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Abstract

:

The employment of compounds obtained from natural sources to produce adsorbents and their application in the elimination of antibiotics from industrial effluents have gained significant attention because of their low production cost and sustainability. Herein, chitosan (biopolymer) and smectite (abundant clay mineral) were used for the low-cost and eco-friendly synthesis of a new type of adsorbent. A low-energy-consumption hydrothermal process was applied to the synthesis of the chitosan-derived carbon–smectite nanocomposite with cobalt (H_Co/C-S). The produced nanocomposite was characterized using elemental analysis, ICP-OES, XRPD, low-temperature N2 adsorption–desorption isotherms, FTIR analysis, and point of zero charge. H_Co/C-S (SBET = 0.73 m2 g−1, d001 = 1.40 nm, pHPZC = 5.3) was evaluated as a ciprofloxacin adsorbent in aqueous solution. Experimental data were fitted with different kinetic models and interpreted by selected adsorption isotherms. The pseudo-second-order model was found to be the most appropriate, while ciprofloxacin adsorption onto H_Co/C-S was best described by the Redlich–Peterson isotherm (R2 = 0.985). The maximum adsorption capacity of H_Co/C-S, according to the Langmuir isotherm (R2 = 0.977), was 72.3 mg g−1. Desorption and thermodynamic studies were performed. The obtained results indicated that the new hierarchically designed H_Co/C-S has promising potential to be further tested for application in real wastewater treatment.
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1. Introduction


In a broader sense, antibiotics are defined as synthetic or natural chemotherapeutic agents that are used to treat or inhibit microbial infections caused by microorganisms such as bacteria, fungi, or protozoa [1,2]. They can be grouped by their chemical structure, mechanism of action, action spectrum, and the route of administration [3]. Under different pH conditions, antibiotics can be neutral, cationic, anionic, or zwitterionic [4]. Antibiotics are widely used, and its consumption has risen dramatically worldwide in the past two decades. These compounds are only partially metabolized in human and animal organisms. Therefore, a large proportion of non-metabolized antibiotics are excreted via urine and feces into the aquatic environment [5]. Antibiotics are also present in wastewater from the livestock and pharmaceutical industries [6]. The biggest problem regarding the presence of antibiotics in wastewater, apart from chemical pollution, is the development of antibiotic resistance genes and bacteria in the environment. This poses a great risk to human and animal health [7].



Ciprofloxacin (1-cyclopropyl-6-fluoro-1, 4-dihydro-4-oxo-7-(1piperazinyl)-3-quinoline carboxylic acid; C17H18FN3O3) is a fluoroquinolone antibiotic that is used to treat many bacterial infections. It possesses both basic and acidic functionalities. This hydrophilic antibiotic shows high stability, and it is poorly biodegradable [4,8]. The removal of ciprofloxacin from the aquatic environment has been extensively studied. Physical, chemical, and biological treatments have been applied [9]. It was shown that the degradation of antibiotics often leads to the introduction of even more toxic byproducts, so adsorption as a physicochemical method was found to be simple, effective, and a low-cost method for antibiotic removal from wastewater [10,11].



Many adsorbents were tested for antibiotic removal from wastewater. Among them, zeolites [12], activated carbons [13], metal–organic frameworks [14], and modified clays [15] were the most commonly used. Clay-based adsorbents have been extensively used for the removal of different organic contaminants. Clays are low-cost, ecologically friendly materials with a high specific surface area, good adsorption efficacy, selectivity, and cation exchange capacity [16]. Swelling clay minerals, such as smectite, show a higher adsorption capacity toward heavy metal cations and cationic forms of organic pollutants than non-swelling clay minerals [17]. Nevertheless, the swelling property makes smectite separation after the adsorption process difficult, since it forms very stable colloidal suspensions [18,19]. Although there are numerous publications where smectite was investigated as an adsorbent in fundamental studies, in real wastewater systems, the application of smectites as adsorbents is limited. The modification process strongly contributes to improving the adsorption properties of smectite, reducing the swelling of the adsorbent and makes its separation from the adsorption system easier.



Smectite modification with organic moieties increases the adsorption affinity toward various organic contaminants [16]. Hybrid smectite composites can be obtained by the intercalation of alkylammonium cations (with different carbon chain lengths or with or without aromatic or aliphatic moieties) and phosphonium-ion-based organocations [20]. On the other hand, biohybrid smectites were obtained by the intercalation of polysaccharides such as chitosan, starch, cellulose, gelatin, or polylactic acids. These materials are considered green adsorbents, since they are derived from natural sources [21,22,23,24]. Chitosan is an amino-polysaccharide that is not directly available in the environment but can be derived from the second most abundant biopolymer, chitin. Chitin is the main constituent of the exoskeleton of crabs, shrimp shells, fungi and insects. Chitosan is produced by the partial deacetylation of chitin under alkali conditions. Since it can be obtained from an abundant, naturally available, non-toxic, biodegradable and low-cost source, chitosan can be considered a promising material for many applications, including adsorption. The fact that chitosan can be applied in the circular economy as it can be produced from marine biowaste makes it state-of-the-art material [25,26,27,28,29].



