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Clay Content Played a Key Role Governing Sorption of Ciprofloxacin in Soil
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Ciprofloxacin is a broad-spectrum antibiotic of the fluoroquinolone class that is used to treat bacterial infections in both humans and animals. Antibiotics released into the environment can select for antibiotic-resistant microorganisms, which negatively affects human and animal healthcare. Understanding soil factors that govern the mobility of ciprofloxacin can facilitate the development of targeted efforts to mitigate potential negative impacts. The objectives were (1) to determine the sorption capacity of ciprofloxacin in soils under acidic conditions; and (2) to reveal relative importance of key soil factors that influence sorption of ciprofloxacin. Evaluations were conducted using 20 soil samples with diverse properties and different cultivation/vegetation history. Sorption capacity ranged from 8 to 141 g kg−1; distribution coefficient (Kd) ranged from 23 to 200 mL kg−1 soil; and soil organic carbon-water partitioning coefficient (Koc) values ranged from 54 to 2,146 mL g−1 organic carbon. Clay content and cation exchange capacity were the most significant factors that influenced sorption capacity and Kd of ciprofloxacin with r values of 0.92*** and 0.64***, respectively. Soil pH had little effect on ciprofloxacin sorption parameters with r < 0.25. pH-independent charges played a predominant role dictating sorption parameters of ciprofloxacin in soil. Cation exchange via interlayer adsorption was a primary sorption mechanism under acidic conditions. Sorption parameters were significantly correlated with organic carbon content in cultivated soils only, resulting in r values of 0.97*** (with sorption capacity) and 0.72*** (with Kd). Cultivation led to changes in the quality of soil organic matter, resulting in changes in the sorption behavior and altered mechanisms of ciprofloxacin sorption in soil. Soils are effective in restraining the mobility of ciprofloxacin through adsorption and the effectiveness increases with clay content.
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INTRODUCTION

Environmental contamination by ciprofloxacin and the influence of soil properties on its sorption in soil are receiving increasing attention. The widespread use of antibiotics prescribed for therapeutic, prophylactic, and methaphylactic treatment to fight infectious diseases and as growth promotors in livestock production since the 1940's (1) has led to the extensive release of these compounds into the environment. Van Boeckel et al. (2) estimated that global consumption of antibiotics in meat production was 63,151 tons in 2010, and are expected to increase to 105,596 tons by 2030. Fluoroquinolones (FQs) are some of the most commonly used antibiotics. FQs treat bacterial infections by inhibiting DNA replication and can enter the environment through direct discharge of wastewater from wastewater treatment plants (WWTPs) and aquaculture facilities, through the application of manure, biosolids, runoff and leaching from agricultural fields and landfills, and leakage of septic tanks (3, 4). FQs have been reported to be as high as 31 mg L−1 in WWTP effluent (5), 6.5 mg L−1 in surface waters and 14 μg L−1 in groundwater (6). Manure amended soil have been detected having FQs at 9.8 mg kg−1 (7). Currently, there are no regulations on the application of animal manure as soil amendments to prevent antibiotic release.

Ciprofloxacin, a type of FQs, was first introduced to treat bacterial infections in humans and animals in 1987. According to the United States Center for Disease Control and Prevention (US CDC), approximately 62 million prescriptions were given to outpatients between 2013 and 2015 in the US (8). Nearly 90% of the consumed ciprofloxacin could be released into the environment because 45–62% of ciprofloxacin is released unmetabolized through urine while an additional 15–25% is released through feces (9).

The prevalence of antibiotics in the environment has caused increasing global concerns, attributing to increased antibiotic-resistant bacterial strains (3). Among antibiotic-treated chicken manure isolates, up to 100% of Campylobacter resisted antibiotics, compared to <12% from the untreated group (10). Consequently, the United States Food and Drug Administration (US FDA) in 2005 and the European Union (EU) in 2006 banned the use of FQ antibiotics in poultry production.

Introduction of ciprofloxacin could also lead to degradation of environmental health through altering bacterial function and processes. The growth of Pseudomonas putida in WWTPs was inhibited by 50% at merely 0.08 mg ciprofloxacin L−1 (11). In wastewater containing as little as 0.2 mg ciprofloxacin L−1, microbial consumption of nitrogen and phosphorus in wastewater processing was reduced by about 11 and 5%, respectively (12). Fu et al. (13) found 2.7 mg L−1 of ciprofloxacin in bench scale wastewater treatment reactors increased multidrug antibiotic resistance in isolates, decreased overall microbial community diversity, and strongly shifted the microbial community toward the Burkholderiales. In soil, Girardi et al. (14) reported an inhibition rate of 70% in cumulative respiration at 0.2 mg ciprofloxacin kg−1 soil, while Cui et al. (15) found that potential nitrification rates were significantly inhibited at 1 mg kg−1 soil. Ciprofloxacin negatively influenced microbial processes and function by altering community composition and diversity. Córdova-Kreylos and Scow (16) reported selective influence of ciprofloxacin on sediment microbial community, which favored Gram-negative and sulfate-reducing bacteria at 20 mg L−1. Naslund et al. (17) found that the presence of ciprofloxacin as low as 0.1 μg kg−1 sediment led to decreased bacterial community diversity.

