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Antibiotics, although developed for curing bacterial infections, contaminate the environment, and their long-term unintentional exposure has detrimental effects on the environment, human health, and other organisms, leading to antibacterial resistance, genotoxicity, birth deformities, inhibition of cell proliferation, and reduction of photosynthetic activity. Therefore, there is a compelling need to remove antibiotic contaminants from water reservoirs, and nano-platforms are emerging as attractive platforms for environmental remediation. In this regard, a composite of graphene oxide (GO) with ZnAlNi layered double hydroxide (LDH) has been explored for highly efficient adsorptive removal of priority antibiotic, ciprofloxacin (CIP). The composite containing ZnAlNi-LDH with specific removal capability towards CIP and GO displaying high surface area for adsorption has been synthesized using the co-precipitation method followed by hydrothermal aging. The formed adsorbent has been structurally characterized using several analytical instrumentation techniques demonstrating its potential for antibiotic adsorption. The adsorption of CIP onto GO-ZnAlNi LDH has been studied by varying several parameters including contact time, pH, adsorbent, and adsorbate concentration. The composite demonstrated more than 80% removal of CIP at 1 mg/L initial concentration from the aqueous solution in 1 h with 10 mg/L adsorbent at pH 7. The kinetics of adsorption fits well with pseudo-first-order model, Elovich model and equilibrium adsorption capacity of 106.97 mg/g was obtained. The composite platform also exhibited high stability, regeneration, and reusability up to five cycles.
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1 INTRODUCTION
The rapid growth of industries and the expanding population are driving increased pollution through excessive resource consumption and waste generation (Sharma et al., 2020). This waste includes the presence of various antibiotics as contaminants in the aqueous solution. Antibiotics are biologically active compounds designed to cure bacterial infections in both humans and animals (Kovalakova et al., 2020). A significant portion of ingested antibiotics is excreted through urine. Around 70% of excreted antibiotics find their way into sewage wastewater, where they persist and affect the environment (Chaturvedi et al., 2021; Phoon et al., 2020). Fluoroquinolones are the recalcitrant antibiotic class, which cannot be biodegraded to low and notable concentrations (Wang et al., 2016). Among these, removal of ciprofloxacin from the wastewater system is challenging due to its high solubility and high stability in aqueous solutions. Dixit et al. (2024) investigated the presence and distribution of ciprofloxacin (CIP) i.e. (50–100 μgL-1), with other frequently used pharmaceuticals including norfloxacin, cetirizine, citalopram oxalate in the Sirsa River water in the Baddi-Barotiwala-Nalagarh region of Indian Himalayas, along with the associated ecological and human health risks. Such high concentrations of CIP can lead to various adverse effects on human health, including bacterial resistance as well as symptoms such as vomiting, diarrhoea, leucopenia, and stomatitis (Khan et al., 2020). Methods like advanced oxidation have the capability to break down antibiotic molecules into simpler compounds or even completely mineralize them. However, implementing these processes on an industrial scale proves to be extremely costly and challenging (Ahmed et al., 2015). In such cases, adsorption proves itself an efficient alternative because of its low cost with high efficiency, low energy demand, simple operation, and without secondary pollution (Shahnaz et al., 2022). Among various adsorbents, graphene oxide (GO) is preferred because of its high specific surface area, porosity, and strong interactions (Yu et al., 2016). GO exhibits a layered structure composed of individual graphene sheets. These sheets consist of a hexagonal lattice of carbon atoms bonded together in a two-dimensional honeycomb arrangement (Sun, 2019). It possesses various oxygen functionalities, including carbonyl (C=O), carboxyl (-COOH), epoxy (C-O-C), and hydroxyl (-OH) groups. These groups have the capability to establish complexes with diverse metal ions and organic contaminants through coordination, hydrogen bonding, and electrostatic interaction mechanisms (Singh et al., 2023). Moreover, the oxygen-containing groups contribute to widening the interlayer space within graphene oxide. This facilitates functionalization through the insertion of small molecules or polymers. This enables various modifications for its application in water purification, including the adsorption of antibiotics (Yu et al., 2016).
LDHs are distinctive brucite-like materials characterized by alternating layers of divalent and trivalent metal hydroxides, with anions located in the interlayer spaces. The general formula for these compounds is [M1-x2+Mx3+(OH)2]x+ [(An−)x/n·. mH2O]; where M2+ and M3+ are divalent and trivalent metal cations, respectively, and An− is an n-valent anion (Priyanka et al., 2024). LDH find its use in various areas including electrochemistry, catalysis, photochemistry, and environmental applications. In addition, LDH can be combined with other carbon nanostructures, including GO, to obtain specialized LDH with improvement in surface and adsorption properties (Feng et al., 2022).