However, there are studies showing that carbon–smectite hybrid composites were able to adsorb higher amounts of pollutants than single-component adsorbents [30]. For this reason, the conversion of a chitosan–smectite nanocomposite to a carbonized smectite material can be performed by hydrothermal carbonization (HTC) as a sustainable process [31]. In addition to this system, the inclusion of transition metals to the adsorbent could contribute to the adsorption efficacy due to complexation interactions with adsorbate molecules that act as ligands [32,33]. Apart from their application in adsorption, materials based on transition metal–carbonaceous phase–clay minerals were successfully used as catalysts in the advanced oxidative degradation of various organic pollutants [34]. Although different transition metals were applied in adsorbent synthesis, cobalt is widely used because, as a bio-essential element, it does not cause major environmental concerns [35].



The novelty of this work is that the smectite–chitosan-derived nanocomposite with cobalt was synthetized via a one-step low-energy consumption hydrothermal carbonization synthesis route at a mild temperature (180 °C). The new procedure in nanocomposite HTC synthesis was applied, and obtained material was, for the first time, investigated as adsorbent for ciprofloxacin removal from aqueous solutions. The effect of different parameters on adsorption performance was followed.




2. Materials and Methods


Smectite-rich bentonite clay from the new deposit of Bogovina (municipality of Boljevac, Eastern Serbia) was used in this work as a starting material. The fraction containing particles of up to 2 µm in diameter was obtained by hydro-separation and submitted to the Na-exchange procedure in order to obtain homo-ionic clay used for the nanocomposite synthesis. Na+-saturated smectite (Na-S) was obtained by the following procedure: A 1 g of the smectite fraction below 2 µm was dispersed into 100 mL of 1 M NaCl. After repeating the procedure three times (until the complete replacement of exchangeable cations by sodium cations), the suspension was separated by filtration. The homo-ionic clay was rinsed with distilled water until a negative reaction on Cl− ions in a test with 0.1 M AgNO3) [36].



High molar mass chitosan (deacetylated chitin or poly(D-glucosamine)); (av. MW = 342,500 g mol−1), supplied by Sigma-Aldrich, and Co(CH3COO)2·4H2O, supplied by Alfa Aser, were used for the nanocomposite synthesis.



Ciprofloxacin (C17H18FN3O3–CIP) was obtained from the Alfa Aesar Chemical Company with a chemical purity of 98%, and it was used as a pharmaceutic test model.



All chemicals used in this work were analytical grade.



2.1. Synthesis of Cobalt–Chitosan-Derived Carbon–Smectite Nanocomposite by a Hydrothermal Procedure


The synthesis was performed in a hydrothermal reactor (BERGHOF, BR-300). In the first step, 2 g of chitosan was dissolved in 1% (v/v) acetic acid and stirred at room temperature for 4 h, followed by the addition of cobalt acetate solution. Also, 2 g Na-S was suspended in the appropriate amount of water and stirred for 4 h at room temperature. In the next step, the chitosan/cobalt solution was slowly added to the suspension of Na-S and stirred for 24 h at room temperature. The amount of Co2+ corresponded to 3% of the total amount of chitosan and Na-S. The mixed solution was transferred into a Teflon-lined stainless-steel autoclave with a volume capacity of 250 mL. The carbonization was performed at 180 °C for 24 h and under an autogenous pressure of 9 MPa. When the hydrothermal reaction was finished, the synthesized material was filtered and washed repeatedly with distilled water and dried at 80 °C. The obtained material was denoted as H_Co/C-S.




2.2. Characterization Methods


The sample H_Co/C-S was fully characterized. The elemental composition was determined by CHNS-O, Vario ELIII device, Elementar Analysensysteme GmbH, Hanau, Germany, while the content of cobalt was measured by inductively coupled plasma–optical emission spectrometry (ICP–OES) using an iCPA 6500 Duo ICP Spectrometer (Thermo Fisher Scientific, Cambridge, UK). The emission line of the cobalt was Co II 228.616 nm. Prior to the analysis, the solid sample was digested with microwave assistance (ETHOS1, Advanced Microwave Digestion System).



The X-ray powder diffraction (XRPD) pattern was recorded using a Rigaku SmartLab automatic multipurpose X-ray diffractometer (with a low background Si sample-holder support; 1D D/teX 250 Ultra detector in XRF mode) and a Cu anode (λ = 0.1542 nm). The scanning rate in the applied 2θ range from 2° to 75° was 3° min−1.



FTIR analysis of the investigated sample was performed using a Thermo Scientific Nicolet 6700 FTIR spectrophotometer. Pastilles of KBr containing 4 mg of the investigated samples and 400 mg of KBr were used.



The specific surface area (SBET) and the pore size distribution of the H_Co/C-S sample was determined using nitrogen adsorption–desorption isotherms (Micrometrics ASAP 2020). Prior to the analysis, the sample was degassed at 150 °C for 10 h under reduced pressure. The SBET was calculated using the BET method [37] from the linear plot of adsorption isotherms in the range 0.05 < p/p0 < 0.35. The volume of the mesopores and the pore size distribution were calculated from the desorption isotherm according to the Barrett, Joyner, and Halenda (BJH) method [38]. The volume of the micropores was calculated according to the α-plot analysis [39].