The degree of ciprofloxacin influence on the microbial community is inversely related to its sorption to soils (16). Adsorption can regulate the fate of antibiotics in soil to a certain degree (18). Charges and properties of soil particles such as cation exchange capacity (CEC) and pH are key factors that influence its adsorption. Charges in soil are largely originated from clay minerals and organic materials. pH determines the charges of ionizable molecules. Thus, the content and type of clay and organic compounds as well as soil pH are expected to play dominant roles governing sorption of ciprofloxacin in soil. However, research findings on their influence on sorption of ciprofloxacin in soil have been inconsistent. Vasudevan et al. (19) reported that ciprofloxacin sorption was pH-dependent. In their study, ciprofloxacin adsorption peaked at pH 5.5 and decreased at pH 7-8. However, pH dependence of ciprofloxacin sorption to dissolved organic carbon (DOC) from biosolids was not observed by Carmosini and Lee (20) based on tests in the pH range of 5.5–7.6. Cation exchange has been suggested as a dominant pathway for ciprofloxacin adsorption in soil (19, 21, 22). Soil organic carbon (SOC) content has been reported to demonstrate a positive (23), a negative (24, 25), or have little effect (26, 27) on the sorption of ciprofloxacin in soil. The observed inconsistencies could be in part due to the complex chemical nature that hinders laboratory evaluations. Since ciprofloxacin is not soluble in alkaline conditions, it is challenging to determine its sorption capacity in alkaline soils and/or under alkaline conditions. Vasudevan et al. (19) concluded that ciprofloxacin sorption was pH-dependent based on initial sorption rates. Data interpretation and validation in their study were further complicated by the use of four different buffers and the potential influences of varied ionic strength (20). Further, limited studies have been conducted on revealing the effect of soil clay content on sorption of ciprofloxacin. Evaluations of purified clay minerals showed that 2:1 type of clays was hundreds times more effective in adsorbing ciprofloxacin than 1:1 clays (18, 28). Although CEC of organic matter is at least several times of those of clay minerals, clay content is order of magnitude higher than organic carbon content in soil. We hypothesized that clay content could be a major player governing sorption ciprofloxacin in soil. The objectives of this study were (1) to determine the sorption capacity of ciprofloxacin in soils under an acidic condition; and (2) to reveal relative importance of key soil factors that influence sorption of ciprofloxacin through examining sorption behavior in soils with diverse intrinsic soil properties and varied nature of SOC resulting from unique cultivation/vegetation history.



MATERIALS AND METHODS


Soil

Twenty surface soil samples (0–10 cm for croplands and 0–5 cm for pasture and uncultivated soils) of diverse properties and vegetation covers were used in this study (Table 1). These soils included five major soil series in the United States and one from Hungary that were either cultivated with major crops (soybean, corn, wheat, cotton) and pasture, or uncultivated prairie, woodland, and pine forest. Following the removal of large plant debris and stones, soils were air-dried, ground to pass a 2-mm sieve, and kept in sealed containers at 23°C until analysis. Soil pH (soil:0.01M CaCl2 ratio = 1:2.5) was determined using a Basic® pH meter (Denver Instruments, Denver, CO, USA) equipped with Accumet combination glass electrode (Fisher, Pittsburgh, PA, USA). SOC was determined using a LECO CN 2000 (LECO Corp., St. Joseph, MI, USA) by dry combustion as described by Nelson and Sommers (29). Texture was determined using the hydrometer method (30). CEC was measured by summation of base cations (Ca, K, Mg, and Na) extracted in Mehlich-3 and quantified by Inductively Coupled Plasma (ICP) Spectroscopy (31).


