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Antibiotic residues have been found in environmental samples, such as water, soil, and even food, and usually come from wastewater, presenting environmental and human health risks. This study aimed to improve the elimination of the antibiotics tetracycline (Tet) and chloramphenicol (Chlor) by modifying three factors: contact time (3–7 days), plant biomass (10–14 g), and antibiotic concentration (5–15 mg/L Tet and 10–20 mg/L Chlor). An approach that optimizes time and resources, response surface methodology (RSM), was applied with a Box–Behnken design (BBD) to two plant species (L. gibba and A. filiculoides), i.e., one experimental design was used for each species. Antibiotic residues in water and plant samples were analyzed by liquid chromatography. The optimal conditions for Tet removal were 6.04 d, 11.4 g, and 13.4 mg/L with Lemna and 6.3 d, 11.9 g, and 14.7 mg/L with Azolla; the optimal conditions for Chlor removal were 7.8 d, 13.6 g, and 10.2 mg/L with Lemna and 4.6 d, 12.3 g, and 8.7 mg/L with Azolla. The results showed that the removal efficiency of antibiotics increased depending on the species used, reaching a maximum of up to 100%. Tet was better removed than Chlor, reaching maximum removal values of 100% and 84% with Azolla and Lemna, respectively. Chlor removal reached 70% and 64% with Azolla and Lemna, respectively. The mean bioconcentration factors (BCFs) of Tet were 2.9% in Lemna and 4.9% in Azolla, and the BCFs for Chlor were 38.1% in Lemna and 37.8% in Azolla. Thus, in general, better results were obtained with Azolla. In summary, the results demonstrate that this design and the selected plants contribute to the removal of antibiotics, presenting a sustainable and recommended alternative for the treatment of wastewater contaminated with antibiotic residues.
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HIGHLIGHTS

• Azolla absorbs tetracycline and chloramphenicol in its structure better than Lemna.
• Tetracycline is also degraded by other abiotic factors.
• Chloramphenicol is better absorbed than tetracycline by plants.
• The longer the contact time is, the better the removal of antibiotics is.
• Intermediate amounts of biomass give better antibiotic removal results.
1 INTRODUCTION
In recent years, the residues of antibiotics such as chloramphenicol (Chlor) and tetracycline (Tet) have been found in aquatic ecosystems (Carvalho and Santos, 2016; Sorinolu et al., 2021). Such aquatic resources are contaminated with antibiotic residues from wastewater; given that after uptake, these compounds are not fully assimilated by the body, and a large percentage of ingested antibiotics is eliminated through excreta (Topal et al., 2016). Then, these residues reach wastewater, which is inefficiently treated in treatment plants, finally reaching the aquatic ecosystem, and are found in rivers, lakes, and marshes, among others (Pan et al., 2014; Topal et al., 2014; Baciak et al., 2016; Vilca et al., 2021). Unfortunately, insufficiently treated wastewater is not the only source of pollution; other sources include direct discharges of wastewater, landfill leachate, sewer leaks, manure storage ponds, runoff, and leaching of agricultural land contaminated with manure and direct discharges to crop fields (Carvalho and Santos, 2016). Therefore, natural degradation is not sufficient to degrade these quantities constantly.
Tet is one of the most commonly used antibiotics in human and veterinary medicine (Baciak et al., 2016) and is found in the environment, where it affects non-target species such as plants (Topal et al., 2014). Tet inhibits the growth of plants and alters the bacterial community (Brain et al., 2004; Maldonado et al., 2022). The danger of the presence of Chlor in the environment lies in its ability to generate resistance to antibiotics (Boonsaner and Hawker, 2013; Nguyen et al., 2022). Other secondary effects of Chlor on human health are associated with its carcinogenicity and the development of aplastic anemia (Bhattacharjee, 2016; Holanda et al., 2019; Yao et al., 2019; Reis et al., 2020), leukemia, and bone marrow suppression (Yao et al., 2019), which can sometimes be deadly (Bhattacharjee, 2016). This danger is due to the high lipophobicity of Chlor (pKa = 11) (Carvalho and Santos, 2016), which leads to easy bioaccumulation and biomagnification in living beings (Reis et al., 2020). For this reason, Chlor has been banned in the US and other developed countries; however, it is still being used in developing countries (Bhattacharjee, 2016; Yao et al., 2019).
