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Abstract 

The uncontrolled release of tetracycline (TC), a widely used antibiotic, poses a significant threat to aquatic ecosystems owing to its persistence 

and contribution to antibiotic resistance. In this study, magnetic biochar (MOBC) derived from olive pomace was synthesised and characterised 

by FTIR, XRD, BET, TGA, and FESEM-EDX. The specific surface area increased from 0.87 to 37.41 m²/g and the total pore volume increased from 

0.0038 to 0.1341 cm³/g after magnetic functionalization. The MOBC exhibited a high adsorption capacity of 248.77 mg/g at 25 °C, reaching 

equilibrium within 100 min. The adsorption followed pseudo-first-order kinetics and Langmuir isotherm, with thermodynamic analysis 

indicating a spontaneous (ΔG° = –17.83 to –19.70 kJ/mol) and exothermic (ΔH° = –3.74 kJ/mol) process. The desorption efficiency reached 87% 

using 2 M NaOH, and the MOBC maintained >90% removal efficiency in real water samples at a dosage of 2 g/L. These findings highlight a novel 

and practical approach for valorising agricultural waste through magnetic biochar functionalization, offering a strong potential for sustainable 

water treatment applications. 
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1. Introduction

The increasing prevalence of pharmaceutical 

contaminants, particularly antibiotics such as 

tetracycline, in aquatic ecosystems has become a 

pressing global environmental issue. Tetracycline is 

frequently detected in surface and groundwater sources, 

and often results from agricultural runoff, improper 

disposal methods, and pharmaceutical wastewater 

discharge [1–6]. This presents significant challenges 

owing to its persistent nature and potential to foster 

antibiotic resistance in bacterial populations, 

necessitating innovative approaches for its effective 

removal from water sources [7]. 

Traditional methods for tetracycline removal, 

including chemical oxidation, membrane filtration, and 

biological treatments, often fall short of efficacy and 

produce secondary pollutants as byproducts [8]. These 

limitations have fuelled interest in adsorption processes, 

which are recognised for their simplicity, efficiency, and 

low operational costs. Biochar resulting from the 

pyrolysis of biomass has emerged as a promising 

adsorbent owing to its high surface area, porous 

structure, and functional groups, which are conducive to 

adsorbing organic pollutants such as tetracycline [9–12]. 

The use of agricultural wastes, such as olive pomace, 

for biochar production not only addresses the waste 

disposal issues inherent to the olive oil industry but also 

offers a proactive method to manage pharmaceutical 

contaminants in water [13,14]. Olive pomace is abundant 

and rich in organic matter, and its transformation into 

biochar enhances its functionality and usability in water 

treatment applications [15,16]. Olive oil production 

generates significant amounts of mill waste, particularly 

olive pomace, which is composed of lignin, cellulose, 

and residual oil. The annual production of olive oil is 

approximately 3 million tons, leading to approximately 

12 million tons of olive pomace, particularly in countries 

like Türkiye, which rank among the top producers of 

olive oil [17–19]. Olive pomace is traditionally used in 

low-value applications, such as animal feed, land 

spreading, and combustion for energy generation         

[20,21]. However, their extensive availability highlights 

the need for higher-value applications. Recent studies 
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have focused on the valorization of olive pomace 

through thermochemical conversion into value-added 

materials, including biochar, activated carbon, and 

bioplastics. These materials are gaining traction because 

of their potential applications in wastewater treatment, 

soil enhancement, and industrial sorbents [22–24]. Such 

transformations not only reduce the environmental 

burden associated with olive pomace disposal but also 

contribute to economic benefits by providing functional 

materials aligned with circular economy principles [25]. 

The commitment to transforming olive pomace from 

waste into a resource underscores a significant shift 

towards sustainability in the olive oil industry, 

maximising the value obtained from each ton of 

processed olives. 

Although olive pomace-derived biochar shows great 

potential for sustainable application, its unmodified 

form often lacks sufficient functional properties for high-

performance pollutant removal. The challenge with 

unmodified biochar, however, lies in its often-

inadequate adsorption capacity due to limited surface 

functionalities, which diminishes its effectiveness 

against organic contaminants, such as tetracycline [26]. 

To enhance the performance of biochar, methods for its 

functionalization have been explored, notably magnetic 

modification, which not only increases the adsorption 

efficiency but also facilitates the removal of biochar from 

polluted water through magnetic separation techniques 

[27]. This approach is particularly advantageous for 

large-scale applications, as it presents a sustainable and 

cost-effective solution for wastewater treatment. 

Recent studies have explored the use of biochar 

derived from various biomass sources, such as lignin-

rich residues [28], olive mill waste [29], and other 

lignocellulosic feedstocks [30], for the removal of 

pharmaceutical contaminants including tetracycline 

(TC). These adsorbents demonstrate promising removal 

efficiencies, but often suffer from limited surface area, 

insufficient regeneration performance, or the 

requirement of costly activation techniques (e.g. Zn/Fe 

chemical activation) [31]. Although biochar has been 

recognised as a sustainable material for TC removal, its 

effectiveness depends heavily on the feedstock and the 

modification strategy [32]. In contrast to previous 

studies, the present study introduces magnetically 

functionalized biochar synthesised from olive pomace, a 

widely available agro-industrial waste. The resulting 

material exhibited a remarkably high surface area 

(37.41 m²/g), superior adsorption capacity (248.77 mg/g), 

and excellent regeneration ability (87% desorption 

efficiency with 2 M NaOH), all achieved without the use 

of metal impregnation. This novel approach not only 

valorises agricultural waste in line with circular 

economy principles but also provides a cost-effective 

and environmentally friendly alternative for the efficient 

removal of TC from water. 

