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Abstract  

 Antibiotic contamination, particularly from amoxicillin, poses serious ecological and health risks due to its 

persistence in aquatic systems. This study hypothesized that MgFe-layered double hydroxide (MgFe-LDH) synthesized 

from salt-industry by-product (bittern) and its calcined derivative (MgFe-CLDH) can act as sustainable and efficient 

adsorbents for amoxicillin removal. MgFe-LDH was prepared via co-precipitation and partially calcined at 450 °C to 

form MgFe-CLDH. Both materials were characterized by XRD, SEM, FTIR, and BET analyses, and their adsorption 

behaviors were evaluated under varying pH, contact time, initial concentration, and co-existing ions. MgFe-LDH and 

MgFe-CLDH exhibited maximum adsorption capacities of 82.79 and 86.94 mg/g, respectively. Kinetic studies showed 

that MgFe-LDH followed a pseudo-second-order model (chemisorption), whereas MgFe-CLDH followed a pseudo-first-

order model (physisorption). Freundlich isotherm fitting indicated multilayer adsorption on heterogeneous surfaces. 

Regeneration tests confirmed stable reusability, with optimal performance observed after the second adsorption cycle. 

These findings validate the hypothesis and demonstrate that MgFe-based LDH adsorbents derived from industrial by-

products offer a cost-effective route for antibiotic wastewater remediation. 
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Introduction 

 Antibiotics are widely used across various sectors, 

including healthcare, pharmaceuticals, veterinary 

medicine, and agriculture [1]. As antimicrobial agents, 

they are essential for combating bacterial infections and 

have become indispensable in modern medical 

treatment [2]. The occurrence of antibiotics as emerging 

contaminants in aquatic environments has been 

increasingly recognized as a significant ecological 

threat, necessitating urgent intervention by 

governmental bodies and environmental regulatory 

agencies worldwide [1-3]. Due to incomplete 

metabolism in humans and animals, around 30% of the 

~90% of administered antibiotics are excreted 

unchanged and discharged into wastewater streams [4]. 

As a result, amoxicillin has been detected at high 

concentrations in various water bodies, for example, up 

to 1,172,000 ng/L in hospital effluents, 66 - 5,230 ng/L 

in municipal wastewater, and as high as 460 µg/L in 

coastal discharge zones [5,6]. Meta-analyses also 

consistently report its presence in surface waters at ng/L 

to tens-of-ng/L levels [7]. Moreover, self-medication 
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practices further contribute to the uncontrolled release 

of antibiotics into the environment, intensifying 

concerns related to antibiotic pollution. 

 One of the most commonly used antibiotics is 

amoxicillin (AMX), a broad-spectrum β-lactam 

antibiotic frequently prescribed for infections such as 

respiratory tract infections, urinary tract infections, and 

skin infections [3,8]. Studies have shown that over 80% 

of orally administered AMX is excreted unchanged in 

urine within 2 h of intake [3,9]. The presence of AMX 

has recently been detected in various aquatic 

environments, including surface water, municipal and 

industrial wastewater, and hospital effluents with 

concentrations ranging from nanograms per liter (ng/L) 

to milligrams per liter (mg/L) [10-12]. A study by 

Owusu-Ofori et al. [13] found that amoxicillin is the 

most commonly used antibiotic in self-medication 

practices, accounting for 72.4% of reported cases. This 

widespread use substantially contributes to the 

persistence of pharmaceutical pollutants, particularly 

amoxicillin, in the environment.  

 The presence of antibiotics in the aquatic 

environment poses serious ecological threats. One of the 

most critical consequences is the development of 

antibiotic resistance [13]. Continuous exposure of 

microbial communities to low concentrations of 

antibiotics promotes the emergence of resistant bacterial 

strains. This not only reduces the effectiveness of 

current treatments but also facilitates the evolution of 

new, more dangerous infections. According to Murray 

et al. [15], antimicrobial resistance directly caused an 

estimated 1.27 million deaths globally in 2019, making 

it one of the most pressing public health challenges. 

 To mitigate the environmental impact of antibiotic 

contamination, several remediation methods have been 

explored, including nanofiltration membranes, 

coagulation/flocculation, advanced oxidation processes 

(AOPs), and adsorption [9,10,14,15]. Among these, 

adsorption has emerged as a promising approach due to 

its simplicity, cost-effectiveness, operational flexibility, 

and reusability. Pourhakkak et al. [11] emphasized that 

an ideal adsorbent should possess high selectivity, large 

adsorption capacity, low cost, and regenerability. 

However, developing economically and 

environmentally friendly adsorbents with higher 

adsorption capacities for spharmaceutical ingredients is 

still needed. One class of materials that has gained 

increasing attention for environmental remediation is 

Layered Double Hydroxides (LDHs). LDHs are 2-

dimensional nanomaterials with positively charged 

metal hydroxide layers and interlayer anions, similar in 

structure to clays [12]. They exhibit high anion 

exchange capabilities, excellent thermal stability, large 

specific surface area, their multifarious composition, 

low cost, tunable morphological features, required 

porosity anfacile synthesis techniques—properties that 

make them particularly suitable as adsorbents [16,17]. 

Furthermore, LDHs has shown adsorption properties 

towards many organic contaminants through 

electrostatic binding unto the positively charged surface. 

The general formula of LDHs is [M1−x
2+ Mx

3+(OH)2]x +

[An−]x/n ∙ mH2O, where M²⁺and M³⁺ represent divalent 

and trivalent metal cations, respectively [18]. The 

calcined form of LDHs, called calcined LDHs also 

shows a potency for antibiotic adsorption owing to the 

better reconstruction ability as reported by Park et al. 

[19].  