Table 1. The taxonomy, location, vegetative cover, and key physical and chemical properties of the 20 soils used in this study.
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Reagents and Standards

Ciprofloxacin (1-cyclopropyl-6-fluoro-4-oxo-7-piperazin-1-ylquinoline-3-carboxylic acid, C17H18FN3O3) was purchased from Sigma-Aldrich (catalog # 17850, HPLC grade; St. Louis, MO, USA). Acetonitrile, hydrochloric acid and other solvents were purchased from Pharmco-Aaper (Brookfield, CT, USA). Water and all solvents were HPLC grade. Other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) or Fisher Scientific (Pittsburgh, PA, USA) and were at least of analytical grade. The ciprofloxacin had the following physical-chemical properties: molecular weight = 331.34 g mol−1, log Kow = 0.28, water solubility = 0.09 M, pKa1 = 6.09, and pKa2 = 8.74. The ciprofloxacin stock solution (1.0 mg mL−1) was prepared by dissolving 0.5 g of ciprofloxacin into 500 mL of 0.1 N HCl in a volumetric flask. The phosphate buffer (0.02 M) was prepared by dissolving 2.84 g of Na2HPO4 in about 700 mL of deionized water and adjusted to pH 2.7 with phosphoric acid (H3PO4).



High Performance Liquid Chromatography Analysis

All solutions were filtered through a 0.22 μm filter prior to be used in the HPLC analysis. For the determination of ciprofloxacin concentrations in aqueous solutions, HPLC analysis was performed using a modified method described by Vella et al. (32), employing a Waters HPLC Breeze system equipped with 1500 Series HPLC pump, 2487 dual wavelength absorbance detector and 717 plus autosampler (Waters, Milford, MA, USA). Separations were carried out using an Xterra Shield RP18 reverse phase 5 μm 4.6 × 150 mm column (Waters, Milford, MA, USA) under isocratic elution with a flow rate of 1 mL min−1. The mobile phase consists of 80% phosphate buffer (pH 2.7) and 20% acetonitrile. The 0.02 M phosphate buffer was made with Na2HPO4 and H3PO4 and titrated with HCl. The analysis was conducted by the injection of 50 μL of sample solution and recording UV signals at 244 nm (8 min run time and ~4.35 min retention time for ciprofloxacin). Ciprofloxacin concentration in the solution was calculated based on peak area in reference to a calibration curve that was constructed using standard ciprofloxacin solutions in the range of 0.0–10.0 μg ciprofloxacin mL−1 and prepared in 0.1 N HCl.



Determination of Ciprofloxacin Sorption and Isotherms

Sorption of the ciprofloxacin to the soil was determined by batch sorption. Sorption equilibrium of ciprofloxacin between aqueous phase and soil was evaluated by shaking 0.5 g of soil with 100 mL ciprofloxacin solution in 250 mL Nalgene bottles. Ciprofloxacin concentrations tested included 0, 20, 40, 80, 120, 160, 200, 300, 400, and 500 mg ciprofloxacin L−1. A preliminary experiment indicated that ciprofloxacin adsorption by soils was not significantly different when shaken for 30 min or 24 hrs. Since ciprofloxacin is only soluble in acidic solution and all ciprofloxacin solutions were made with 0.1 N HCl, the batch sorption reaction mixtures were adjusted to contain a final concentration of 0.05 N HCl to limit the effect of varying ionic strength on sorption. Samples were shaken for 30 min on an orbital shaker at 200 rpm, and then filtered through a Whatman 42 ashless filter to quickly separate the ciprofloxacin solution from soil. A portion of the ciprofloxacin solution was further filtered through a 0.22 μm membrane using a 25 mm corning sterile syringe filtration setup for HPLC analysis. Dilutions were performed when ciprofloxacin concentrations exceeded the range of the calibration curve. To validate the method and monitor its performance, quality control samples (QCs) were employed. The QCs were blank matrix samples that were spiked with known concentrations of ciprofloxacin designed to cover the range of concentrations in the samples. These QCs were placed at the beginning and end of each sample set and were also inserted randomly through the analytical run. Retention time was also monitored. At the end of the analyses, the QC data were examined against a set of predefined criteria that enabled us to decide whether or not to accept or reject the batch.

Ciprofloxacin adsorption isotherms were generated to estimate how much ciprofloxacin was adsorbed by soil (mg kg−1) and how much remained in the solution (mg L−1). The obtained adsorption data were fitted to two isotherm equations, the Langmuir and Freundlich.