2. Materials and methods 

2.1. Materials  

Tetracycline (98%), FeSO4·7H2O, FeCl3·6H2O, sodium 

hydroxide (≥98%), sodium chloride (99%), hydrochloric 

acid (37%), methyl alcohol (≥99.9%), acetonitrile (99%), 

ethyl alcohol (≥99%) were obtained from Sigma Aldrich 

and utilised without additional purification.  

2.2. Preparation of biochar (OBC) 

Olive pulp was obtained from various local olive oil 

producers in the Fethiye region of Muğla Province 

(Turkey), air-dried at room temperature for one week, 

and homogenized before pyrolysis. The dried material 

was ground into a fine powder (0.16–0.25 mm) using a 

ball mill. Approximately 40 g of the powder was placed 

in a closed porcelain crucible and pyrolyzed in a muffle 

furnace (Protherm PLF 120/10) under oxygen-limited 

conditions. The temperature was increased to 400 °C at a 

rate of 10 °C/min and held for 4 h to ensure 

carbonization. After natural cooling (~24 h), the obtained 

biochar was washed with deionised water until the pH 

was neutral, dried at 80 °C, and designated as OBC. 

2.3. Magnetic functionalization 

Magnetic biochar was synthesised by applying minor 

modifications of the co-precipitation methods reported 

in the literature [33,34]. As an iron source, 8 g of 

FeSO4·7H2O and 12 g and FeCl3·6H2O were weighed at a 

mass ratio of 1:1.5 and dissolved in 100 mL of deionized 

water to prepare an aqueous solution. The pH of the 

solution was adjusted to 10 using 0.10 M NaOH. 

Subsequently, 10 g of OBC was placed in a three-necked 

flask and an iron solution was added. The mixture was 

stirred at 70 °C under nitrogen atmosphere for 1 h. After 

the reaction, the mixture was filtered and the solid 

residue remaining on the filter paper was washed with 

deionized water until a neutral pH was achieved. The 

magnetic biochar was dried in an oven at 80 °C for 24 h. 

The resulting magnetic biochar was labelled MOBC. The 

successful magnetic functionalization of the biochar is 

also visually demonstrated in the Supporting 

Information (Fig. S1), where the MOBC sample was 

attracted by an external magnet while the OBC remained 

unaffected, indicating the presence of magnetic 

components only in the modified biochar. 

2.4. Characterization of biochar 

The synthesized adsorbents were characterized using 

various analytical techniques to evaluate their structural, 

morphological, surface area, and chemical properties. 
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The surface morphology and chemical composition of 

the biochar derived from olive pulp waste biomass and 

the modified biochar were examined using Field 

Emission Scanning Electron Microscopy (FESEM) (Zeiss, 

Model: ULTRA Plus) coupled with Energy Dispersive X-

ray Spectroscopy (EDX). The functional groups present 

on the biochar surface were identified using Fourier 

Transform Infrared (FTIR) spectroscopy (Shimadzu, 

Model: Affinity-1S) over a frequency range of 400–4000 

cm⁻¹. Structural analysis of the biochar was performed 

using Powder X-ray Diffraction (P-XRD) (PANalytical, 

Model: Empyrean) in the 2θ range 10–90°. The specific 

surface area, pore size, and pore volume of the biochar 

and modified biochar were determined using Brunauer–

Emmett–Teller (BET) analysis. This analysis provided 

critical information on the adsorption capacities of the 

adsorbents. Additionally, the thermal behaviour and 

biomass characteristics of the biochar were evaluated 

using Thermogravimetric Analysis (TGA) (PerkinElmer, 

Model: TGA 4000). The point of zero charge (PZC) of 

OBC and MOBC was determined using the conventional 

drift method [2]. For this measurement, approximately 

50 mg of biochar sample was dispersed in 25 mL of 0.1 

M NaCl solution. The initial pH of the solution was 

adjusted between 2.0 and 12 by gradual addition of 

either 1 M NaOH or 1 M HCl. The suspensions were 

placed on a shaker and maintained at 25 °C for 24 h. 

Following this, the final pH values were measured using 

a pH meter (Orion 3 Star, Thermo Scientific). 

2.5. Adsorption experiments 

The adsorption capacities of OBC and MOBC for 

tetracycline (TC) ions at room temperature were 

investigated using a batch technique. All working 

solutions were prepared from TC stock solutions at a 

concentration of 1000 mg/L. To determine the optimal 

conditions for the maximum adsorption capacity, 

various parameters were examined, including the initial 

solution pH, adsorbent dosage, contact time, initial 

solution concentration, and temperature. The pH of the 

solutions was adjusted to 2.0 to 12.0 using 0.1 M NaOH 

and 0.1 M HCl solutions. Adsorption experiments were 

conducted with adsorbent dosages ranging from 0.5 g/L 

to 2 g/L, at different contact times between 0 and 240 

min, with initial TC concentrations ranging from 5 to 800 

mg/L, and at three different temperatures (25, 45, and    

65 °C). The initial and final TC concentrations were 

measured at a wavelength of 365 nm using a UV-Vis 

spectrophotometer (PG Instruments, Model T60). Three 

replicates were used for each measurement and the 

average values were calculated. To evaluate the 

desorption efficiency of the adsorbent, experiments were 

conducted using samples obtained under the optimal 

adsorption conditions (20 mg/L TC, 2 g/L MOBC, pH 6.0, 

and 25 °C). After the adsorption process, the solution 

was filtered and the MOBC adsorbent was washed with 

deionized water and dried at 70 °C overnight. Different 

desorption agents, including acetonitrile (ACN), 

ethanol, methanol, 0.5 M HCl, and 0.5–2 M NaOH, were 

tested to desorb TC from the MOBC surface. 

