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Abstract

:

In this article, attapulgite (ATP) as a raw material, hexadecyltrimethylammonium bromide (CTAB) as a modifier, and chitosan (CTS) as a composite are used to prepare a natural mineral-based composite adsorbent CTAB-ATP/CTS for the adsorption of norfloxacin in water. Scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and specific surface area (BET) were used for characterization. When the initial pH is 7, the dosage of adsorbent is 3 g/L, and the initial concentration of norfloxacin is 50 mg/L, the reaction temperature is 25 °C, the shaking time is 4 h, and the maximum removal rate and adsorption capacity of CTAB-ATP/CTS for norfloxacin reached 94.62% and 23.66 mg/g, respectively. The adsorption of norfloxacin by CTAB-ATP/CTS is more consistent with the pseudo-second-order kinetic model (R2 = 0.9999, 0.9998, 0.9999 at initial concentrations of 25 mg/L, 50 mg/L, 75 mg/L), and the Langmuir isotherm adsorption model(R2 = 0.9903, 0.9935, 0.9933 at temperatures of 25 °C, 30 °C, 35 °C), indicating that the adsorption process of the composite material is controlled by chemical adsorption and its adsorption behavior is mainly single-layer adsorption.
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1. Introduction


Fluoroquinolones (FQs) are broad-spectrum antibiotics that inhibit cell division by efficiently and specifically interfering with DNA rotamase activity [1]. Norfloxacin (NOR) is a fluoroquinolone with excellent broad-spectrum antimicrobial activity and rapid bactericidal activity, which is widely used in the fields of medicine, animal husbandry, and aquaculture [2]. However, about 70% of the NOR cannot be absorbed and enters the water body via human or animal metabolism and is re-accumulated via the food chain, which leads to a persistence phenomenon at low concentrations in the water body [3]. Due to its high emission rate and slow degradation, it has been frequently detected in surface waters, soils, and other sedimentary environments in recent years [4]. NOR residues in water and soil can lead to pathogenic microbial resistance, cause teratogenicity and genotoxicity, and pose a potential threat to organisms and ecosystems [5]. To solve the current challenge of increasing antibiotic detection concentration, effective antibiotic removal methods have also become a research focus. Therefore, studying efficient water treatment techniques to remove antibiotics from wastewater is of great importance for protecting the health of aquatic organisms and ensuring the safety of the aquatic environment and ecosystem.



Research domestically and internationally has shown that commonly used methods for removing quinolone antibiotics include biodegradation [6], advanced oxidation process [7], membrane filtration [8], and adsorption [9]. Biodegradation is the use of microbial degradation metabolism to treat wastewater by artificially creating an environment suitable for microbial proliferation in order to increase the efficiency of the decomposition of organic matter. However, due to the stable chemical structure and bacteriostatic properties of quinolone antibiotics, it is difficult to completely degrade such pollutants through biodegradation, and prolonged exposure during treatment may lead to the gradual accumulation of resistance in bacteria and ultimately lead to the emergence of new pollutant resistance genes [10]. The advanced oxidation process for treating antibiotic wastewater mainly includes photocatalytic technology [11], Fenton oxidation technology [12], and ozone oxidation technology [13] and other processes. Although the advanced oxidation method for removing quinolone antibiotics is obvious, the treatment cost is still high, the operation of the equipment requires high conditions, and the treatment process is often a reaction of by-products, resulting in secondary pollution and meaning the toxicity of the degraded chemical products needs to be investigated alongside other problems [14]. The membrane filtration has the disadvantages of easy contamination of the filter membrane, low stability, and limited range [15]. Compared to other techniques, adsorption is usually simple, efficient, economically feasible, and applicable to a wide concentration range, and therefore represents one of the most important methods for the removal of antibiotics in the aqueous environment [16].



