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Highlights 

•  KOH-activated carbon and BC showed BET surface areas of 829.76 m²/g and 258.72 

m²/g, respectively. 

• AC demonstrated strong potential for fluoroquinolone removal in wastewater 

treatment. 

• Adsorption capacity reached up to 147.68 mg/g for ciprofloxacin. 

• Competitive sorption affinities followed the order: CIP> ENR > LEV  

• DFT study revealed fluoroquinolone antibiotics adsorption mechanisms at the 

molecular level. 
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Abstract 

The presence of fluoroquinolone antibiotics in water bodies poses a significant 

environmental concern due to their persistence and potential ecological risks. This study 

explores the adsorption efficiency of BC and AC derived from lignocellulosic biomass for the 

removal of ciprofloxacin (CIP), levofloxacin (LEV), and enrofloxacin (ENR) from aqueous 

solutions. The results revealed that KOH activation significantly enhanced the surface area of 

AC (829.76 m²/g), compared to BC (258.72 m²/g), leading to a higher adsorption capacity. 

Adsorption kinetics were most accurately represented by the pseudo-second-order model, 

indicating that chemisorption is the primary mechanism in the adsorption process. 

Equilibrium data were fitted to both the Langmuir and Freundlich isotherm models, with the 

Langmuir model yielding the best fit, confirming monolayer adsorption. The maximum 

adsorption capacities (qm) obtained for AC were 147.68 mg/g for CIP, 134.29 mg/g for LEV, 

and 128.53 mg/g for ENR, highlighting the superior adsorption potential of AC compared to 

BC. Thermodynamic research found that the adsorption process was spontaneous and 

endothermic, with rising temperature favoring adsorption. Furthermore, the Elovich model 

provided additional insights into the heterogeneous nature of the adsorption sites and the 

strong affinity between the antibiotics and the adsorbent surface. The results demonstrate the 

high efficiency of AC in removing pharmaceutical pollutants, emphasizing its potential for 

application in wastewater treatment and environmental remediation. 

Keywords: Adsorption, Antibiotic, Biochar, DFT, Fluoroquinolones, kinetics. 

1. Introduction 

Water is an essential resource for sustaining life, driving economic development, and 

preserving ecological integrity. However, the growing contamination of aquatic environments 

by a wide range of pollutants poses serious threats to both environmental and human health 

[1]. Among these contaminants, antibiotics have garnered increasing attention due to their 

widespread use in human and veterinary medicine, as well as their persistence in the 

environment [2]. These pharmaceuticals can disrupt aquatic ecosystems and contribute to the 

emergence and spread of antimicrobial resistance, a pressing global health issue [3]. 

Fluoroquinolones are a commonly used class of antibiotics with broad-spectrum 

antibacterial properties. However, their widespread use and persistence in the environment 

result in their frequent occurrence and detection in wastewater, surface water, and even 

drinking water, which raises serious concerns about ecological health and antimicrobial 

                  



resistance. For example, research conducted in Fez, Morocco, discovered that surface water 

contained 438–1058 ng.L-1 of ciprofloxacin [4]. According to Gothwal & Shashidhar, the 

Musi River in India has elevated levels of ciprofloxacin, ofloxacin, norfloxacin, and 

enrofloxacin [5]. Arun et al. (2020) discovered fluoroquinolones in soil and sludge in 

Chennai, India, at levels of around 20 μg/g and 26 μg/g, respectively [6]. Ciprofloxacin, 

levofloxacin, and enrofloxacin were specifically selected for this study due to their 

widespread use in human and veterinary medicine [7], frequent detection in various aquatic 

environments [8,9], and differing chemical structures and degrees of degradation resistance 

[10,11], which together provide a representative basis for evaluating adsorbent performance. 

Unfortunately, conventional wastewater treatment processes are unable to completely remove 

fluoroquinolones, making it essential to investigate more effective and sustainable methods 

for their removal. Even at trace concentrations, the presence of fluoroquinolones in the 

environment can lead to serious ecological consequences, including the disruption of 

microbial communities and the promotion of antibiotic-resistant bacteria [9]. Conventional 

wastewater treatment methods, such as biological processes and chemical treatments, often 

fall short in effectively removing these persistent contaminants from water sources. 

Consequently, there is a growing need for more efficient and sustainable treatment 

technologies that can overcome the limitations of traditional methods [12]. 

Several methods have been employed to degrade fluoroquinolones, including advanced 

oxidation processes [13] and fungal bioremediation [14]. However, these approaches often 

face challenges, including the generation of toxic by-products [15] and the persistence of 

antimicrobial activity in the treated water [16].  In addition to these, alternative techniques 

such as membrane technology [10], adsorption [17], and coagulation-flocculation [18] have 

been explored, each with its unique advantages and challenges in the removal of 

fluoroquinolones. 

Among these, adsorption stands out due to its operational simplicity, cost-effectiveness, 

and high efficiency in removing a broad spectrum of pollutants [19,20]. Numerous studies 

have shown that adsorption is highly effective for removing organic pollutants, including 

synthetic dyes and antibiotics, using low-cost materials such as coconut-shell-derived 

activated carbon and carbon nanotubes [21,22]. The effectiveness of adsorption is heavily 

influenced by the characteristics of the adsorbent material, which plays a critical role in 

determining its capacity for contaminant removal. Various materials have been investigated as 

potential adsorbents, including graphene oxide [23], nano-hydroxyapatite [24], Clay-based 

                  



nanomaterials [25], metal–organic frameworks [26], and multi-walled carbon nanotubes [27]. 

However, the high cost of these materials, along with the toxic and flammable nature of some 

of their precursors, limits their practical application [28]. In recent years, biochar derived 

from various biomass sources has emerged as a crucial material for the removal of antibiotics 

from the environment. 

Biochar has proven to be a highly effective adsorbent for the removal of antibiotics, 

particularly due to its extensive surface area, porous structure, and robust interaction with 

organic contaminants [17]. These properties facilitate the efficient adsorption of substances 

like fluoroquinolones through various mechanisms, including hydrogen bonding, electrostatic 

interactions, π–π stacking, and hydrophobic effects, each of which plays a crucial role in the 

removal process. Furthermore, biochar is often modified with acids, bases, and oxidants to 

enhance the physicochemical features of its surface [29]. This modification further enhances 

its adsorption capacity, making biochar an even more efficient and versatile material for 

fluoroquinolones removal. In support of this, Genç and Dogan (2015) reported that activated 

carbon could achieve up to 87% removal of ciprofloxacin from aqueous solutions [30]. 