In previous studies, Radmehr et al. (2021), synthesized graphene oxide-based adsorbent [NiZrAl-layered double hydroxide-graphene oxide-chitosan (NiZrAl-LDH-GO-CS NC)] for the effective adsorptive removal of nalidixic acid. Prepared composite presented more than 90% of nalidixic acid removal following pseudo second-order kinetic model (Radmehr et al., 2021). A large surface area of Mg-Al-layered double hydroxides/Activated carbon (Mg-Al-LDH/AC) nanocomposite for the adsorption of tetracycline under an aqueous environment has shown an adsorption capacity of 106.4 mg/g for tetracycline via incorporation of 20% by weight of activated carbon into LDH (Khorshidi et al., 2023). Similarly, Tao et al. (2020) studied that adsorption of levofloxacin hydrochloride on composite of cellulose nanocrystals/graphene oxide was through π-π bond stacking, hydrogen bonding and electrostatic attraction, with removal efficiency exceeding 80.1% (Tao et al., 2020). MgAl-LDH prepared using co-precipitation method was explored for the adsorption of amoxicillin. The adsorption of amoxicillin followed pseudo second-order kinetics indicating that the primary mechanism is predominantly chemisorption (Elhaci et al., 2021). Ai et al. (2019) explained that π-π interactions are the major driving force responsible for the adsorption of tetracycline on GO and hydrogen bonds were found primarily in the GO-tetracycline system.
Most of the research studies investigated the adsorption of antibiotics at very high concentration levels. However, a good adsorbent must be able to adsorb even trace or minimal concentration of antibiotic. Thus, to address this gap, the present work focuses on developing a sensitive and adsorption-specific LDH-modified GO adsorbent. To the best of authors’ knowledge, the prepared ZnAlNi-LDH doped GO has not been reported for the highly specific and efficient adsorption of CIP. The selection of GO and the metal combinations in LDH were guided by their cost-effectiveness and easy accessibility of raw materials along with specificity, reusability, and environmental suitability of adsorbent. The GO-ZnAlNi LDH composite was synthesized through co-precipitation, followed by hydrothermal ageing. The adsorbent was well characterized in terms of its surface morphology, functionality, elemental composition, crystallinity and thereafter, different parameters (pH, adsorbate and adsorbent concentration) influencing CIP adsorption were evaluated. The underlying mechanism for adsorption of CIP on the GO-LDH composite was studied by fitting the data into kinetic and isotherm models. The regeneration studies were also carried out to understand the stability and efficiency of adsorbent during multiple cycles.
2 MATERIAL AND METHODS
2.1 Chemicals and reagents
Graphite synthetic 97% pure (Type 2) (100 mesh), Nickel nitrate hexahydrate [Ni (NO3)2.6H2O] (99%), Sodium hydroxide pellets, Zinc nitrate hexahydrate [Zn (NO3)2.6(H2O)] (99%) were purchased from Sisco research laboratory, India. Aluminium nitrate nonahydrate [Al (NO3)3.9H2O] (98%) was purchased from Loba Chemie Pvt. Ltd (India). Ciprofloxacin Hydrochloride [C17H18FN3O3.HCl (H2O)] (≥95%) was purchased from Cayman Chemical Company, United States.
2.2 Synthesis of ZnAlNi-LDH
ZnAlNi LDH was prepared by dissolving metal ion solution containing a mixture of 6 mM Zn (NO3)2.6H2O, 3 mM of Al (NO3)3.9H2O and 1 mM of Ni (NO3)2.6H2O in distilled water (solution 1). Metal ion solution was added dropwise to a 30 mL solution containing 0.05 mM Na2CO3. The pH of the resulting mixture was kept at 10 by dropwise addition of 3.4 M NaOH to ensure optimal hydroxylation, promoting the formation of stable brucite-like layers, and preventing metal ion precipitation. This pH also maintains a balanced anion exchange environment, crucial for structural integrity of LDH. Finally, the reaction mixture was hydrothermally treated at 120°C for 16 h. After hydrothermal treatment, the materials were filtered and washed with distilled water and ethanol until supernatant becomes neutral. At last, sample was dried at 70°C in a hot-air oven (Deng et al., 2021).
2.3 Synthesis of GO and GO-ZnAlNi LDH composite
GO was prepared using modified hummers method (Guerrero-Contreras and Caballero-Briones, 2015). For the synthesis of GO-ZnAlNi LDH, GO (500 mg) was added to distilled water and dispersed by ultrasonication for 1 h. Prepared GO suspension was mixed with Solution 1 for 30 min, followed by its addition into a 30 mL solution containing 0.05 mM Na2CO3. pH of the solution mixture was kept at 10 by addition of 3.4 M NaOH. Lastly, solution mixture was treated hydrothermally at 120°C for 16 h. After treatment, final sample was collected and washed with distilled water and ethanol until effluent becomes neutral. Finally, the sample was dried at 70°C in hot air oven (Deng et al., 2021).