At present, adsorption technology has problems such as low adsorption capacity or long adsorption time, and the adsorbent loaded with metal ions tends to release the metal ions back into the environment, resulting in secondary pollution. Therefore, developing an environmentally friendly adsorbent that can quickly remove environmental pollutants on a large scale is the key to the development of adsorption technology [17]. In recent years, environmentally friendly natural mineral-based adsorbents have received great attention from researchers due to their low pollution potential, strong regenerative ability, numerous active functional groups, and easy graft modification [18]. Among them, attapulgite (ATP) has attracted much attention due to its large specific surface area, large porosity, environmental friendliness, low cost, non-toxicity, and good adsorption performance [19]. However, the adsorption capacity of ATP for certain pollutants is limited, and studies have shown that the adsorption effect was significantly improved by modifying it to achieve effective adsorption of organic pollutants [20]. Using organic surfactants as modifiers, high molecular weight organic groups were used to replace the exchangeable cations between the aconite layers as well as part of the crystal water and adsorbed water in the lattice, thereby changing the surface functional groups, increasing the distance between layers, and improving at the same time the hydrophobicity, which improves the adsorption capacity and selectivity of aconite [21]. Meanwhile, the use of chitosan (CTS), a natural polymer, as an adsorbent for wastewater treatment has attracted great attention due to its excellent adsorption capacity, low cost, biodegradability, and non-toxicity [22]. Its biodegradability means that it does not persist in the environment for long periods of time, thus reducing potential hazards to the environment and the human body. Its molecules contain a large number of reactive groups -OH-NH2, which help to reduce the properties of ATP such as strong swelling and suspension in wastewater, and improve the ability to adsorb organic matter [23].



On this basis, in this experiment, hexadecyltrimethylammonium bromide (CTAB) was selected to modify the acid-activated natural mineral attapulgite (ATP), and then it was assembled with chitosan (CTS) using the acid dissolution ultrasonic method to obtain a green composite adsorbent CTAB-ATP/CTS. During the preparation process of the composite experiment, the effects of acetic acid concentration, ultrasonication time, and CTAB-ATP:CTS composite mass ratio on the adsorption performance of the composite adsorbent were investigated. The physicochemical properties were investigated using SEM, FTIR, XRD, and BET. The effects of initial pH, adsorbent dose, and initial norfloxacin concentration on the removal of norfloxacin by adsorption were also studied. Finally, the adsorption mechanism was investigated using a pseudo-first-order kinetic model, a pseudo-second-order kinetic model, and an intraparticle diffusion model, an isothermal Freundlich model, and an isothermal Langmiur model, respectively.




2. Materials and Methods


2.1. Materials


Attapulgite (ATP) was purchased from Changzhou Dingbang Mineral Products Technology Co., Ltd., Changzhou, China Chitosan (CTS) and silver nitrate (AgNO3) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China. Hexadecyltrimethylammonium bromide (C19H42BrN) and norfloxacin (C16H18FN3O3) were purchased from Shanghai McLean Biochemical Technology Co., Ltd., Shanghai, China. Acetic acid (C2H4O2), anhydrous ethanol (C2H6O), sodium hydroxide (NaOH) were purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Hydrochloric acid (HCl) was purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd., Shanghai, China. The above chemicals are analytical reagents.




2.2. Preparation of CTAB-ATP/CTS Adsorbents


First, take the original attapulgite, add a large amount of distilled water, stir evenly, wash for 10 min, filter to remove insoluble impurities and dirt, and finally put it in one electric hot air drying oven (DHG-9070A, Shanghai Jinghong, Shanghai, China) and let dry for 2 h at 80 °C. Finally, grind and pass through a 200 mesh sieve. Then, mix 10 g of attapulgite with 120 mL of 8% mass acetic acid solution and incubate for 2 h in a constant temperature (25 °C) shaking water tank (DKZ-2, Shanghai Jinghong, Shanghai, China). Finally, wash with distilled water until the pH is neutral. The filtered solid is dried in an oven at 80 °C for 2 h and finally ground and passed through a 200 mesh sieve to obtain acetic acid modified attapulgite.



Weigh 0.8 g of cetyltrimethylammonium bromide (CTAB), add 80 mL of anhydrous ethanol to dissolve completely, and add 8.0 g of ATP acetate as purified as above. Ultrasonically modify in an ultrasonic cleaner (G-010S, Shenzhen Gonergy Cleaning Equipments Co., Ltd., Shenzhen, China) at 25 °C for 2 h. After filtration, wash the filter cake until the bromide ions disappear (with 0.01 mol/L AgNO3 solution measurement). Dry at 80 °C for 2 h. After grinding, it pass it through a 200-mesh sieve and label as CTAB-ATP.



A certain amount of chitosan was put into a beaker and injected with different volume proportions of acetic acid solution to dissolve it thoroughly to obtain a relatively viscous colloidal solution, and then different mass ratios of CTAB-ATP were added into the colloidal solution to soak it completely and to wet and stir into a mixed paste. After ultrasonic dispersion for a certain time, the paste was dried in an oven at 105 °C and then ground and stored, which enabled the composite adsorbent CTAB-ATP/CTS with different composite mass ratios to be obtained. The acidification concentration of acetic acid (3%, 5%, 7%, 9%, 11%, and 13%), the sonication time (5 min, 10 min, 15 min, 20 min, 25 min, and 30 min) and the CTAB-ATP: CTS composite mass ratio (1:0.005, 1:0.01, 1:0.02, 1:0.03, 1:0.04, and 1:0.05) were adjusted, and one of the conditions for the preparation of the composite adsorbent was varied.