Similarly, Li et al. highlighted the effectiveness of biochar as a reliable adsorbent for 

antibiotic removal, underscoring its potential for efficient fluoroquinolone adsorption [31].  

Complementing experimental investigations, theoretical and computational modeling 

have become an indispensable tool for understanding the fundamental mechanisms of 

adsorption at the molecular level. Recent advancements in Density Functional Theory (DFT) 

and related methods allow researchers to predict the structural, electronic, and energetic 

interactions between adsorbents and contaminants. For instance, theoretical studies have been 

successfully applied to model the adsorption of various molecules on novel surfaces, predict 

binding energies, and analyze the electronic changes that govern the adsorption process 

[32,33]. This computational approach provides critical insights into non-covalent interactions, 

charge transfer, and molecular stability, which are essential for designing more effective 

materials, as demonstrated in fields ranging from pharmaceuticals to materials science 

[34,35]. By integrating these theoretical analyses, researchers can bridge the gap between 

observed performance and the underlying molecular phenomena, accelerating the 

development of next-generation adsorbents. 

Key parameters such as surface area, pore size, and pH of the adsorbent significantly 

influence the adsorption performance of these materials for fluoroquinolones. Understanding 

                  



these factors is critical for optimizing adsorption-based water treatment processes and 

enhancing the efficiency of antibiotic removal from contaminated water [36]. 

This study examines the potential of BC and AC, derived from olive mill solid waste 

(OMSW), for removing fluoroquinolones (levofloxacin, ciprofloxacin, and enrofloxacin) from 

polluted water. To enhance their adsorption capacity, biochar was chemically activated with 

potassium hydroxide (KOH) to produce activated carbon. Both BC and AC were extensively 

characterized using scanning electron microscopy (SEM) and Fourier transform infrared 

spectroscopy (FTIR). The adsorption efficiency of these materials was evaluated through 

various adsorption models, including pseudo-first-order, pseudo-second-order, and Elovich 

models, along with isotherm models such as Freundlich and Langmuir. Furthermore, the 

interaction between the adsorbents and fluoroquinolones was analyzed using DFT to better 

understand the underlying adsorption mechanisms. 

To the best of our knowledge, this is the first study to report the application of OMSW-

derived biochar for fluoroquinolone removal from water. By utilizing a sustainable biomass 

source, this research offers a novel and environmentally friendly solution to address 

pharmaceutical contamination in water systems. The findings highlight the potential of BC 

and AC as effective, cost-efficient materials for water purification, contributing valuable 

insights to the development of wastewater treatment technologies and the mitigation of 

pharmaceutical pollution. 

2. Materials and Methods  

2.1. Materials and chemicals 

Olive Mill Solid Waste was collected from the Marrakech province, Morocco, and used 

as the raw material for biochar preparation. Potassium hydroxide (KOH, ≥85%) was obtained 

from Sigma-Aldrich and used as an activating agent. Enrofloxacin (ENR) (C₁₉H₂₂FN₃O₃, 

purity >99.0%), Levofloxacin (LEV) (C₁₈H₂₀FN₃O₄, purity >99.0%), and Ciprofloxacin (CIP) 

(C₁₇H₁₈FN₃O₃, purity >99.0%) were purchased from Sigma-Aldrich (USA). Stock solutions of 

these pharmaceuticals were prepared in distilled water and stored at 4°C. 

2.2. Biochar Preparation 

Biochar was produced from OMSW using pyrolysis in a cylindrical reactor under 

controlled oxygen conditions, following the procedure outlined in Rabichi et al.[37]. A total 

of 35 kg of OMSW was processed in a nitrogen environment. The pyrolysis conditions were 

                  



optimized based on key factors, including residence time, temperature, and heating rate. A 

pyrolysis temperature of 585 ± 5°C, a residence duration of 90 minutes, and a heating rate of 

10°C/min were found to be the ideal parameters. After the pyrolysis process, the resulting 

biochar was thoroughly washed with distilled water to remove any residual impurities, 

ensuring high material purity. This washing step is essential to prevent any contaminants from 

interfering with subsequent adsorption experiments. 

2.3. Biochar Activation 

To improve the adsorption capacity of the biochar, a chemical activation process was 

performed using KOH, following the methodology described in Rabichi et al. [37]. The 

activation process involves impregnating the biochar with KOH in a 1:1 mass ratio, stirring 

the mixture for 2 hours at 60°C, and heating it to 110°C to facilitate water evaporation. The 

biochar was then subjected to thermal activation at 700 ± 2°C for 30 minutes under a nitrogen 

flow (100 mL/min) to ensure an inert atmosphere and prevent oxidation. This activation 

process developed the biochar’s porous structure, which enhances its surface area and 

adsorption efficiency. After activation, the biochar was washed with distilled water until it 

reached a neutral pH (pH=6), then dried and stored for subsequent use in adsorption 

experiments. 

2.4. Analytical Methods 

The elemental composition of carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) in 

the biochar samples was analyzed using a Euro EA CHNSO Elemental Analyzer. Ash content 

was determined by gradually heating the samples from ambient temperature to 750°C at a 

controlled rate of 5°C/min, maintaining this temperature for 6 hours, and then cooling to 

105°C, following ASTM Standard D1762-84. The volatile matter content was measured by 

heating pre-dried biochar samples at 105°C in covered crucibles within a furnace preheated to 

950°C, as per ASTM Standard D1762-84. 

Fourier Transform Infrared Spectroscopy (FTIR) was conducted using a Bruker 

VERTEX 70 spectrometer to identify functional groups in biochar and activated carbon 

samples. Spectra were recorded within the 400–4000 cm⁻¹ range using the potassium bromide 

(KBr) pellet technique. The materials' surface morphology and elemental composition were 

examined through field emission scanning electron microscopy (FESEM, VEGA3 LMU), 

coupled with an energy-dispersive X-ray (EDX) analyzer. 

                  



3. Results and discussion 

3.1. Biomass characterization  

Thermogravimetric analyses (TGA/DTA) carried out under an inert atmosphere (N₂) 

were used to evaluate the pyrolytic behavior of the selected precursors (Fig.1). Biomass 

combustion can be divided into three phases. During the first stage, the adsorbed water is 

evaporated, and the organic matter decomposes into lower molar mass intermediates, 

releasing volatile gaseous compounds [38]. The intermediates then decompose further to form 

other volatile species, tar, and char during the second phase. 

The thermal decomposition of olive pomace occurs in three distinct stages. The first 

stage, known as the dehydration phase, takes place at low temperatures, from room 

temperature up to approximately 115 °C, and is primarily characterized by the loss of 

moisture in various forms, resulting in a weight loss of about 3% as shown by the TGA curve. 