2.4 Characterization of GO and GO-ZnAlNi LDH composite
The nano-adsorbent was characterized by X-ray diffraction (XRD) patterns using Cu-Kα (1.54 Å) with diffraction angle (2θ = 0°–90°) (Smart Lab, SE model) for the determination of crystal structure and material phase identification. Fourier transform infrared spectroscopy (FTIR) spectra was studied for detecting the functional groups and vibrations of chemical bond with frequency range from 400–4,000 cm-1. Microstructure of nano-adsorbent, morphological characterization and surface elemental composition were determined using a field emission scanning electron microscope (FE-SEM, Carl Zeiss Sigma 500 model) equipped with energy dispersive X-ray spectroscopy. Vibrational modes were determined using Raman Spectra (Labram HR confocal micro-Raman Spectrophotometer). The surface area of prepared composite was determined by using Brunauer Emmett Teller (BET) Surface Analyzer.
2.5 Batch experimentation with adsorbent
The adsorption performance of nano-adsorbent was analyzed under various parameters, including the concentration of ciprofloxacin (0.225 mg/L to 10 mg/L), a dose of adsorbent (1 mg/L to 12 mg/L), pH of the solution (3–11) with contact time ranging between 0 min and 4 h. The experiment was set up in a beaker with 20 mL volume containing ciprofloxacin and adsorbent with continuous stirring at 180 rpm. The required amount of mixture was then taken at regular intervals and centrifuged at 10000 rpm for 5 min. The collected supernatant was utilized for analyzing the CIP concentration using optical density measurements via UV-Vis spectrophotometer at 276 nm using calibration curve (Supplementary Figure S1).
The removal efficiency of CIP adsorption (%) was calculated according to Equation 1.
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where Co and Ct are the initial and final concentrations of CIP (mg/L) respectively.
The adsorption capacity [image: image]) of adsorbent (mg/g) was calculated using the following Equation 2
[image: image]
where qt is the adsorption capacity (mg/g) of adsorbent at time t, Co. and Ct are the initial and final concentrations of CIP (mg/L) at time t, respectively, in the solution. V is the volume of stock solution (L), and W is the amount of adsorbent GO-ZnAlNi LDH (g).
2.6 Reusability of GO-LDH composite
The reusability of adsorbents plays a vital role in practical applications concerning their overall stability (Shahnaz et al., 2020). In this study, desorption experiments were conducted on the CIP-loaded GO-ZnAlNi LDH composite to assess its performance. Distilled water was utilized as the desorption solvent to study the desorption rate of CIP. Following the adsorption process, the GO-ZnAlNi LDH composite was separated through centrifugation and subjected to three rounds of washing with distilled water for a specific duration to facilitate desorption. Adsorption was then performed under the optimal combination of parameter and the removal efficiency was estimated. Finally, the adsorbent was centrifuged again and dried, completing one adsorption-desorption cycle.
3 RESULTS AND DISCUSSION
3.1 Structural characterization of GO-LDH composite
3.1.1 XRD analysis
The XRD patterns were used to determine the crystal structure of GO, ZnAlNi LDH and GO-ZnAlNi LDH composite as shown in Figure 1. The XRD spectra were measured in a range from 5° to 80°. The high intensity at (003), (006) and (012) indicated that the synthesized LDH showed a high degree of crystallinity. The diffraction peaks of GO were observed at 11.48°, which corresponds to the (001) lattice plane, indicating complete oxidation of graphite powder into GO (Hidayah et al., 2017; Stobinski et al., 2014). The basal diffraction peaks of ZnAlNi LDH were found at 11.02°, 23.06°, and 35.02°, referring to the planes (003), (006), (012) attributed to the regular layered structure with rhombohedral symmetry (Bezerra et al., 2021). GO-ZnAlNi LDH composite showed a series of significant diffraction peaks at diffraction angles (2θ) of 11.34°, 23.64°, 34.93°, 46.96° and 61.1° which corresponds to the lattice planes (003), (006), (012), (015) and (110), respectively representing the brucite like layer with high crystallinity.
[image: Figure 1]FIGURE 1 | XRD pattern of prepared GO, ZnAlNi LDH and GO-ZnAlNi LDH composite.
3.1.2 FE-SEM and EDX analysis
Morphological and structural properties, along with the surface elemental composition of GO, ZnAlNi LDH and GO-ZnAlNi LDH composite, were studied using FE-SEM and EDX analysis, as represented in Figure 2. The SEM micrographs of synthesized GO (Figure 2a) from modified hummers method showed layered structure, including ultrathin and homogeneous films. These thin films were folded or continuous at times. In addition, individual sheets could be distinguished easily. Flaky thin sheets indicated the oxidation of graphene into GO (Alicanoglu & Sponza, 2017). The surface characteristics of ZnAlNi LDH as in Figure 2b, showed uneven aggregates with long rod like structure with dendritic apertures (Kanimozhi et al., 2023). The GO-ZnAlNi LDH composite exhibited sandwich like layered structure (Figures 2c,d). Similar type of structure has also been observed by Priyanka et al. (2024). Such morphology provides beneficiaries for the adsorbate molecule facilitating better adsorption. Additionally, the elemental analysis of the GO-ZnAlNi LDH composite represented in Figure 2e revealed that carbon (27%) and oxygen (50%) were the primary constituents, while the remaining composition consisted of zinc, aluminum and nickel ions at 16.19%, 3.71%, and 1.89%, respectively.
