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Abstract 
 
The study focused on developing an innovative material for the 
adsorption of antibiotics in contaminated water. A biochar 
modified with titanium (Ti), iron (Fe), and europium (Eu) 
(Ti/Fe/Eu-Carbon) was synthesized to adsorb cephalexin (CEX) 
from aqueous solutions. The biochar was characterized using 
techniques such as SEM, EDS, and XPS, which confirmed the 

presence and energy states of Ti, Fe, and Eu. The material 
exhibited an impressive specific surface area of 232 m² g⁻¹ and a 
mesoporous structure. Adsorption experiments revealed that 
CEX adsorption occurs through both physisorption and 
chemisorption, achieving a maximum adsorption capacity of 600 
μg g⁻¹, compared to 90 μg g⁻¹ for unmodified biochar. Optimal 
adsorption conditions were identified at pH 7 and a temperature 
of 20°C, as the process was found to be exothermic and 

spontaneous. Furthermore, the material demonstrated reusability 
for up to eight cycles. 

 
 

Adsorption, Composite, cephalexin. 

 

Resumen 

 
El estudio se centró en el desarrollo de un material innovador 
para la adsorción de antibióticos en aguas contaminadas. Se 
sintetizó un biocarbón modificado con titanio (Ti), hierro (Fe) y 
europio (Eu) (Ti/Fe/Eu-Carbón) para adsorber cefalexina (CEX) 
de soluciones acuosas. El biocarbón fue caracterizado mediante 
técnicas como SEM, EDS y XPS, las cuales confirmaron la 
presencia y los estados energéticos de Ti, Fe y Eu. El material 

mostró una notable área superficial específica de 232 m² g⁻¹ y 
una estructura mesoporosa. Los experimentos de adsorción 
revelaron que la adsorción de CEX ocurre a través de procesos 
de fisisorción y químisorción, alcanzando una capacidad máxima 
de adsorción de 600 μg g⁻¹, en comparación con los 90 μg g⁻¹ del 
biocarbón no modificado. Las condiciones óptimas de adsorción 
se identificaron a pH 7 y a una temperatura de 20°C, ya que el 
proceso resultó ser exotérmico y espontáneo. Además, el 
material demostró ser reutilizable hasta en ocho ciclos. 
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Introduction 

 

In recent years, the use of antibiotics has 

increased significantly, leading to their presence 

as pollutants in rivers (Su et al., 2023), 

groundwater, lakes, wastewater (Durán-Álvarez 

et al., 2023), and, in some cases, drinking water 

(Wang et al., 2023). Excessive use of antibiotics 

results in the emergence of resistant bacteria 

(Jampani et al., 2024), and these substances can 

also be persistent, bioaccumulative, and toxic in 

the environment (Li et al., 2023).  

 

Despite their environmental impact, 

antibiotics are crucial for treating a wide range 

of infections caused by both Gram-negative and 

Gram-positive bacteria (Ali et al., 2023). Among 

the most used antibiotics is cephalexin, a β-

lactam derivative (Gou et al., 2021) used to treat 

urinary tract infections, respiratory tract 

infections, and other common bacterial 

infections (Bailey et al., 1970).  

 

Due to their presence in wastewater 

effluents, new methods are sought for their 

removal, including membrane bioreactors, 

phytoremediation, photodegradation, and 

adsorption, among others. However, adsorption 

has been extensively studied due to its ease of 

operation, low cost, and reusability. 

 

Among, the most efficient adsorbent 

materials are composites, which are matrices 

loaded with particles that enhance their physical 

and chemical properties (Wang et al., 2022). 

This is due to significant increases in surface 

area, stability, resistance, and thermal 

conductivity. Chemically modified biocarbons 

are used as composites, particularly those loaded 

with metal oxides and salts. 

 

 For example, the presence of iron (Fe2O4) 

and titanium (TiO2) oxides has been reported to 

facilitate the formation of oxygen-rich 

functional groups, leading to the creation of 

mesopores and an increased surface area (Liang 

et al., 2024; Nakarmi et al., 2022; Guo et al., 

2022). 

 

Lanthanide-based compounds have 

gained popularity in recent years due to their 

stability across various pH ranges and excellent 

chemical stability (Kajjumba et al., 2022).  

 

 

The presence of metal and lanthanide 

oxides has shown favorable results, as 

demonstrated by Gong et al. (2024), because 

they enhance pollutant retention through 

functional groups on the surface, improving 

adsorption capacity.  

