest values for three parameters, for KdCIP+, KdCIP− and SOC, being, 8.289, 5.440 L kg−1 and 7.7%, respectively.
The adsorption data as a function of pH for the TRI are shown in Figure 4. Here, we can see how the trend in all soils is the same, with the highest adsorption at acidic pHs and decreasing as the pH rises, which corresponds to the results obtained by other authors, such as Zhang et al. (2014), who attribute this behaviour to the pKa values of the antibiotic. In acidic systems, at low pHs, the antibiotic is found in its cationic form, while in neutral and basic systems, at pH 7 and above, it is found in its neutral and negative form. This means that the antibiotic has a higher affinity for the negative charges of the soil in its cationic form.
[image: Figure 4]FIGURE 4 | Trimethoprim adsorption in six soil samples in the function of pH. Average values (n = 3).
The maximum adsorption is found around pH 2 for soils 1, 2, 3 and 4 and around 6 for soils 5 and 6. Mpatani et al. (2021) showed that, according to the bioadsorbent, TRI would have the maximum adsorption around pH 5.04 in the case of montmorillonite, while in the case of charcoal synthesised from chicken feathers as an adsorbent, the maximum was at pH 7.5, close to the pKa2 value. Considering that the characteristics of by-products are different from those of soils, this variability in the maximum adsorption may be due to this factor; however, results obtained for soils, as indicated by Zhang et al. (2014), show that there is a correspondence to those obtained in this study. They found the maximum adsorption at pH 6.0, which may be due to the dominance of the neutral form of the antibiotic, which means that there is a strong attraction to the electronegative surface of the soil.
The maximum adsorption values are between 3,400 and 6,000 μmol kg−1, which are much lower than those obtained for CIP, indicating higher adsorption of CIP than TRI, as seen by other authors such as Rodríguez-López et al. (2022b). The adsorption of TRI is attributed by authors such as Kocárek et al. (2016) to its methoxy group, as it is able to behave as a proton acceptor within H-bonds.
In the case of TRI, factors such as organic matter content are not determinant to obtain clear conclusions on how it influences the adsorption of the antibiotic, as there is no correlation between the maximum adsorption values and this parameter. This corresponds to what has been obtained in other studies (Kocárek et al., 2016; Mejías et al., 2023).
Regarding TRI adsorption mechanisms, authors such as Mpatani et al. (2021) point out cation-π and π-π interactions. However, authors such as Li and Zhang, (2017) associate hydrophobic partitioning with the adsorption mechanism when the molecule is in its neutral state and the mechanism of electrostatic forces when the molecule is in its anionic state. For Kocárek et al. (2016), the main adsorption mechanisms are cation exchange, hydrogen bonding and Van der Waals forces.
Trimethoprim, as with CIP, presents two pKa (6.16 and 7.16); therefore, it will present three species as a function of pH. Table 3 shows the Kd values for each species obtained after the application of Eq. (1). We can see that the equation fits the experimental data better than for the other antibiotic, judging by R2, which is higher than in the case of CIP, being in the range between 0.883 and 0.968.
TABLE 3 | Kd values (L kg−1) for the different forms of Ciprofloxacin.
[image: Table 3]We can observe, as in the case of CIP, that the Kd values for the TRI+ species are higher than the values for the other species, followed by TRI− and the lowest TRI0 values, with the exception of soil 3, where the highest value is for TRI−, TRI+ and lastly TRI0. The highest values for the TRI+ species, about the other species, correspond to the highest adsorption values for TRI, since the maximum adsorption of this antibiotic takes place at acid pHs (Mejías et al., 2023). The values for TRI+ vary between 0.085 and 0.218 L kg−1. In the case of TRI0, the values range from 0.011 to 0.056 L kg−1, and finally, for TRI−, the values are between 0.092 and 0.189 L kg−1. As with CIP, it should be noted that the soil with the highest values is soil 6, with values of 0.218, 0.056 and 0.189 L kg−1 for KdTRI+, KdTRI0 and KdTRI−, respectively. Authors such as Kocárek et al. (2016) have seen how, for different soils, the majority of species is cationic (TRI+), as in the results obtained.
Desorption
Figure 5 shows the desorption percentages for the antibiotic CIP and, in the second axis, the amount of adsorbed CIP after a desorption cycle. The percentages vary between 3.7% and 45.9%, with the exception of soil 1, which shows higher desorption, with values between 18.6% and 75.8%, which corresponds to the soil with the lowest adsorption values after one desorption cycle, as indicated by Figure 5. The fact that soil 1 shows higher desorption may be related to its low organic carbon content; in fact, it is the soil with the lowest percentage compared to the others, 1%. The maximum values for desorption for each soil are between 24% and 45.9%, except for soil 1, which has a maximum of 76% and in adsorption values after a desorption cycle, the range is between 13,000 and 29,000 μmol kg−1. The maximum values of desorption are found for soils 1, 5 and 6 at basic pHs above 12, while for the other soils (2, 3 and 4), between 8 and 10, and in the case of the maximum of adsorbed amount corresponds to pH values between 3 and 6 for all soils, which corresponds to the adsorption data obtained. In general, at low pHs, desorption values are low at around 20% for all soils, and as pH increases, so does desorption; this trend can be seen to hold for all soils.