[image: Figure 2]FIGURE 2 | SEM images of (a) GO, (b) ZnAlNi LDH, (c–d) GO-ZnAlNi LDH composite, and (e) EDX spectra of GO-ZnAlNi LDH composite.
3.1.3 FTIR analysis
FTIR spectrum, as shown in Figure 3a of prepared GO, ZnAlNi LDH and GO-ZnAlNi LDH composite, was used to identify the vibrational properties of functional groups. The FTIR spectrum of GO showed a sharp peak at 3393 cm-1, corresponding to hydroxyl group bending due to the presence of water molecules. The peaks 1584.9 cm-1 and 1379.4 cm-1 occurred due to C=C stretching of cyclic alkene along with unoxidized graphitic domains due to sp2 hybridization and bending mode of the hydroxyl group (–C–OH) over the basal plane. Other significant bands were located at 1030 cm-1 corresponding to the epoxy (C–O–C) stretching over the basal plane of GO. The band observed at 783 cm-1 corresponded to the–C–H bending (Guerrero-Contreras and Caballero-Briones, 2015). Similarly, the FTIR spectrum of ZnAlNi LDH showed a peak at 3379.4 cm-1 confirming –OH stretching vibrations due to interlayer water molecules. Another peak at 1335.9 cm-1 was attributed to –OH bending vibrations and carbonate (CO32-) ions in the interlayer of LDH. Further, the peak observed at 603.8 cm-1 was because of –C=C–alkene bonding. Any absorption bands observed under 800 cm-1 could be described for the metal-oxygen bonding (M–O–M, M–O, O–M–O) (Rahman and Raheem, 2022). In GO-ZnAlNi LDH composite, peaks at 3435.3 cm-1 and 1350.1 cm-1 confirmed the –OH bending vibrations due to the presence of water molecules and carbonate (CO32-) ions in the interlayer of LDH, respectively. Additionally, the peak observed at 551.3 cm-1 described the metal-oxygen bonding, further confirming the formation of GO-ZnAlNi LDH composite (Deng et al., 2021).
[image: Figure 3]FIGURE 3 | (a) Raman spectra and (b) FTIR pattern of prepared GO, ZnAlNi LDH and GO-ZnAlNi LDH composite.
3.1.4 Raman and BET surface area analysis
Raman spectroscopy was employed to examine the vibrational energy modes of GO, ZnAlNi LDH, and GO-ZnAlNi LDH composite (Figure 3b). In the case of GO, vibrational modes were identified within the spectral range of 1,300 cm−1 to 1,600 cm−1. Specifically, the D band was observed at 1,350 cm−1, while the G band was noted at 1,598 cm−1 (Zhou et al., 2019). Conversely, the ZnAlNi LDH exhibited vibrational modes at 1055 cm−1. The presence of peaks at 1,055 cm−1, 1,350 cm−1, and 1598 cm−1 serves as evidence for the successful synthesis of the GO-ZnAlNi LDH composites as also reported by Priyanka et al. (2024). Furthermore, the lower intensity of the G band compared to D in the composite indicated well lamellar structure because of the deposition of LDH on the sheet-like structure of GO (Bu et al., 2020). Figure 4a represents the N2 adsorption-desorption isotherm of ZnAlNi LDH and GO-ZnAlNi LDH composite. All materials produced type IV isotherms as represented by distinct adsorption-desorption peaks. Similar kinds of isotherms were also observed for GO@NiAl LDH composite by Priyanka et al. (2024). Figure 4b described the incremental pore volume curves of the materials with multi-modal peaks. The materials exhibited microporous structure with a pore volume of 0.021, 0.014 and 0.098 cc/g for GO, ZnAlNi LDH and GO-ZnAlNi LDH composite, respectively. The surface area of ZnAlNi LDH and GO-ZnAlNi LDH was found to be 6.197 m2/g and 38.069 m2/g, respectively. GO has been reported to significantly enhance the surface area of LDH via the complexation of its negative functional groups over cations of the latter material (Rashed et al., 2022).
[image: Figure 4]FIGURE 4 | (a) N2 adsorption-desorption isotherm and (b) pore size distribution of GO, ZnAlNi LDH and GO-ZnAlNi LDH composite.