2.3. Characterisation of CTAB-ATP/CTS Adsorbents


The surface of ATP, CTAB-ATP/CTS adsorbent before and after adsorption was analysed by scanning electron microscopy (SEM, S-3400N, Hitachi, Tokyo, Japan). The functional groups of ATP, CTAB-ATP/CTS adsorbent before and after adsorption were analysed by infrared spectroscopy (FTIR, 510PFT-IR, Nicolet, Madison, WI, USA). The crystal structure of ATP, CTAB-ATP/CTS adsorbent before and after adsorption was determined by X-ray diffraction (XRD, D&advance, Bruker, Germany). The pore size and surface area of ATP, CTAB-ATP/CTS adsorbent before and after adsorption were determined by pore size and specific surface area analysis (BET, Novawin 1994–2016, Quantachrome, Boynton Beach, FL, USA).




2.4. Adsorption Experiments


Weigh 0.1 g of norfloxacin dissolved in 1 L of water to obtain a 100 mg/L norfloxacin stock solution, disperse with ultrasound for a specified time to aid dissolution, and take 40 mL of the known concentration of a norfloxacin solution in a 50 mL Erlenmeyer flask. Close the flask with a stopper, adjust to a certain pH value, then add a certain amount of adsorbent, mix well and place in an electrothermal, thermostatic shaking water bath at a speed of 120 rpm. Set at 25, remove the Erlenmeyer flask by shaking for 1 min. Give it over a period of time, let it stand for some time, and then extract the supernatant. The sample should be filtered with a 0.45 m filter membrane and then measured under the ultraviolet spectrophotometer (UV-5500PC, Shanghai Yuananalytical Instrument Co., Ltd., Shanghai, China) at a wavelength of 273 nm. The standard curve of norfloxacin is shown in Figure S1. The removal rate of norfloxacin by the adsorbent and the static adsorption capacity can be calculated by Equations (1) and (2), respectively.
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(1)
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where,     C   0     is the initial concentration of norfloxacin in solution, mg/L;     C   t     is the concentration of norfloxacin in solution after adsorption, mg/L;     V   0     is the volume of solution, L;   m   is the dosage of adsorbent in solution, g.



The initial concentration of norfloxacin was set at 25 mg/L, 50 mg/L, and 75 mg/L under the conditions of initial pH 7, adsorbent dosage of 3 g/L, and adsorption temperature of 25 °C, and was shaken in an electrically heated thermostatic oscillating water bath at the speed of 120 r/min for 5, 10, 20, 40, 60, 90, 120, 180, 240, 300, and 360 min. Pseudo-first-order kinetic (3), pseudo-second-order kinetic (4), intra-particle diffusion (5) were used to fit the experimental data, and their equations were expressed as:
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where,     q   e     is the adsorption capacity of norfloxacin at equilibrium, mg/g;     q   t     is the adsorption capacity of norfloxacin at t, mg/g; t is the adsorption time, min;     k   1     is the pseudo-first-order kinetic adsorption rate constant, min−1;     k   2     is the pseudo-second-order kinetic adsorption rate constant, g·mg−1·min−1;     k   i p     is the intra-particle diffusion constant, mg·g−1·min−0.5; C is a constant related to the thickness of the boundary layer, mg/g.



Norfloxacin solutions with concentrations of 10 mg/L, 15 mg/L, 20 mg/L, 25 mg/L, 50 mg/L, 75 mg/L, and 100 mg/L were taken and adsorbed by cyclonic oscillation at a rate of 120 r/min at temperatures of 25 °C, 30 °C, and 35 °C for 4 h at an initial pH of 7 and adsorbent dosing of 3 g/L. The data was simulated in the isotherm curve using the Langmuir (6) and Freundlich (7) isotherm adsorption models, and their equations are represented as follows:
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where,     q   e     is the adsorption capacity of norfloxacin at equilibrium, mg/g;     q   m     is the maximum adsorbed amount of norfloxacin, mg/g;     C   e     is the concentration of norfloxacin in the solution at equilibrium, mg/L;     K   L     is the Langmiur adsorption equilibrium constant, which correlates with adsorption energy, L/mg;     K   F     is the Freundlich adsorption equilibrium constant, which correlates with adsorption energy, mg/g;   n   is the constant related to adsorption energy.