 Among the various LDH systems, MgFe-LDH a 

combination of magnesium (Mg²⁺) and iron (Fe³⁺)—

shows great potential as an antibiotic adsorbent. When 

subjected to calcination at elevated temperatures, MgFe-

LDH transforms into MgFe-CLDH, a mixed metal oxide 

that retains a unique “memory effect.” This effect 

enables MgFe-CLDH to reconstruct its original LDH 

structure upon rehydration in aqueous environments, 

thereby enhancing its adsorption capacity and structural 

adaptability [20]. To reduce costs and promote 

sustainability, the use of industrial by-products as raw 

materials for LDH synthesis is also being explored. 

Indonesia, with over 95,000 km of coastline, has a 

significant marine resource potential, including 

widespread salt production [21]. One by-product of salt 

production is bittern; a concentrated liquid residue rich 

in inorganic ions, particularly magnesium. Bittern has 

been reported to contain approximately 31,740 ppm of 

magnesium, making it a valuable and cost-effective 

source of Mg²⁺ for LDH synthesis [22]. 

 In this study, for the first time we compare the 

MgFe-LDH and metal-oxide derived MgFe-LDH as 

adsorbent of AMX from aqueous solutions and study the 

adsorption performance also plausible mechanism of 

both classes of adsorbent.  MgFe-LDH was synthesized 
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via co-precipitation at pH 12, utilizing bittern as the 

magnesium precursor. Part of the synthesized material 

was calcined at 450 °C to produce MgFe-CLDH. Both 

MgFe-LDH and MgFe-CLDH were then applied as 

adsorbents for the removal of amoxicillin from aqueous 

solutions. The adsorption process was analyzed by 

evaluating the effects of pH, contact time, and initial 

concentration of amoxicillin. The remaining 

concentration of amoxicillin in solution was determined 

using UV-Vis spectrophotometry at its maximum 

absorption wavelength of 230 nm. To further assess the 

adsorbents’ practical performance, regeneration tests 

were conducted to evaluate their reusability, and co-

existing ion tests were performed to examine the impact 

of common aqueous ions on adsorption efficiency. This 

was based on the fact that natural waters contain various 

ions such as Na⁺, K⁺, Ca²⁺, Mg²⁺, Cl⁻, SO₄²⁻, NO₃⁻, and 

HCO₃⁻, which may influence the adsorption process 

[23]. Understanding these interferences is crucial for 

evaluating the feasibility of using MgFe-based 

adsorbents under realistic environmental conditions. 

Moreover, the successful synthesis of LDH and mixed 

oxide from bittern paves the way for their practical 

application in real-world environmental remediation. 

 

Materials and methods 

 Materials  

 Bittern used was from saltpond in Madura derived 

from salt industry waste and has been filtered. 

Additionally, FeCl3 ∙ 6H2O, NaOH, and NH2CO3  are 

were supplied form Sigma-Aldrich. The solvent used for 

some materials was MilliQ water with conductivity of 

16 ohm. In the adsoprtion testing process, amoxicillin 

was used along with several salts and acids, named 

NaCl, MgCl2, KCl, HCl, H3PO4, and H2SO4. AMX was 

supplied from Sigma-Aldrich and used without further 

purification. 

 

 MgFe-LDH and MgFe-CLDH synthesis 

 The synthesis scheme of MgFe-LDH and MgFe-

CLDH is illustrated in Figure 1. The synthesis was 

conducted using the coprecipitation method, starting 

with the preparation of filtered bittern. Then, FeCl3 ∙

6H2O and bittern mixed with a molar of Mg2+: Fe3+ of 

3:1. This mixture was then slowly dripped into a Duran 

bottle along with a solution consisting of Na2CO3 (0.4 

mol/L) and NaOH (1.5 mol/L) in a volume of 100 mL, 

with the rate of addition of both solutions being the 

same. The pH of the solution was adjusted to reach pH 

12 using NaOH as a strong base. 

 

 

Figure 1 Synthesis scheme of MgFe-LDH and MgFe-CLDH. 

 

 Subsequently, the solution was heated at 60 °C 

with constant stirring for 4 h. The result of heating was 

centrifuged at 2,000 rpm for 10 min repeatedly until the 

pH of the supernatant reached 7. The precipitate 

obtained was then dried in an oven at 65 °C for 24 h, 

washed with hot water, and re-dried at 60 °C for 5 h. To 

produce MgFe derived mixed oxide, denoted as MgFe-
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CLDH, the synthesized MgFe-LDH was calcined in a 

furnace at 450 °C. 

 

 Amoxcillin solution preparation 

 Amoxicillin solution was prepared by dissolving 1 

g of amoxicillin into 1 L of distilled water so as to form 

amoxicillin stock solution with a concentration of 1,000 

ppm. The solution was then diluted to the required 

concentration range as a standard solution to create a 

calibration curve. 

 

 Characterization of MgFe-LDH and MgFe-

CLDH 

 Samples of MgFe-LDH and MgFe-CLDH, both 

before and after adsorption, were prepared at a mass 0.5 

g for comprehensive physicochemical analysis. The 

crystalline structures were examined using X-ray 

diffraction (XRD) performed on a Rigaku Miniflex 

instrument with Cu 𝐾𝛼 radiation (𝜆 = 0.1540 nm). 

The measurements were made in the 2θ angle range of 

5° to 70° with an interval of 0.01°, allowing for detailed 

identification of crystal phases and structural changes 

due to calcination and adsorption processes. The surface 

morphology and microstructural features of the samples 

were analyzed via Scanning Electron Microscope 

(SEM) using a JEOL JSM-IT300 InTouchScope with a 

voltage of 20.0 kV. Chemical functional groups and 

bonding interactions were analysed using Fourier-

transform infrared (FTIR) spectroscopy with KBr pellet 

samples, covering the wavenumber range of 4,000 to 

400 cm−1. Finally, the specific surface areas of the 

synthesized MgFe-LDH and MgFe-CLDH were 

analyzed using BET surface area method with N2 

adsorption/desorption. BET analysis was performed 

using Quantachrome NovaWin. 