3.2 Influence of operational parameters on adsorption efficiency
3.2.1 Effect of pH on CIP adsorption efficiency
The pH of a solution often influences both the speciation of CIP and the surface functional groups present on the composite material (Zhu et al., 2015). Therefore, it is crucial to examine the impact of pH on the adsorption process. A batch adsorption experiment was performed with 1 mg/L concentration of CIP under acidic, neutral and alkaline pH (3, 5, 7, 9, and 11), revealing their role in the adsorption process (Figure 5a). The effects of pH were studied at an adsorption time of 1 h at a GO-ZnAlNi LDH composites concentration of 10 mg/L. The removal efficiency of CIP increased with pH, reaching its highest rate at pH 7, after which it started to decline. CIP, being a zwitter ionic compound with two pKa values (pKa1 = 6.1 and pKa2 = 8.7), exists in a cationic form at pH values below 6.1 and in an anionic form at pH values above 8.7 (Wang et al., 2016). At lower pH, CIP primarily exists as a cation; however, as the pH increases, the reduction in its cationic form minimizes electrostatic repulsion, thereby enhancing adsorption capacity, which rises from 6.15 mg/g at pH 3–56.41 mg/g at pH 5 (Zhu et al., 2015). Between pH 6.1 and 8.7, when CIP is zwitter ionic, the adsorption process is more favourable, maximum removal efficiency and adsorption capacity of 84.84% and 97.43 mg/g respectively were observed. Similar to the present study, maximum adsorption efficiency was observed at pH seven for CIP using nano graphene oxide magnetite composite (Alicanoglu and Sponza, 2017). As the pH increased from 9 to 11, the electrostatic repulsion between the adsorbent surface and CIP intensified, reducing the adsorption capacity from 69.74 mg/g to 22.56 mg/g. Similarly, decreasing patterns of adsorption capacity with respect to increase in pH has also been observed during the adsorption of CIP by zinc ion cross-linked GO and sodium alginate aerogel microspheres (Li et al., 2021).
[image: Figure 5]FIGURE 5 | (a) Effect of pH (b) adsorbent dosage and (c) CIP concentration on adsorption onto prepared composite.
3.2.2 Effect of adsorbent dosage on CIP adsorption efficiency
The amount of adsorbent dose, which impacts the number of available active sites, is a crucial factor that influences the adsorption process. In this study, the impact of varying adsorbent dose on the adsorption of CIP (1 mg/L) was analyzed by incrementing the adsorbent dose from 1 to 12 mg/L. As represented in Figure 5b, initially, at a concentration up to 3 mg/L, no significant adsorption and constant adsorption capacity, i.e. 10.26 mg/g, of CIP was observed. This might be attributed to the lesser availability of sufficient adsorption sites. Increasing the amount of adsorbent dose from 5 to 7.5 mg/L, significant enhancement in the removal of CIP from 16% to 64% was observed, which could be due to an increase in the availability of the active adsorption sites. A notable improvement in adsorption capacity of 88.89 mg/g was observed for the removal of CIP. A similar trend was observed, where the adsorption capacity increased with the rising concentration of adsorbent during CIP adsorption by modified graphene oxide with Poly N-vinyl caprolactam (Bahar et al., 2021). A maximum CIP removal efficiency of 84.84% and an adsorption capacity of 97.43 mg/g were observed after 1 h at an adsorbent dosage of 10 mg/L. With a further increase in adsorbent concentration to 12 mg/L, adsorption efficiency declined to 73.86%, which might be due to particle aggregation, that blocks the active sites (Priyanka et al., 2024) Similarly, adsorption capacity also decreased to 77.95 mg/g, because when the adsorbent dose reaches its limit, all active sites on the adsorbent surface become fully occupied (Mohammadi et al., 2020). Consequently, the number of unoccupied active sites rises with higher adsorbent doses (Yasmin et al., 2024).
3.2.3 Effect of initial CIP concentration on adsorption efficiency
The effect of varying CIP concentration (0.225 mg/L to 10 mg/L) on the adsorption efficiency was investigated at an adsorbent dose of 10 mg/L and neutral pH (Figure 5C). A gradual increase in the removal of CIP was observed with increasing antibiotic concentration. Maximum removal efficiency of 84.84% was observed at 1 mg/L CIP concentration after 1 h. Increasing the CIP concentration to 3.25 mg/L leads to a slight decrease in removal efficiency up to 78.32%. Furthermore, the removal efficiency remains fairly constant after increasing the CIP concentration to 10 mg/L. This summarizes that when the concentration of CIP increased, adsorption decreased significantly. It could be corroborated by the fact that as the availability of active sites is more, the adsorption of CIP molecules also increases (Alicanoglu and Sponza, 2017). While achieving saturation, all of the available active sites are occupied by the CIP molecules, resulting in no further adsorption. Beyond the threshold concentration, further increases in pollutant concentration led to a decrease in adsorption as the number of available active sites became limited (Khan et al., 2020). An increase in CIP concentration was also found to enhance adsorption capacity from 10.76 mg/g to 524.1 mg/g, by reducing mass transfer resistance and facilitating more frequent collisions between antibiotic molecules. This resulted in higher adsorption per unit weight of adsorbent (Parashar et al., 2023).