The point of zero charge of the adsorbent H_Co/C-S was determined according to the procedure [40] described in the Supplementary Materials.




2.3. Adsorption Experiments


The adsorption of CIP onto the H_Co/C-S was investigated in aqueous solution in a batch system. The adsorption experiments were conducted in a conical flask placed in a thermostatic shaker (Memmert WNE 14 and SV 1422). Ten milligram samples of the H_Co/C-S were dispersed in 50 mL of adsorbate solution and shaken for a period based on contact time (5, 10, 20, 30, 60, 120, 180, 240, 360, 600, 1080, and 1440 min). After adsorption, solid and liquid phases were separated by centrifugation at 1700 rpm for 3 min (model Heitech Eva 21). The concentration of CIP after adsorption was measured using a UV–Vis spectrophotometer (Thermo Electron Nicolet Evolution 500 UV–Vis) using λmax = 278 nm.



The amount of the adsorbed CIP at time t, qt (mg g−1), was calculated using the following mass balance equation:


    q   t   =   (   C   0   −   C   t   ) × V     m   a d s      



(1)




where C0 and Ct are the initial CIP concentration (in mg L−1) and the CIP concentration at time t, respectively, V is the volume of the adsorption solution (mL), and mads is the mass of adsorbent (mg). The amount of CIP adsorbed at equilibrium time was denoted as qe.



The adsorption of CIP was investigated with respect to the initial CIP concentration, pH, and temperature. The influence of CIP concentration was investigated for the concentrations of 10, 20, 40, and 80 mg L−1 at room temperature, and the pH was unadjusted (pH 5.1). The initial CIP concentration range for the isotherm study was broader (from 5 mg L−1 to 80 mg L−1). The effect of temperature was studied at 25 °C, 35 °C, 45 °C, and 55 °C. For these experiments, the solute concentration was kept constant at 20 mg L−1 and the pH was unadjusted.



A desorption study was performed in order to find the best desorbing eluent for the potential regeneration of H_Co/C-S. Before the desorption experiments, the H_Co/C-S was saturated by CIP under the following adsorption conditions: 10 mg H_Co/C-S was dispersed into 50 mL of CIP solution with an initial concentration of 100 mg L−1 at 25 °C and pH 5.1 for 24 h. After saturation, the CIP-H_Co/C-S was separated, washed, and dried at room temperature. In the desorption experiments, 10 mg of CIP H_Co/C-S was dispersed in 50 mL of 0.1 mol L−1 solution of eluents (HCl, NaOH, NaCl, and H2SO4) and shaken at 25 °C for 180 min in a thermostatic shaker.



The percent of desorbed CIP (D, %) was calculated using following relationship:


  D =       C   D   ×   V   D         q   e   × m   × 100   %  



(2)




where CD (mg L−1) is the concentration of CIP in the solution after desorption, V (mL) is the volume of the eluent solution, m (mg) is the mass of the H_Co/C-S saturated by CIP, and qe (mg g−1) is the amount of the adsorbed CIP on the adsorbent.



All adsorption and desorption experiments were performed in triplicate and mean values were presented. The obtained values were reproducible and applied in further analysis of data.




2.4. Interpretation of Adsorption Results


In order to investigate the kinetics of the CIP adsorption onto H_Co/C-S, the experimental data were fitted with the pseudo-first-order kinetic model [41] and the pseudo-second-order kinetic model [42] using their non-linear forms. According to Wang and Guo (2020), the pseudo-first-order kinetic model can be successfully employed to describe the initial stage of adsorption for adsorption processes with a high initial concentration of the adsorbate, and when there are limited number of active sites on the adsorbent surface [43]. The pseudo-second-order kinetic model describes the rate of the adsorption process when the investigated adsorbent is abundant with surface active adsorption sites, and the adsorbate concentration is low and can be applied on the final stage of the adsorption.



The adsorption data were fitted by Freundlich [44], Langmuir [45], Sips [46], and Redlich–Peterson [47] isotherm models. The adsorption data obtained at different temperatures were used to calculate the standard Gibbs energy (ΔG⁰), enthalpy (ΔH⁰), and entropy (ΔS⁰) values for the investigated adsorption process. The thermodynamic parameters were determined according to Huang et al., 2023 and Khankhasaeva et al., 2023 [48,49].





3. Results


3.1. Results of Characterization


The elemental analysis showed that contents of C and N in the carbonized sample were 16.6 mass% and 2.37 mass%, respectively. According to the ICP-OES analysis, the cobalt content was 1.35 mass%. The obtained results confirmed the successful incorporation of carbon phase and cobalt ions into the smectite structure during the hydrothermal process.



The XRPD analysis was performed in the range of 2θ from 2° to 75° for Na-S and H_Co/C-S, and this is presented in Figure 1.



The characteristic reflections on the diffractograms of Na-S and H_Co/C-S were identified according to the literature database [50]. Smectite (Sm) was recognized as main constituent of both samples, while the presence of quartz and calcite, as associated minerals, was also confirmed. The diffractogram of Na-S showed an amorphous phase of aluminosilicate in the region between 27° and 30° 2θ [51,52], while in the carbonized sample, the amorphous phases were present in the range of 2θ from 15° to 30° and corresponded to amorphous phases of both silicates and aluminosilicates [53]. Based on this finding, it can be assumed that the hydrothermal treatment contributed to the formation of amorphous minerals.