 

 Adsorption test 

 Adsorption tests were conducted to evaluated the 

adsorption performance of MgFe-LDH and MgFe-

CLDH under various operating parameters, including 

solution pH, contact time, and initial amoxicillin 

concentration. Additional tests were performed to 

examine adsorbent regeneration potential and the 

influence of co-existing ions commonly found in 

wastewater. 

 

 

 Effect of pH 

 To determine the optimal pH for adsorption, 10 mg 

of adsorbent was added to 10 mL of 50 ppm amoxicillin 

solution was adjusted to pH 2, 4, 6, 8, and 10 using HCl 

or NaOH. The mixtures were sieved at room 

temperature (25 °C) with an orbital shaker at 200 rpm 

for 180 min. After filtration, the residual concentration 

was analyzed as before. 

 

 Effect of contact time 

 Adsorption kinetics were analyzed by varying the 

contact time. A total of 10 mg of adsorbent was mixed 

with 10 mL of 150 ppm amoxicillin solution (at the 

optimal pH). The mixtures were shaken at 200 rpm at 

room temperature for different durations, namely 5, 10, 

20, 40, 60, 90, 120, and 180 min. After filtration, the 

residual concentration was analyzed as before.  

 

 Effect of initial concentration 

 To construct adsorption isotherms, 10 mg of 

adsorbent was added to 10 mL of amoxicillin solutions 

with varying initial concentrations of 10, 20, 50, 80, 100, 

150, 200, and 250 ppm (with optimum pH and fixed 

contact time for 120 min) were also sieved under similar 

conditions. After the stirring process was complete, the 

solution was filtered using filter paper and the 

absorbance was measured with a UV-Vis 

spectrophotometer at a wavelength of 230 nm and the 

residual concentration of NOR was determined by 

substituting into the standard curve, and the equilibrium 

adsorption capacity was calculated. The adsorption 

capacity can be calculated by Eq.        (1). 

 

𝑄𝑒  =
𝑉(𝐶0 − 𝐶𝑒)

𝑚
        (1) 

  

where 𝑄𝑒(𝑚𝑔 · 𝑔−1) is the equilibrium adsorption 

capacity, respectively; 𝐶0 (𝑚𝑔. 𝐿−1) and 𝐶𝑒(𝑚𝑔. 𝐿−1) 

are the initial and equilibrium concentrations of the 

target pollutant. All tests were performed in duplo and 

the presented value in this paper is the average result. 

 

 MgFe-LDH regeneration test 

 The regeneration ability of MgFe-LDH was 

evaluated by regeneration method. The regeneration 

method used was thermal regeneration. MgFe-LDH that 

had been used in the first adsorption was calcined at 450 
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°C for 4 h and then reused for the adsorption process. 

Adsorption was carried out 4 times using the same 

conditions and analyzed for amoxicillin adsorption 

capacity through absorbance measurements using a UV-

Vis spectrophotometer at a wavelength of 230 nm. All 

test variations were duplo. 

 

 Co-existing ion test 

 The effect of co-existing ions in water was 

investigated to identify the types of ions, namely 𝑁𝑎⁺, 

𝐾⁺, 𝑀𝑔²⁺, 𝑆𝑂4
2−, 𝐶𝑙−, and 𝐻2𝑃𝑂4

−, that might be present 

in wastewater and to understand the competition 

between adsorbates and these ions. A volume of 10 mL 

of ion solutions with varying concentrations of 0.01, 

0.05 and 0.1 M was mixed with 100 ppm amoxicillin 

solution, then 10 mg of adsorbent was added. The 

mixture was sieved at room temperature for 120 min, 

and each test was performed Duplo to validate the 

results. 

 After they were shaken, the solutions were 

centrifuged and the content of AMX in the solution was 

determined using UV/Visible-Agilent Spectrophotome-

ter and calculated based on the linear correlation 

between absorbance of AMX at 230 nm and AMX 

concentration. The calibration curve of AMX was 

presented in Figure S1.  

 

Results and discussion 

 Characterization of MgFe-LDH and MgFe-

CLDH 

 The structural, morphological, and surface 

properties of MgFe-LDH and MgFe-CLDH were 

characterized using X-ray diffraction (XRD), scanning 

electron microscopy (SEM), Fourier-transform infrared 

spectroscopy (FTIR), and Brunauer-Emmett-Teller 

(BET) surface area analysis to reveal the effect of 

calcination on the adsorbent materials. 

 

 

Figure 2 The SEM morphology of as-prepared MgFe-LDH (a) and MgFe-CLDH (b). 

 

 

 Figure 2(a) show the morphology of as-prepared 

MgFe-LDH, exhibiting disc-like structures 

characteristic of LDH. The small particles observed on 

these discs are likely minor impurities [24]. Figure 2(b) 

demonstrates that the morphology of as-prepared MgFe-

CLDH is irregular compared to that of MgFe-LDH. This 

is attributed to the formation of metal oxides as well as 

deintercalation and decomposition in the space between 

LDH layers. After calcination, the sample became more 

amorphous and exhibited a flower-like surface, 

consistent with the findings of Golban et al. [25]. 
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Figure 3 MgFe-LDH and MgFe-CLDH diffractograms. 