 

Additionally, these compounds, when 

supported in small amounts on biocarbon, can 

achieve up to 98% efficiency due to the 

formation of active sites on the surface (Lan et 

al., 2022) which create new oxygen vacancies 

(Lin et al., 2018), particularly with europium due 

to its oxidation states (2+ or 3+).  

 

Due to their physical and chemical 

properties, binary and ternary metal oxide 

systems attract significant attention as potential 

agents for removing emerging contaminants (Lǚ 

et al., 2013).  

 

Consequently, metal and lanthanide 

oxide particles supported on biocarbon present a 

promising material for cephalexin removal due 

to their efficiency and low production cost. 

 

In this study, a composite with Ti, Fe, Eu 

particles supported on biocarbon was 

synthesized for the removal of cephalexin in 

aqueous phase, evaluating the effects of various 

parameters such as time, initial concentration, 

pH, and temperature. Its ease of preparation, 

combined with its versatility, offers significant 

advantages for future use in treating antibiotic-

contaminated waters. 

 

Methodology 

 

Materials 

 

To prepare the composite, preconditioned 

avocado pits were used along with the following 

reagents: HNO3 (J.T Baker®, 70%), NaOH 

(Fermont®), C2H6O (J.T Baker®, 99%), 

Ti[OCH(CH3)2]4 (Sigma-Aldrich®, 97%), 

Fe(NO3)3 · 9H2O (Sigma-Aldrich®, 98%), 

Eu(NO3)3 · 5H2O (Sigma-Aldrich®) and a 

Cephalexin standard (1000 mg L⁻¹) (Sigma-

Aldrich®), from which the solutions were 

prepared. 

 

Preparation of Ti/Fe/Eu-Carbon composite  

 

The avocado seeds were repeatedly washed with 

distilled water to remove impurities and then 

dried at room temperature for 72 h.  
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The dried seeds were ground and sieved 

to obtain a particle size of 0.83 mm. The 

powdered material was washed several times 

with hot water and then dried at 40°C for 24 h. 

 

To prepare the composite, 10 mL of 

C₂H₆O was added to a reactor and stirred 

continuously at 30°C. Gradually, 350 µL of a 

Ti[OCH(CH₃)₂]₄ solution was added dropwise. 

The mixture was stirred for 15 min at 70°C, after 

which 10 mL each of Fe(NO₃)₃·9H₂O and 

Eu(NO₃)₃·5H₂O solutions (0.03 M) were added.  

 

Finally, 3 grams of avocado seed powder 

were introduced into the reactor, which was then 

sealed and placed in a temperature-controlled 

shaking bath at 50°C for 12 h. After the reaction, 

the impregnated material was pyrolyzed at 

650°C for 3 h. The resulting composite was 

named Ti/Eu/Fe-Carbon. 

 

Morphological and Surface Characterization 

 

To analyze the morphology of the material, a 

JEOL® JSM-5900 LV scanning electron 

microscope was used, equipped with an 

OXFORD® INCAx-Act 51-ADD0013 probe for 

elemental analysis. This analysis was conducted 

across five different areas. 

 

The isoelectric point (IP) of the material 

was determined by placing 0.005, 0.05, 0.1, 0.15, 

0.25, 0.35, 0.45, 0.55, and 1 g of the material into 

polypropylene tubes, each containing 10 mL of 

deionized water at 25°C. The tubes were stirred 

continuously for 24 h. The pH was then 

measured in each tube using a HANNA 

Instruments® potentiometer, and the data were 

plotted. 

 

To determine the specific surface area, 

pore volume, and average pore size of the 

composite, a Belsorp Max III instrument was 

used in a nitrogen environment. The sample 

underwent a degassing pretreatment for 2 h at 

200°C using a Belpre II instrument. The density 

of active sites was assessed following the 

methodology reported by Hayes et al., (1991). 

 

Energy state analysis was performed 

using the Thermo Scientific K-Alpha X-Ray 

Photoelectron Spectrometer®, equipped with an 

Al (Kα) X-ray source. The instrument conducted 

10 scans per sample in normal lens mode, with 

an aperture size of 400 μm and a step size energy 

of 0.030 eV. 