In the diffractogram of H_Co/C-S, reflections related to the cobalt phases were not present, which is in accordance with a previous analysis of samples containing cobalt phases below 10% [34].



The values of basal spacing (d001) were 1.28 nm and 1.40 nm for Na-S and H_Co/C-S, respectively. The increase in interlamellar space was a consequence of the carbonization of intercalated chitosan during the hydrothermal treatment. The obtained basal spacing after the carbonization process is in agreement with the previous findings [54,55]. Keeping in mind that the thickness of the smectite lamellae in Bogovina is approximately 1.00 nm, the value of 0.40 nm corresponds to the formation of a carbon monolayer [55] in the interlamellar space of smectite.



The textural analysis provided significant information of the properties relevant to the adsorption behavior. Adsorption–desorption isotherms of nitrogen at −196 °C for Na-S and H_Co/C-S are presented in Figure 2. The textural properties calculated from these isotherms using appropriate models are presented in Table 1.



The adsorption–desorption isotherm of Na-S is reversible at lower equilibrium pressures and represents the Type II isotherms, according to the IUPAC nomenclature, with a hysteresis loop of the H3 type at relative pressure p/p0 ≥ 0.4 [56]. This type of isotherm is characteristic of materials with aggregated particles (tactoids of smectite) with slit-shaped pores [57]. The presence of hysteresis indicates the multilayer nitrogen adsorption and capillary condensation of nitrogen [58,59]. Based on the results presented in Table 1, the SBET value for Na-S is 119 m2 g−1.



The adsorption–desorption isotherm of nitrogen obtained for H_Co/C-S (Figure 2) indicated that the adsorbed amount of nitrogen at p/p0 ≥ 0.9 was negligible. The difference between the adsorption and desorption branches is visible at p/p0 > 0.6 and resulted in the hysteresis loop of type H3. Since there is no plateau in the adsorption branch at higher p/p0, the isotherm can be classified as a Type IIb isotherm [57]. This type of isotherm is characteristic of non-porous materials with aggregated planar particles.



The obtained textural parameters of H_Co/C-S compared with Na-S showed a dramatic decrease in Vmeso and Vmicro (Table 1), most likely due to the blockage of smectite pores with carbonized material in the nanocomposite. Although the SBET value for the nanocomposite was smaller than for Na-S, the main mechanisms for the adsorption of CIP were independent of textural parameters [36,60,61]. Most probably the CIP adsorption was governed by the functional sites present in the adsorbent. For example, in Jović-Jovičić et al. (2013) [60], positively charged ammonium groups in a synthetized organo-bentonite composite strongly contributed to the adsorption process of the anionic organic azo dye Reactive Black 5, achieving a high value of qmax, even though the SBET value was only 1 m2 g−1.



The FTIR spectra of Na-S and H_Co/C-S are shown in Figure 3.



The FTIR spectrum of Na-S consisted of vibration bands characteristic of clay minerals of the smectite group. The two sharp bands at 468 cm−1 and 426 cm−1 belong to Si-O-Si deformation vibrations in the amorphous phase of smectite, while the sharp band at 523 cm−1 was ascribed to the octahedral Al-O-Si bending vibration of octahedral sheet [45]. Three low-intensity bands at 913 cm−1, 875 cm−1, and 838 cm−1 originate from the deformation vibrations of Al-Al-OH, Al-Mg-OH, and Al-Fe-OH, respectively. The vibration bands at 1104 cm−1 and 1030 cm−1 correspond to the perpendicular Si–O stretching vibration and in-plane Si–O stretching vibration, respectively. The perpendicular Si–O deformation vibrations can be expected at 755 cm−1 and 697 cm−1, but due to their low intensity, they are not notable in the Na-S spectrum. The bands at 3424 cm−1 and 1631 cm−1 are from the stretching and banding vibrations of O–H, respectively. The band at 3630 cm−1 was ascribed to the OH stretching of inner-surface hydroxyl groups [62,63].



The FTIR spectrum of H_Co/C-S contains absorption bands originating from both the smectite and the carbonized phase. The process of hydrothermal carbonization increased the intensity of the broad peak at 1032 cm−1. The band at ~1030 cm−1 can be ascribed to the stretching C–O–C vibrations in the organic phase present in the carbonized sample [64] as well as to perpendicular Si–O deformation vibrations [62]. The broad band at 1638 cm−1 probably represents overlapped bands from O–H banding vibrations along with the stretching vibration of the C=O (amide I group) originating from the chitosan structure [64]. New bands in the region from 1464 cm−1 to 1395 cm−1 can be assigned to the -CH2 asymmetric stretching vibration and the -CH3 bending vibration in the amide functional group [65]. According to Thang et al. (2008), the bands originated from cobalt oxides should be visible in the region of wavenumbers from 670 cm−1 to 500 cm−1 [66]. However, due to the low intensity or overlapping with bands originating from the smectite structure, the presence of cobalt species was not visible in the spectrum of H_Co/C-S.