Various removal methods exist, such as reverse osmosis, ozonation, photolysis/photocatalysis, adsorption, biodegradation by bacteria, ionizing radiation, and electrochemical oxidation (Zhao et al., 2019), which have high operating/maintenance costs (Amare et al., 2018). Phytoremediation is a technology based on plants that are capable of accumulating, translocating, and concentrating high amounts of toxic compounds in the aerial parts of their structure (Rahman and Hasegawa, 2011). Among them, the species L. gibba and A. filiculoides have been widely used in studies of the removal of toxic compounds (Baciak et al., 2016; Daud et al., 2018; Balarak et al., 2021), wastewater (Amare et al., 2018), and antibiotic residues with efficient results (Topal et al., 2014, Topal et al., 2016; Balarak et al., 2018; Bianchi et al., 2020; Topal et al., 2020; Balarak et al., 2021; Besharati et al., 2021).
Additionally, there are several environmental factors that influence the removal of these wastes, such as photodegradation, species biomass (Chattoraj et al., 2014; Naghipour et al., 2016; Pithawala and Jain, 2020), contact time with the compound (Chattoraj et al., 2014; Holanda et al., 2019; Pithawala and Jain, 2020), concentration in the medium (Chattoraj et al., 2014; Holanda et al., 2019), temperature, biodegradation, and adsorption on suspended solids and sediments (Carvalho and Santos, 2016; Topal et al., 2016; Holanda et al., 2019; Bianchi et al., 2020), as well as the phytoremediation process used (phytoextraction, phytostabilization, phytotransformation, volatilization, or rhizofiltration) (Rahman and Hasegawa, 2011). However, considering each factor individually is not enough to degrade these wastes. Given that, for example, antibiotics have toxic effects on various species (Kołodziejska et al., 2013; Carvalho and Santos, 2016), it is worth investigating whether the removal efficiency would improve if several environmental factors were controlled simultaneously.
Considering the complexity of the environmental factors that influence the degradation of antibiotics, these processes can be modeled by various statistical models, such as response surface methodology (RSM) (Jadhav et al., 2021). These methods are used to optimize treatment time and cost and involve the use of mathematical models and statistical techniques to find the optimum of each variable considered in the study (Samimi and Shahriari Moghadam, 2018; Foroughi et al., 2020). Such methodologies are rarely used in antibiotic removal processes with biological species. However, studies using these methodologies show better results than those without the application of this approach, as shown by one study of the biodegradation of Chlor that achieved 30% removal in a short period (24 h) (Holanda et al., 2019). Similarly, when Lemna was used to remove ammonium, up to 88% removal was achieved (Samimi and Shahriari Moghadam, 2018), as well as up to 89.2% phosphorus removal (Naghipour et al., 2016) and 86% lead removal were achieved (Pithawala and Jain, 2020). Relevant studies show that the application of Lemna and Azolla species with this experimental design can provide efficient results in antibiotic removal and offer another treatment alternative for target compounds, optimizing time and resources.
This study aimed to find an optimal combination of the parameters for the antibiotic’s removal (Tet and Chlor) considering three parameters (biomass, contact time, and antibiotic concentration) and two plant species through RSM, in order to study the effects of factor interaction, with two experimental group designs, one for Lemna and another for Azolla.
2 MATERIALS AND METHODS
2.1 Reagents and solvents
The antibiotics Tet and Chlor (98%) were obtained from Sigma-Aldrich. The salts for a quick, easy, cheap, effective, rugged, and safe (QuEChERS) method were obtained from Thermo Scientific, USA. Methanol (HPLC grade), acetonitrile (HPLC grade), and formic acid (HPLC grade) were obtained from BAKER ANALYZED.