2.6. Adsorption of kinetics and isotherms 

The adsorption kinetics were evaluated using 

experimental data collected at various contact times by 

applying four different models: pseudo-first-order 

(PFO), pseudo-second-order (PSO), Elovich, and intra-

particle diffusion (IPD). To describe the equilibrium 

adsorption behaviour, isotherm analyses were 

conducted using datasets within a concentration range 

of 5–800 mg/L across three temperatures (25 °C, 45 °C, 

and 65 °C). The experimental results were interpreted 

using commonly used isotherm models, including the 

Langmuir, Freundlich, Redlich–Peterson, Sips, and Toth 

equations. Microsoft Excel and OriginPro 2025 were 

used to perform the initial data screening and create 

visual representations, respectively. In addition, 

OriginPro 2025 was used to fit the kinetic and isotherm 

models. The experiments were conducted in triplicate, 

and the results are presented as the mean value  ±  

standard deviation (SD).  Further details regarding the 

mathematical formulations and fitting parameters of the 

kinetic and isotherm models are provided in 

Supplementary Section 1. 

3. Results and discussion 

3.1. Characterization results 

Fourier Transform Infrared (FTIR) spectroscopy was 

employed to identify the surface functional groups of 

OBC and MOBC (Fig. 1a). The broad band around 3429 

cm⁻¹ in both samples corresponds to –OH stretching 

vibrations from alcohols, phenols, and carboxylic acids, 

which enhance the hydrogen bonding and adsorption 

capacity [35,36]. The peaks at 2916 and 2848 cm⁻¹ are 

attributed to aliphatic –CH2 and –CH3 groups, 

respectively, with higher intensity in OBC, indicating a 

greater presence of aliphatic structures [37]. Variations 

in the FTIR peak intensity align with the biomass source 

and treatment conditions [38]. The band at 1558 cm⁻¹ 

indicates carbonyl (C=O) and carboxyl (–COOH) groups, 

which contribute to surface multifunctionality [39]. A 

distinct peak at ~574 cm⁻¹ in MOBC confirms Fe–O 

stretching, indicating successful iron oxide 

incorporation [40–43]. 

The broad and irregular peak observed in the OBC 

sample between 20° and 30° (Fig. 1b) indicates an 

amorphous carbon structure, which is typical of     

biochar produced  via  high-temperature   pyrolysis [44].  
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This amorphous phase results from thermal transitions 

during carbonisation and is influenced by the heating 

profile [45,46]. In contrast, MOBC exhibits sharp and 

distinct peaks, particularly at 35.5°, corresponding to the 

(311) plane of magnetite (Fe₃O₄), confirming its 

crystalline nature. These peaks align with standard 

Fe₃O₄ patterns (COD card no. 9005812) and indicate 

successful magnetite formation within the carbon matrix 

[47,48]. The XRD results support the effective integration 

of iron-oxide phases into the biochar structure, 

enhancing its magnetic properties [49,50]. 

The TGA–DTG results for OBC (Fig. 1c) and MOBC   

(Fig. 1d) provide insights into their thermal stability and 

composition. Both materials showed an initial mass loss 

below 150 °C owing to moisture evaporation, which is 

typical for lignocellulosic biochar [51,52]. The main 

degradation occurred between 300 and 500 °C for OBC 

and slightly shifted to 350–500 °C for MOBC, 

corresponding to the breakdown of hemicellulose, 

cellulose, and lignin [53,54]. MOBC exhibited a more 

complex DTG pattern, including additional peaks 

between 600 and 750 °C, linked to transformations of 

iron oxide species (e.g., Fe3O4 → Fe2O3 or Fe⁰), absent in 

OBC [55]. The higher residual mass above 750 °C in the 

MOBC confirms the presence of thermally stable 

magnetic phases [56]. These findings highlight MOBC’s 

enhanced thermal resistance and functional versatility 

due to magnetic modification, supporting its potential 

for adsorption and catalysis [57,58]. 

The surface morphologies of the OBC and MOBC 

samples were investigated using FESEM analysis. As 

shown in Fig. 2a and Fig. 2b, the pristine biochar (OBC) 

exhibited a relatively smooth and compact surface with 

limited pore development, which is indicative of its 

unmodified structure. In contrast, magnetic biochar 

(MOBC) demonstrated a rougher surface morphology 

with the presence of aggregated nanoparticles and 

visible mesopores, confirming successful magnetic 

functionalization.  

These morphological changes contributed to 

increased surface heterogeneity and the formation of 

additional adsorption sites, enhancing the affinity of the 

material for tetracycline.  

Figure 1. (a) FTIR spectra of OBC and MOBC, (b) XRD pattern of OBC and MOBC, (c) TGA curve of OBC, (d) TGA curve of MOBC 
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This transformation is consistent with previous 

findings by Monteagudo et al. (2025) [59] and Alcazar-

Ruiz et al. (2024) [60], where the activation of olive 

pomace-derived biochar via chemical (KOH) or physical 

(CO₂, steam) routes induced significant textural 

development. In their studies, the activation processes 

similarly led to greater surface irregularities and pore 

formation, which were linked to improved gas 

adsorption capacities. While our synthesis approach 

employed magnetic functionalization instead of classical 

chemical activation, the surface improvements observed 

in the SEM images are comparable to those obtained via 

KOH activation, as both approaches enhance active site 

accessibility. 

Complementary EDX analysis confirmed the 

presence of iron (Fe) as a major component in MOBC, 

with a weight percentage of 35.79% (Fig. 2c), verifying 

successful functionalization with iron-based magnetic 

particles. Additionally, the elemental composition 

included oxygen (40.46 wt%), carbon (19.76 wt%), and 

nitrogen (4 wt%), suggesting the retention of oxygen-

containing functional groups that may contribute to 

electrostatic interactions and π–π bonding with TC 

molecules. These morphological and compositional 

enhancements validated the improved adsorption 

capacity and magnetic recoverability of the MOBC 

adsorbent. 