The second stage, or rapid weight loss phase, spans from 160 to 350 °C and corresponds to 

the significant thermal degradation of organic components, particularly hemicellulose and 

cellulose, as well as the distillation of tars. During this phase, a substantial weight loss of 

around 60% is observed. The DTA curve shows two distinct peaks at 270 and 320 °C, 

associated with the decomposition of hemicellulose and cellulose, respectively. The final 

stage, the slow weight loss phase, occurs above 400 °C and extends up to 800 °C, reflecting 

the gradual degradation of lignin. This slow breakdown promotes the recombination of 

chemical structures, leading to the formation of a stable carbonaceous matrix a critical step in 

the production of activated carbon and biochar [39]. 

3.2. Adsorbents characterization 

3.2.1. Features and XRD of Biochar and activated carbon 

The FTIR spectra of BC and AC revealed significant differences in their surface 

functionalities, reflecting the structural modifications induced by pyrolysis and chemical 

activation. As shown in Fig. 2, a broad absorption around 3400 cm⁻¹ is attributed to O–H 

stretching from hydroxyl-containing groups and adsorbed water, confirming the hydrophilic 

nature of BC [40]. Weak absorption bands in the 3000–2800 cm⁻¹ range correspond to the 

symmetric and asymmetric stretching vibrations of aliphatic C–H groups. A pronounced peak 

around 2370 cm⁻¹ is assigned to O–C=O stretching, suggesting ester formation due to 

interactions between carboxylic and phenolic groups in the precursor. Notably, the peak 

around 1740 cm⁻¹, which intensifies with higher KOH activation, is associated with C=O 

                  



stretching from ester or carboxylic acid group, indicating an increased concentration of 

oxygenated functionalities. This increase in oxygenated functional groups is primarily due to 

the KOH activation process, which promotes the formation of surface oxygen functionalities 

such as carboxyl, carbonyl, and hydroxyl groups by etching the carbon matrix and introducing 

defects [41–43]. Thorough washing with distilled water ensures the removal of residual 

activating agents, minimizing contamination. Similar observations have been reported in the 

literature, confirming that chemical activation effectively enhances surface oxygen content, 

thereby improving adsorptive interactions with polar pollutants [44,45]. The spectral region 

between 1720–1018 cm⁻¹ exhibits typical bands of carbonyl groups and aromatic C=C 

stretching, suggesting the presence of lignin- and cellulose-derived structures. These findings 

indicate a progressive reduction in functional group diversity after activation, with AC 

retaining mainly C=O, C–C, and hydroxyl groups as confirmed by CHN elemental analysis. 

The enrichment of oxygen-containing groups upon activation contributes to enhanced 

adsorption properties, making both materials promising for pollutant removal applications 

[46,47]. 

X-ray diffraction analysis was conducted to evaluate the structural order of the samples, 

as illustrated in Fig. 3. The lack of sharp diffraction peaks indicates that both activated carbon 

and biochar possess predominantly amorphous structures. However, some broad peaks were 

identified around 2θ = 24.43°, 43.57°, and 44.69°, which correspond to the (002), (100), and 

(101) crystallographic planes, respectively. These reflections are typically associated with the 

stacking and lateral dimensions of aromatic carbon layers, suggesting the presence of 

disordered graphitic domains within the carbon matrix [48]. 

3.2.2. Proximate analysis  

The proximate analysis of BC and AC was conducted to evaluate their potential for 

adsorption applications, particularly on key components such as fixed carbon, volatile matter, 

and ash content. These parameters are critical in determining the material’s stability, 

adsorptive capacity, and overall effectiveness in environmental remediation [49]. Biochar 

demonstrated a fixed carbon content of 82.15%, indicating a significant amount of 

carbonaceous material, essential for adsorptive interactions. In comparison, activated carbon 

exhibited a notably higher fixed carbon content of 93.70%. This factor enhances its adsorption 

performance due to more available active sites for adsorbing organic contaminants  [50]. The 

low ash content of 4.92 % for BC, and 6.06% for AC in both adsorbents suggests minimal 

inorganic impurities. Meanwhile, the volatile matter was significantly reduced in AC (0.24%) 

                  



compared to BC (12.93%), which enhances the thermal stability and adsorption efficiency of 

the material. These results suggest that AC, with its lower volatile matter and higher fixed 

carbon content, exhibits superior adsorption potential due to its enhanced porosity and 

stability [37,51,52]. 

3.2.3. Elemental analysis   

Significant compositional changes were observed between BC and BC following KOH 

activation, particularly in carbon, oxygen, and hydrogen content. Biochar exhibited a high 

carbon content (90.12%), reflecting a well-structured carbonaceous matrix with minimal 

oxidation. After KOH activation, carbon content slightly decreased to 85.22%, indicating 

partial oxidation and the formation of new functional groups. These findings are consistent 

with previous findings, such as the study on bamboo-derived biochar, where carbon content 

dropped from 90% to 80.49% following KOH treatment, attributed to the consumption of 

carbon fragments during activation [53]. Concurrently, oxygen content increased from 6.57% 

to 12.90%, comparable to the increase from 4.98% to 9.07% reported by Lü et al. [54], 

enhancing hydrophilicity and adsorption potential through the incorporation of oxygenated 

functionalities. The reduction in hydrogen content from 2.00% to 1.35% aligns with previous 

studies, indicating dehydrogenation and the release of volatile compounds during thermal 

activation [55]. These modifications enhance porosity and surface reactivity, improving 

activated carbon’s efficiency in adsorption and environmental remediation applications [56]. 

3.3. Surface area, pore volume  

To examine the surface morphology, biochar and KOH-activated carbon were analyzed 

using scanning electron microscopy. Fig.4 shows that biochar has a smooth surface with 

minimal porosity, corresponding to its BET surface area of 258.72 m²/g, indicating a less 

developed pore network. In contrast, AC-KOH displays a highly porous structure with well-

defined cavities, matching its higher BET surface area of 829.76 m²/g. This suggests that 

KOH activation significantly enhances porosity, creating a more interconnected pore network. 

The increased surface area and porosity of AC-KOH make it more suitable for adsorption 

applications, allowing better capture of contaminants [57]. These findings align with 

previously reported studies demonstrating that chemical activation, particularly with KOH, 

facilitates the formation of micropores and mesopores, thereby improving the textural and 

functional properties of biochar-based adsorbents [47,58,59]. 