2.2 Estimation of antibiotics in water and plant samples
A 1-ml water sample was filtered through a syringe filter (PTFE, 0.22 μm, 13 mm) and subjected to ultrahigh-performance liquid chromatography (UHPLC, Agilent 1290 Infinity II, United States) with diode ray detection (DAD) based on a previous study for the determination of the concentration of antibiotics (Santos et al., 2019). A 2-µl sample was injected into an InfinityLab Poroshell EC-C8 column (2.1 mm × 150 mm, 1.9-Microm, Agilent, United States) with a column temperature of 50°C. The mobile phase consisted of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B). A gradient elution was performed: 0 min−90% B, 7 min −60% B. The flow of the mobile phase was 0.350 ml/min. The effluent of the column was monitored at 280.4 nm to detect the antibiotics. The limit of detection (LOD) and limit of quantification (LOQ) were 0.08 and 0.24 μg/ml for Tet, and 0.016 and 0.048 μg/ml for Chlor, respectively (Table 1). The five-point calibration curves (0.5, 1, 3, 6, and 10 μg/ml) showed good linearity for Tet (r2 = 0.9978) and Chlor (r2 = 1) in the range of the expected sample concentrations (Gomes et al., 2017).
TABLE 1 | Analytical characteristics of the antibiotics considered in the study.
[image: Table 1]For the determination of antibiotics in plants, the modified QuEChERS method was applied based on a previous study (He et al., 2018; Zhang et al., 2019) The plant samples were crushed in a mortar. A total of 10 g of the crushed sample was placed in a 50 ml centrifuge tube, 10 ml of acetonitrile was added, the mixture was homogenized, and then, 4 g of magnesium sulfate (MgSO4), 1 g of sodium chloride (NaCl), and 0.049 g of monosodium phosphate (NaH2PO4) were added. Then, the tube was closed and placed in a vortexer for 3 min. After ultrasonication for 20 min, the tube was centrifuged for 5 min at 3,500 rpm. One milliliter of the supernatant was transferred to a 2 ml centrifuge tube, and dispersive solid-phase extraction sorbents (25 mg PSA, 25 mg C18, 2.5 mg GCB, and 150 mg MgSO4) were added. The sample was placed in a vortexer for 1 min and then centrifuged for 5 min at 3,500 rpm. The supernatant was filtered through a 0.22-μm 13 mm PTFE syringe filter into a vial for the subsequent UHPLC analysis. The recovery percentages were 116.47% and 87.57% for Tet and Chlor, respectively.
2.3 Calculation methods
2.3.1 Water
The formula used to determine the removal percentage is the one reported by Amare et al. (2018):
[image: image]
where ci represents the initial concentration (mg/L) and cf denotes the concentration at the selected time (Bianchi et al., 2020).
2.3.2 Plant
The bioconcentration factor (BCF) was calculated as the ratio of the antibiotic concentration in plant tissues (µg/g) to the concentration in water (µg/L) at the end of the exposure phase (Boonsaner and Hawker, 2013; Boonsaner and Hawker, 2015).
2.4 Design of experiments and data analysis
A Box–Behnken design (BBD) with three levels and three variables was used to obtain the optimal conditions to maximize the percentage of antibiotic elimination (% eliminated). The factors were contact time (3–7 days), biomass (10–14 g), and antibiotic concentration (5–15 mg/L Tet and 10–20 mg/L Chlor). A total of 17 trials were conducted with RSM to investigate the effects of these processes. The experiments were performed in two groups, one for Lemna and one for Azolla, for a total of 34 tests. Two different responses were recorded: the percentage of Tet elimination (Y1) and the percentage of Chlor elimination (Y2) (Table 2).
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where Y is the response variable; β0, βi, βi, and βij are the regression coefficients for the intercept, the linear term, the quadratic term, and the interaction, respectively; Xi and Xj are the independent factors; and n is the number of factors, which in this case is 3.