BET analysis revealed a marked improvement in the 

textural properties of biochar upon magnetic 

functionalization. The specific surface area increased 

from 0.8733 m²/g for OBC to 37.41 m²/g for MOBC, while 

the total pore volume expanded from 0.0038 to 0.1341 

cm³/g (Fig. 2d). This significant enhancement 

demonstrated the development of a mesoporous 

structure with improved diffusion paths and higher 

surface availability. Although the BET surface area of 

MOBC is lower than those reported for some chemically 

activated biochars (e.g. >900 m²/g in CO₂/steam-

activated biochars or >1000 m²/g in KOH-activated 

samples) [59,60] it is important to note that our material 

was not subjected to harsh chemical treatment or high-

temperature activation. 

Figure 2. SEM images of (a) OBC, (b) MOBC, (c) EDX spectrum of MOBC, (d) N2 adsorption–desorption isotherms of OBC and MOBC 
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Instead, the observed increase in surface area and 

pore volume is attributed to the incorporation of 

magnetic particles, which created a moderately porous 

structure while preserving environmental compatibility 

and avoiding corrosive agents like KOH or H₃PO₄. This 

makes MOBC a promising, low-cost, and sustainable 

alternative, especially in applications where a moderate 

surface area combined with easy magnetic recovery is 

advantageous. 

Additionally, nitrogen adsorption–desorption 

isotherms confirmed the mesoporous nature of the 

material. The MOBC sample exhibited a Type IV 

isotherm with a pronounced hysteresis loop, which is 

typical for mesoporous materials, whereas the OBC 

sample showed a Type III isotherm, suggesting minimal 

adsorption affinity. This transition aligns with the 

literature, where structural modifications such as pore 

widening or metal incorporation often shift the 

adsorption behaviour from low-capacity to mesoporous-

dominated profiles [61,62]. 

In summary, SEM and BET characterisations support 

the successful synthesis of structurally enhanced, 

magnetically recoverable biochar with favourable 

textural properties. While the surface area remains 

modest compared to aggressively activated biochars, the 

balance between adsorption efficiency, cost-

effectiveness, and magnetic separability provides MOBC 

with competitive advantages for environmental 

applications. 

The point of zero charge (pHpzc) is a key parameter 

for understanding the electrostatic interactions between 

adsorbents and charged pollutants, such as TC. It defines 

the pH at which the adsorbent surface has a net zero 

charge: positively charged below and negatively 

charged above [2]. Fig. 3 illustrates the pHpzc values of 

OBC and MOBC. As shown in Fig. 3a, OBC exhibits a 

pHpzc of 7.62  ±  0.6, while MOBC shows a higher value 

(8.68  ±  0.8) (Fig. 3b), indicating that magnetic 

modification increases the surface basicity, likely due to 

iron oxide incorporation. This shift suggests that under 

neutral or slightly acidic conditions (pH < 7), MOBC 

maintains a positively charged surface across a broader 

pH range than OBC.  

Figure 3. The pHpzc of (a) OBC, (b) MOBC, (c) TC structure 
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This behaviour enhances electrostatic attraction with 

TC, which exists in anionic or zwitterionic forms 

depending on the pH (Fig. 3c), thereby improving the 

adsorption efficiency. The elevated pHpzc value further 

confirms the influence of magnetic functionalization on 

the surface chemistry and adsorption performance of the 

MOBC. 

3.2. Adsorption performance 

The adsorption performances of OBC and MOBC for TC 

removal were evaluated under varying pH, adsorbent 

dosage, contact time, and temperature conditions. As 

shown in Fig. 4a, MOBC consistently outperformed OBC 

over the entire pH range (2–12), with optimal removal 

(>80%) observed at near-neutral pH (6–8). In 

comparison, the OBC achieved only ~40% removal 

under similar conditions. This difference is largely 

attributed to the surface charge behaviour. The pHpzc 

values of OBC and MOBC were 7.62  ±  0.6 and 8.68  ±  

0.8, respectively, indicating that MOBC retains a 

positively charged surface over a broader pH range due 

to iron oxide incorporation. Because TC predominantly 

exists in a zwitterionic form at pH 6–8, MOBC facilitates 

enhanced electrostatic interactions, hydrogen bonding, 

and π–π stacking, leading to improved adsorption 

efficiency [2]. Fig. 4b reveals that increasing the 

adsorbent dosage enhanced the removal efficiency of 

both materials; however, MOBC consistently yielded 

higher removal rates, achieving >95% at 2.0 g/L, 

compared with ~60% for OBC. This improvement is 

associated with MOBC’s larger surface area and the 

increased number of active sites due to magnetic 

modification. The kinetic analysis results shown in       

Fig. 4c shows that the MOBC reached near-equilibrium 

within 50–100 min, achieving ~98% removal, whereas 

the OBC plateaued at approximately 57% after 200 min. 

This indicates that MOBC not only adsorbs more 

efficiently, but also more rapidly, which is an advantage 

for real-time applications. Temperature-dependent 

experiments (Fig. 4d) demonstrated that the adsorption 

capacity of MOBC was highest at 25 °C and declined 

with increasing temperature, confirming the exothermic 

Figure 4. Optimization of (a) pH (adsorption conditions: 20 mg/L TC, 1 g/L adsorbent amount, 25 mL, 25 °C, 4h), (b) adsorbent amount (adsorption 

conditions: 20 mg/L TC, pH = 6.04, 25 mL, 25 °C, 4h), (c) time (adsorption conditions: 20 mg/L TC, 2 g/L adsorbent amount, pH = 6.04, 25 mL, 

25 °C), (d) temperature (adsorption conditions: 20 mg/L TC, 2 g/L adsorbent amount, 25 mL, pH = 6.04, 2h). 
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nature of the process. In contrast, the OBC exhibited a 

minimal response to temperature changes and 

consistently maintained lower removal rates.  