The Langmuir equation is expressed as follows:

[image: image]

where qe is the amount of ciprofloxacin adsorbed (mg kg−1 soil), Q0 is the sorption capacity of the soil (mg kg−1 soil), KL is the distribution coefficient (mL kg−1) and Ce is the concentration of ciprofloxacin in the solution (mg L−1). The Langmuir equation was transformed into three linearized forms; Eadie-Hofstee, Lineweaver-Burk, and Hanes-Woolf all as follows:
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The Freundlich isotherm is as follows:
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where Kf and n are empirical constants derived from the intercept and slope, respectively. Kf is a measure of quantity of adsorbate on the absorbent, while 1/n measures the intensity of sorption. 1/n value above 1 indicates corporative adsorption while 1/n values below 1 indicate normal adsorption. The Freundlich isotherm can be linearized to the following equation:

[image: image]

To determine which transformation of the isotherms was the best fit, r values were calculated based on a qe vs. qe/Ce plot for Eadie-Hofstee, 1/qe vs. 1/Ce plot for Lineweaver-Burk, Ce/qe vs. Ce plot for Hanes-Woolf and ln qe vs. ln Ce for linearized Freundlich isotherm. Sorption capacity for each soil was calculated by averaging three sorption capacities determined from the three linear transformations of the Langmuir isotherms. Ciprofloxacin sorption distribution coefficient (Kd) was determined based on sorption of ciprofloxacin concentration up to 80 μg mL−1. The linear correlation coefficient, r values, between ciprofloxacin adsorbed to soil and those remained in the solution in this concentration range were 0.82*** to 1.00*** for the 20 soils tested. The Kd value is the slope of the linear regressions expressed as:
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Ciprofloxacin sorption the soil organic matter partition coefficient (Koc) was calculated to normalize Kd values by the amount of organic carbon (OC) in the soil. This was done to reduce the variability of data due to the variability of OC found within the tested soils. Koc was calculated by dividing a Kd by the OC fraction, fOC, of a specific soil:

[image: image]
 

Data and Statistical Analysis

All results are averages of duplicate analyses expressed on soil dry weight basis. Soil moisture was determined based on weight loss after drying at 105°C for 48 h. Statistical analyses were performed employing Statistical Analysis System (SAS) 9.4 utilizing PROC REG and PROC PRINCOMP. Principal component analysis (PCA) was used to reveal the complex relationships among multiple soil variables engaging multidimensional data sets. Because input data were expressed in different units, PCA was performed using correlation coefficients rather than covariance matrix. Such an approach allowed reduction in the number of variables, limited redundancy, and revealed the dominant variance that drove the system.




RESULTS

The 20 soils had diverse properties, with ranges of pH from 3.8 to 7.7 (avg. 6.0), OC from 0.4 to 12.6% (avg. 2.7%), clay content from 12.5 to 60.0% (avg. 26.0%), and sand content from 7.5 to 67.5% (avg. 33.8%) (Table 1).

Example sorption isotherms for four of the 20 soils are shown in Figure 1. Data obtained fit both the Langmuir and Freundlich isotherms with statistically significant r values ranging from 0.61 to 1.00 (Supplementary Table 1 and Figure 2). Kf values ranged from 0.40 to 1.94 g kg−1; and n values ranged from 1.22 to 2.94 mL kg−1 for the Freundlich isotherm (Table 2). The 1/n values (data not shown) in the Freundlich isotherms were <1, suggesting that the adsorption follows an L-shaped curve and that sorption of ciprofloxacin to these soils were strongly favored at lower concentrations and decreased with increasing concentration. Sorption capacity varied considerably among soils, ranging from 8 to 141 g ciprofloxacin kg−1 soil (Table 2 and Supplementary Table 1). Sorption coefficients based on linear transformations of Langmuir (KL) ranged from 52 to 653 mL kg−1 soil; those based on the initial linear sorption range (Kd) ranged from 23 to 200 mL kg−1 soil; while those standardized by soil organic carbon content (Koc) ranged from 54 to 2,146 mL g−1 OC (Table 2).


[image: Figure 1]
FIGURE 1. Example sorption isotherms for four (soil 6, 12, 17, and 20) of the 20 soils tested. All 20 soils followed both the Freundlich and Langmuir isothermal shape as determined by correlation (r) values.



[image: Figure 2]
FIGURE 2. Example linear transformations of Freundlich and Langmuir isotherms for soil 17 in Table 1. qe is the concentration of ciprofloxacin adsorbed in the soil (in g kg−1) and Ce is the concentration of ciprofloxacin in the solution (mg L−1). Each individual soil tested were linearly transformed by Freundlich and the Langmuir linear transformations as described in the materials and methods to obtained adsorption parameters.



Table 2. Sorption capacity and sorption coefficients Kd and Koc of ciprofloxacin in soils used in this study.
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Sorption capacity was significantly correlated with OC (r = 0.46**, Figure 3A), clay content (r = 0.92***, Figure 3B), and CEC (r = 0.64***, Figure 3C), but not with soil pH (Figure 3C). Relationships between Kd and the tested soil properties showed similar trend to those observed for sorption capacity, although the relationship between Kd and OC was not statistically significant (r = 0.35, Figure 3E). Again, soil clay content was the most significant factor influencing Kd values with a r value of 0.64*** (Figure 3F), while significant relationship was not observed between Kd and soil pH (Figure 3G). When the Kd values were expressed based on OC content as the Koc values, there were little relationships observed between Koc and the selected soil properties (Figures 3J–L), with the exception of OC content that was significantly negatively correlated with Koc (r = 0.60***, Figure 3I).