[image: Figure 5]FIGURE 5 | Ciprofloxacin desorption percentages and ciprofloxacin amount adsorbed after a desorption cycle (µmol kg−1) as a function of pH in the different soils. Average values (n = 3).
Many antibiotics, such as in this case fluoroquinolones or tetracyclines, have hydrophilic characteristics, hence some desorption, but at the same time, they tend to have high adsorption, as they have certain electrostatic interactions with soil components (Tran et al., 2018).
We can observe that, for the soils under study, the desorption of the antibiotic TRI is higher than CIP, as can be seen in Figure 6, where the desorption percentages are shown as a function of pH for this antibiotic, as well as, the amount of TRI adsorbed after a desorption cycle in μmol kg−1 in the second axis. Here, we can see how desorption presents a maximum of close to 100% in all soils. This maximum is found for all soils around pH 7.0, except for soil 1, which presents a maximum at pH 4.0 and for soil 6, which presents a maximum at pH 9.5. Regarding the amount adsorbed after the desorption process, it can be seen that the values are lower than those of CIP, with the maximum values varying between 900 and 2,700 μmol kg−1 and the maximum for all soils are found at very acidic pH, around values of 2. The trend for soils 2, 3 and 4 is that desorption at acidic and basic pHs decreases with respect to pH 7.0, where the maximum desorption is found, coinciding in the range of the two pKa values of TRI (6.16 and 7.16). The desorption percentages for these soils are between 35.9% and 99.1%.
[image: Figure 6]FIGURE 6 | Trimethoprim desorption percentages and trimethoprim amount adsorbed after a desorption cycle (µmol kg−1) as a function of pH in the different soils. Average values (n = 3).
On the other hand, for soil 1, the behaviour is slightly different. We observe a maximum desorption at acidic pHs, and then a decrease as pH increases, and at very basic pHs above 12, desorption increases again. The desorption values in this soil vary over a wide range between 9.4% and 94.2%. In the case of soils 5 and 6, desorption is more linear, with all values between 55% and 97%, without a clear tendency to increase or decrease with pH change, as in the other soils. However, in the case of the amount adsorbed after the desorption process, we see for all soils that the amount decreases when pH increases. The desorption percentages are much higher than those found by other authors, such as Li and Zhang, (2017), for marine sediments, who have found that desorption percentages do not exceed 42%. Within the TRI molecule, the hydroxyl group probably has a positive effect on adsorption but not on desorption, as it forms new hydrogen bonds with the soil (Mejías et al., 2023).
With these data, we can say that CIP is an antibiotic that is less mobile than TRI, but at the same time, TRI is less mobile than other antibiotics, such as sulphonamides (Zhang et al., 2014). Moreover, as other authors such as Mejías et al. (2023) have seen, among the different factors that influence adsorption and desorption processes, such as the pH of soil for ionisable compounds, clay content, organic matter content, soil texture or cation exchange capacity, pH is one of the most important with regard to organic pollutants, as is the case of antibiotics, since they have different pKa that determine their speciation.
CONCLUSION AND FUTURE PERSPECTIVES
This study shows the different partitioning of two widely used antibiotics, CIP and TRI, as a function of pH. It can be observed that the adsorption of CIP shows higher values than TRI. As for CIP, the maximum adsorption is between 5 and 7, coinciding with both pKa of the molecule. As pH increases, adsorption decreases. The main mechanisms that can be associated with the adsorption of this compound are hydrogen bridges, π-π interactions, hydrophobic attraction, electrostatic interaction or π-π dispersion force. Regarding TRI adsorption, we can observe that the maximum adsorption values are found between pH 2 and 6, and at higher pH, the adsorption decreases for all soils. The main adsorption mechanisms are cation-π, π-π interactions, hydrophobic partitioning, electrostatic forces, cation exchange, hydrogen bonding and Van der Waals forces.
In terms of desorption, we can see that both show some desorption, presenting the maximum at different pHs, in the case of CIP, at basic pHs, but on the other hand, in the case of TRI, at pHs close to neutrality. It is observed that the mobility of TRI, with desorption percentages between 9.4% and 99.1%, is higher than CIP, which presents percentages between 3.7% and 75.8%.
For these reasons, it is necessary to take into account that certain agricultural and livestock activities, such as liming or the use of chemical compounds or simply strong changes in topography or climate that can significantly influence pH, can cause these antibiotics to be more mobile in the soil and move up the food web, and finally reaching humans. However, these changes will depend primarily on the edaphic characteristics of the soils themselves; it is therefore necessary to always be aware of all the variables that can affect them. Further studies should be focused on the combined effects of environmental factors (e.g., salinity, pH, and temperature) on antibiotic adsorption/desorption processes or find measures to enhance the process, such as the addition of different by-products that are used as bioadsorbents, such as wood waste, animal waste (shells or feathers) or biochar, for example.
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