Overall, MOBC displayed significantly superior 

adsorption behaviour under all tested conditions. These 

enhancements stem from improved physicochemical 

properties imparted by magnetic functionalization, such 

as increased porosity, higher surface area, and modified 

surface chemistry. These results highlight the potential 

of MOBC as a fast, efficient, and reusable adsorbent for 

tetracycline removal from contaminated water. 

3.3. Adsorption kinetics 

Kinetic modelling is indispensable for elucidating the 

adsorption mechanisms that govern the interactions 

between the adsorbents and target pollutants. Among 

the established kinetic models, the PFO, PSO, Elovich, 

and IPD models are widely employed due to their 

mechanistic interpretability across diverse adsorption 

systems [63–65]. In the present study, the adsorption 

kinetics of TC onto MOBC were investigated under 

optimized experimental conditions (TC = 20 mg/L, 

MOBC dosage = 2 g/L, pH = 6.04, and 25 °C) with contact 

times ranging from 0 to 240 min. Kinetic data were 

evaluated by fitting the four nonlinear models 

mentioned above (Fig. 5; Table 1, Table 2). 

The PFO model, originally developed by Lagergren, 

assumes that the adsorption rate is proportional to the 

number of available active sites on the adsorbent surface. 

In this study, the PFO model provided the best fit (R² = 

0.983; χ² = 0.107), indicating that the adsorption process 

is primarily governed by physisorption mechanisms, 

likely involving van der Waals forces or electrostatic 

interactions. The close agreement between the calculated 

and experimental equilibrium capacities further 

supported this interpretation. 

Table 1. Kinetic parameters of TC adsorption on MOBC 

Model Parameters Unit 

Initial TC 

concentration 

20 mg/L 

PFO 

qe mg/g 9.27 ± 0.13 

k1 1/min 0.043 ± 0.003 

R2 ― 0.983 

Χ2 ― 0.107 

PSO 

qe mg/g 10.34 ± 0.22 

k2 g/(mg∙min) 0.006 ± 0.002 

R2 ― 0.979 

Χ2 ― 1.02 

Elovich 

α g/(mg∙min) 1.63 ± 0.67 

β mg/g 0.52 ± 0.06 

R2 ― 0.918 

Χ2 ― 4.03 

 

Comparable observations were reported by Ge et al. 

(2019) [63] for activated carbon and Houghton et al. 

(2025) [66] for fly ash-derived adsorbents, wherein the 

PFO model effectively captured the initial adsorption 

behaviour of TC. 

 Conversely, the PSO model, which is commonly 

associated with chemisorption involving valence forces 

or electron sharing, also exhibited a strong fit to the data 

(R² = 0.979). However, the slight deviations in the 

calculated equilibrium capacities suggest that 

chemisorption may act as a supplementary mechanism, 

particularly at extended contact times or elevated 

concentrations. This finding implies a dual-mechanism 

pathway: an initial rapid uptake dominated by 

physisorption followed by slower chemisorption 

processes.  

Table 2. IPDM paramatters for TC adsorption on MOBC 

Model Stage 
20 mg/L Paramaters 

Ki Ci R2 

Intra-particle 

diffusion 

I 12.03 ± 0.87 -2.08 ± 0.76 0.99 

II 0.85 ± 0.05 82.14 ± 4.45 0.99 

Figure 5. (a) Adsorption kinetics for TC on MOBC, (b) Intraparticle diffusion kinetics for adsorption of TC on MOBC (adsorption conditions: 20 

mg/L TC, 2 g/L MOBC, 25 mL, pH = 6.04, 25 °C, 4h) 
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Similar multi-stage behaviours have been documented 

by Ghadim et al. (2013) [64] for graphene oxide and Hu 

et al. (2017) [67] for functionalized adsorbents. 

The Elovich model, which is typically applicable to 

systems with highly heterogeneous surfaces, yielded the 

weakest correlation (R² = 0.918) and highest residual 

errors. These results imply that the MOBC surface 

exhibits a relatively uniform distribution of active sites, 

potentially due to the controlled synthesis conditions, 

including the dispersion of magnetic nanoparticles. 

Although the Elovich model has proven effective for 

describing complex adsorption kinetics in more 

heterogeneous systems [65,68] its limited applicability in 

this context further reinforces the homogeneity of the 

MOBC surface.  

Taken together, the kinetic analysis suggested that 

the adsorption of TC onto MOBC was predominantly 

driven by physisorption, as evidenced by the superior fit 

of the PFO model. 

 The PSO model indicated a minor chemisorption 

component, whereas the poor performance of the 

Elovich model supported the hypothesis of a relatively 

homogeneous adsorbent surface. 

To gain further insight into diffusion dynamics 

within the adsorbent matrix, an intraparticle diffusion 

model was also applied. The intraparticle diffusion plot 

of the MOBC adsorbent exhibited two distinct linear 

regions, indicating that the adsorption process occurred 

in multiple stages (Fig. 5b). In the first region, the high 

slope value (𝑘𝑖=12.03) suggests that a rapid surface 

adsorption (film diffusion) takes place initially. The 

negative Ci value in this region implies that the 

boundary layer effect is negligible [69]. In the second 

region, the significantly lower slope (𝑘𝑖𝑖=0.85) reflects a 

slower diffusion process within the pores of the 

adsorbent, indicative that intraparticle diffusion 

contributes significantly as a rate-limiting mechanism, 

particularly in the later stages of adsorption, though it is 

not the sole controlling factor [70,71]. This aligns with the 

general understanding that, as adsorption progresses, 

the movement of the adsorbate into the pores of the 

adsorbent can slow down due to steric hindrance and 

decreased availability of binding sites, confirming the    

multi-stage nature of the adsorption mechanism [72,73]. 