 

 

 These morphological observations are supported 

by Figure 3, which presents the X-ray diffraction 

patterns of MgFe-LDH and MgFe-CLDH samples 

before adsorption. MgFe-LDH shows peaks at 2𝜃 of 

11.46,23.35,34.88,59.51, and 61.50, corresponding to 

the (003), (006), (009), (110), and (113) [26]. This 

indicates a well-ordered layered structure and uniform 

metal dispersion of metal ions within the hydroxide 

layers [27]. These reflections are consistent with the 

reference hydrotalcite phase MgFe-LDH (JCPDS 25-

0521), as also shown by Li et al. [30], who used this card 

to verify the successful formation of MgFe-LDH prior 

to thermal treatment. After calcination, MgFe-CLDH 

reveals the disappearance of characteristic MgFe-LDH 

peaks, accompanied by the appearance of 2 broad at 

43.12° and 62.64°. These peaks match to the (200) and 

(220) planes reflections of periclase MgO (JCPDS 45-

0496), reported similar MgO reflections at ~42.9° and 

62.3° following thermal decomposition of MgFe-LDH 

nanosheets [28]. The position and broadening of these 

peaks also fall between those of pure MgO and FeO, 

suggesting the possible formation of a MgO-FeO solid 

solution, which Li et al. [30] observed when Fe species 

partially dissolved into the MgO lattice during thermal 

treatment at ≥ 400 °C. This interpretation is also 

consistent with observations by Fletcher et al. [31], who 

demonstrated that MgO-based mixed metal oxides often 

show overlapping MgO and Fe oxide-related reflections 

rather than distinct spinel peaks when the material is 

poorly crystalline or only partially transformed [29]. 

This transition reflects deintercalation and structural 

collapse of the LDH, consistent with the amorphous 

morphology observed in SEM [30]. 
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Figure 4 FTIR spectra of MgFe-LDH and MgFe-CLDH. 

 

 The Fourier Transform Infrared (FTIR) spectra 

confirm these structural changes as shown in Figure 4. 

MgFe-LDH exhibits characteristic O–H stretching 

(~3,400 cm⁻¹), H–O–H bending (~1,630 cm⁻¹), and 

strong 𝐶𝑂₃²⁻ bands (~1,360 -1,430 cm⁻¹), typical of 

interlayer anions in LDHs. In contrast, these bands are 

significantly reduced or absent in MgFe-CLDH, 

reflecting the elimination of water molecules and 

interlayer carbonates, consistent with the deintercalation 

process seen in XRD [26,27]. The peaks observed below 

800 cm⁻¹ indicated the vibrational of metal oxides M–O 

and M–O–M bonds (M = Mg/Fe) [27,31]. 

 

 
Figure 5 N₂ adsorption curves on MgFe-LDH and MgFe-CLDH. 

 

 Furthermore, Bruner-Emmet-Teller (BET) 

analysis reveals that both MgFe-LDH and MgFe-CLDH 

exhibit as shown in Figure 5. The 𝑁₂ adsorption curve 

on MgFe-LDH and MgFe-CLDH exhibits a type III 

isotherm. The increase in adsorption with increasing 

relative pressure and value of c less than 1 (c < 1) 

indicates the formation of multilayers and demonstrates 

that adsorbate-adsorbate interactions are more dominant 

than adsorbent–adsorbate interactions. The surface area 

of MgFe-LDH reaches 693.157 m²/g, while that of 
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MgFe-CLDH is 590.307 m²/g, indicating a reduction 

due to calcination. This decrease is attributed to 

structural densification and partial pore blockage, 

consistent with the collapse of the layered structure 

observed in SEM and the disappearance of characteristic 

LDH peaks in XRD [32]. Despite this decrease, the 

relatively high surface area of MgFe-CLDH suggests 

that the Fe arrangement within the LDH matrix was not 

completely restored, as also evidenced by the flake-like 

morphology observed in SEM images (Figure 2(b)). 

 

 The effect of pH on adsorption performance 
 The effect of pH on the adsorption performance 

was investigated by varying the pH of the across a range 

of 2, 4, 6, 8, and 10. The experimental results indicate 

that the highest adsorption capacity for MgFe-LDH was 

observed at pH 6, with a value of 10.52 mg/g, while 

MgFe-CLDH exhibited its maximum adsorption 

capacity at pH 4, reaching 46.65 mg/g. Depsite these 

peaks, the overall variation in adsorption capacity across 

the tested ph range (2 until 10) was not significantly 

different, as showed in Table 1. 

 

Table 1 Adsorption capacity at varying pH. 

pH qe MgFe-LDH (mg/g) qe MgFe-CLDH (mg/g) 

2 7.61 45.79 

4 10.29 46.65 

6 10.52 44.59 

8 9.17 44.64 

10 10.38 42.05 

  

 The less difference in adsorption capacity from pH 

2 to 8 indicates that MgFe-LDH and MgFe-CLDH can 

adsorb amoxicillin over a wide range of pH conditions. 

Therefore, the adsorption performance of both materials 

over a wide pH range (from highly acidic to mildly 

alkaline) indicates their potential use in the treatment of 

environments or wastewater with significant pH 

variations. These results indicate that adsorption of 

amoxicillin onto MgFe-based adsorbents is governed by 

chemisorption-dominated mechanisms, which accounts 

for the relatively weak dependence on solution pH. 

Furthermore, pH 6 was selected for further adsorption 

studies on MgFe-LDH and considered as optimal 

compromise between AMX speciation, LDH structural 

integrity and anion exchange efficiency, and pH 4 for 

MgFe-CLDH, based on their respective optimal 

performance. 