Adsorption Experiments 

 

To assess the adsorption capacity of CEX for the 

composite, kinetic and adsorption isotherm 

experiments were also conducted with carbon 

without Ti/Fe/Eu, to use it as a blank (BC) and 

evaluate its contribution to the process. A 500 µg 

L⁻¹ solution of CEX was used, and the 

experiments were carried out using batch 

methodology, with CEX residues quantified 

using a Perkin Elmer® Lambda 35 UV-Vis 

spectrophotometer at λ = 250 nm. 

 

The CEX adsorption kinetics were 

studied using polyethylene tubes with 1 mg of 

material each and 5 mL of a CEX solution at 200 

µg L⁻¹. Experiments were conducted at different 

contact times: 5, 10, 30 min, 1, 2, 3, 6, 9, 12, 15, 

18, and 24 h. The tubes were agitated in a 

temperature-controlled shaking bath at 20, 30, 

and 40 °C and pH=7. The data obtained were 

fitted to the Lagergren, Ho-Mackay, and Elovich 

mathematical models. 

 

For the adsorption isotherms, the same 

conditions were used with different CEX 

concentrations (150, 160, 170, 180, 190, 200, 

220, and 240 µg L⁻¹), with agitation for 24 h at 

20, 30, and 40 °C and pH = 7. The data obtained 

were fitted to the Langmuir, Freundlich, and 

Temkin mathematical models. 
 

The adsorption capacity 𝑞𝑒  (µg g-1) was 

calculated using Equation 1. 

 

𝑞𝑒 =
(𝐶0−𝐶𝑒) 𝑉

𝑀
                                                 [1] 

 

Where 𝐶0 (µg L-1) (µg L⁻¹) is the initial 

concentration, and 𝐶𝑒 is the equilibrium 

concentration; 𝑀 (g) is the weight of the 

adsorbent material, and 𝑉 (L) is the volume of 

the solution.  
 

On the other hand, to evaluate the 

adsorption capacity of the materials as a function 

of pH, polypropylene tubes were used. Each tube 

contained 1 mg of material and 5 mL of the CEX 

solution. The initial pH was adjusted by adding 

small volumes of HNO₃ and/or NaOH (0.1 M).  
 

The experiments were conducted across 

a pH range of 2 to 12 at 20, 30, and 40 °C, with 

continuous agitation for 24 h. Afterward, each 

tube was centrifuged at 2500 rpm for 3 min and 

the concentration was determined using UV-vis 

spectroscopy. 



4 

Journal of Systematic Innovation                                                                  8[22]1-16: e2822116 

Article 
 

 

ISSN: 2523-6784. 

RENIECYT-CONAHCYT: 1702902 

ECORFAN® All rights reserved. 

 

Gómez-Vilchis, J.C., García-Rosales, G., Lóngoria-Gándara, L.C. and 

Tenorio-Castilleros, D. [2024].  Innovative Ti/Fe/Eu-Carbon composite 

for Cephalexin adsorption. Journal of Systematic Innovation. 8[22]1-16: 

e2822116. 

https://doi.org/10.35429/JSI.2024.8.22.1.16 

 

To determine reuse cycles, regeneration 

tests were conducted by subjecting the adsorbent 

material to a desorption process for 1 h in an 

acidic medium (pH=2) using 0.1 M HNO₃. 

Subsequently, 1 mg of each material was 

reintroduced into a contaminant solution at 20 

°C and pH = 7, and this procedure was repeated 

until the minimum adsorption percentages were 

achieved. 

 

Results 

 

Characterization 

 

The characterization of the composite, presented 

in Fig. 1a, shows a structure with semicircular 

cavities approximately 40 µm in diameter, 

whose rough walls may facilitate the diffusion of 

contaminants within the material. This type of 

structure is relevant for applications where 

accessibility and distribution of the contaminant 

within the material are crucial, as the cavities can 

serve as sites for accumulation and adsorption. 

 

Within these cavities, as shown in Fig. 1b, 

there are small spherical particles with an 

average diameter of 1.8 ± 0.3 µm, forming 

clusters (Fig. 1c) with an elemental composition 

of C (77.82%), O (19.55%), Ti (0.89%), Fe 

(0.84%), and Eu (0.90%). These particles 

correspond to the titanium, iron, and europium 

oxides formed in the composite. The presence of 

these particles is consistent with findings 

reported by Fazal et al. (2020) and Viglašová et 

al. (2020), who observed similar morphologies 

in metal oxide compounds.  