3.3 Adsorption kinetics of CIP on GO-LDH composite
The adsorption kinetics of CIP onto the GO-ZnAlNi LDH composite were investigated to understand the underlying mechanisms and identify the rate-limiting step. Initially, CIP adsorption onto the composite increased sharply, eventually reaching the maximum adsorption capacity at around 1 h, which afterwards became stable. This equilibrium can be attributed to the significant concentration gradient between the CIP solution and the adsorbent. When the GO-ZnAlNi LDH composite was introduced into the CIP solution, the concentration gradient facilitated the rapid accumulation of CIP on the surface of the adsorbent, followed by its diffusion into the internal structure, leading to maximum adsorption in 1 h. For further investigation, the experimental kinetic data were analyzed by fitting them to pseudo-first-order, pseudo-second-order, Elovich and intraparticle diffusion models. All the equations used for kinetic modelling are non-linear.
Under the concept of the pseudo-first-order kinetic model, the extent of pollutant adsorption is directly proportional to the number of unoccupied sites of adsorbent, which can be expressed by following Equation 3:
[image: image]
where qe and qt represent the adsorption capacities (mg/g) at the equilibrium time and time t (min), respectively; k1 (1/min) denotes the pseudo-first-order kinetic adsorption rate constant. Further, the pseudo-second-order kinetic model considers the electron exchange between the adsorbent and adsorbate, leading to covalent bond formation. It can be expressed by Equation 4:
[image: image]
where k2 (g/mg min) denotes the pseudo-second-order kinetic rate constant. qe and qt represent the adsorption capacities (mg/g) at the equilibrium time and the total adsorption time t (min) respectively.
The Elovich model describes that the rate of adsorption diminishes over time as the surface coverage increases. Such adsorption kinetics can be represented by Equation 5
[image: image]
where qt represents the adsorption capacities (mg/g) at time t (min), α and β represent the initial adsorption rate (mg/g min) and the desorption constant (g/mg), respectively. Lastly, the intra-particle diffusion model (Equation 6) describes whether diffusion occurs in one or more steps of adsorption, with Kid denoting the intraparticle diffusion rate (mg/g min0.5) and C representing the constant associated with the effect of film diffusion.
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The adsorption data under equilibrium conditions were found to fit the pseudo-first-order model (R2 = 0.949), Elovich model (R2 = 0.945) and intra-particle diffusion (R2 = 0.88) as represented in Figures 6a, b. The relevant kinetic parameters linked with these models are compiled in Table 1. A poor fit was obtained for the pseudo-second-order model. Thus, the adsorption process in the present study appears to involve a combination of complex process mechanisms involving rapid surface adsorption followed by diffusion into the porous structure of the GO-LDH composite. The process can be delineated into three distinct stages: (1) an initial rapid diffusion of CIP onto the surface of the adsorbent, (2) an intra-particle diffusion phase, identified as the rate-limiting step, during which CIP penetrates into the pores of the adsorbent, and (3) equilibrium attainment, characterized by a decline in the intra-particle diffusion rate.
[image: Figure 6]FIGURE 6 | (a) Pseudo-first order and Elovich model (b) Intra-particle diffusion model and (c) Isotherm modeling for adsorption of CIP on GO-LDH composite under equilibrium conditions.
TABLE 1 | Kinetic model parameters for sorption of CIP on GO-LDH composite.
[image: Table 1]The adsorption of amoxicillin by MgAl LDH was described by both pseudo-first-order (R2 = 0.979) and pseudo-second-order (R2 = 0.99) kinetic models (Johnston et al., 2024). Additionally, MgAl LDH modified with vermiculite was found to follow the pseudo-second-order kinetic model, with the intra-particle diffusion model providing further insights into the adsorption behaviour of CIP and tetracycline (Gao et al., 2022). Chen et al. (2021) studied the adsorption of tetracycline onto MOF-525/GO using the Elovich and Sips model, revealing that the adsorption was dominated by chemisorption (Chen et al., 2021).
3.4 Adsorption isotherm modelling for GO-LDH composite
Adsorption isotherm modelling explains the relationship between the quantity of CIP retained on the surface of the adsorbent and its concentration in solution at a constant temperature, discussing detailed adsorption mechanisms, including the interaction forces (Tasrin et al., 2021). Langmuir, Freundlich and Temkin isotherms were applied to analyze the experimental data of the sorption of CIP onto GO-ZnAlNi LDH composite. All the equations used for isotherm modelling are non-linear. The Langmuir isotherm can be expressed by following Equation 7:
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where Ce represents the liquid-phase equilibrium concentration (mg/L), qm denotes the maximum adsorption capacity (mg/g), qe denotes the equilibrium adsorption capacity (mg/g), and KL indicates the Langmuir adsorption constant (L/mg).