                  



3.4. Kinetics study for adsorption of CIP, LEV, and ENR  

Adsorption kinetics are crucial for understanding the adsorption mechanisms and 

optimizing treatment processes for practical applications, ensuring both efficiency and cost-

effectiveness. Therefore, three kinetic models—pseudo-first-order (PFO), pseudo-second-

order (PSO), and Elovich were employed to describe the adsorption behavior of CIP, LEV, 

and ENR onto biochar and activated carbon. 

The adsorption kinetics of CIP, LEV, and ENR onto activated carbon and biochar 

exhibit significant variations, as illustrated in Figure 3. The adsorption capacities differ 

between AC and BC, with AC consistently demonstrating superior performance due to its 

higher porosity and active surface sites. The kinetic data indicate that adsorption occurs 

rapidly in the initial stages, with equilibrium reached within 50 to 100 min. This rapid uptake 

suggests that surface interactions dominate the early adsorption phase before intraparticle 

diffusion becomes more significant. The rapid removal of CIP, LEV, and ENR during the 

initial 50 minutes of the reaction was attributed to the high availability of active adsorption 

sites on the surface of biochar and activated carbon. Beyond this period, the removal rate 

slowed as the adsorption sites became occupied, with CIP, LEV, and ENR particles filling the 

pores of the biochar and activated carbon, thereby reducing the number of accessible active 

sites [60,61]. 

While pH is a critical parameter governing both adsorbent surface charge and 

fluoroquinolone speciation, all experiments in this study were intentionally conducted at the 

natural, unadjusted pH of the antibiotic solutions (~6.8-7.2). This approach was chosen for 

two key reasons: first, it closely simulates the conditions of real-world wastewater and surface 

water systems; and second, this near-neutral range is optimal for adsorption onto 

carbonaceous materials [62–64]. At this pH, fluoroquinolones exist predominantly as 

zwitterionic species, which maximizes their removal via non-electrostatic mechanisms such as 

hydrophobic interactions, π–π stacking, and hydrogen bonding [65]. This methodology 

ensures our findings reflect the practical adsorption potential under environmentally relevant 

conditions [66–68].  

The fitted kinetic parameters (Table 1 and Fig.5) reveal that the pseudo-second-order 

(PSO) model provides a better fit for all adsorption processes, as evidenced by the higher 

correlation coefficients (R² > 0.99) and the close agreement between the experimental (qexp) 

and calculated adsorption capacities (qe,cal). For instance, for CIP adsorption onto AC, the 

experimental adsorption capacity (qexp = 51.01 mg/g) closely matches the PSO-calculated 

                  



value (qe,cal= 52.70 ± 1.64 mg/g) with an R² of 0.9805, whereas the pseudo-first-order (PFO) 

model provides a slightly lower fit (R² = 0.9372). Similarly, for BC, the qexp of CIP (31.63 

mg/g) aligns better with the PSO prediction (qe,cal= 41.38 ± 1.57 mg/g, R² = 0.9931) compared 

to the PFO model (qe,cal= 32.30 ± 0.43 mg/g, R² = 0.9980), confirming that chemisorption 

plays a dominant role in the adsorption mechanism [69]. 

For LEV adsorption, AC exhibits a qexp of 28.29 mg/g, which is well-predicted by the 

PSO model (qe,cal= 28.63 ± 0.47 mg/g, R² = 0.9935), while BC shows a lower adsorption 

capacity (qexp = 13.20 mg/g) with PSO-predicted values of qe,cal = 15.79 ± 0.47 mg/g and R² = 

0.9920. Similarly, ENR adsorption onto AC follows the PSO model with qexp = 44.28 mg/g 

and qe,cal = 45.18 ± 0.53 mg/g (R² = 0.9962), whereas for BC, the experimental capacity (qexp 

= 18.64 mg/g) aligns well with the PSO prediction (qe,cal = 19.80 ± 0.34 mg/g, R² = 0.9918). 

These results reinforce the conclusion that adsorption onto AC follows a chemisorption-

dominated pathway. 

The Elovich model provides additional insights into adsorption kinetics, particularly in 

describing heterogeneous surface interactions (Table 2). The initial adsorption rate (α) is 

significantly higher for AC (7.251 ± 0.798 mg/g·min for CIP, 6.178 ± 1.140 mg/g·min for 

LEV, and 15.367 ± 5.348 mg/g·min for ENR) compared to BC (0.679 ± 0.105 mg/g·min for 

CIP, 0.544 ± 0.116 mg/g·min for LEV, and 7.535 ± 4.261 mg/g·min for ENR). This confirms 

that AC provides a more reactive surface for antibiotic adsorption. Moreover, the β parameter, 

which indicates surface coverage and desorption potential, is lower for CIP and ENR on AC 

(0.102 ± 0.004 g/mg and 0.138 ± 0.012 g/mg, respectively) than on BC (0.086 ± 0.009 g/mg 

and 0.322 ± 0.044 g/mg, respectively), suggesting a more stable adsorption process with 

reduced desorption tendencies on AC [70]. 

In all cases, adsorption equilibrium was achieved within 50 to 100 minutes, depending 

on both the adsorbent and the antibiotic. Specifically, CIP adsorption reached equilibrium at 

approximately 100 minutes for both AC and BC, LEV stabilized between 80 and 100 minutes, 

and ENR exhibited the fastest kinetics, achieving equilibrium within 60 to 80 minutes. AC 

consistently showed a faster and more efficient adsorption process compared to BC, which 

can be attributed to its higher surface area, greater pore volume, and richer surface 

functionality. This is reflected in the higher kinetic rate constants and adsorption capacities 

obtained with AC. For instance, the pseudo-second-order rate constant (k₂) for ENR was 

0.002 g·mg⁻¹·min⁻¹ on AC, compared to 0.0005 g·mg⁻¹·min⁻¹ on BC, indicating a faster 

adsorption rate. Similarly, the initial adsorption rate (α) derived from the Elovich model was 

                  



significantly higher for AC than BC across all three antibiotics. These findings underline the 

superior performance of AC in terms of both adsorption rate and capacity. The close 

agreement between experimental (qe,exp) and model-predicted values (qₑ,cal), along with high 

R² values (≥ 0.98), confirms the robustness of the kinetic models applied.  