 The pH-dependent adsorption behavior of 

amoxicillin can be explained by the combined effects of 

surface charge characteristics of MgFe-LDH-based 

adsorbents and the speciation of amoxicillin in aqueous 

solution. Amoxicillin exists predominantly in a 

protonated form at pH < 2.7, leading to electrostatic 

repulsion with the positively charged LDH surface and 

reduced adsorption efficiency. In the pH range of 2.7 - 

7.4, amoxicillin is present mainly in a zwitterionic or 

neutral form, minimizing electrostatic repulsion and 

enabling favorable hydrogen bonding and surface 

complexation, which promotes rapid adsorption kinetics 

and higher uptake [33,34]. At pH values above 7.4, 

amoxicillin becomes negatively charged, resulting in 

strong electrostatic attraction toward the positively 

charged LDH surface; however, increased competition 

with hydroxyl ions and surface site saturation can limit 

further adsorption enhancement [35,36]. These pH-

dependent electrostatic interactions directly influence 

adsorption kinetics, indicating that the adsorption 

process is primarily governed by surface-controlled 

mechanisms rather than diffusion-limited intercalation. 

Similar relationships between molecular speciation, 

surface chemistry, and adsorption kinetics have been 

widely reported for antibiotic adsorption on LDH-based 

materials. In addition to that, at low pH there is a 

tendency for MgFe-LDH partial dissolution which may 

reduce effective adsorption sites and alter layer 

structure. Meanwhile mixed metal oxides are generally 

more chemically stable but lack interlayer anion 

exchange capacity. 
 The plausible mechanism of pH-dependent AMX 

adsorptuin onto MgFe-LDH and MgFe-CLDH is 

illustrated in Figure 6. As schematically illustrated in 

Figure 6, adsorption of amoxicillin on MgFe-LDH and 
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MgFe-CLDH is governed by a combination of 

electrostatic interactions, surface complexation, 

hydrogen bonding, and interlayer anion exchange. The 

coexistence of these mechanisms explains both the 

observed pH-dependent optima and the relatively stable 

adsorption performance across a wide pH range. 
 

 

Figure 6 pH-dependent adsorption mechanism of AMX on MgFe-LDH and MgFe-CLDH: (a) weak electrostatic 

interactions and partial dissolution dominate under acidic conditions (pH < 4); (b) strong electrostatic attraction and anion 

exchange enable optimal adsorption at neutral pH (pH 6 - 8); (c) excess OH⁻ competition results in reduced adsorption 

under alkaline conditions (pH > 9), where red spheres represent Mg²⁺/Fe³⁺ metal centers, while blue spheres denote 

hydroxyl groups or hydroxide ions involved in surface interactions and pH-dependent competition. 

 

 Adsorption kinetics 

 The adsorption kinetics of amoxicillin on MgFe-

LDH and MgFe-CLDH were analyzed using the 

pseudo-first-order, pseudo-second-order, and Eelovich 

models. The corresponding kinetic models applied in 

this study include the pseudo-first-order, pseudo-

second-order, and Elovich equations, as expressed in 

Eqs. (2) -  (4), respectively [39-41]. 

 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) (2) 

  

𝑞𝑡 =
𝑘2𝑞𝑒

2𝑡

1 + 𝑘2𝑞𝑒𝑡
 (3) 

  

𝑞𝑡 =
1

𝛽
ln(1 + 𝛼𝛽𝑡) (4) 

 

 In these equations, 𝑞𝑡 (mg/g) represents the 

amount of amoxicillin adsorbed at time 𝑡, while 𝑞𝑒 

(mg/g) is the equilibrium adsorption capacity. The 

constant 𝑘 (min⁻¹) denotes the pseudo-order reaction 

rate constant (g·mg⁻¹·min⁻¹). In the Elovich model, 𝛼 

(mg·g⁻¹·min⁻¹) is the initial adsorption rate, and 𝛽 

(g·mg⁻¹) is the desorption constant related to surface 

coverage and activation energy. The fitting graphs are 

shown in Figure 7. 
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Figure 7 Amoxicillin adsorption kinetics on (a) MgFe-LDH and (b) MgFe-CLDH. 

 

 Figure 7(a) shows that the adsorption capacity of 

MgFe-LDH increased rapidly during the first 60 min, 

indicating strong initial interaction between the 

adsorbent surface and amoxicillin molecules. After this 

point, the adsorption rate gradually decreased as active 

sites became increasingly saturated, establishing 60 min 

as the optimal contact time. The kinetic parameters 

derived from model fitting are presented in 

 

Table 2. Among the evaluated models, the pseudo-

second-order model exhibited the highest coefficient of 

determination (R² = 0.9901), indicating that the 

adsorption process is primarily governed by 

chemisorption involving surface interactions [40].  

 

 

Table 2 Kinetic model parameters for MgFe-LDH. 

Kinetic Model Parameter MgFe-LDH MgFe-CLDH 

Pseudo-first-order 𝐾1(min−1) 0.0880 0.0504 

 𝑞𝑒  (mg/g) 33.2328 68.6677 

 𝑅2 0.9546 0.9928 

Pseudo-second-order 𝐾2(g ∙ mg−1 ∙ min−1) 0.0042 0.0009 

 𝑞𝑒  (mg/g) 35.6160 77.1098 

 𝑅2 0.9901 0.9759 

Elovich 𝛼 (mg ∙ g−1 ∙ min−1) 32.7843 16.3654 

 𝛽 (g ∙ mg−1) 0.1943 0.0714 

 𝑅2 0.9350 0.9712 

 

 Similarly, MgFe-CLDH displayed a similar rapid 

uptake during the initial 60 min, as shown in Figure 

7(b), followed by a gradual approach toward 

equilibrium. The corresponding kinetic analysis also 

summarized in 

 

Table 2 demonstrates that the pseudo-first-order model 

provided the best agreement with the experimental data 

(𝑅2 = 0.9928), suggesting that the adsorption rate is 

governed by the availability of unoccupied active sites 

on the surface of MgFe-CLDH. This behavior aligns 

well with the fundamental assumptions of the pseudo-

first-order model and reflects the distinctive adsorption 

characteristics of the calcined derivative [41]. 