The Freundlich isotherm is represented by the following Equation 8:
[image: image]
where qe denotes the equilibrium adsorption capacity (mg/g), Ce represents the equilibrium concentration of adsorbate (mg/L), Kf and n denote Freundlich constants related to the adsorption capacity and adsorption intensity, respectively.
Further, to analyze the heat of adsorption of CIP and GO-LDH composite interactions, the data was also fitted into the Temkin isotherm model as represented in Equation 9.
[image: image]
where qe denotes the equilibrium adsorption capacity (mg/g), Ce represents the equilibrium concentration of adsorbate (mg/L), AT represents the equilibrium binding constant (L/mg), bT is the adsorption binding energy (J/mol), and BT is the adsorption constant often represented in terms of the following Equation 10.
[image: image]
where T is the temperature (K) and R is the universal gas constant (8.314 J/mol. K).
The changes in qe with increasing CIP concentration were analyzed to evaluate the isothermal parameters of CIP adsorption onto the GO-ZnAlNi LDH composite as represented in Table 2. The adsorption capacities increased progressively with higher CIP concentrations until they reached a saturation point. The equilibrium modelling plots for the adsorption of CIP on GO-LDH composite have been shown in Figure 6c. The adsorption data did not fit significantly with Langmuir isotherm. The Freundlich model provided a better fit for describing the adsorption process among the above-mentioned isotherm models. This suggests that the adsorption occurred primarily through multilayer interactions on the surface of the composite, likely following a site-to-site mechanism. Similarly, Radmehr et al. (2021) also observed the Freundlich isotherm model (R2 = 0.9997) as the best fit during the adsorption of nalidixic acid using NiZrAl-LDH-GO-chitosan composite. Additionally, the adsorption of azithromycin onto the surface of GO also followed the Freundlich isotherm model (R2 = 0.998).
TABLE 2 | Kinetic parameters for adsorption of CIP on GO-LDH composite under equilibrium conditions.
[image: Table 2]With a regression coefficient of 0.90, the data was also found to fit Temkin isotherm modelling, though the regression coefficient achieved was lower than Freundlich isotherm (R2 = 0.95). The value of the adsorption constant showed positive variation in the adsorption energy parameter with a value of 167.3 J/mol, demonstrating the process to be exothermic. Further, the binding energy reduces linearly with time due to the coverage of GO-LDH composite surface with CIP molecules. Upoma et al. (2022) have shown that azithromycin adsorption onto the waste-derived GO surface was mainly dominated by electrostatic interactions that followed the Temkin model.
3.5 Recyclability and stability of GO-ZnAlNi LDH composite
To evaluate the stability of the GO-ZnAlNi LDH composite, its capacity for reusability in the adsorption of CIP was examined across five consecutive cycles under identical experimental conditions. Following each cycle, the utilised composite was retrieved and employed again in the next batch. The data presented in Figure 7 demonstrate that the maximum CIP removal efficiency of 80.4% was achieved during the initial cycle. Nevertheless, this efficiency exhibited a gradual decline with each subsequent cycle, ultimately reaching 27% by the fifth cycle. These results suggest that the GO-ZnAlNi LDH composite maintains its adsorption capability for CIP across multiple cycles, thereby proving effective in the removal of low-concentration pollutants. GO-cellulose nanofiber composite can also be reused efficiently for up to five regeneration cycles during the adsorption of various forms of tetracycline (Wang et al., 2017). A similar type of recyclability result has also been observed during the adsorption of CIP by halloysite nanotubes/GO composite (Wang et al., 2022). The composite was further analyzed using XRD both before and after adsorption to assess its stability (Supplementary Figure S2). It was observed that the composite maintained an intact crystal structure, which signifies its overall stability.
[image: Figure 7]FIGURE 7 | Recyclability of GO-ZnAlNi LDH composite.
3.6 Adsorption mechanism of CIP onto GO-ZnAlNi LDH composite
The adsorption mechanism of CIP onto the GO-ZnAlNi LDH composite was investigated through analysis of changes in the adsorbent surface functional properties. The FTIR spectra obtained from the composite before and after the adsorption of CIP exhibited notable alterations. Initially, a peak at 3407 cm-1, associated with -OH bending vibrations, was detected. Following the adsorption process, this peak diminished and ultimately vanished, suggesting that hydroxyl groups played a crucial role in the adsorption mechanism. This observation implies the occurrence of hydrogen bonding between the hydroxyl groups of the composite and the polar functional groups present in CIP (Han et al., 2021). Furthermore, the peaks at 1557 cm-1 (C=C alkene stretching) and 1364 cm-1 (alcohol stretching vibrations) combined, resulted in a distinct peak at 1408 cm-1, which may indicate the presence of π-π interactions. Considering the aromatic ring structure of CIP, it is possible that the π-electrons from CIP engage with the π-electron system of the GO-ZnAlNi LDH composite (Li et al., 2018). Chitosan-modified GO exhibited π-π interaction and hydrogen bonding for the adsorption of CIP (Parashar et al., 2023). The proposed mechanism for the present study also corroborates well with the isotherm modelling showing the adsorption to be a multi-layer phenomenon influenced by the surface properties of the adsorbent along with rapid diffusion across the pores. Notably, a decline in surface area and pore volume of adsorbent from 36.069 m2/g to 31.836 m2/g, and from 0.098 cc/g to 0.086 cc/g was also seen following the adsorption of CIP, further confirming the phenomenon.