TABLE 2 | Predictor’s variables and their values selected for the Box–Behnken design (BBD) for antibiotic removal.
[image: Table 2]2.5 Plant culture medium and experimental setup
The macrophytes were collected from the ecotourism boardwalk of Puno. They were previously cultured in a modified Swedish standard medium (SIS) for L. gibba and the same medium without nitrogen for Azolla (OECD, 2006; Garcia-Rodríguez et al., 2015).
The experiments were performed in plastic pots that were externally covered with aluminum to prevent the passage of light. Five hundred milliliters of the test solution with various concentrations of Tet (10, 15, and 20 mg/L) and Chlor (5, 10, and 15) was added to each plastic pot, with different amounts of biomass (10, 12, and 14 g) of L. gibba or A. filiculoides, corresponding to 34 pots in total, 17 for Lemna and 17 for Azolla. The daily lighting regime was 12 h of light: 12 h of darkness following the recommendations of the OECD (OECD, 2006). At days 3, 5, and 7 of exposure, some experimental units were selected, from which 1 ml of the water sample and 10 g of the plant biomass were sampled for analysis. The final biomass was also considered to determine the effect of antibiotics on plant growth.
2.6 Statistical analysis
The validity of each experimental series was assessed using analysis of variance (ANOVA) and the regression model corresponding to the response surface analysis. The optimal conditions were obtained by applying the predictive equation from the RSM analysis (Holanda et al., 2019). The analysis was performed using the rsm package in free software R Studio and version R 4.1.
3 RESULTS
3.1 Evaluation of antibiotic degradation through an experimental design with L. gibba
3.1.1 Tetracycline
Duckweed is a plant with a high capacity to remove contaminants from the environment; in this case, it was applied in conjunction with other parameters for the removal of antibiotic compounds. A design with the response surface modeling was used to determine the optimal value of each parameter (contact time, biomass, and concentration) to improve the response variable, which was the percentage of antibiotic elimination. Table 3 shows the variables and their combinations, the response variables, and the predicted variables. In general, all combinations showed certain removal percentages, with Tet removals of 5%–84% and Chlor removals of 50%–64% with L. gibba. This indicates that a longer contact time has better removal results (Figure 3). The obtained and predicted data were compared, and R2 was 0.99 for Tet and 0.95 for Chlor, which confirms the suitability of the model obtained.
TABLE 3 | Experimental design and responses based on the actual and predicted values with L. gibba and A. filiculoides, for tetracycline percentage removal (Y1) and chloramphenicol percentage removal (Y2).
[image: Table 3]According to Table 3, the variable with the greatest influence on the percentage of Tet removal in L. gibba was the contact time (p < 0.05), where the quadratic term for this variable was also significant (p < 0.05), while the other variables did not show statistical significance. Likewise, the intercept was significant [Pr (>|t|) = 0.02 and is < 0.05] with an R2 adj of 0.98, which suggests that the applied model is reliable. This result is corroborated by the ANOVA, in which first-order (FO) and pure quadratic (PQ) variables are significant for this model, while the interactions of the variables have no influence on the removal results.
3.1.2 Chloramphenicol
According to Tables 3, 4, the variable with the greatest influence on the percentage of Chlor removal in L. gibba is the concentration (p < 0.05), where the same is observed for the quadratic of concentration (p < 0.05), while the other variables do not show statistical significance. The R2 adj. is 0.886, which suggests that the applied model is reliable, and the comparison of the predicted data in Table 3 with the experimental data shows an R2 of 0.95. This result is corroborated by the ANOVA, in which the first order and quadratic variables are significant. Therefore, in the case of Chlor, the most influential variable is the concentration.
TABLE 4 | Regression coefficients obtained for the RSM-generated model. Signif. codes: 0 ***; 0.001 **; 0.01 *.