 These kinetic differences between MgFe-LDH 

and MgFe-CLDH can be attributed to their distinct 

structural and surface chemical characteristics. MgFe-

LDH retains a well-ordered layered structure with 

abundant –OH groups, which facilitates stronger surface 
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complexation and chemisorption with amoxicillin, 

consistent with its pseudo-second-order behavior [40]. 

In contrast, calcination converts MgFe-LDH into mixed 

metal oxides (MgFe-CLDH), reducing hydroxyl 

density, increasing surface heterogeneity, and 

promoting faster physisorption-dominated interactions. 

These properties align with the pseudo-first-order 

kinetics observed for MgFe-CLDH. Such trends are 

consistent with previous reports on LDH materials 

exhibiting memory-effect-induced structural changes 

after calcination [16]. 

 

 Adsorption isotherm 

 Adsorption isotherm analysis was conducted to 

elucidate the interaction mechanism between 

amoxicillin and the adsorbents MgFe-LDH and MgFe-

CLDH. The Langmuir isotherm assumes monolayer 

adsorption on a homogeneous surface with uniform 

adsorption sites, whereas the Freundlich isotherm 

accounts for multilayer adsorption on a heterogeneous 

surface with non-uniform energy distribution [42]. The 

isotherm Langmuir and Freundlich models are 

represented by Eqs. (5) and (6), respectively [43,44].  

 

𝑞𝑒 =
𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒

 
(5) 

  

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛

 (6) 

  

where 𝑞𝑒  is the equilibrium adsorption capacity (mg/g), 

𝐶𝑒  is the equilibrium concentration of amoxicillin 

(mg/L), 𝑞𝑚𝑎𝑥  is the maximum adsorption capacity 

(mg/g), and 𝐾𝐿 (L/mg) is the Langmuir constant related 

to the free energy of adsorption. In the Freundlich 

model, 𝐾𝐹 is the Freundlich constant indicating 

adsorption capacity, and 1/𝑛 is a dimensionless 

parameter that reflects the adsorption intensity. A value 

of  0 <
1

𝑛
< 1 suggests favorable adsorption behavior. 

The fitting curves of the Langmuir and Freundlich 

models for both MgFe-LDH and MgFe-CLDH are 

illustrated in Figure 8. 

 

 

Figure 8 Adsorption Isotherm Graph of MgFe-LDH (a) and MgFe-CLDH (b). 

 

 The adsorption isotherm results show that both MgFe-LDH and MgFe-CLDH fit the Freundlich model better than 

the Langmuir model. As presented in Figure 8(a), the adsorption of amoxicillin on MgFe-LDH follows the Freundlich 

model with a very high correlation (𝑅2 = 0.994), which is higher than that of the Langmuir model (𝑅2 = 0.934). A similar 

trend can be seen for MgFe-CLDH in Figure 8(b), where the Freundlich model (𝑅2 = 0.928) also provides a better fit 

than the Langmuir model (𝑅2 = 0.902). The complete isotherm parameters for both adsorbents are summarized in Table 

3, supporting the conclusion that the Freundlich model is more suitable. 
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Table 3 Isotherm model parameters for MgFe-LDH. 

Isotherm Model Parameter MgFe-LDH MgFe-CLDH 

Langmuir 𝑞𝑚𝑎𝑥  (mg/g)  82.7949 86.9425 

 𝐾𝐿  (L/mg)  0.0055 0.0559 

 𝑅2 0.9342 0.9024 

Freundlich 𝐾𝐹  (mg/g ∙ (L/mg)1 𝑛⁄ ) 0.6532 20.1415 

 n 1.4092 0.2772 

 𝑅2 0.9938 0.9281 

 

 As shown in Table 3, the better fit of the 

Freundlich model indicates that the adsorption of 

amoxicillin occurs on a heterogeneous surface and tends 

to form multilayer adsorption rather than a single 

uniform layer. This interpretation is consistent with the 

BET results, which show type III isotherm behavior (C 

< 1), suggesting relatively weak interactions between 

the adsorbent and amoxicillin but stronger interactions 

between amoxicillin molecules. These findings confirm 

that both MgFe-LDH and MgFe-CLDH possess surface 

properties conducive to multilayer adsorption 

phenomena. Additionally, the Freundlich model 

constant n, representing adsorption intensity constant, 

exceeding 1 for MgFe LDH (1.4) signifies substantial 

adsorption affinity in MgFe-LDH and MgFe-CLDH 

(0.2772) indicates more heterogeneous surfaces or 

stronger intensity.  

 

 Co-existing ion test 

 Various ions commonly present in water may 

interfere with the adsorption of amoxicillin. To assess 

this, selected representative ions were introduced into 

the system, and their effects on adsorption performance 

are illustrated in Figure 9. 

 

 

Figure 9 Effects of Co-Existing Ions on Amoxicillin Adsorption by (a) MgFe-LDH and (b) MgFe-CLDH. 

 

 The results indicate that the 3 tested cations 

(Na⁺,K⁺ and Mg²⁺) did not significantly affect the 

adsorption of amoxicillin. This can be attributed to the 

LDH structure, which is more selective toward anion 

exchange, and the positively charged LDH surface, 

resulting from the presence of Mg and Fe, which reduces 

electrostatic interaction with cations. Among the anions 

tested, Cl⁻ also exhibited minimal interference with 

adsorption efficiency. This is likely due to its small ionic 

radius and weak interaction with the LDH surface 

compared to amoxicillin, which exhibits stronger 

adsorption through hydrogen bonding and π–π 

interactions, thereby outcompeting Cl−for active sites. In 

contrast, SO4²⁻ and H2PO4
− anions significantly reduced 

the adsorption capacity. This effect is likely due to 

competitive adsorption, as these multivalent anions 

possess higher charge densities and stronger affinities 

for the LDH and CLDH surfaces. Additionally, their 
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molecular sizes and structures may enhance their ability 

to occupy adsorption sites, thereby limiting the 

availability of those sites for amoxicillin. 