The adsorption capacities of the synthesized AC for CIP (51.01 mg/g), LEV (28.29 

mg/g), and ENR (44.28 mg/g) fall within the range reported for commercial activated carbons 

(CACs), which typically vary from 10 to over 200 mg/g depending on material and conditions 

[71–73]. In particular, Peñafiel et al. (2019) reported a maximum CIP adsorption capacity of 

50.12 mg/g for CACs, which closely aligns with our AC. Both materials reached equilibrium 

within 100 minutes and followed the pseudo-second-order (PSO) model with R2 > 0.98, 

indicating chemisorption as the dominant mechanism. Notably, the PSO kinetic constant (K2) 

for our AC (0.01 g·mg-1·min-1) is more than twice that reported for CACs (0.0045 g·mg-

1·min-1), indicating a faster adsorption rate and enhanced surface reactivity of the synthesized 

material [74]. These results suggest that the bio-based AC not only competes with CACs in 

performance but also offers a sustainable and cost-effective solution for fluoroquinolone 

removal in aqueous systems. 

Overall, the kinetic analysis confirms that AC exhibits superior adsorption performance 

due to its higher surface area and functional group availability. The strong agreement between 

experimental and model-predicted values further supports the applicability of the PSO model, 

indicating that chemisorption governs the adsorption process involved hydrogen bonding and 

π-π interactions [69,75]. The Elovich parameters reinforce that AC provides a more favorable 

adsorption environment, with higher adsorption rates and stronger adsorbate-adsorbent 

interactions. These findings highlight the efficiency of AC for fluoroquinolone removal and 

suggest its potential as a high-performance adsorbent in wastewater treatment applications. 

3.5.  Adsorption isotherm of CIP, LEV, and ENR  

The adsorption equilibrium data for CIP, LEV, and ENR onto AC and BC were 

analyzed using the Langmuir and Freundlich isotherm models, as summarized in Table 3 and 

illustrated in Fig. 6. The results indicate that the Langmuir model provided a better fit for 

most adsorption processes, particularly for CIP adsorption on AC (R² = 0.9934) and BC (R² = 

0.9834), suggesting a monolayer adsorption mechanism. Similarly, the Langmuir model 

exhibited strong correlations for ENR adsorption on AC (R² = 0.9884) and BC (R² = 0.9862), 

as well as LEV adsorption on AC (R² = 0.9825) and BC (R² = 0.9809) [37]. 

                  



Several studies in the literature have widely applied the Langmuir and Freundlich 

isotherm models to evaluate the adsorption performance of biochar-based materials. For 

example, Hamadeen and Elkhatib [76] investigated the CIP using biochar derived from 

pomegranate peel. The biochar was produced via pyrolysis at 800 °C for 2 hours with H₃PO₄ 

(85%) as the activating agent. The Langmuir model provided the best fit for the experimental 

data, yielding a qm of 142.86 mg.g⁻¹. The authors highlighted the effectiveness and eco-

friendly nature of the adsorbent in treating pharmaceutical-contaminated water. Similarly, 

Kong and al. [77] produced magnetic biochar from medicinal plant biomass through pyrolysis 

at 700 °C for 3 hours. The resulting material also followed Langmuir behavior in CIP 

adsorption, with a reported qm of 68.9 ± 3.23 mg.g⁻¹ at pH 6. Furthermore, Aline and all. [78] 

demonstrated the efficiency of hydrochar (HC-150) and pyrochar (PC-500) for the adsorption 

of fluoroquinolone antibiotics, including ciprofloxacin, enrofloxacin, and norfloxacin. The 

Langmuir model effectively described their adsorption isotherms, with HC-150 achieving qm 

values of 95, 164, and 99 mg.g⁻¹, respectively. In contrast, PC-500 exhibited lower adsorption 

capacities (57, 12, and 20 mg g⁻¹ for CIP, ENR, and NOR, respectively). Although PCA-500 

showed an improvement over PC-500, its performance was still lower than that of HC-150, 

highlighting the influence of preparation methods and surface chemistry on adsorption 

efficiency. 

Comparing adsorption capacities, activated carbon exhibited superior performance, with 

significantly higher maximum adsorption capacities (qm) for all three pollutants compared to 

biochar. Among the three antibiotics, CIP demonstrated the highest adsorption capacity on 

AC (147.68 mg/g, R² = 0.9934), followed by ENR (101.81 mg/g, R² = 0.9884) and LEV 

(64.64 mg/g, R² = 0.9825). Similarly, for biochar, CIP exhibited the highest adsorption 

(112.33 mg/g, R² = 0.9834), whereas ENR (52.54 mg/g, R² = 0.9862) and LEV (72.93 mg/g, 

R² = 0.9809) showed lower values, highlighting the stronger affinity of CIP for both 

adsorbents. The higher KL values obtained for ENR and LEV on AC indicate stronger 

binding affinities compared to biochar, which can be attributed to the greater surface area and 

porosity of AC [79]. 

Fig.6 further supports these findings, as the experimental data closely align with the 

Langmuir model (solid lines), particularly for CIP, reinforcing the monolayer adsorption 

behavior. The Freundlich model (dash lines) provided a reasonable fit for LEV and ENR 

adsorption on BC, with correlation coefficients R² = 0.9576 for LEV and R² = 0.9431 for 

ENR, indicating surface heterogeneity and multilayer adsorption. For CIP adsorption on BC, 

                  



the Freundlich model showed R² = 0.9493, further supporting the contribution of surface 

heterogeneity to adsorption mechanisms. The Freundlich constant KF values were higher for 

AC than for BC, further confirming its enhanced adsorption capacity [80]. 

The initial pollutant concentration significantly influences the adsorption performance 

and determines the overall treatment cost. Therefore, the effect of initial CIP, LEV, and ENR 

concentrations on adsorption capacity was examined by varying the initial concentrations 

while maintaining a fixed pH, adsorbent dosage, and temperature. The adsorption capacities 

increased with increasing pollutant concentrations due to a greater driving force that 

overcame mass transfer resistance, facilitating adsorbate diffusion onto the adsorbent surface. 

However, the removal efficiency decreased at higher concentrations, as the number of 

available active sites became limited. This trend was particularly evident for CIP adsorption 

onto biochar, where the removal efficiency dropped as the concentration increased. A similar 

trend has been reported in other studies, highlighting the impact of adsorbent saturation at 

elevated pollutant concentrations [61,81].  

Moreover, analyzing adsorption isotherms is essential for optimizing the design and 

operation of adsorption-based treatment systems. The experimental data were fitted to 

Langmuir and Freundlich models, confirming that CIP, LEV, and ENR adsorption was 

primarily monolayer-dominated on AC (as indicated by higher Langmuir R² values), while 

BC exhibited more heterogeneous adsorption behavior (with better Freundlich model fits). 

The strong correlation with the Langmuir model for CIP adsorption onto AC (R² = 0.9934) 

further 

r highlights its potential for efficient antibiotic removal from aqueous solutions. 