[image: Table 4]3.2 Evaluation of antibiotic degradation with A. filiculoides through an experimental design
3.2.1 Tetracycline
In relation to the removal of Tet, the variable that most influences the removal percentage in A. filiculoides is the interaction of the variables’ contact time and concentration (p < 0.05), where the same is observed for the quadratic term of the contact time (p < 0.05) (Tables 4, 5), while the other variables do not show statistical significance. The model R2 adj. is 0.80, which suggests that the applied model is reliable, and the comparison of the predicted data in Table 3 with the experimental data shows an R2 of 0.91. The removal value reaches a maximum of 100%, although the BCF results indicate that the amount absorbed by this plant is minimal, with a maximum of 12% (Table 6). In this case, absorption in the tissues of the plant was not a relevant factor in Tet removal.
TABLE 5 | Analysis of Variance Table for the RSM generated model.
[image: Table 5]TABLE 6 | Bioconcentration factor values in plants.
[image: Table 6]3.2.2 Chloramphenicol
The model of Chlor removal by Azolla was adequate with R2 = 0.90, and the variables that most influenced the removal percentage were contact time, biomass, and concentration, as well as the quadratic terms of all independent variables. This is corroborated by ANOVA, which shows that the contributions of the first-order variables, the pure quadratic (PQ), and the two-way interaction (TWI) were significant.
3.3 Effects of antibiotics on plant growth
Figure 1 shows the net increase in biomass influenced by the concentrations of the antibiotics Tet and Chlor. Lemna was more affected by increases in concentration over time, while for Azolla, although a decrease occurred on the fifth day, the biomass increased by up to 31.02% by the seventh day, which suggests that Azolla better tolerates the investigated antibiotic concentrations.
[image: Figure 1]FIGURE 1 | Biomass increment percentage in Lemna and Azolla during the experimental period of 7 days. With three concentrations, C1 = 5 and 10 mg/L, C2 = 10 and 15 mg/L, and C3 = 15 and 20 mg/L for tetracycline and chloramphenicol, respectively.
The BCF results showed that Tet was generally less absorbed by plants, with maximum values of 7.9% and 12.2% in Lemna and Azolla, respectively, while Chlor had maximum values of 57.3% and 58.3%, showing that Azolla absorbed a greater amount of both antibiotics.
3.4 Determination of the optimal points for the removal of antibiotics
3.4.1 Optimal point for the removal of antibiotics with L. gibba
The optimal conditions for Tet removal with L. gibba were contact time: 6 days, biomass: 11.4 g, and concentration: 13.4 mg/L, and the optimal conditions for Chlor removal were contact time: 7.8 days, biomass: 13.6 g, and concentration: 10.2 mg/L. Figure 2 presents the qualitative validation results. In the case of Tet, contact time was a very influential factor in the percentage of removal, even more than biomass, followed by the concentration of the antibiotic (Figures 2A–C). For Chlor, intermediate values of the contact time and biomass were observed (a), and in relation to biomass:concentration, better results were obtained at lower concentrations and intermediate biomass values between approximately 11 and 13 g. Regarding the interaction of contact time:concentration, better results were obtained with a greater number of days and lower concentration.
[image: Figure 2]FIGURE 2 | Response surface plot and contour plot of tetracycline percent removal, content as a function of (A) day and biomass; (B) biomass and concentration; and (C) day and concentration. For the percentage removal of chloramphenicol, content as a function of (D) day and biomass; (E) biomass and concentration; and (F) day and concentration.
3.4.2 Evaluation of antibiotic biodegradation through an experimental design with A. filiculoides
Regarding Tet and Chlor removal by Azolla, the optimal values were as follows: contact time: 6.3 days, biomass: 11.9 g, and concentration: 14.7 mg/L for Tet; and contact time: 4.6 days, biomass: 12.3 g, and concentration: 8.7 mg/L for Chlor. Figure 3 qualitatively shows the interactions and their effects on the removal percentage of the evaluated compounds. In general, for Tet, better percentages are observed at a greater number of days and the intermediate values for biomass (11–13 g) and concentration (12–16 mg/L). Similarly, for Chlor, the highest percentages of removal corresponded to a longer contact time, intermediate biomass, and lower antibiotic concentration.