3.7 Comparison of adsorption capacity for CIP with other adsorbents
Table 3 shows a comparative analysis of the equilibrium adsorption capacities of various adsorbents for CIP removal. A review of the existing literature reveals that numerous adsorbents have been employed for CIP adsorption. A high adsorption capacity of 1968.5 mg/g for 10 mg/L of CIP by GO (5)@NiAL LDH in 180 min of equilibrium time was reported by Priyanka et al. (2024). In another similar study, Li et al. (2018) projected an adsorption capacity of 111.73 mg/g by incorporating magnetic GO/diethylenetriaminepentaacetic acid nanocomposite with 50 mg/L CIP after 24 h. Tang et al. (2013) obtained equilibrium in 24 h with adsorption capacity of 10.89 mg/g during the adsorption of CIP using RGO-M. However, the prepared GO-ZnAlNi LDH composite in the present study exhibits more sensitive adsorption of CIP as compared to other materials. The prepared composite exhibits exceptional adsorption efficiency, removing 1 mg/L of CIP from aqueous solution with just 10 mg/L of adsorbent after 60 min. Its high surface area and functional groups enhance interaction, ensuring superior removal capacity. This remarkable sensitivity outperforms other adsorbents, making it highly effective even at low dosages of antibiotics. The experimental protocol for the adsorbent synthesis and usage did not result in any toxic by-products unlike other remediation techniques. Further, the adsorption is expected to reduce the antibiotic load in wastewater, thereby reducing the environmental impacts. The composite’s rapid adsorption kinetics owing to its superior physicochemical properties, along with its reusability potential over multiple cycles highlight its cost-effectiveness for scale up and real-time wastewater treatment. The implementation of such adsorbent systems aligns with global sustainability goals, that is expected to guide environmental policies for pharmaceutical wastewater management.
TABLE 3 | Comparative evaluation of equilibrium adsorption capacity for CIP with other adsorbents.
[image: Table 3]It is noteworthy to mention that though the present study provides a fundamental understanding regarding the adsorption mechanism of Zn-AlNi LDH for CIP at minimal concentration, future studies focused on scale-up experiments in real-time wastewater in the presence of other co-contaminants are necessary to substantiate the economic and environmental implications. Functionalization and surface modification of adsorbents to improvise the adsorption efficiency, followed by large-scale synthesis and subsequent experiments in fixed/fluidized bed reactors to quantify the flow rate and contact time are necessary for scale-up. Techno-economic and life-cycle assessment studies are also necessary to study its long-term sustainability and feasibility during large-scale deployment.
4 CONCLUSION
The study explored the adsorption of CIP onto a GO-ZnAlNi LDH composite under various contact time, pH, adsorbent dosage, and initial adsorbate concentration. The composite was thoroughly characterized to determine its structural and morphological properties. Surface morphology analysis revealed the presence of ultra-thin, sheet-like structures, while XRD confirmed the crystalline nature of the GO-ZnAlNi LDH composite. The incorporation of ZnAlNi LDH into GO significantly enhanced the composite’s surface area to 38.069 m2/g, improving its adsorption efficiency for CIP. Under optimized conditions of 1 mg/L CIP concentration, 10 mg/L composite dosage, and pH 7, the maximum adsorption capacity achieved was 84.84% after 1 h. Adsorption kinetics were best described by the pseudo-first-order, Elovich kinetic models revealing the involvement of multiple surface and diffusion processes. Better fit with Freundlich isotherm further confirmed multi-layered adsorption. The findings suggest that π-π interactions and hydrogen bonding were the primary mechanisms driving CIP adsorption. The crystal structure of the composite remained intact post-adsorption, exhibiting excellent reusability, thus maintaining significant adsorption efficiency over five consecutive cycles. Overall, the potential of the synthesized GO-ZnAlNi LDH to adsorb trace levels of antibiotics (1 mg/L) from aqueous solution, even at a low adsorbent concentration of just 10 mg/L, demonstrates exceptional sensitivity, making it a superior candidate for water purification applications. Therefore, this study enhances our understanding of how antibiotics interact with GO-based composites, highlighting their significance in applying adsorption technology for treating antibiotic-contaminated wastewater. Furthermore, the applicability in real-time wastewater treatment is reinforced by the optimization of key parameters, ensuring enhanced efficiency and practical feasibility.
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