Furthermore, the high positive intercept (Ci = 82.14) 

during this phase underscores the increasing influence 

of the boundary layer, which is consistent with other 

studies that explored layered adsorption mechanisms, 

where the boundary layer thickness increased as the 

adsorbate concentration diminished [62,74]. The high 

correlation coefficients (R2 = 0.99) for both regions 

indicated an excellent fit of the model to the 

experimental data. 

3.4. Adsorption isotherms 

Adsorption isotherms are fundamental tools for 

elucidating the interaction mechanisms between an 

adsorbate and the adsorbent surface under equilibrium 

conditions. These models provide insights into the 

surface characteristics, adsorption capacity, energy 

distribution, and nature (homogeneous vs. 

heterogeneous) of adsorption sites. In the present study, 

the equilibrium adsorption behaviour of TC onto MOBC 

was comprehensively evaluated using five well-

established non-linear isotherm models: Langmuir, 

Freundlich, Redlich–Peterson, Toth, and Sips (Fig. 6; 

Table 3). Experimental investigations were conducted at 

three different temperatures (25, 45, and 65 °C), allowing 

for an in-depth assessment of the thermodynamic and 

mechanistic aspects of the adsorption process. 

Table 3. Isotherms parameters of TC adsorption on MOBC 

Parameters Unit 
Solution temperature 

25 ̊C 45 ̊C 65 ̊C 

Langmuir 

Qmax mg/g 240.21 ± 11.4 236.87 ± 16.4 222.23 ± 17.3 

KLx(10-3) L/mg 4.5 ± 0.04 1.88 ± 0.02 1.95 ± 0.023 

R2 ― 0.998 0.998 0.997 

Freundlich  

KF (mg/g)·(mg/L)n 4.81 ± 0.8 1.59 ± 0.3 1.52 ± 0.4 

n ― 0.6 ± 0.03 0.72 ± 0.03 0.70 ± 0.04 

R2 ― 0.988 0.993 0.988 

Redlich-Peterson  

KRP L/g 1.28 ± 0.024 0.49 ± 0.03 0.40 ± 0.02 

aRPx(10-5) (mg/L)-g 1.63 ± 0.46 3.31 ± 0.55 1.65 ± 0.34 

g ― 0.84 ± 0.1 1.25 ± 0.008 1.70 ± 0.31 

R2 ― 0.998 0.998 0.998 

Toth 

qm mg/g 447.26 ± 66.2 377.2 ± 23.75 240.21 ± 4.3 

KTx(10-3) L/mg 1.53 ± 0.08 1.65 ± 0.016 4.49 ± 0.004 

t ― 1.72 ± 0.28 1.26 ± 0.023 1.0 ± 0.13 

R2 ― 0.999 0.998 0.998 

Sips  

qms mg/g 302.37 ± 58.0 267.17 ± 38.71 212.81 ± 31.06 

KSx(10-3) L/g 2.64 ± 0.11 2.16 ± 0.006 2.62 ± 0.78 

m ― 0.85 ± 0.08 1.03 ± 0.003 1.1 ± 0.09 

R2 ― 0.997 0.998 0.997 
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The Langmuir isotherm model, which is based on the 

assumption of monolayer adsorption onto a surface with 

a finite number of identical and energetically equivalent 

adsorption sites, exhibited the highest correlation 

coefficients across all temperatures (R² = 0.997–0.998). 

This excellent fit implies that the MOBC surface behaves 

in a relatively homogeneous manner, and that the 

adsorption process reaches saturation when each 

adsorption site is occupied by a single TC molecule. The 

Langmuir maximum adsorption capacity was highest at 

25 °C (240.21 mg/g), with a slight decrease at elevated 

temperatures (222.23 mg/g at 65 °C). This inverse 

relationship between temperature suggests an 

exothermic adsorption process, further reinforcing the 

dominance of physisorption mechanisms such as 

electrostatic interactions, hydrogen bonding, and π–π 

interactions [75]. 

The Freundlich model, which assumes a 

heterogeneous surface with sites of varying adsorption 

energies and allows for multilayer formation, yielded 

comparatively lower correlation coefficients (R² = 0.988–

0.993) and n values less than 1. These n values, a measure 

of adsorption intensity, indicate less favourable 

adsorption and surface heterogeneity. The inadequacy 

of this model to fully capture the adsorption behaviour 

suggests that multilayer formation and significant 

energetic heterogeneity are not predominant in the TC–

MOBC system [76]. 

The Redlich–Peterson model, a hybrid isotherm 

combining elements of both Langmuir and Freundlich 

equations, provided an excellent fit to the experimental 

data (R² ≈ 0.998). The heterogeneity parameter g 

approached unity across all tested conditions, indicating 

that the model was effectively reduced to the Langmuir 

form. This convergence supports the conclusion that the 

surface is relatively homogeneous, and monolayer 

adsorption is the dominant mechanism [77]. 

Similarly, the Toth and Sips models, both extensions 

of the Langmuir model designed to accommodate 

surface heterogeneity, also produced near-perfect 

correlations (R² ≈ 0.998–0.999). Importantly, the t and m 

parameters, which quantify the deviation from ideal 

homogeneity, were close to 1, suggesting only minor 

surface heterogeneity and further confirming the 

pseudo-homogeneous nature of the MOBC. 

Figure 6. Isotherm models of TC adsorption at (a) 25 C, (b) 45 C, (c) 65 C (adsorption conditions: Initial TC concentration 5-800 mg/L, 2 g/L MOBC, 

25 mL, pH = 6.04, 2h) 
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These findings imply that, while some variability in 

adsorption energy exists, it is minimal and does not 

significantly impact the overall adsorption mechanism 

[78,79]. 