[image: Figure 3]FIGURE 3 | Response surface plot and contour plot of percent chloramphenicol removal, content as a function of (A) day and biomass; (B) biomass and concentration; and (C) day and concentration. For percent chloramphenicol removal, content as a function of (D) day and biomass; (E) biomass and concentration; and (F) day and concentration.
4 DISCUSSION
4.1 Evaluation of antibiotic degradation through an experimental design with L. gibba
4.1.1 Tetracycline
Treatment plants remove toxic compounds from the aquatic environment. However, when the supply of these pollutants is constant and abundant, the degradation capacity decreases greatly (Topal et al., 2016). An additional method, such as phytoremediation, is required to mitigate pollutant concentrations. The results of the current experimental design show efficient results in all combinations, which suggests that plants play a very important role. However, among the variables used, only the individual and quadratic terms for contact time were significant, not the other variables. This may be because, in general, the ranges of the variables analyzed were very narrow; for example, the intervals between the biomass values were 2 g, and the intervals for the concentration values were 5 mg.
Similarly, in a study in which Tet was removed with L. gibba, three initial concentrations (50, 100, and 300 μg/L) were analyzed with 5 g of Lemna in each experimental unit, and different hydraulic retention times (HRTs; up to 10 days) were considered; the removal results for the three concentrations were 99.8 ± 4.1, 99.9 ± 4.9, and 99 ± 4.9%, respectively, at 10 days (Topal et al., 2020). Thus, close values of the independent variables can provide similar removal results. In a study in which oxytetracycline (1 μg/L) was removed with Lemna minor, the plant showed the ability to tolerate stress and absorb oxytetracycline in its structure, resulting in a 79% removal in 14 days (Gomes et al., 2020). The reason for the lower removal percentage and longer time may be because, in the study mentioned, a less amount biomass of Lemna was used (20 individuals with two fronds each, corresponding to a few grams) (Gomes et al., 2020). Additionally, in another study with L. gibba, only 85% of Tet was removed after 13 days of exposure (Topal et al., 2014).
Additionally, the BCF values for Tet were low (Table 6), with an average of 2.9%, which indicates that there are other factors, such as hydrolysis and photodegradation (Topal et al., 2016; Bianchi et al., 2020). In contrast, in a study conducted by Topal et al. (2014), photodegradation and other environmental factors did not influence Tet removal in the control group, although this may be due to the HRT, which was 1.31 h in the experimental unit; in contrast, in this study, the minimum HRT was 3 days, and the maximum was 7 days. Additionally, these low BCF values may be due to the high concentrations used in the experiment, which could have phytotoxic effects on plants, since there is ample evidence of the phytotoxic effects of antibiotics on plants, mainly affecting their growth (Iatrou et al., 2017), causing chlorosis in leaves (Iatrou et al., 2015), and promoting the production of peroxide (H2O2), which in high quantities is toxic to plants (Gomes et al., 2017; Gomes et al., 2020). Despite this, this plant showed the ability to absorb this antibiotic and continue to increase its biomass (Figure 1). The other reason for the low concentrations of antibiotics in the tissues was phytovolatilization, which consists of plants absorbing pollutants, transferring them to the aerial parts and volatilizing the pollutants in the air (Rahman and Hasegawa, 2011). This mechanism increases the reliability of plant use for phytoremediation; even using dry biomass as a Tet adsorbent can produce efficient results in a few hours (Balarak et al., 2018). Therefore, not only wet biomass but also dry biomass can be useful in the removal of this compound.