In order to explain the adsorption of CIP at different initial pHs, the point of zero charge of the H_Co/C-S was determined and presented in Figure 4.



The point of zero charge (Figure 4) was determined to be at pH 5.3. The net surface charge of H_Co/C-S below this value was positive, while the net surface charge above a pH value of 5.3 was negative. The charge of H_Co/C-S at different initial CIP solution pHs significantly affected the adsorption of CIP.




3.2. Adsorption Results


3.2.1. The Preliminary Test of Adsorption Efficiency of Na-S and H_Co/C-S


According to Fick et al. [67], the concentration of CIP in the effluent from the pharmaceutical plant was 14 mg L−1, while Bhagat et al. [68] stated that the highest CIP concentration in raw wastewater of the Indian subcontinent reached up to 30 mg L−1. It was decided to use an initial concentration of 20 mg L−1 CIP in the preliminary experiment, since the value is within the range of the CIP concentration in real wastewater. The adsorption efficiency of Na-S and H_Co/C-S was compared, and the percent of the removed CIP is given in Figure 5.



The results of the preliminary efficiency tests (Figure 5) revealed that H_Co/C-S showed slightly lower efficiency, reaching 85% of the efficiency of Na-S for the same adsorption time. Although the process of modification of the smectite surface by carbonaceous materials derived from chitosan resulted in a decrease in textural properties, the adsorption properties were retained to a large extent. Therefore, we assumed that the adsorption process of CIP was governed by the specific adsorption sites and was independent of the adsorbent textural properties. The results of the preliminary efficiency adsorption tests indicated that H_Co/C-S can be further investigated as an adsorbent for CIP.




3.2.2. The Effect of the Initial pH on CIP Adsorption


One of the crucial aspects of effective adsorption is finding the optimal pH value where the highest efficiency of investigated adsorbent is reached.



The effect of the initial pH value (pHi) on the amount of the removed CIP per mass of adsorbent is shown in Figure 6.



Figure 6 shows that the adsorption of CIP onto H_Co/C-S increased from the pH value of 2 to 6, then slightly decreased from pH 6 to pH 8. With further increases in pHi, a significant drop in qe is observed. This adsorption behavior of CIP can be explained by the electrostatic interaction between the CIP form present in the solution and the surface charge of H_Co/C-S. CIP exists in mono-cationic form when the pH is less than 5.9. In the pH range from 5.9 to 8.9, CIP is in form of a zwitterion, and at pH above 8.9, CIP is in an anionic form due to the ionization of the carboxylic group [69]. H_Co/C-S reached the highest efficiency toward CIP at pH 6 (pH slightly above the isoelectric point of pHPZC 5.3). At pH 6, the surface of H_Co/C-S becomes negatively charged and an electrostatic interaction occurs with the protonated cyclic amino group of the piperazine ring (present in both the cationic CIP form and the CIP zwitterion form). The rapid decrease in adsorption at pH 10 can be explained by the repulsive interaction between the negatively charged surface of the adsorbent and the anionic surface of CIP. Similar results regarding the effect of pH on CIP adsorption were found in the literature [70,71,72]. Below the point of zero charge of 5.3, at pH 4, the amount of adsorbed CIP was approximately 87% of the amount adsorbed at optimal pH. Since this pH is below the PZC value, the surface of the adsorbent and adsorbate are both positively charged, and the electrostatic interaction cannot be responsible for the CIP removal. This result suggests that an additional mechanism of CIP interaction with adsorbent surface exists that includes probable hydrogen bonding or complexation with the cobalt phase present at the H_Co/C-S surface. By further decreasing the pH to 2, the amount of the adsorbed CIP decreased, presumable due to more expressed repulsive interaction between adsorbent surface and the adsorbate. Finally, adsorption of CIP at the native pH of 5.1—obtained by CIP dissolution without additionally setting pH values—led to the amount of the adsorbed CIP of 52.26 mg g−1, which is 97% of the adsorbed pharmaceutic at optimal pH. Based on these results, further adsorption experiments were performed at the native pH of the CIP initial solution. However, despite the optimal pH being found to be around 6, adsorption in real adsorption systems can be performed in the broad range of initial pH values (4–8) with high efficiency.




3.2.3. The Effect of the Initial CIP Concentration and Kinetic of Adsorption Process


The effect of the initial CIP concentration on the amount of the adsorbed CIP with respect to the contact time is given in Figure 7.



Although the adsorption of the CIP was rapid in the first 60 min, the process slowly attained equilibrium, which was reached after 1440 min. However, for an adsorption time of 240 min, the percentages of adsorbed CIP for initial concentrations of 10 mg L−1, 20 mg L−1, 40 mg L−1, and 80 mg L−1, were 86.7%, 70.1%, 77.5%, and 70.9%, respectively. The investigated adsorption process became slow, and reaching the final state of equilibrium lasted longer, mainly due to the occupation of active adsorption sites over time.



The non-linear plots of the pseudo-first-order and pseudo-second-order kinetic models for the adsorption of CIP onto H_Co/C-S are given in Figure 8, while calculated parameters of the investigated kinetic models are given in Table 2.