[image: Figure 3]
FIGURE 3. Relationships between selected soil properties and ciprofloxacin sorption parameters. Soil 18 from Table 1 was excluded from correlation analysis for subplots (A,E,I), while Soil 16 from Table 1 was excluded from correlation analysis for subplots (D,E,L). Linear regression is significant (p < 0.01) for (B,E) and (p < 0.05) for (A).


The relationships between sorption parameters and soil properties were further examined based on whether the soils were cultivated (Data not shown). Interestingly, sorption capacity was not significantly correlated with OC in uncultivated soil (r = 0.16), but strongly significant in cultivated soils (r = 0.96***). However, the relationships between sorption capacity and clay content, pH, or CEC were not altered by cultivation history, which were still significantly positively correlated with clay content and CEC but not with soil pH. Again, the relationships between Kd and soil properties showed similar trends to those observed for sorption capacity. Cultivation altered relationships between Kd and OC, which showed little relationship in the uncultivated soil (r = 0.03) but significant positive relationship in cultivated soils (r = 0.72**). Regardless of cultivation history, Kd values were significantly influenced by clay content and CEC but not by soil pH. The Koc values were significantly negatively correlated with OC in uncultivated soils (r = 0.90***), but not in the cultivated soils (r = 0.45). When grouped soils by cultivation, none of the Koc values were significantly correlated with clay content, pH, or CEC of the soils.

To further elucidate the relative importance of the evaluated parameters to sorption behavior of ciprofloxacin to soil, principle component analysis (PCA) was conducted to reduce the multidimensional data set into three principle components (PCs) (Table 3). Principle component 1 (PC1) accounted for 40.1% of the total variance and was loaded positively by sorption capacity, CEC, clay content, and Kd, and negatively by sand content. Principle component 2 (PC2) accounted for 19.1% of the total variance and was loaded positively by OC and negatively by silt and Koc. Principle component 3 (PC3) accounted for 17.8% of the total variance and was loaded positively by Koc and pH and negatively by silt content. Additionally, CEC, Kd, sorption capacity, and Koc values were each grouped into three ranges that included low, medium, and high values, to reveal potential clustering in regards to PC1 and PC2. PCA showed clear clustering according to clay content (Figure 4A), but limited separation according to soil OC (Figure 4B).


Table 3. Principal component (PC) loadings between selected variables and the first three PCs.
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FIGURE 4. Principal component score plot of selected soil properties and sorption parameters against the first two principle components. (A) clustering of clay content based on low (<20%), medium (20–30%), and high >30%) values plotted against the first two PCs. Similar trends were observed for sorption capacity and distribution coefficient (Kd) (data not shown). (B) clustering of OC content based on low (<1%), medium (1–2%), and high (>2%) values plotted against the first two PCs.




DISCUSSION

Most studies in the literature used a single ciprofloxacin concentration to determine sorption coefficients of organic chemicals in soil (Kd) (19, 21, 23). The use of three concentrations in this study would improve accuracy of the obtained Kd values considerably. Sorption coefficients obtained based on linear transformations of Langmuir (KL) were marked higher (2-3-fold) than those determined based on the initial linear phase of the sorption isotherms, which could influence data interpretation, or at minimum increase sensitivity in differentiating sorption coefficients in soils of different systems. To be consistent and relevant to data reported in the literature, Kd values were used in further analysis on relationships of interest in this study.

Sorption of organic molecules to soil particles is driven by hydrophobic effect, coulombic attraction resulting in van der Waals forces, or cation bridging. Mechanisms include cation exchange, outer- & inner-sphere adsorption, and precipitation on mineral surfaces (33, 34). Sorption in soil is affected by the chemical nature of the compound and the soil, including functional groups, charge and pH of the reaction mixture, soil CEC, and quantity and types of clay minerals, organic compounds, and metal ions in the soil.

Data obtained in this study suggests that sorption of ciprofloxacin in soil under acidic reaction conditions occurs largely through cation exchange and adsorption driven primarily by cation bridging, evidenced by the predominant influence of clay content to sorption capacity in the tested soils (Figure 3). The three soils (Vaiden, Sumter, and Canisteo) that demonstrated the highest sorption capacity coincided with high clay contents (60, 52.5, and 37.5%, respectively), and high activity clays for two of the soils as reflected by the ratios of CEC to clay fraction (CEC/clay content*100). These ratios were 0.59, 4.1, and 2.1 for Vaiden, Sumter, and Canisteo, respectively (data not shown). The lower ratio in Vaiden may indicate higher proportion of kaolinite in the clay fraction of the soil (34).