4.1.2 Chloramphenicol
The results indicate that the first-order and quadratic variables are significant. Therefore, in the case of Chlor, the most influential variable is the concentration. Similarly, in a study in which this same RSM was applied to Chlor biodegradation, it was found that the variables that most influenced Chlor removal were concentration and time (Holanda et al., 2019). Even in adsorption tests with chemical compounds, concentration is a very important factor, so this variable is often considered in laboratory tests (Nguyen et al., 2022), as in the case of Chlor concentrations of 0.1–0.3 mmol/L (Li et al., 2018); 30, 50, 100 mg/L (Yao et al., 2019), and 5, 10, 20, 30, and 50 mg/L (Xiao et al., 2021), to evaluate the best concentrations for removal by the different methodologies applied. This is understandable given that high concentrations tend to exceed the remediation capacity of plants. Chlor has toxic effects on plants, as shown by toxicity studies demonstrating the phytotoxic effects of antibiotics at high concentrations. For example, in the case of Scenedesmus ubliquus, its growth decreased by 50% (Xiong et al., 2019); a similar phenomenon occurred in this study. In general, an inhibition of biomass was observed with an increasing concentration of antibiotics (Figure 1).
4.2 Evaluation of antibiotic degradation through an experimental design with A. filiculoides
4.2.1 Tetracycline
The results show that the plant was not an important factor in the removal of Tet. Therefore, other factors influenced Tet degradation. In the case of Azolla, one such factor is biodegradation by the symbiotic cyanobacteria associated with Azolla, i.e., Anabaena azollae and Arthrobacter (Forni et al., 1991; Forni et al., 2002; Bianchi et al., 2020), which, despite being affected by antibiotics, usually contribute to antibiotic degradation (Forni et al., 2002). In one study, the population of Arthrobacter increased with an increase in the amount of the antibiotic in treatment systems with plants, which contributed to the removal of the antibiotic from the medium (Tong et al., 2019).
Studies of Tet removal with Azolla wet biomass are scarce. However, studies in which Azolla is used to remove antibiotics show efficient results, such as in the study by Bianchi et al. (2020); not only was levofloxacin removed from the medium (1 μg/L), but an increase in Azolla biomass was stimulated. In another study, in which Azolla was exposed to sulfadimethoxine at high concentrations (50, 150, 300, and 450 mg/L), an increase in bioadsorption occurred as a function of increasing the dose. Despite sulfadimethoxine having toxic effects on the plant, Azolla was able to survive, increase its biomass after an initial adaptation process, and remove the tested antibiotic from the environment (Forni et al., 2002). Therefore, concentration and time influence the removal rate from an aquatic environment. Additionally, the dry biomass of Azolla was used in one study as an adsorbent to remove Tet from the aquatic environment with efficient results; the biomass of Azolla and other variables such as the initial concentration of Tet, contact time, and temperature positively influenced the removal of Tet from the aquatic environment (Mahvi et al., 2018). However, in another study, in which Azolla biomass was also used as an adsorbent, the removal results were lower than those obtained with other adsorbents (Besharati et al., 2021). This indicates that in general, living plant biomass offers better results, as was also evidenced in this study.
4.2.2 Chloramphenicol
The results indicate that the variables contact time:biomass and the quadratic terms of all the independent variables influenced the removal process. Similarly, a study in which Azolla was exposed to a drug (diclofenac) at different doses (0.1, 1, 10, and 100 mg/L) for different periods of time (24, 48, 72, and 240 h) found that time and dose influenced the toxicity of Azolla, resulting in lower removal for the medium (Vannini et al., 2018). Another study showed that a higher concentration decreased the removal rate (Xiao et al., 2021).
The high removal percentages indicate that the combination of several factors under this design is efficient and sustainable for the removal of toxic compounds since it allows the optimization of time and resources (Holanda et al., 2019). Similar conclusions were obtained for the removal of ammonium (Samimi and Shahriari Moghadam, 2018), phosphorus (Naghipour et al., 2016), and lead (Pithawala and Jain, 2020). Therefore, this study highlights the benefits of using floating plants in phytoremediation (Rahman and Hasegawa, 2011). Phytoabsorption is an efficient mechanism for the removal of toxic compounds that is also relevant to Lemna and Azolla mainly because they are floating plants that are in direct contact with pollutants through the roots. The roots are a suitable place for bacterial development because plants release exudates (Kotyza et al., 2010), favoring bacterial activity in the process of degradation of toxic compounds (Hijosa-Valsero et al., 2011; Martin et al., 2014; Santos et al., 2019) through rhizoremediation (Martin et al., 2014).