Based on the values of the parameters of the pseudo-first-order kinetic model (Table 2), the coefficients of determination R2 ranged from 0.873 to 0.937, whereas the calculated values of qe for the pseudo-first-order kinetic model were significantly lower than the experimental values (qeexp). However, the R2 values obtained for the pseudo-second-order kinetic model ranged from 0.941 to 0.984, indicating a better agreement between the experimental data and the applied model. Moreover, the calculated and experimental qe values were similar. Therefore, the pseudo-second-order kinetic model was suitable for describing the CIP adsorption onto H_Co/C-S. These results were in accordance with results presented in the literature regarding the adsorption of CIP onto carbon-based materials [73,74,75].




3.2.4. Adsorption Isotherm Analysis for CIP Removal


The adsorption behavior of CIP onto H_Co/C-S was described using several of the most commonly applied isotherm models.



The fitting of the adsorption results of CIP adsorption onto H_Co/C-S by the described isotherm models is presented in Figure 9, while calculated isotherm parameters are presented in Table 3.



From the nonlinear fits of the applied isotherm models (Figure 9) and parameters presented in Table 3, it can be concluded that the adsorption of CIP onto H_Co/C-S is best described by the Redlich–Peterson isotherm model, since the value of the coefficient of determination for the non-linear fit of the isotherm equaled 0.985. According to the model interpretation, the factor nRP indicates heterogeneous adsorption if the value is less than 1, or homogeneous adsorption if the value of nRP is equal to 1. Since the calculated value of nRP for the adsorption of CIP has a value of 0.957, it can be assumed that the adsorption is a heterogenous process. Although the value of R2 for the Redlich–Peterson model showed the best fit with the experimental data, the models with R2 > 0.97 can also be considered as appropriate. Therefore, the value qmax obtained from the Langmuir adsorption model can be used for comparison with the literature data. According to the literature data presented in Table 4, the value of qmax = 72.3 mg g−1 is moderately high and classifies the adsorbent H_Co/C-S as efficient in the process of CIP removal.



A literature review of CIP adsorption capacity showed that smectite clay had the best adsorption properties. However, swelling properties of the layered aluminosilicates cause difficulties in the adsorbent separation process. For this reason, smectite clay is rarely applied in real wastewater systems.




3.2.5. The Effect of Temperature on CIP Adsorption onto H_Co/C-S and Thermodynamics of the Adsorption Process


The effect of temperature on the CIP adsorption onto H_Co/C-S is given in Figure 10.



The results presented in Figure 10 revealed the beneficial effect of temperature on the amount of adsorbed CIP. The increase in temperature from 25 °C to 55 °C resulted in an increase in the equilibrium amount of adsorbed CIP of 20%.



The Van’t Hoff linear plot for the CIP adsorption is presented in Figure 11, while the calculated thermodynamic parameters are given in Table 5.



The values of ΔG0 (Table 5) were in the range from −5.16 kJ mol−1 to −7.66 kJ mol−1, suggesting that CIP adsorption onto H_Co/C-S was a spontaneous process at all investigated temperatures. The enthalpy value of 19.7 kJ mol−1 indicated that the adsorption process was endothermic, and that interactions between adsorbent and adsorbate could be classified as physicochemical [72,79].



The question of the usage of KD values with different units for appropriate thermodynamic studies has been raised in the literature [80]. Tran et al. suggest the usage of a dimensionless isotherm constant in order to preserve the consistency of the physical meaning. Their perspective has merit and should be applied in future analysis. However, in this manuscript, we have used the widely accepted equilibrium constant KD for calculating the thermodynamic data. This approach enables a comparison of the results obtained for our sample with the literature data. The obtained enthalpy value of 19.7 kJ mol−1 can be compared with the literature data obtained for CIP adsorption [48], indicating the endothermic nature of the process.




3.2.6. Results of Desorption Study


In order to examine the potential of regeneration of the H_Co/C-S loaded by CIP, desorption experiments were conducted, and the dependence of the desorption efficiency on the type of used eluent is shown in Figure 12.



According to the results of the desorption study, NaOH had better desorption performance (64%) compared with HCl (46.61%) and H2SO4 (41.89%) after 3 h. In the presence of NaOH, the surface charge of the adsorbent becomes negative, and CIP is present in its anionic form. Therefore, the presence of the NaOH led to the inhibited electrostatic interaction between H_Co/C-S and CIP, contributing to the highest amount of the desorbed CIP among the investigated eluents. Also, the OH− in NaOH has a decomplexation effect on CIP, and hence CIP was successfully desorbed from the H_Co/C-S [81]. On the other hand, desorption of CIP with NaCl was only 11.67%. This result might suggest that CIP adsorption by ion exchange occurred to a very small extent.