The predominant influence of clay minerals through surface complexation, cation-exchange, and cation-bridging to ciprofloxacin sorption is supported by other studies (18, 26). The type of clay plays a critical role. Chen et al. (35) reported that the maximum adsorption of ciprofloxacin for kaolinite (1:1 clay) was 0.026 g kg−1, while montmorillonite (2:1 clay) was 23 g kg−1. The significantly higher (almost 900-fold) sorption capacity of montmorillonite than kaolinite indicated the major role of pH-independent charges over pH-dependent charges to ciprofloxacin sorption in soil. It has been shown that most of the charges in 2:1 clay is due to isomorphous substitution, containing 95% permanent charge and 5% pH-dependent charge, while most of the charges in 1:1 clay is due to broken edges that results in 5% permanent charge and 95% pH-dependent charge (26). Based on the sorption of enrofloxacin, another FQ, to four different clay minerals, montmorillonite had the highest sorption coefficients, and kaolinite had the lowest sorption coefficients (18). However, despite containing a higher proportion of kaolinite in the clay fraction of Vaiden soil, high ciprofloxacin sorption was detected, indicating that clay content also played a critical role in ciprofloxacin sorption in soil.

Ciprofloxacin adsorption to soil particles is closely associated with its functional groups (–COOH and –NH2) and their charges, which are primarily in either a cationic (< pH 6.18), zwitterionic (pH 6.18–8.76), or anionic (>pH 8.76) forms. Under acidic conditions, the cationic form of ciprofloxacin was predominant and the pH-dependent charges of soil organic matter would be predominantly neutral or positive, while those of the broken edges of silica and alumina sheets of clay minerals would be largely neutral. Therefore, the observed strong correlations between sorption capacity and clay contents were contributed mostly by pH-independent charges resulting from isomorphous substitution in the crystalline sheet of one atom by an atom of similar size with lower valence, such as Si4+ is replaced by Al3+. Aside from charges, the influence of clay content and mineralogy on the adsorption of ciprofloxacin in soils can also be attributed to their high specific surface area that facilitated surface complexation. Sorption of ciprofloxacin to illite, another 2:1 clay mineral, was found to be restricted to the external surface and dominated by cation exchange (36). Several studies suggested that cation exchange was a dominant pathway for ciprofloxacin adsorption in soils (19, 21, 26, 27). Due to isomorphic substitution, FQ antibiotics can be exchanged with cations found in the interlayer of expandable clays by the same process as surface cation exchange (37). Evidence of interlayer adsorption of ciprofloxacin has been observed in montmorillonite (22), rectorite (36), and fluorohectorite (38).

Of soil factors, CEC has been identified as a primary factor that influence sorption of organic compounds to soil (19, 27, 39). The CEC for soil organic matter ranges from 250 to 400 meq 100 g−1 while that of pure smectite is 100 cmol(+) kg−1 soil and of pure kaolinite 8 cmol(+) kg−1 soil (40). Since organic matter has CEC more than twice of 2:1 clay minerals and over 25 times of 1:1 clay minerals, a strong relationship between OC and sorption parameters is expected. The relatively greater influence of clay rather than OC to ciprofloxacin sorption in the tested soil signifies that surface complexation, cation-bridging, and interlayer adsorption contributed significantly to ciprofloxacin sorption in soil.

Research suggested that the relationship between OC and sorption of FQs remains unclear (19, 26, 27, 39). Sorption of norfloxacin in soils with SOM removed was higher than that of soils where SOM was retained (24). The observations occurred among diverse soils. The 30 soils used in the studies by Vasudevan et al. (19), Carrasquillo et al. (26), and Jones et al. (39) originated from five different soil series with OC ranging from 0.5 to 89.3 g kg−1. The soils used by Leal et al. (27) originated from six soil orders with OC range of 6.7–213.4 g kg−1. However, the influence of OC is intricate to organic sorption to soil. SOM contains large numbers of the carboxylic functional groups that promotes antibiotic adsorption through hydrogen-bonding, ion-dipole, and aromatic electron donor-acceptor processes. The high CEC from soil organic matter can contribute 30–60% of all CEC sites in mineral soils (41). The inconsistent relationships observed could be due to the presence of multidimensional sorption mechanisms that are influenced by complicated factors, which is further complicated by experimental challenges in investigating sorption behavior, as ciprofloxacin is soluble only in acidic conditions. Conclusions from several previous studies were derived from sorption behavior of the organic compounds in low concentration ranges (19, 26, 39). Although organic compounds in lower solution concentrations might exhibit linear sorption behavior, non-linear behavior is often observed in higher concentrations, which could alter the measured sorption capacity (33). Data from this study is consistent with studies showing a positive relationship between OC and ciprofloxacin sorption with pH-independent charges playing a critical role. The limited relationship between OC and sorption parameters in this and several other studies discussed above could be due to predominant influence of clay minerals as well as organic compounds occupying or physically blocking the sorption sites on clay minerals as suggested by Zhang et al. (24).