Taken together, the isotherm analysis clearly 

identified the Langmuir model as the most appropriate 

representation of the adsorption process, supporting the 

concept of monolayer adsorption onto a surface with 

relatively uniform energy sites. The high performance of 

the Redlich–Peterson, Toth, and Sips models 

corroborates this conclusion, indicating that the MOBC 

surface possesses quasi-homogeneous characteristics.  

In contrast, the relatively poor performance of the 

Freundlich model effectively rules out multilayer 

adsorption or highly heterogeneous surface interactions. 

From a materials science perspective, the magnetic 

functionalization of biochar not only increases its surface 

area but also appears to enhance the surface uniformity 

and accessibility of adsorption sites. This leads to more 

consistent interactions between the TC molecules and 

the MOBC surface, enabling more efficient and 

predictable adsorption. The dominance of physisorption 

also implies that desorption or regeneration of the 

adsorbent can be achieved under mild conditions, 

further supporting the practical applicability of MOBC 

in water treatment and pharmaceutical contaminant 

removal. 

3.5. Adsorption thermodynamics of TC 

To clarify the adsorption mechanism and spontaneity of 

TC uptake by MOBC, the key thermodynamic 

parameters were evaluated. These included standard 

enthalpy (ΔH°), entropy (ΔS°), and Gibbs free energy 

(ΔG°), calculated using the van’t Hoff equation (Table 4). 

The negative ΔH° value (-3.74 kJ/mol) confirms an 

exothermic process, suggesting that physisorption is 

dominated by van der Waals forces, hydrogen bonding, 

and electrostatic interactions [80,81]. The positive ΔS° 

(+47.25 J/mol·K) indicates increased disorder at the 

solid–liquid interface, likely due to desolvation effects 

and structural rearrangements [82]. ΔG° values were 

consistently negative across 298–338 K (−17.83 to 

−19.70 kJ/mol), confirming the spontaneous nature of 

adsorption [83]. Moreover, the increasingly negative 

ΔG° at higher temperatures reflects enhanced 

thermodynamic favourability, primarily owing to 

entropic contributions [84]. Overall, the data suggest that 

TC adsorption onto MOBC is spontaneous, exothermic, 

and entropy-driven, which is consistent with physical 

adsorption mechanisms and supports its potential in 

sustainable water treatment applications. 

3.6. Desorption/ recycling and real sample application 

Desorption and reusability are critical for evaluating the 

practical applicability of MOBC. Various eluents—ACN, 

HCl, NaOH, methanol, and ethanol—were tested, and 

NaOH exhibited the highest desorption efficiency (87%), 

as shown in Supplementary Table S1. This high 

desorption rate suggests that TC adsorption occurs 

mainly via weak van der Waals forces, in agreement 

with isotherm and thermodynamic findings.  

Reusability tests over four adsorption–desorption 

cycles (Fig. S2) showed a gradual decrease in 

performance, with approximately 50% removal 

efficiency maintained by the fourth cycle. The method’s 

reliability was confirmed using real water samples 

(distilled water, drinking water, tap water, and 

wastewater) spiked with TC at two concentrations. As 

presented in Table 5, the adsorption capacities in real 

matrices were comparable to that in distilled water, 

demonstrating MOBC effectiveness in complex 

environments. 

Adsorption studies conducted on real water samples 

revealed that the MOBC adsorbent exhibited high 

performance for tetracycline removal at a fixed dose of 2 

g/L. Tetracycline was added to all samples at initial 

concentrations of 10 mg/L and 20 mg/L, and the 

adsorption capacity was calculated. In the distilled water 

sample, qe values of 4.75 mg/g and 9.5 mg/g were 

obtained, respectively. These values were recorded as 4.6 

± 2 mg/g and 9.32 ± 1 mg/g in drinking water, and 4.42 ± 

1 mg/g and 9.27 ± 2 mg/g in tap water. In the wastewater 

sample, it was observed that it maintained its high 

performance even in complex matrix conditions with 

values of 4.25 ± 1 mg/g and 9.17 ± 2 mg/g. The obtained 

data showed that MOBC is an effective tetracycline 

remover that exhibits an adsorption capacity close to that 

of distilled water, even in matrices containing ionic 

components. This finding supports the potential for the 

broad use of MOBC in environmental applications. 

Table 4. Thermodynamic parameters of the adsorption process of TC 

by MOBC 

ΔH°(kj/mol) ΔS° (J/mol K) ΔG° (kj/mol) 

  298 K 313 K 328 K 

-3.74 47.25 -17.83 -18.77 -19.70 

     

Table 5. The adsorption capacity of TC on the MOBC adsorbent in the 

different water samples (n=3) 

Sample Spiked, mg/L Found, mg/g 

Distilled water 
10 4.75 ± 1 

20 9.5 ± 1 

Drinking Water 
10 4.6 ± 2 

20 9.32 ± 1 

Tap Water 
10 4.42 ± 1 

20 9.27 ± 2 

Waste Water 
10 4.25 ± 1 

20 9.17 ± 2 

(adsorption conditions: 10-20 mg/L TC, 2 g/L MOBC, 25 mL, pH = 6.04, 

2h) 
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4. Conclusion 

This study demonstrated the effective transformation of 

olive pomace into a functional adsorbent material 

through magnetic modification for the removal of 

tetracycline from aqueous environments. MOBC 

showed significantly enhanced adsorption capacity and 

kinetics compared to OBC, attributed to its increased 

surface area, pore structure, and surface functional 

groups. Adsorption experiments indicated that the 

process was best described by the Langmuir isotherm 

and pseudo-first-order kinetic models, with 

thermodynamic data confirming a spontaneous and 

exothermic mechanism predominantly governed by 

physisorption. The high desorption efficiency and 

consistent performance in real water samples further 

underscores the practical applicability of MOBC. These 

findings suggest that MOBC is a promising and 

environment-friendly adsorbent for the removal of 

pharmaceutical pollutants, contributing to the 

advancement of sustainable wastewater treatment 

strategies. 
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Supplementary 

Section 1   

Adsorption Kinetics and Isotherms models equations  

Pseudo-first-order kinetic model (Lagergren model): 

The rate of adsorption was assumed to be directly proportional to the number of unoccupied sites. 