3.2.7. FTIR Analysis of H_Co/C-S after Adsorption of CIP


To further examine the interaction of CIP with H_Co/C-S, the FTIR analysis of H_Co/C-S after adsorption was carried out, and the corresponding spectrum is presented in Figure 3. In the FTIR spectrum of H_Co/C-S after adsorption of CIP, differences are observed compared with the FTIR spectrum of H_Co/C-S, since new absorption bands originating from CIP are visible. In the wavelength area from 3648 cm−1 to 3423 cm−1, bands originating from the vibrations of various -OH groups present on both the adsorbent and adsorbate. Ciprofloxacin has a band at 3490 cm−1 originating from the O–H stretch vibration within the carboxylic group. New bands were identified at 2927 cm−1 and at 2850 cm−1 that originated from aliphatic C–H vibrations of the –CH2– group and N–C vibrations, respectively. The later band was shifted from the 2840 cm−1 characteristic of pure CIP (Al-Omar et al., 2005) to 2850 cm−1, which could be assigned to the interaction of the CIP with the H_Co/C-S. The intensity of the band at 1032 cm−1 ascribed to the stretching C–O–C vibrations in the organic phase decreased due to CIP adsorption. The band at 1696 cm−1 originating from the C=O vibration of the carboxylic group is present but at low intensity. The bands at 1480 cm−1 and 1435 cm−1 originating from C–N stretching vibrations [82] are also visible in the spectrum. A new strong band at 569 cm−1 was assigned to strong C–H bending vibrations [75], and this band partially covered the band at 525 cm−1 originally present in the FTIR spectra of Na-S and H_Co/C-S before adsorption.



Although the results of the pH study, FTIR analysis after the adsorption process, and the desorption study cannot provide a complete insight into the mechanism of CIP adsorption, it can be assumed that possible interactions between CIP and adsorbents can be those proposed in Figure 13.






4. Conclusions


In this study, a chitosan-derived carbon–smectite nanocomposite with cobalt (H_Co/C-S) was synthesized in a low-energy-consumption hydrothermal process. In this manner, the problem of separating the starting smectite clay due to swelling and the formation of a stabile colloid suspension was overcome. The XRPD analysis revealed that hydrothermal treatment led to the formation of a carbon monolayer within the smectite structure. The hydrothermal treatment resulted in reduced textural properties of the nanocomposite compared with smectite. However, the investigated nanocomposite showed a high adsorption efficiency toward ciprofloxacin (CIP), which is probably due to the presence of specific surface-active groups. The adsorption result showed that the removal efficiency of CIP by H_Co/C-S increased with the initial CIP concentration and temperature. The kinetic study revealed that the pseudo-second-order model was able to describe the adsorption kinetics of the investigated adsorption process. Moreover, the Redlich–Peterson adsorption isotherm best described the CIP adsorption process onto H_Co/C-S, indicating that the adsorption process was predominantly heterogeneous, with a maximum adsorption capacity of 72.3 mg g−1, according to the Langmuir model. The thermodynamic study revealed that the CIP adsorption onto H_Co/C-S was spontaneous and endothermic, with an enthalpy value of 19.7 kJ mol−1, indicating a physisorption mechanism. H_Co/C-S was found to be effective for CIP removal from aqueous solution. Based on these facts, further research can be focused on the adsorption from real wastewater.
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Figure 1. The XRPD spectra of Na-S and H_Co/C-S samples along with the appropriate reflections based on JCPDS data (Sm—smectite; Q—quartz; AmAS—amorphous phase of aluminosilicate; AmAS/S—amorphous phase of aluminosilicate and silicate). 
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Figure 2. The adsorption–desorption isotherms of nitrogen at −196 °C of Na-S and H_Co/C-S. 
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Figure 3. The FTIR spectra of Na-S, H_Co/C-S, and H_Co/C-S after CIP adsorption. 
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Figure 4. The point of zero charge of the H_Co/C-S sample. 
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Figure 5. The percent of removal of CIP by Na-S and H_Co/C-S (mads = 10 mg; V = 50 mL; C0(CIP) = 20 mg L−1; T = 25 °C; t = 1440 min). 
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Figure 6. The effect of the initial pH of the CIP solution on adsorption onto H_Co/C-S (mads = 10 mg; V = 50 mL; C0(CIP) = 20 mg L−1; T = 25 °C; t = 180 min). 
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Figure 7. The effect of initial CIP concentration on the amount of the adsorbed CIP (mads = 10 mg; V = 50 mL; T = 25 °C, pH 5.1). 
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Figure 8. Non-linear plots of experimental data for CIP adsorption onto H_Co/C-S by (a) the pseudo-first-order kinetic model, and (b) the pseudo-second-order kinetic model. 
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Figure 9. Adsorption isotherms for CIP adsorption onto H_Co/C-S (mads = 10 mg; CCIP = (5–80) mg g−1, V = 50 mL; t = 1440 min; T = 25 °C; pH 5.1). 
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Figure 10. The effect of temperature on CIP adsorption onto H_Co/C-S (mads = 10 mg; V = 50 mL; C0(CIP) = 20 mg L−1; pH 5.1). 
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Figure 11. Van’t Hoff linear plot of CIP adsorption onto H_Co/C-S. 
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Figure 12. Desorption of CIP from H_Co/C-S using different eluents. 
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Figure 13. Possible interactions in the adsorption process of CIP on the surface of the H_Co/C-S adsorbent. 
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Table 1. Textural properties of Na-S and H_Co/C-S.
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	Sample
	SBET

(m2 g−1)
	Vtot

(cm3 g−1)
	Vmeso

(cm3 g−1)
	Vmicro

(cm3 g−1)
	DMED

(nm)
	Dmax

(nm)