Soil management and cultivation history influence SOC content and quality, resulting in influence of sorption behavior of organics in soil. Cultivation generally reduces SOC, while the incorporation of crop residues may lead to increase SOC. Grasslands, pastures, and forests generally have higher SOC than their cultivated counterparts. However, grasslands have less recalcitrant organic materials such as lignin compared to forest litter. Therefore, it is not surprising that ciprofloxacin sorption behavior differed in cultivated and uncultivated soils. The relationship between SOC and sorption capacity or Kd values was significant in cultivated cropland soils but not in the uncultivated ones. This observation is contrary to the sorption behavior of phosalone in soil. Popova et al. (42) reported that uncultivated soils exhibited a linear increase of phosalone binding strength to SOC with the increase of the reciprocal OC content (r = 0.95***), while this relationship was not observed in cultivated soils. The observed divergence cannot be explained by OC content because both uncultivated and cultivated soils had a wide range of OC content in the two studies (0.5–12.6 and 0.4–5.6%, respectively). Therefore, OC quality might have played a critical role. As cultivation progresses, proportion of recalcitrant OC increases. Popova et al. (42) suggested that cultivation led to changes in the sorption behavior of phosalone in soil and altered mechanisms of pesticide sorption in soil. NMR spectra revealed that the quantity and composition of SOC differed considerably between cultivated and uncultivated soils. Cultivation led to increase in O-alkyl carbon fraction of SOC, and proportional decrease in fractions of aryl carbon, O-aryl carbon, and ketones/aldehydes carbon (42). Aside from OC quality, the nature of the sorbed organic compound could be a key player leading to the observed differences in the sorption behavior of ciprofloxacin and phosalone in soil. Ciprofloxacin is primarily in cationic forms under the testing condition, while phosalone is a non-ionic compound. Further, the OC in uncultivated soils contain significant portion of easily decomposable small organic molecules which could bind with negatively charged soil particles and physically blocking the sorption sites as suggested by Zhang et al. (24).



SUMMARY AND CONCLUSION

Sorption of ciprofloxacin under acidic reaction conditions occurs largely through surface complexation and cation exchange driven primarily by cation bridging, evidenced by the predominant influence of clay content to sorption capacity in the tested soils. The sorption parameters of ciprofloxacin in soil varied widely, with capacity ranging from 8 to 141 g kg−1, Kd from 23 to 200 mL kg−1 soil, and Koc from 54 to 2,146 mL g−1 OC. For the Freundlich isotherm, Kf ranged from 0.40 to 1.94 g kg−1; and n values ranged from 1.22 to 2.94 mL kg−1. Clay content was the most significant factor that influenced the sorption of ciprofloxacin in the studied soil. CEC had a significant relationship with sorption capacity and Kd in all soils, while SOC had a significant relationship with sorption capacity in cultivated soils only. pH-independent charges in soil played a predominant role dictating sorption parameters of ciprofloxacin. Cation exchange via interlayer adsorption was a primary sorption mechanism under acidic conditions. Cultivation led to changes in the sorption behavior and altered the mechanisms of ciprofloxacin sorption in soil, resulted in a strongly significant relationship between SOC and sorption capacity in cultivated soils, but not in the uncultivated soils. Targeted investigations are warranted to reveal how the nature of organic matter changes through cultivation and influences the sorption of ciprofloxacin in soil. Nevertheless, soils are effective in restraining the mobility of ciprofloxacin and the effectiveness increases with increasing clay content.
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OPS/images/fsoil-02-814924-t001.jpg
Soil