 

𝒒𝒕 = 𝒒𝒆(𝟏 − 𝒆−𝒌𝟏𝒕)                                                                                                                                                                                           (𝟏) 

 

k1 (1/min) constant rate of pseudo-first order 

qe (mg/g) theoretical value of the adsorption capacity 

 

Pseudo-second-order kinetic model: 

This is based on the assumption that the rate-limiting step is chemisorption involving valence forces. 

 

 𝒒𝒕 =
𝒒𝒆

𝟐𝒌𝟐𝒕 

𝟏+ 𝒒𝒆𝒌𝟐𝒕
                                                                                                                                                                                                       (𝟐) 

 

k2 (g/(mg.min) constant rate of pseudo-second order 

qe (mg/g) theoretical value of the adsorption capacity 

 

Elovich model: 

It is applicable to heterogeneous surfaces and is often used in chemisorption. 

 

𝒒𝒕 =
𝟏

𝜷
𝒍𝒏(𝟏 + 𝜶𝜷𝒕)                                                                                                                                                                                         (𝟑) 

 

α (mg/g·min) is the initial rate constant;  

β (mg/g) is Elovich constant. 

 

Intraparticle diffusion model (Weber–Morris model): 

Assess whether intraparticle diffusion is the sole or multiple rate-limiting step. 

 

𝒒𝒕 = 𝒌𝒊𝒏𝒕𝒕𝟎.𝟓 + 𝑪                                                                                                                                                                                                (𝟒) 

 

kint (mg/g.min1/2) the rate constant for intra-particle diffusion,  

C signifies the boundary layer thickness. 

 

Each kinetic model was fitted to the experimental data using nonlinear regression methods and the best-fit model 

was selected based on the correlation coefficient (R²) values. 

 

Langmuir isotherm model: 

Assumes monolayer adsorption onto a surface with a finite number of identical sites. 

 

𝒒𝒆 =
𝒒𝒎𝑲𝑳𝑪𝒆

𝟏 + 𝑲𝑳𝑪𝒆

                                                                                                                                                                                                   (𝟓) 

qm (mg/g) maximum adsorption capacity;  

KL (L/mg) Langmuir constant. 
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Freundlich isotherm model: 

An empirical model describing adsorption on heterogeneous surfaces. 

 

𝒒𝒆 = 𝑲𝑭𝑪𝒆
𝒏                                                                                                                                                                                                           (𝟔) 

 

KF (mg/g)⋅(L/mg)n Freundlich constant;  

n Freundlich intensity parameter. 

 

Redlich–Peterson isotherm model: 

A hybrid isotherm incorporating both Langmuir and Freundlich characteristics. 

 

𝒒𝒆 =
𝑲𝑹𝑷𝑪𝒆

𝟏 + 𝒂𝑹𝑷𝑪𝒆
𝒈                                                                                                                                                                                                 (𝟖) 

 

KRP (L/g) and aRP (mg/L)-g Redlich–Peterson constant 

g heterogeneity factor. 

 

Toth isotherm model: 

The Toth isotherm model is an empirical extension of the Langmuir equation, which is designed to account for 

surface heterogeneity and to better fit the experimental data at higher adsorbate concentrations. 

 

𝒒𝒆 =
𝒒𝒎𝑲𝑻𝑪𝒆

(𝟏 + (𝑲𝑻𝑪𝒆)𝒕)𝟏/𝒕
                                                                                                                                                                                     (𝟗) 

 

where qT, KT, and t represent the Toth maximum adsorption capacity (mg g-1), Toth equilibrium constant (L mg-1), 

and the dimensionless index of the system heterogeneity, respectively. The value of t is constrained at ≤1 in the 

fitting, where the system is considered as heterogeneity if t <1, otherwise Langmuir model is recovered if t =1 

 

Sips isotherm model: 

Combines the features of the Langmuir and Freundlich isotherms, useful for heterogeneous systems at high 

concentrations. 

 

𝒒𝒆 =
𝒒𝒎(𝑲𝑺𝑪𝒆)𝒎

𝟏 + (𝑲𝑺𝑪𝒆)𝒎
                                                                                                                                                                                         (𝟏𝟎) 

 

qm (mg/g) maximum adsorption capacity;  

KS (L/g) Sips isotherm constant; m heterogeneity factor 

 

The isotherm parameters were determined by nonlinear regression using the experimental equilibrium data. The 

suitability of each model was evaluated based on the regression coefficients and error analysis metrics. 
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Figure S1. Images of (a) biochar (OBC) and (b) magnetic biochar (MOBC) samples 

 

Table S1. Desorption efficiency (%) of TC from the MOBC 

Desorption agents Desorption efficiency (%) 

ACN ― 

Methanol 10 ± 3 

Ethanol 20 ± 2 

0.5 M HCl 12 ± 2 

0.5 M NaOH 50 ± 3 

1 M NaOH 57 ± 2 

1.5 M NaOH 75 ± 4 

2 M NaOH 87 ± 3 

 

 

 

Figure S2. TC adsorption–desorption cycle on MOBC 
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