The results show that this approach with floating species is not only ecologically viable but also sustainable over time once the optimal species are identified. This alternative treatment technology is self-sufficient and economical (Daud et al., 2018). In addition, the species used can easily adapt to different environmental conditions (Rahman and Hasegawa, 2011) and are even considered to be among the most prolific species in the world (Rahman and Hasegawa, 2011). These results indicate that the application of the current approach in the removal of antibiotics is viable mainly for developing and emerging countries in which such contamination problems are more critical (Bhattacharjee, 2016; Yao et al., 2019).
4.3 Effects of antibiotics on plant growth
The results suggest that Azolla tolerates the investigated concentrations of antibiotic contaminations better than Lemna. Similarly, one study observed that after 3 days of exposure to Tet, L. gibba showed chlorosis at 1 mg/L, which resulted in a decrease in biomass (Brain et al., 2004). In another study, the EC50 (average effective dose) was 3.26 mg/L oxytetracycline, which thus affected the increase in biomass (Kołodziejska et al., 2013). These species were also tested in other studies with antibiotics; for example, Bianchi et al. (2020) found that levofloxacin at 1 μg/L had stimulatory effects on plant growth (Lemna minuta and A. filiculoides) after 8 days of exposure. In another study in which Azolla was exposed to an antibiotic (sulfadimethoxine), the increase in biomass after 5 weeks of exposure had a logistic relationship with dose (Forni et al., 2002).
4.4 Bioconcentration factor
Bioconcentration studies of antibiotics show that Chlor is well absorbed by plants, as evidenced in a study that analyzed crop plants with wastewater irrigation and found that Chlor had a relatively high BCF for different crops, such as rice, corn, and Chinese radish (Pan et al., 2014; Sorinolu et al., 2021). It is also worth mentioning that plants contribute to the removal of antibiotic compounds, decreasing their toxicity and concentration (Kotyza et al., 2010) by the biotransformation of metabolites through enzymes (Kurade et al., 2021) and by sequestration through antibiotic storage in plant organelles such as the vacuole (Shitan and Yazaki, 2020), plasma membrane, extracellular wall, peripheral extracellular space, and cell wall (Maldonado et al., 2022). Simultaneously, some residual metabolites are eliminated in the form of CO2 (Kurade et al., 2021). Additionally, the results showed that Azolla stores more antibiotics than Lemna. This could be due to symbiotic bacteria such as Anabaena and Arthrobacter (Forni et al., 1991; Maldonado et al., 2022). These bacteria promote the ability of plants to tolerate and assimilate antibiotic compounds, as evidenced in other studies in which the absorption of antibiotics increased as a function of increasing antibiotic concentration (Forni et al., 2002). It may even be possible for plant growth to increase in media with antibiotics (Bianchi et al., 2020).
5 CONCLUSION
In this study, it was found that Lemna removes Tet (84%) better than Chlor (64%), and the most influential factor is the contact time. Similarly, Azolla removes Tet (100%) better than Chlor (70%), and the variables that have the greatest influence are contact time for Tet and contact time, biomass, and concentration for Chlor. Regarding the variables considered, the intermediate values of biomass and time and the lower values of antibiotic concentration generally produced better results. In relation to the increase in biomass, Azolla showed better results than Lemna. Similarly, regarding BCF, Tet bioaccumulates more than Chlor, and in the case of both antibiotics, Azolla accumulates more than Lemna. The fact that all the tested concentrations were partially removed indicates that higher concentrations of these antibiotics can be used for their removal. This model can also be used as a prediction guide for the use of floating species such as Lemna and Azolla as antibiotic absorbents under different environmental conditions, and can even be applied in real or pilot scale.
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