3. Results and Discussion


3.1. Optimisation of CTAB-ATP/CTS Preparation Conditions


As shown in Figure 1a, the removal rate and adsorption capacity of the adsorbent for norfloxacin showed an overall increasing trend with an increasing acetic acid concentration, and the best effect was obtained at an acetic acid concentration of 9%, where the removal rate of norfloxacin is 75.97% and the adsorption capacity is 18.99 mg/g. This was attributed to the fact that proper acid treatment caused a change in the morphology of the ATP surface, resulting in a more loosely packed interlamellar structure of ATP intercalation type. The chitosan is favorably complexed on the surface of aconite, thereby increasing the adsorption capacity [24]. The adsorption of norfloxacin by the adsorbent was subsequently reduced when the acetic acid concentration was higher than 9%.



As shown in Figure 1b, the removal rate and adsorption capacity of the CTAB-ATP/CTS composite adsorbent on norfloxacin showed a general trend that first increased and then decreased with increasing sonication time, and the adsorption effect on norfloxacin was best when the ultrasound time was 25 min, the removal rate of norfloxacin was 80.89%, and the adsorption capacity was 20.22 mg/g. The adsorption performance of the composite adsorbent on norfloxacin decreased when the ultrasound time was more than 25 min. Ultrasonic dispersion can increase the flux of chitosan molecules, improve the interlayer domain of bumpy clay, promote the diffusion of chitosan molecules and effective loading of bumpy clay, and improve the adsorption performance [25]. After reaching a certain level, continued ultrasonication leads to uneven loading of chitosan on the surface of uneven clay, and repeated loading leads to loss of active sites and weaker adsorption performance.



As shown in Figure 1c, the removal and adsorption of norfloxacin by the adsorbent were 77.49% and 19.37 mg/g, respectively, when the composite mass ratio was 1:0.005. When the loading of chitosan was increased to a composite mass ratio of 1:0.01, the removal and adsorption of norfloxacin by the adsorbent were significantly increased and reached the optimum, which were 84.79% and 21.20 mg/g, respectively. However, as the loading of chitosan further increased, the removal rate and adsorption of norfloxacin decreased. This may be due to the fact that the adsorption capacity of CTAB-ATP/CTS composites is related to the amount of chitosan that effectively penetrates into the interlayer of bumpy soil [26]. When the amount of chitosan in the solution exceeded the cation exchange capacity of the bumpy clay, the excess chitosan could not effectively penetrate into the interlayer of the bumpy clay, but instead accumulated in and around the pores of the bumpy clay, resulting in pore clogging and a decrease in adsorption capacity.




3.2. Characterisation of CTAB-ATP/CTS Adsorbents


As shown in Figure 2a, ATP has a large number of rod-shaped rod crystal structures with relatively well-defined contour lines and a large particle size. Figure 2b shows that CTAB-ATP/CTS is mainly spherical in shape and has relatively smooth edge lines; the particles are more widely distributed, the organization is looser, and many folds and void structures appear random. This indicates that the modifier transformed the original tight stacking of ATP into a relatively loose structure, and the interlayer distance and voids were obviously larger, which favored the adsorption of norfloxacin on the composites. Figure 2c shows that the surface pores of CTAB-ATP/CTS adsorbed with norfloxacin were significantly reduced and developed into highly aggregated agglomerates, which may be due to the fact that norfloxacin had already penetrated into the intermediate layer of CTAB-ATP/CTS.



As shown in Figure 2d, the absorption peaks of concave clay appeared in all three curves. The absorption peaks at 3543 cm−1, 3546 cm−1 and 3540 cm−1 can be attributed to the hydroxyl group stretching vibration in Al-O-H, the absorption peaks at 1654 cm−1, 1653 cm−1, and 1652 cm−1 are the hydroxyl O-H bending vibrations of the water molecules in the interlayer, and the absorption peak at 971 cm−1 were the octahedral Si-O-Si stretching vibrations in the ATP lattice [27,28]. The infrared spectra of CTAB-ATP/CTS showed two absorption peaks near 3000–2500 cm−1 (2927 cm−1 and 2852 cm−1) compared to the original ATP, which could be recognized as -CH-symmetric and anti-symmetric telescopic vibrational absorption peaks [29], which demonstrate the successful complexation of ATP with CTAB and CTS [30]. Compared to native ATP, the C-H symmetric bending peaks before and after adsorption of norfloxacin on CTAB-ATP/CTS were shifted from 1495 cm−1 to 1414 cm−1 and 1474 cm−1, respectively.