	Na-S
	119
	0.105
	0.074
	0.049
	4.16
	4.00



	H_Co/C-S
	0.73
	0.012
	0.019
	/
	13.8
	13.0







SBET—specific surface area; Vtot—total pore volume; Vmeso—volume of mesopores; Vmicro—volume of micropores; DMED—median mesopore diameter; Dmax—the most abundant pore diameter.
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Table 2. The calculated parameters for the pseudo-first-order and pseudo-second order kinetic models for CIP adsorption onto H_Co/C-S.
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Sample

	
H_Co/C-S






	
C0 (mg g−1)

	
10

	
20

	
40

	
80




	
qeexp (mg g−1)

	
50.8

	
61.6

	
71.8

	
76.6




	
Pseudo-first-order kinetic model




	
qecalc (mg g−1)

	
45.8

	
57.4

	
65.6

	
71.4




	
k1·10−2 (min−1)

	
3.21

	
1.00

	
1.35

	
0.910




	
R2

	
0.937

	
0.915

	
0.873

	
0.906




	
Pseudo-second-order kinetic model




	
qecalc (mg g−1)

	
49.4

	
62.8

	
71.5

	
78.2




	
k2·10−4 (g mg−1 min−1)

	
8.92

	
2.43

	
2.88

	
1.75




	
R2

	
0.984

	
0.965

	
0.941

	
0.954








C0—initial CIP concentration; qeexp—experimental values of amount of adsorbed CIP in equilibrium; qecalc—calculated value for the amount of adsorbed CIP in equilibrium; k1—pseudo-first-order rate constant; k2—pseudo-second-order rate constant; R2—coefficient of determination.
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Table 3. Calculated isotherm parameters for CIP adsorption onto H_Co/C-S.
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Adsorption Model

	
Isotherm Parameters






	
Freundlich equation

	
KF (mg g−1(dm3 mg−1)1/n)

	
nF

	
R2




	
50.3

	
8.86

	
0.948




	
Langmuir equation

	
KL (dm3 mg−1)

	
qmax (mg g−1)

	
RL

	
R2




	
4.38

	
72.3

	
0.022

	
0.977




	
Sips equation

	
K (dm3 mg−1)n

	
qsat (mg g−1)

	
bS

	
R2




	
0.552

	
74.2

	
0.313

	
0.976




	
Redlich–Peterson equation

	
KRP (dm3 g−1)

	
aRP (L mg−1)nRP

	
nRP

	
R2




	
431

	
6.78

	
0.957

	
0.985








KF—Freundlich isotherm constant; nF—factor of heterogeneity of adsorption; KL—Langmuir isotherm constant; qmax—maximal value of adsorption capacity, RL—Langmuir parameter; KRP—Redlich–Peterson isotherm constants, aRP—Redlich–Peterson parameter; nRP—Redlich–Peterson exponent, R2—coefficient of determination.
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Table 4. The literature review of CIP adsorption onto different adsorbents.
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	Adsorbent
	Adsorbent Properties
	Adsorption Capacity

(mg g−1)
	References





	Hydrothermally synthetized Co–carbon smectite (H_Co/C-S)
	SBET = 0.73 m2 g−1; Vmeso = 0.019 cm3 g−1, DMED = 13.9 nm

pHPZC 5.3
	72.3
	This study



	Activated carbon derived from mangosteen peel
	SBET = 419.9 m2 g−1

Vcap = 0.280 cm3 g−1, Dmean = 2.7 nm

pHPZC 5.34
	29.8
	[72]



	Calcined Verdelodo clay-packed fixed-bed
	SBET = 62.1 m2 g−1,

Vmeso = 0.019 cm3 g−1,
	12.6
	[15,76]



	Smectite clay
	SBET = 87.7 m2 g−1

Vmeso = 0.09 cm3 g−1,

pHPZC 8.00
	184
	[77]



	Biochar derived from bamboo sawdust
	SBET = 1158 m2 g−1

pHPZC 6.5
	78.4
	[74]



	Activated carbon derived from Azolla filiculoides
	SBET = 716.4 m2 g−1

Dmean = 41.3 nm

Vtot = 0.481 cm3 g−1
	35.1
	[73]



	Bamboo charcoal
	SBET = 1228 m2 g−1

pHPZC 6.5
	36.0
	[71]



	Surface-modified tamarind shell
	Dmean ≤ 10 µm
	21.7
	[75]



	Diatomaceous earth
	SBET = 29.14 m2 g−1,

Dmean = 190 nm
	19.4
	[78]







SBET—specific surface area (m2/g); Vtot, Vmeso, Vcap—total pore volume, mesopore volume, and capillary volume, respectively (cm3/g); DMED—mean mesopore diameter (nm); Dmean—average pore diameter (nm), pHPZC—point of zero charge of adsorbent.
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Table 5. Thermodynamic parameters for the CIP adsorption onto H_Co/C-S.






Table 5. Thermodynamic parameters for the CIP adsorption onto H_Co/C-S.





	
T (K)

	
ΔG0 (kJ mol−1)

	
ΔH0 (kJ mol−1)

	
ΔS0 (J K−1 mol−1)






	
298

	
−5.16

	
19.7

	
83.5




	
308

	
−5.99




	
318

	
−6.83




	
328

	
−7.66
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