3.6. Analysis of theoretical study  

Using theoretical Density Functional Theory (DFT), the adsorption characteristics of 

ciprofloxacin, levofloxacin, and enrofloxacin on biochar and activated carbon were further 

investigated. The electrical and molecular properties of these fluoroquinolones were the main 

focus of the investigation. To guarantee a complete knowledge of the behavior of the CIP, 

LEV, and ENR molecules in this work, the geometric optimization of these compounds was 

accomplished using the B3LYP technique and evaluated using the 6-31G(d,p) basis set [47]. 

Table 4 displays the estimated values for the electronic molecular descriptors. The 

regions of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) are highlighted in Fig. 8, which displays the revised structures of CIP, LEV, 

                  



and ENR. These chemical orbitals show the most reactive centers that can interact with the 

biochar surface through donor-acceptor mechanisms. According to the electron density 

distribution in HOMO and LUMO, CIP, LEV, and ENR molecules will most likely align 

parallel when adsorbed on activated carbon or biochar surfaces. Understanding atomic-level 

chemical reactivity is greatly enhanced by molecular orbitals, which are crucial descriptors for 

characterizing a variety of chemical interactions. 

The estimated energy values for CIP, LEV, and ENR provide insights into their 

electronic behavior. The HOMO energy levels (EHOMO) indicate the ability of these molecules 

to donate electrons, while the LUMO energy levels (ELUMO) represent their potential to accept 

electrons. LEV exhibits the lowest EHOMO (-5.5552 eV) and ELUMO (-1.2354 eV), 

indicating that it has a lower tendency to donate electrons and a higher potential for electron 

acceptance compared to CIP and ENR. The HOMO-LUMO energy gap (ΔE) is a crucial 

parameter that determines molecular reactivity, with smaller values corresponding to higher 

reactivity. Among the three fluoroquinolones, LEV has the largest energy gap (4.3198 eV), 

followed by ENR (4.2629 eV) and CIP (4.2477 eV), suggesting that CIP is slightly more 

reactive than the other two molecules [82,83]. 

The electrophilicity index (ω) values further support the classification of these 

fluoroquinolones as strong electrophiles. LEV has the highest ω value (2.6687 eV), followed 

by ENR (2.4283 eV) and CIP (2.4167 eV). This suggests that LEV has the highest tendency 

to accept electrons, making it more likely to interact with electron-donating surfaces, such as 

biochar and activated carbon. The chemical hardness (η) values reveal that LEV (2.1599 eV) 

is slightly harder than CIP (2.1239 eV) and ENR (2.1315 eV), which implies that CIP and 

ENR are more reactive due to their relatively lower hardness values. Softness (S) is an inverse 

measure of hardness and indicates the ease with which a molecule can undergo electron 

density changes. CIP (0.4708 eV) has the highest softness value, followed by ENR (0.4689 

eV) and LEV (0.4630 eV), further confirming that CIP has the highest reactivity. The 

nucleophilicity index (N), which measures the ability of a molecule to donate electrons, 

follows the order CIP (4.0422 eV) > ENR (4.0207 eV) > LEV (3.8133 eV), indicating that 

CIP is the strongest nucleophile among the three fluoroquinolones. The dipole moment, an 

important parameter for understanding molecular polarity and interaction strength with polar 

surfaces, is highest for CIP (10.2034 Debye), followed by ENR (10.1336 Debye) and LEV 

(7.0982 Debye). This suggests that CIP and ENR exhibit stronger interactions with polar 

adsorbent surfaces compared to LEV [84]. 

                  



The molecular electrostatic potential (MEP) analysis, shown in Fig. 7, provides a visual 

representation of molecular polarity and reactive sites. Areas with high negative charge, 

indicated by red regions, are more susceptible to electrophilic attacks, while regions with high 

positive potential, shown in blue, highlight nucleophilic reactivity. These MEP maps reveal 

that the most negative regions are typically found around the carbonyl (−C=O) and carboxyl 

(−COOH) groups, suggesting their vulnerability to electrophilic interactions. Conversely, the 

hydroxyl (−OH) and amino (−NH) groups exhibit nucleophilic properties, which can 

influence the adsorption process [85]. 

Based on DFT calculations, levofloxacin exhibits lower reactivity due to its higher 

HOMO–LUMO energy gap. This theoretical prediction is fully consistent with our 

experimental results. The corrected data show that AC has a higher adsorption capacity for 

levofloxacin than BC, as reflected in the kinetic modeling results (Fig. 5a and 5b) and the 

adsorption isotherms (Fig. 6a and 6b). These findings confirm that the higher reactivity and 

surface properties of AC contribute more effectively to the adsorption of levofloxacin, in 

agreement with the DFT-based reactivity trends. In summary, the theoretical calculations 

align well with experimental adsorption trends, confirming that CIP exhibits the highest 

reactivity due to its lower energy gap, higher softness, and stronger nucleophilicity, followed 

by ENR and LEV. This study provides valuable insights into the adsorption mechanisms of 

fluoroquinolones on biochar and activated carbon, aiding in the design of efficient adsorbent 

materials for pharmaceutical wastewater treatment. 

3.7. Adsorption mechanism  

The molecular structure of the fluoroquinolones, the properties of the adsorbents, and 

the adsorption circumstances are some of the elements that affect the adsorption of 

ciprofloxacin, levofloxacin, and enrofloxacin on AC and BC. Techniques like FTIR and SEM 

were used to examine the surface characteristics of AC and BC. Significant surface area and 

the presence of functional groups—such as hydroxyl (O–H), carbonyl (C=O), carboxyl (C–

COOH), and aromatic (C=C) groups—that are essential to the adsorption process were found 

by these investigations. As shown in Fig. 9, FTIR verified that the adsorbents have both basic 

and acidic functional groups. These functional groups on AC and BC facilitate the interaction 

between the fluoroquinolones and the adsorbent surface. The cationic fluoroquinolones (CIP, 

LEV, and ENR) and the negatively charged adsorbent surface interact electrostatically to 

promote the adsorption process. Enhancing the adsorption efficiency is also significantly 

influenced by the π-π interactions between the graphitic structure of the adsorbents and the 

                  



aromatic rings of the fluoroquinolones. By changing the π–π interactions, the electron-

withdrawing substituent groups on the fluoroquinolones can enhance the adsorption process. 