As shown in Figure 2e, all the three samples contained bumpy clay diffraction peaks at 2θ = 8.49°, 16.40°, 19.85°, 24.16°, 27.44°, and 35.32° (PDF#31-0783), in addition to impurities such as SiO2 at 2θ = 26.64°, 50.14°, 59.99° (PDF#46-1045) and impurities such as Al2O3 (PDF#46-1212) at 2θ = 37.38°, 68.20°. The characteristic peaks of ATP did not change when the original ATP was compared with CTAB-ATP/CTS, indicating that the introduction of CTAB and CTS did not change the crystal structure of ATP. The decrease in the intensity of the typical peaks of SiO2 before and after the adsorption of norfloxacin on CTAB-ATP/CTS suggests that SiO2 may be involved in the reaction [31].



As shown in Figure 2f–h, the adsorption–desorption isotherms of the three samples showed typical type IV isotherms with obvious H3 hysteresis loops, indicating the mesoporous structure of the adsorbent [32]. The pore distribution curves show that the main pore size distribution of the three samples is 2–15 nm, which also suggests that the adsorption materials are mainly mesoporous structures. In addition, the specific surface and pore structure parameters of the three samples are listed in Table 1. CTAB-ATP/CTS showed an increase in specific surface area from 16.4610 m2/g to 69.2159 m2/g and an increase in total void volume, which increased from 0.021969 cm2/g to 0.141051 cm2/g compared to ATP. The average pore size decreased slightly, which may be due to the fact that ATP’s water and internal crystals in the interlayer structure. Water from ATP was removed at high temperatures, which exposed the pore channels, thus increasing the pore volume of CTAB-ATP/ CTS, while loading with CTAB and CTS further increased the specific surface area and increased the adsorption capacity. The specific surface area, total void volume, and average pore diameter of the adsorbed CTAB-ATP/CTS were further increased compared to those of the adsorbed CTAB-ATP/CTS. The likely reason for this phenomenon is that the adsorption of norfloxacin on the surface of CTAB-ATP/CTS resulted in the formation of some tiny concave and convex surfaces, which increased the specific surface area.




3.3. Study of Factors Affecting Adsorption of Norfloxacin by CTAB-ATP/CTS


As shown in Figure 3a, under the same reaction conditions (Initial concentration: 50 mg/L, dosage: 2 g/L, pH: 7), the adsorption of norfloxacin by single chitosan (CTS) and single attapulgite (ATP) was low, and the adsorption of norfloxacin by attapulgite modified with hexadecyltrimethylammonium bromide (CATB-ATP) was greatly improved, with the removal rate and the adsorption capacity of 82.07% and 20.52 mg/g, respectively. The chitosan-loaded composite adsorbent (CTAB-ATP/CTS) showed the best effect on norfloxacin with a removal rate and adsorption capacity of 89.54% and 22.38 mg/g, respectively. Other studied adsorbents for norfloxacin, for example, Li et al. [33] investigated the adsorption capacity of an attapulgite-biochar composites for norfloxacin as 5.24 mg/g (initial concentration: 20 mg/L, dosage: 4 g/L, pH: 6.81); Wu et al. [34] synthesised a novel magnetic molecularly imprinted chitosan/γ-FeO composite with an adsorption capacity of 6.29 mg/g for norfloxacin (initial concentration: 35 mg/L, dosage: 2 g/L, pH: 7). Compared with these adsorbents, the adsorbent prepared in this experiment was characterised by good adsorption effect and low dosage.



As shown in Figure 3b, the removal rate and adsorption capacity of the adsorbent for norfloxacin were only 58.67% and 14.67 mg/L at pH 1. Within the range of 1–7, the removal rate and adsorption capacity of the adsorbent for norfloxacin increase with the increase of pH value. The removal rate and adsorption capacity of the composite adsorbent for norfloxacin reached an optimal level at pH 7, which were 89.54% and 22.38 mg/g. With a further increase in pH, the removal and adsorption capacity of the composite adsorbent for norfloxacin decreased significantly and was only 52.39% and 13.10 mg/g when the pH was 11. This is because NOR has two ionization constants of pKa1 = 6.2 (carboxyl group) and pKa2 = 8.5 (piperazinyl group) [35]. Due to the protonation of the carboxyl and piperazinyl groups, norfloxacin is mainly present in the cationic NOR+ form in pH ≤ pKa1, in the amphoteric NOR± form in pKa2 ≤ pH ≤ pKa1 and in the anionic NOR− form in pH ≥ pKa1 [36]. The charge of the surface active site of the adsorbent is significantly affected by the pH of the solution [37], and the adsorption capacity of NOR increases when the pH is increased from 1 to 7 because the negative surface charge of CTAB-ATP/CTS increases dramatically, resulting in an increase in electrostatic attraction. When the pH is greater than 7, the adsorption capacity of NOR decreases with increasing pH, which is probably due to the increase in NOR− content, which leads to stronger electrostatic repulsion [38]. These results suggest that electrostatic interactions are the main driving force for NOR adsorption by CTAB-ATP/CTS.