#  Series Taxonomic description (City, State) Vegetation pH®  CEC® Clay®  sit!  Sand® ocf
cmole kg-1

1 Cordell Loamy, mixed, active, thermic Lithic Haplustepts Bessie, OK Pasture 73 30.5 19.0 49.0 320 19
2 Dil Coarse-loamy, mixed, active, thermic Typic Haplustepts Washita OK Cotton 63 87 190 260 550 0.4
3 Easpur Fine-loamy, mixed, superactive, thermic Fluventic Haplustolls Stillwater, OK Bermuda grass 55 101 200 880 470 09
4 Easpur Fine-loamy, mixed, superactive, thermic Fluventic Haplustolls Stilwater, OK  Wheat 51 96 158 358 485 05
5 Easpur Fine-loamy, mixed, superactive, thermic Fluventic Haplustolls Stillwater, OK Switchgrass 5.4 120 183 373 44.5 0.7
6 Kikiand Fine, mixed, superactive, thermic Udertic Paleustolls Medford, OK Native prairie 61 178 300 625 75 44
7 Kikiand Fine, mixed, superactive, thermic Udertic Paleustolls Medford, OK Praifie under CRP 4.7 162 325 550 125 28
8 Kulit Fine-loamy, siliceous, semiactive, thermic Aquic Paleudults McCurtain, OK  Pine forest 39 158 275 525 200 14
9 Norge Fine-silty, mixed, active, thermic Udic Paleustolls Pawnee, OK Wheat 48 148 175 400 425 15
10 Richfield Fine, smectitic, mesic Aridic Argiustolls Panhandie, OK  Com 77 76 275 425 300 1.1

1 Teller Fine-loamy, mixed, active, thermic Udic Argiustolls Perkins, OK Wheat 6 75 125 694 183 08
12 Canisteo Fine-loamy, mixed, superactive, calcareous, mesic Typic Endoaquolls  Clay, IA Native tall praifie 7.5 78:2 375 350 275 48
18 Dickinson Goarse-loamy, mixed, superactive, mesic Typic Hapludolls Dickinson, 1A Soybean 66 158 175 150 675 10
14 Hanlon Coarse-loamy, mixed, superactive, mesic Cumuiic Hapludolls Hanlon, 1A Com 70 224 225 175 600 21

15 Hayden Fine-loamy, mixed, superactive, mesic Glossic Hapludalfs Des Moines, 1A Woodland 67 247 200 80 450 47
16 Sumter Fine-sity, carbonatic, thermic Rendolic Eutrudepts Dalas, AL Soybean 70 2150 525 400 75 56
17 Vaiden Very-fine, smectiti, thermic Aquic Dystruderts Dallas AL Woodland 53 852 600 300 100 23
18 Manor Coarse-loamy, micaceous, mesic Typic Dystrudepts Paol, PA Native forest 57 370 250 350 400 126
19 Swartswood Coarse-loamy, mixed, active, mesic Typic Fragiudepts Blairstown, NJ Native forest 3.8 13.7 175 35.0 47.5 42
20 Chernozem Mesic Udic Borolls Hungary Native riverside 75 47.8 24.4 61.8 13.7 08

2pH, soil/0.01 M CaCl ratio = 1:2.5; Pcation exchange capacity; Ssand, 0.05-2.0 mm; 9silt, 0.002-0.005 mm; and ®clay, < 0.002mm.'OC, organic carbon.





OPS/images/fsoil-02-814924-t002.jpg
Soil # Freundlich Langmuir®

K nb Sorption Capacity K K Koc®
gkg™" soil gkg' s ———mL kg~ soil ——- mLg~" 0OC

1 134 28 %8 163 858
2 1.74 14 a7 8 21.46
3 194 16 57 82 9.15
4 187 2550 16 70 8 754
5 1.67 250 20 62 120 174
6 074 159 40 157 180 408
7 114 2.00 28 113 139 495
8 093 1,69 40 159 191 13.66
9 154 2.44 19 64 118 7.89
10 1.10 2550 13 80 56 5.00
1 085 2.44 1" 85 29 357
12 0.49 132 102 437 193 401
13 156 294 13 52 60 597
14 124 204 28 105 168 7.98
15 139 233 19 68 105 228
16 0.49 133 92 424 173 3.09
17 0.40 122 14 653 200 8.68
18 0.48 167 22 167 68 054
19 027 1.82 8 58 28 0.55
20 112 196 29 12 147 18.4
AVG 109 2.11 35 153 119 773

3Ky was determined from the intercept of the Freundiich isotherm plots; ®n was determined from the slope of the Freundiich isotherm plots, °Sorption capacity and K. were determined
based on the average of the three lincar transformation equations of the Langmuir Isotherm; ®K.s was determined based on the linear sorption in the range of ciprofloxacin concentrations
up to 80 g ciprofioxacin mL=" ®Kes: SOC-water partition coefficient (Kg/OC fraction).
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3.61
401
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0.15
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-0.09
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1.72
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0.15
0.04
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0.34
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0.01
-0.24
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1.60
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0.36
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2CEC, cation exchange capacity (crmol kg~'); ®Ka, Distribution coefficient; ®Kee, SOC-
water partition coefficient (= K/OC fraction).
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