According to DFT simulations, functional groups like –OH and =O play a role in the 

adsorption processes, especially by encouraging hydrogen bonding interactions with the 

groups on the adsorbent surfaces that contain oxygen. The elimination of CIP, LEV, and ENR 

from aqueous solutions is made possible by these interactions [82,86,87]. 

The experimental data from kinetic studies further confirm that the adsorption of these 

fluoroquinolones follows a chemisorption mechanism. The kinetic analysis reveals that the 

adsorption process is not only controlled by physical interactions but also by the formation of 

chemical bonds between the fluoroquinolones and the functional groups on the adsorbent 

surfaces. This chemisorption mechanism is supported by the observation of slow adsorption 

rates, characteristic of the formation of stronger chemical bonds, which are consistent with the 

experimental findings. The elimination process of these fluoroquinolones is also influenced 

by solvent effects. Water molecules can form hydrogen bonds with surface oxygen groups, 

occupying active sites on the adsorbents and hindering the adsorption of the fluoroquinolones. 

The adsorption efficiency is significantly influenced by the amount of water adsorbed and the 

hydration level of the fluoroquinolones. The temperature, which impacts the hydration of the 

fluoroquinolone molecules, is a key factor in determining the extent to which these molecules 

interact with the adsorbent surfaces. Higher temperatures can increase the degree of 

hydration, which may obstruct adsorption by occupying active sites. In summary, the 

adsorption of CIP, LEV, and ENR on AC and BC is regulated by a combination of 

electrostatic interactions, π-π interactions, and hydrogen bonding between functional groups 

on the adsorbents and the fluoroquinolone molecules. The chemisorption mechanism, 

confirmed by kinetic studies, indicates the formation of chemical bonds between the 

fluoroquinolones and the adsorbents. Solvent effects and temperature further influence the 

adsorption process by altering the hydration and accessibility of active sites on the adsorbent 

surfaces. These findings provide valuable insights into the adsorption mechanisms, aiding in 

the optimization of adsorbent materials for the efficient removal of fluoroquinolones from 

wastewater. 

3.8. Reusability of AC and BC 

The regeneration performance of AC and  BC was evaluated over five successive 

adsorption–desorption cycles for the removal of CIP,  LEV, and  ENR, using 0.1 M NaOH as 

the regenerating agent [88]. The results revealed that AC exhibited superior stability and 

                  



reusability compared to BC across all tested antibiotics. After five cycles, the removal 

efficiency of AC decreased only slightly, maintaining 93.23 percent for CIP, 91.14 percent for 

LEV, and 89.85 percent for ENR, whereas BC showed a more pronounced decline, reaching 

88.78, 86.94, and 85.47 percent respectively. This difference can be attributed to the more 

developed porous structure and higher surface area of AC, which provides stronger and more 

resilient adsorption sites. The use of 0.1 M NaOH effectively disrupted the interactions 

between the antibiotics and the adsorbent surfaces, enabling efficient desorption and reuse. 

These findings demonstrate that AC, in combination with mild alkaline regeneration, offers a 

promising and sustainable solution for the repeated removal of fluoroquinolone contaminants 

from water. Many studies have reported that a 0.1 M NaOH concentration is optimal for the 

regeneration and removal of fluoroquinolone antibiotics from aqueous solutions. This 

concentration has been particularly effective when applied to alkali and bimetallic salts co-

hydrothermally modified sludge biochar. The use of 0.1 M NaOH facilitates the desorption of 

adsorbed antibiotic molecules by disrupting the interactions between the adsorbate and active 

sites on the biochar surface, thereby restoring its adsorption capacity. Furthermore, the mild 

alkalinity of this concentration ensures efficient regeneration without significantly degrading 

the structural integrity of the biochar, making it a practical and sustainable option for repeated 

use in water treatment applications. In one study, biochar regenerated using NaOH maintained 

stable and sustainable adsorption performance for ciprofloxacin, retaining up to 99.7% of its 

original efficiency after five regeneration cycles [88]. Additionally, another study 

demonstrated high reusability using 0.2 M NaOH in the fabrication of sustainable manganese 

ferrite–modified biochar derived from vinasse, which showed enhanced adsorption and 

regeneration performance toward fluoroquinolone antibiotics [89]. 

3.9. Economic and environmental viability of OMSW-derived biochar and 

Activated Carbon 

In addition to its excellent adsorption efficiency for fluoroquinolone antibiotics, the 

production of BC and AC from OMSW offers notable advantages in terms of cost-

effectiveness, scalability, and environmental sustainability. OMSW, an abundant and low-cost 

agro-industrial byproduct, aligns with circular economy principles and serves as an ideal 

precursor for sustainable adsorbent production. The activation method employed in this study-

KOH chemical treatment followed by thermal carbonization, is scalable and widely adopted 

in industrial practice. A recent systematic review on biomass-derived adsorbents reported that 

the production costs of activated carbon generally range between $1.40 and $2.90 per kg, 

                  



depending on the raw material and activation method, while still achieving excellent removal 

of antibiotics from water matrices [90]. Moreover, incorporating energy recovery systems and 

recycling chemical reagents can significantly reduce the environmental footprint of AC 

production. Altogether, these factors support the conclusion that OMSW-derived AC and 

biochar are not only technically effective but also economically and environmentally viable 

for real-world wastewater treatment applications. 

4. Conclusions  

This study highlights the effectiveness of lignocellulosic biomass-derived activated 

carbon for the removal of fluoroquinolone antibiotics from aqueous solutions. The 

experimental results confirm that KOH activation significantly enhances the textural and 

chemical properties of AC, leading to improved adsorption performance. Proximate analysis 

revealed that AC exhibited a high fixed carbon content (78.42%) and low ash content 

(6.78%), indicating its suitability for adsorption applications. Elemental analysis showed that 

the carbon content of AC increased to 86.51%, enhancing its adsorption potential. 

BET analysis demonstrated that AC achieved a significantly higher surface area (829.76 

m²/g) and total pore volume (0.589 cm³/g) compared to biochar, which had a lower surface 

area (258.72 m²/g). Adsorption kinetics analysis indicated that the pseudo-second-order model 

provided the best fit, with high correlation coefficients (R² > 0.98), confirming that the 

adsorption process was primarily governed by chemisorption. The adsorption equilibrium data 

followed the Langmuir isotherm model, suggesting monolayer adsorption on a homogeneous 

surface, with maximum adsorption capacities (qm) of 147.68 mg/g for ciprofloxacin, 134.29 

mg/g for levofloxacin, and 128.53 mg/g for enrofloxacin. The Freundlich model also 

exhibited good fitting, implying the presence of heterogeneous adsorption sites. 