As shown in Figure 3c, the removal rate of norfloxacin was only 53.24% when the adsorbent dose was 0.5 g/L. As the dosage of the adsorbent increased, the removal rate of norfloxacin increased significantly, and the removal rate of norfloxacin increased to 94.62% when the dosage was increased to 3 g/L. When the adsorbent dose was further increased, the adsorption removal rate of norfloxacin changed less. When the concentration of norfloxacin in the simulated wastewater is safe and the dosage of the adsorbent is increased, the total specific surface area of the adsorbent increases accordingly, the active adsorption sites provided by the adsorbent increases, and the adsorption rate increases [39]. When the dosage further increased, the adsorption sites could not be fully utilized and the change in adsorption effect was small. As the dosage of adsorbent increased, the adsorption capacity for norfloxacin decreased continuously because the increase in dosage resulted in the decrease of norfloxacin that can be loaded per unit mass of CTAB/ATP-CTS, so the adsorption capacity showed a decreasing trend.



As shown in Figure 3d, the removal rate and adsorption capacity of the adsorbent for norfloxacin were 95.15% and 4.76 mg/g, respectively, when the initial norfloxacin concentration was 10 mg/L. When the initial concentration of norfloxacin was increased to 100 mg/L, the removal rate of the adsorbent for norfloxacin decreased to 71.45% and the capacity of the adsorbent increased to 35.72 mg/g. The results showed that the initial concentration was negatively correlated with the removal rate and positively correlated with the adsorption capacity. The concentration correlated negatively with norfloxacin removal and positively with adsorption capacity. This is because for the same dose of adsorbent, the adsorption sites are approximately the same. As the initial concentration of norfloxacin increases, the adsorption capacity increases by the corresponding increase in the probability of contact between the CTAB-ATP/CTS adsorbent and norfloxacin. The adsorption sites per unit dose of CTAB-ATP/CTS are limited. Therefore, when the adsorption sites are occupied, the adsorption of norfloxacin cannot continue, resulting in a decrease in the removal rate of norfloxacin [40].




3.4. Study of CTAB-ATP/CTS Adsorption Mechanism


3.4.1. Adsorption Kinetic Studies


As shown in Figure 4a, when the initial concentrations of norfloxacin were 25 mg/L, 50 mg/L, and 75 mg/L, the adsorption effect of the adsorbent on norfloxacin increased with increasing time, adsorption of norfloxacin by the adsorbent increased rapidly and then stabilised with time, and the adsorption equilibrium of the adsorbent on norfloxacin was essentially achieved at an adsorption time of 240 min, the adsorption capacity was 7.80 mg/g, 15.74 mg/g, and 20.09 mg/g. As the time period progressed, more and more norfloxacin was adsorbed on the surface of CTAB-ATP/CTS, the adsorption gaps decreased, and the adsorption basically equilibrated and gradually reached saturation. This is because at the beginning of adsorption, a large number of empty adsorption sites on the surface of the adsorbent led to initial rapid adsorption, and when almost all external active sites were occupied, the NOR was distributed in the pores and slowly absorbed through the inner surface of the adsorbent.