 The effect of co-existing anions provides 

important insight into the adsorption mechanism of 

amoxicillin on MgFe-LDH and MgFe-CLDH. The 

pronounced reduction in adsorption capacity in the 

presence of multivalent anions (SO4²⁻ and H2PO4
−) 

indicates strong competition for positively charged 

surface sites and suggests the involvement of 

electrostatic interactions and hydrogen bonding in the 

adsorption process. Although LDH intrinsically possess 

anion-exchange capability, XRD patterns (Figure 3) 

after adsorption show no significant shift in basal 

spacing, indicating that extensive intercalation of 

amoxicillin into the interlayer galleries is limited. 

Therefore, adsorption is dominated by surface 

complexation rather than interlayer anion exchange. 

Multivalent anions with higher charge density 

preferentially occupy surface hydroxyl groups, thereby 

suppressing amoxicillin uptake, which is consistent with 

FTIR results showing characteristic functional group 

vibrations of amoxicillin after adsorption. Similar 

adsorption behavior dominated by surface interactions 

rather than intercalation has been reported for 

amphoteric antibiotics on LDH-based adsorbents 

[43,45,46]. 

 

 Structural analysis after adsorption 

 The SEM image, XRD, and FTIR analyses were 

used to investigate the structural variation of the 

adsorbent before and after adsorption. These 

characterization techniques complement each other in 

elucidating the morphological, crystallographic, and 

chemical interaction changes that occur upon 

amoxicillin adsorption. 

 

 
Figure 10 The SEM morphology of MgFe-LDH (a) and MgFe-CLDH (b) after adsorption. 

 

 As shown in Figure 10, the SEM analysis reveals 

clear morphological differences between MgFe-LDH 

and MgFe-CLDH after adsorption. Figure 10(a) shows 

the LDH structure after adsorption maintained its disc-

like form, indicating that amoxicillin adsorption did not 

significantly alter the LDH morphology [43]. However, 

Figure 10(b) shows a more irregular and fragmented 

morphology. This behavior is likely associated with 

residual oxide phases that were not fully rehydrated after 

calcination. These remaining oxide regions, together 

with possible interactions with contaminants or 

amoxicillin molecules during adsorption, may 

contribute to the formation of small aggregated 

fragments observed in the micrographs [47,48]. These 

morphological observations are consistent with the 

XRD results presented in Figure 3. The XRD patterns 

of MgFe-LDH after adsorption (MgFe-LDH-AMX) and 

MgFe-CLDH after adsorption (MgFe-CLDH-AMX) 

exhibit the same peaks as those observed in MgFe-LDH, 

indicating that most of amoxicillin did not intercalate 

into the LDH structure. For MgFe-CLDH-AMX, the 

similarity of its diffraction peaks to those of MgFe-LDH 

further indicates a rehydration process that restores the 

LDH structure, confirming the well-known memory 

effect of calcined LDH materials [49]. A closer 

inspection reveals changes in peak intensities, 

particularly at around 2θ ≈ 61.5°, indicating the partial 

participation of this plane in the adsorption process. 
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Further confirmation of amoxicillin adsorption is 

provided by FTIR spectra in Figure 4. After adsorption, 

new peaks were observed at approximately 2,960 and 

1,250 cm−1. The 2,960 cm−1 peak corresponds to the 

stretching vibrations of the 𝐶𝐻2 group on amoxicillin, 

and the 1,250 cm−1 peak represents the C–N and N–H 

bond vibrations of the secondary amide, indicating that 

amoxicillin has been absorbed on both adsorbents [50]. 

 These findings support a plausible adsorption 

mechanism involving multiple interaction pathways. 

This adsorption mechanisms involved in MgFe-LDH 

and MgFe-CLDH systems include LDH interlayer anion 

exchange, electrostatic interactions, and hydrogen 

bonding between the adsorbent and the adsorbate [45]. 

While anion exchange is a commonly reported 

mechanism in LDH-type materials, it was not dominant 

in this study. This is supported by XRD analysis (Figure 

3), which revealed no significant that amoxicillin did not 

intercalate into the interlayer region. The primary 

interaction responsible for adsorption is likely 

electrostatic attraction between the positively charged 

Mg and Fe ions and the negatively charged functional 

groups of amoxicillin. Due to the presence of 3 ionizable 

functional groups, amoxicillin exhibits pH-dependent 

speciation, with 3 pKa values, as shown in Figure 11 

[43].  

 

 

Figure 11 Amoxicillin functional groups and pka values. 

 

 At pH 4 and 6, amoxicillin exists predominantly in 

zwitterionic and anionic forms, where the amine group 

carries a positive charge and the carboxyl group carries 

a negative charge [51]. This allows for favorable 

electrostatic interactions with the adsorbent surface. 

Additionally, hydrogen bonding is also presumed to 

contribute to the adsorption process. At pH 4 and 6, the 

hydroxyl groups in amoxicillin are uncharged, enabling 

hydrogen bond formation with hydroxyl groups on the 

surface of both MgFe-LDH and MgFe-CLDH. 

Therefore, the adsorption of amoxicillin is likely 

governed by a synergistic mechanism involving 

electrostatic interactions and hydrogen bonding. 