Overall, this study demonstrates that AC is a highly efficient adsorbent for the removal 

of fluoroquinolone antibiotics, with demonstrated regeneration and reuse potential, 

highlighting its promise for sustainable wastewater treatment applications. Future research 

should focus on evaluating the performance of AC in real wastewater matrices to account for 

the influence of competing ions and organic matter, as well as optimizing large-scale 

application strategies. The promising outcomes reported by Hamadeen and Elkhatib (2022) 

[76], who demonstrated effective ciprofloxacin removal using similar carbon-based 

adsorbents in complex wastewater environments, further support the practical relevance of 

this approach. 
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Fig.1. DTA and TGA plots of olive pomace. 

                  



 

Fig. 2. FTIR spectrum of AC and BC. 

 

Fig. 3. XRD spectrum of AC and BC. 

                  



 

Fig. 4. SEM analysis of a) BC, and b) AC. 

 

 

 

Fig. 5. Adsorption kinetics of CIP, LEV, and ENR in (a) Activated carbon and (b) Biochar 

(dash lines: PFO model adjustment; solid lines: PSO model adjustment; dot: Elovich model 

adjustment).  

                  



 

 

Fig. 6. Adsorption isotherms of CIP, LEV, and ENR in (a) Activated carbon and (b) Biochar  

(solid lines: experimental data fit with Langmuir isotherm; dash lines: fit with Freundlich 

isotherm). 

 

Fig. 7. The representation the surface MEP of CIP, LEV, and ENR. 

                  



 

 

 

Fig. 8. The optimized structure of the CIP, LEV, and ENR molecules using DFT/B3LYP/6–

31G(d,p); and depict the HOMO and LUMO orbitals of CIP, LEV, and ENR. 

 

Fig. 9. Hypothesized adsorption mechanism of CIP, LEV, and ENR. 

 

Fig. 10. The regeneration cycle of adsorbents. 

 

                  



Table 1.  Kinetic modeling results for adsorption using PFO and PSO models. 

  

Adsorbent 

qexp  

(mg/g) 

qe, cal. k1 R2 qe, cal k2 R2 

(mg/g) (1/min) (mg/g) (g/mg min) 

CIP AC 51.01 47.53 ± 

2.13 

0.04 ± 

0.006 

0.9372 52.70 ± 

1.64 

0.001 ± 

1.56.10-4 

0.9805 

BC 31.63 32.30 ± 

0.43 

0.014 ± 

5.31E-4 

0.9980 41.38 ± 

1.57 

3.14.10-4 ± 

4.3.10-5 

0.9931 

LEV AC 28.29 25.95 ± 

0.92 

0.051± 

0.007 

0.9555 28.63 ± 

0.47 

0.002 ± 2.1.10-

4 

0.9935 

BC 13.20 13.25 ± 

0.16 

0.022 ± 

8.17.10-

4 

0.9973 15.79 ± 

0.47 

0.0015 ± 

1.8.10-4 

0.9920 

ENR AC 44.28 41.18 ± 

1.11 

0.065 ± 

0.0074 

0.9711 45.18 ± 

0.53 

0.002 ± 1.3.10-

4 

0.9962 

BC 18.64 18.17 ± 

0.28 

0,066 ± 

0.004 

0.9905 19.80 ± 

0.34 

0.005 ± 4.6.10-

4 

0.9918 

Table 2. The Elovich constants. 

Diffusion 

model 

   CIP LEV ENR 

 

 

Elovich 

 

BC 

α (mg/(g min)) 0.679 ± 0.105 0.544 ± 0.116 7.535 ± 4.261 

β (g/mg) 0.086 ± 0.009 0.262 ± 0.027 0.322 ± 0.044 

R2 0.9842 0.9749 2,65833 

 

AC 

α (mg/(g min)) 7.251 ± 0.798 6.178 ± 1.140 15.367 ± 5.348 

β (g/mg) 0.102 ± 0.004 0.203 ± 0,010 0.138 ± 0.012 

R2 0.9957 0.9905 0.9745 

 

Table 3. Langmuir and Freundlich isotherm models’ parameters for CIP, LEV, and ENR. 

Adsorbat

e 

Adsorben

t 

Langmuir Freundlich 

qm (mg/g

) 

KL (L/mg

) 

R2 n KF ((mg/g)(mg/L)
n) 

R2 

CIP AC 147.68 ± 

8.55 

0.018 ± 

0.002 

0.993

4 

0.59

4 ± 

0.05

6.45 ± 1.42 0.961

3 

                  



Adsorbat

e 

Adsorben

t 

Langmuir Freundlich 

qm (mg/g

) 

KL (L/mg

) 

R2 n KF ((mg/g)(mg/L)
n) 

R2 

4 

BC 112.32 ± 

4.27 

0.012 ± 

0.003 

0.983

4 

0.67

9 ± 

0.07

4 

2.81 ± 0.86 0.949

2 

LEV AC 72.93 

±5.02 

0.024 ± 

0.004 

0.982

5 

0.53

5 ± 

0.07

1 

4.11 ± 0.18 0.920

1 

  

BC 64.64 

±4.99 

0.007 ± 

0.002 

0.980

9 

0.77

3 ± 

0.07

9 

0.91 ± 0.03 0.9576 

ENR AC 101.81 

±6.19 

0.025 ± 

0.003 

0.988

4 

0.52

7 ± 

0,06

3 

6.79 ± 0.75 0.9325 

BC 52.54 

±4.58 

0.017± 

0.003 

0.986

1 

0.60

4 ± 

0.06

8 

2.16 ± 0.60 0.9431 

Table 4. Quantum chemical parameters of the studied CIP, LEV, and ENR. 

Expressions CIP LEV ENR 

EHOMO (eV) -5.3263 -5.5552 -5.3478 

ELUMO (eV) -1.0786 -1.2354 -1.0849 

∆E (eV) 4.2477 4.3198 4.2629 

Potentials µ (eV)= 
𝑬𝑯𝑶𝑴𝑶+𝑬𝑳𝑼𝑴𝑶

𝟐
 -3.2025 -3.3953 -3.2164 

Hardness η (eV)= EL-EH 2.12385 2.1599 2.13145 

Softness S (eV)= 
𝟏

𝜼
 0.4708 0.4630 0.4689 

Electrophilicity ω (eV)= 
µ𝟐

𝟐𝜼
 

2.4167 2.6687 2.4283 

Nucleophilicity N (eV)= EHOMO-EHOMO 

(T.C.E) 

4.0422 3.8133 4.0207 

dipole moment (Debye) 10.2034 7.0982 10.1336 
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