The fitting results of the Pseudo first kinetic model and Pseudo second kinetic model for the adsorption of norfloxacin by CTAB-ATP/CTS are shown in Figure 4b,c, and the results of parameter fitting are shown in Table 2. The results show that R2 (0.9999, 0.9998, 0.9999) obtained by fitting the quasi-secondary adsorption rate equations to the adsorption data from CTAB-ATP/CTS for the three norfloxacin concentrations is larger than that obtained by Quasi–Primary equations R2 (0.9523, 0.9585, 0.9878). In addition, the theoretical equilibrium adsorption amounts (7.8180 mg/g, 15.8153 mg/g, 20.1898 mg/g) obtained from the quasi-primary equation fitting were more consistent with the actual adsorption amounts (7.80 mg/g, 15.74 mg/g) corresponded to 20.09 mg/g), so that the adsorption of CTAB-ATP/CTS corresponded more closely to the quasi-primary model, which suggests some chemisorption in the process [41]. From the fitted model of intraparticle diffusion in Figure 4d, it can be seen that the adsorption of norfloxacin by CTAB-ATP/CTS was divided into three stages, with the first stage curve being steep and corresponding to the stage of extraparticle diffusion; when there was a high concentration of norfloxacin in the solution and due to the concentration difference, norfloxacin diffused into the liquid film outside the adsorbent. The second stage curve was smoother and the NOR diffused from the surface of the adsorbent to the interior of the pores and the adsorption rate decreased. The third stage curve is flat, indicating that the adsorption has reached equilibrium at this time [42]. Meanwhile, the fitted lines of both stage 1 and stage 2 do not pass through the origin, indicating that both liquid film diffusion and intra-particle diffusion limit the adsorption rate [43,44]. Furthermore, the values of the constant C (reflecting the boundary layer thickness) in stage 2 were higher than those in stage 1 for all adsorption processes with different initial concentrations, suggesting that intraparticle diffusion plays an important role in both rate-determining steps [45].




3.4.2. Adsorption Isotherm Studies


The adsorption isotherms of CTAB-ATP/CTS on norfloxacin at different temperatures are shown in Figure 5a. The results showed that the adsorption of norfloxacin by the adsorbent was positively proportional to the adsorption temperature, indicating that warming was favourable for adsorption to proceed.



The fitting of the adsorption isotherm model of CTAB-ATP/CTS for norfloxacin is shown in Figure 5b,c, and the parameter fitting results are shown in Table 3. The results showed that the adsorption process of CTAB-ATP/CTS for norfloxacin was more consistent with the Langmiur isotherm model, and the correlation coefficients of fitting at different temperatures were higher than the correlation coefficients of the Freundlich model, indicating that the adsorption process represents the homogeneous adsorption of monomolecular layers [46]. Furthermore, 1/n is a measure of surface heterogeneity or exchange strength. The 1/n values of the isothermal Freundlich model were below 0.5 at various temperatures, indicating that the reaction process was relatively easy to carry out (1/n < 0.5, simple; 0.5 < 1/n < 1, not easy; 1/n > 1, very difficult) [47].






4. Conclusions


In this work, CTAB-ATP/CTS, a natural mineral-based composite adsorbent, was prepared using cetyltrimethylammonium bromide-modified bumpy clay and complexed with chitosan, and its adsorption efficiency of norfloxacin in water was studied. The CTAB-ATP/CTS prepared under the conditions of acetic acid concentration (v/v) of 9%, ultrasonication time of 25 min and CTAB-ATP/CTS composite mass ratio of 1:0.01 showed the best removal and adsorption of norfloxacin, which were 84.79% and 21.20 mg/g, respectively. The original ATP, CTAB-ATP/CTS under optimal preparation conditions, and CTAB-ATP/CTS after adsorption of norfloxacin were compared by SEM, FTIR, XRD, and BET. The results showed that CTAB-ATP/CTS was structurally stable and the specific surface area and total void volume were larger than before modification, which creates more adsorption sites. The removal rate and adsorption capacity of CTAB-ATP/CTS for norfloxacin could be up to 94.62% and 15.77 mg/g under the conditions of initial pH of 7, adsorbent dose of 3 g/L, and initial concentration of 50 mg/L, and was placed in an electrically heated constant temperature oscillating water bath at 25 °C and a speed of 120 rpm for 4 h. The removal and adsorption capacity of CTAB-ATP/CTS adsorption of norfloxacin fit well with the pseudo-second-order kinetic model, and the adsorption process was dominated by chemisorption, with both liquid film diffusion and intraparticle diffusion limiting the adsorption rate. Compared with the Freundlich isothermal model, the adsorption of norfloxacin by CTAB-ATP/CTS was more consistent with the Langmuir isothermal model, indicating that the adsorption process was homogeneous adsorption in the monomolecular layer and that the process was relatively easy to carry out. The adsorbent of CTAB-ATP/CTS was environmentally friendly, safe, efficient, and without secondary pollution, which could provide a new idea for the treatment of antibiotic wastewater.
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Figure 1. Optimisation of CTAB-ATP/CTS preparation conditions: effect of (a) acetic acid concentration; (b) sonication time; (c) CTAB-ATP:CTS mass ratio. Note: adsorbent adsorption conditions: adsorbent dosage: 2 g/L; initial concentration of norfloxacin: 50 mg/L; volume of norfloxacin solution: 40 mL; adsorption time: 4 h. 
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Figure 2. SEM characterisation of (a) pro-ATP; (b) CTAB-ATP/CTS before adsorption; (c) CTAB-ATP/CTS after adsorption; (d) FTIR characterisation and (e) XRD characterisation of pro-ATP, CTAB-ATP/CTS before and after adsorption; BET characterisation of (f) pro-ATP; (g) CTAB-ATP/CTS before adsorption; (h) CTAB-ATP/CTS after adsorption. 
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Figure 3. Study of factors affecting adsorption of norfloxacin by CTAB-ATP/CTS: effect of (a) selection of adsorbent materials; (b) effect of initial pH; (c) effect of adsorbent dosage; (d) initial norfloxacin concentration. Note: adsorbent preparation conditions: acetic acid concentration: 9%; sonication time: 25 min; CTAB-ATP: CTS mass ratio: 1:0.01. 
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Figure 4. Adsorption kinetic model fitting for adsorption of norfloxacin by CTAB-ATP/CTS: (a) adsorption capacity versus time; (b) pseudo-first-order kinetic model fitting; (c) pseudo-second-order kinetic model fitting; (d) intra-particle diffusion model fitting. Note: the arrows show the dividing lines of the three stages. 
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[image: Water 16 02446 g004]