 

 Regeneration study of MgFe-LDH 

 The regeneration or reuse of the nanoadsorbent is 

one of the significant economic factors in the water 

treatment process. This factor assists in understanding 

the mechanism of the pollutant adsorbed on the surface 

of the adsorbents as well reusing the spent adsorbents to 

save money and the environment from secondary 

pollution. The regeneration study was carried out on the 

MgFe-LDH sample only to see the memory effect of the 

adsorbent. Regeneration of MgFe-LDH was carried out 

via thermal calcination at 450 °C, a temperature reported 

to be optimal for the formation of active sites without 

inducing spinel phase transformation [52]. This method 

was selected due to the inherent memory effect of LDH 

materials, which enables the reconstruction of their 

layered structure upon rehydration post-calcination. 

Moreover, amoxicillin is known to undergo complete 

thermal degradation above 298 °C, meaning that 

calcination effectively removes the adsorbed antibiotic 

from the surface and ensures that the regenerated MgFe-

LDH is 

free from residual contaminants prior to reuse [43]. 
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Figure 12 Regeneration of MgFe-LDH for amoxicillin adsorption. 

 

 

 As illustrated in Figure 12, the adsorption 

capacity increased from 35.02 mg/g in the first cycle to 

71.01 mg/g in the second cycle. This increase is 

attributable to the memory effect of MgFe-LDH, where 

calcination transforms the material into mixed metal 

oxides (MgFe-CLDH) and subsequent rehydration 

during the second adsorption cycle reconstructs the 

layered LDH structure. Evidence of this structural 

recovery is supported by the XRD pattern of MgFe-

CLDH after adsorption (Figure 3), which shows the 

reappearance of characteristic LDH reflections 

resembling pristine MgFe-LDH. Such reconstruction 

behavior has been widely reported for calcined LDH 

systems, where rehydration regenerates the layered 

architecture and exposes newly accessible hydroxyl 

sites, thereby enhancing adsorption performance 

[25,46]. 

 However, adsorption performance declined in the 

following cycles, with capacities decreasing to 60.14 

and 29.47 mg/g in the third and fourth cycles, 

respectively. This reduction is likely related to 

incomplete structural reconstruction, progressive pore 

blockage, and accumulation of residual adsorbates, 

which reduce available active sites. Overall, these 

results indicate that MgFe-LDH possesses regeneration 

capability through the memory effect, though adsorption 

efficiency tends to diminish after the second cycle. 

 Comparison of solid adsorbents, MgFe-LDH 

and MgFe-CLDH  
 The maximum adsorption capacity of silica 

nanoparticles for amoxicillin adsorption was compared 

with that of the other investigated adsorbents as 

demonstrated in Table S2. The data in Table S2 

illustrate that maximum adsorption capacity of MgFe-

LDH and MgFe-CLDH are comparable to other solid 

adsorbents for amoxicillin removal from the polluted 

water. 

 

Conclusions 

 In summary, MgFe-LDH and MgFe-CLDH 

adsorbents were successfully synthesized via the co-

precipitation method and demonstrated effective 

performance for the removal of amoxicillin across a 

wide pH range. Kinetic modeling revealed that MgFe-

LDH followed a pseudo-second-order kinetic model, 

while MgFe-CLDH fit the pseudo-first-order model, 

indicating distinct adsorption behaviors. The adsorption 

isotherms were better described by the Freundlich 

model, with maximum adsorption capacities reaching 

82.79 mg/g for MgFe-LDH and 86.94 mg/g for MgFe-

CLDH. Structural characterization before and after 

adsorption suggested that the mechanism likely involves 

chemisorption through electrostatic interactions and 

hydrogen bonding. Regeneration studies performed on 
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MgFe-LDH demonstrated an optimal adsorption 

capacity of 71.578 mg/g during the second adsorption 

cycle, followed by a gradual decline in subsequent 

cycles. These findings suggest that MgFe-based LDH 

materials are promising, environmentally friendly 

adsorbents for antibiotic removal in aqueous 

environments. The novelty of this study lies in the 

utilization of bittern, an abundant industrial by-product 

of salt production, as a sustainable and low-cost 

magnesium precursor for the synthesis of MgFe-LDH 

and MgFe-CLDH. In contrast to conventional MgFe-

LDHs synthesized using analytical-grade magnesium 

salts (e.g., Mg(NO₃)₂ or MgCl₂), the bittern-derived 

materials demonstrate comparable adsorption capacities 

for amoxicillin, indicating that the substitution of 

commercial precursors does not compromise adsorption 

performance. Importantly, the use of bittern offers 

distinct advantages in terms of raw-material cost 

reduction, resource efficiency, and environmental 

sustainability. Moreover, the proposed synthesis route 

eliminates the need for additional purification or salt-

preparation steps, underscoring the feasibility of 

valorizing industrial waste streams into functional 

adsorbents for wastewater treatment applications. 
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Table S4 Structural parameters and statistical data of MgFe-LDH samples. 

 

Field Ref (°) Experiment (°) Relatif Error (%) 

(003) 11.47 11.46 0.0871 

(006) 23.36 23.35 0.0428 

(009) 34.85 34.88 0.0860 

(110) 60 59.51 0.8167 

(113) 62 61.5 0.8064 

 

 

Table S2 Comparison of AMX adsorption capacity of recent developed adsorbent. 

 

Adsorbents Qmax (mg/g) References 

SBA-15 24.7 [53] 

PANI-SBA-15 34.2 [53] 

BC 86.1 [54] 

Kaoline clay 26.0 [55] 

Flower-like MnO2@ carbon 

microspheres 

16.1 [56] 

MgFe-LDH 82.79 This Study 

MgFe-CLDH 86.94 This Study 

 

 

 
Figure S1 Calibration curve for amoxicillin quantification. 
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