[image: Water 16 02446 g005] 





Figure 5. Isothermal adsorption of CTAB-ATP/CTS on norfloxacin at different temperatures fitted to (a) the effect of different initial concentrations on the performance of CTAB-ATP/CTS at different temperatures; (b) Langmuir isothermal model fitting; and (c) Freundlich isothermal model fitting. 
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Table 1. Specific surface area and pore structure parameters of ATP, CTAB-ATP/CTS before adsorption and CTAB-ATP/CTS after adsorption.
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	Sample
	Specific Surface Area (m2/g)
	Total Void Volume (cm2/g)
	Average Pore Size (nm)





	ATP
	16.4610
	0.021969
	9.3055



	CTAB-ATP/CTS before adsorption
	69.2159
	0.141051
	9.1745



	CTAB-ATP/CTS after adsorption
	86.3373
	0.172600
	12.2968










 





Table 2. Fitting parameters for adsorption kinetics of norfloxacin by CTAB-ATP/CTS.
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Models

	
Parameters

	
NOR Initial Concentration




	
25 mg/L

	
50 mg/L

	
75 mg/L






	
pseudo-first-order kinetic

	
     k   1     

	
0.0075

	
0.0058

	
0.0056




	
     q   e     

	
0.4708

	
2.0839

	
2.6631




	
R2

	
0.9523

	
0.9585

	
0.9878




	
pseudo-second-order kinetic

	
     k   1     

	
0.1405

	
0.0223

	
0.0178




	
     q   e     

	
7.8180

	
15.8153

	
20.1898




	
R2

	
0.9999

	
0.9998

	
0.9999




	
intra-particle diffusion

	
     k   1     

	
0.0930

	
0.2726

	
0.4178




	
     C   1     

	
7.0582

	
13.1400

	
16.2070




	
     R   1   2     

	
0.9837

	
0.9083

	
0.9168




	
     k   2     

	
0.0162

	
0.0982

	
0.1337




	
     C   2     

	
7.5469

	
14.109

	
17.9550




	
     R   2   2     

	
0.9430

	
0.9845

	
0.9715




	
     k   3     

	
0.0045

	
0.0244

	
0.0324




	
     C   3     

	
7.7194

	
15.282

	
19.4732




	
     R   3   2     

	
0.9486

	
0.9485

	
0.9983











 





Table 3. Fitting parameters for isothermal adsorption of norfloxacin by CTAB-ATP/CTS at different temperatures.
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Temperatures

	
Langmuir Isothermal Model

	
Freundlich Isothermal Model




	
     q   m      (mg/g)

	
      K   L      

	
R2

	
      K   F      

	
      1   n      

	
R2






	
25 °C

	
26.4300

	
0.3123

	
0.9903

	
7.0197

	
0.3924

	
0.9532




	
30 °C

	
26.1949

	
0.2896

	
0.9935

	
6.7098

	
0.3984

	
0.9596




	
35 °C

	
26.3556

	
0.2511

	
0.9933

	
6.3121

	
0.4098

	
0.9594
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