 

This validates that the synthesis method 

used produces a material with the expected 

morphology and functionality for adsorption 

applications. Fig. 1d shows the effect of the CEX 

adsorption process on the Ti/Eu/Fe-Carbon 

composite. While the general morphology 

remains similar, deformation in the cavities is 

observed, with tighter folds in the walls. This 

deformation may result from the adsorption 

process, which could induce structural changes 

in the material. However, the persistence of the 

spherical particles ((C (82.36%), O (16.38%), Ti 

(0.35%), Fe (0.48%), and Eu (0.43%)) indicates 

that, despite the morphological changes, the 

fundamental characteristics of the composite 

remain intact. 

 

 

Regarding the elemental composition, 

the carbon (C) percentage increases from 

77.82% to 82.36% after adsorption, while the 

percentages of oxygen (O), titanium (Ti), iron 

(Fe), and europium (Eu) decrease. The increase 

in carbon content may be attributed to the 

adsorption of CEX on the material's surface, 

which raises the proportion of carbon in the 

elemental analysis. The decrease in other 

elements may reflect the specific interaction 

between the material and the contaminant, 

altering the relative proportions of the detected 

elements. This is consistent with findings by 

Nawas et al. (2023), which suggest that 

interactions between the material and the 

contaminant can alter the observed elemental 

composition. 

 

Box 1 

 
Figure 1 

a) Micrograph of Ti/Eu/Fe-Carbon; b) 

Formation of spherical particles; c) Particle 

size distribution; d) Post-adsorption of CEX 

 

The specific surface area of Ti/Eu/Fe-

Carbon, which is 232 m²/g, exceeds that reported 

for other biochars modified with iron and 

lanthanide oxides, as noted in the studies by Fan 

et al. (2021) and Yaghini & Faghihian (2020). A 

similar value is reported by Wang et al. (2023).  

This increase in surface area can be 

attributed to the presence of metal oxide 

particles in the material, which enhance the 

surface area due to increased dispersion and the 

formation of a more porous structure. 

Ti/Eu/Fe-Carbon is classified as 

mesoporous, with a pore diameter of 2.69 nm. 

According to IUPAC definitions, mesoporous 

materials have pore sizes ranging from 2 to 50 

nm (Mangeli et al., 2021). Additionally, the 

material has a pore volume of 0.1565 cm³ g-1.  
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The presence of mesopores in the 

material is beneficial for adsorption, as it 

facilitates greater contact between the material’s 

surface and contaminants, promoting better 

diffusion of these contaminants to the active 

surface. 

 

The number of active sites, calculated 

from the specific surface area, is 20 sites nm-², 

indicating a high density of available sites for 

adsorption. This value is crucial for assessing the 

material’s capacity to capture and retain 

contaminants. 

 

The isoelectric point (IP) of Ti/Eu/Fe-

Carbon was determined to be at a pH of 8. This 

pH is where the material’s charges are in 

equilibrium, meaning the material has no net 

charge. An IP of 8 is consistent with values 

reported for some biochars (D'Cruz et al., 2020). 

Below this pH, the material’s surface charge is 

positive due to an excess of [H+] ions, while 

above this pH, the charge is negative due to an 

excess of [OH-] ions.  

 

These results are similar to those reported 

by Chen et al. (2023) in a ternary Fe-Ca-La 

compound and Cheng et al. (2023) in a Ca-Al-

La compound. 

 

These findings are promising for the 

adsorption of CEX, as the chemical speciation of 

CEX varies with pH, which can influence its 

adsorption capacity on the material (Watanabe et 

al., 2010). The well-defined IP and high specific 

surface area make Ti/Eu/Fe-Carbon an effective 

candidate for adsorption applications, as it can 

adapt to pH changes and provide high adsorption 

capacity due to its mesoporous structure and 

high density of active sites. 

 

Adsorption experiments 

 

In Fig. 2a, the comparison between Ti/Eu/Fe-

Carbon and white Carbon (BC) shows a 

significant increase in adsorption capacity, rising 

from 90 to 560 µg L⁻¹. This substantial 

improvement suggests that the addition of 

Ti/Eu/Fe greatly enhances the adsorption 

efficiency of BC. This positive effect can be 

attributed to the presence of metal oxides, which 

appear to enhance the material's adsorptive 

properties. Fig. 2b presents the kinetic data for 

CEX adsorption onto the materials.  

 

The maximum adsorption capacity is 

achieved at 560 µg L⁻¹ at 20 °C. Adsorption 

efficiency is high from the first minutes of 

contact but decreases over time until equilibrium 

is reached in 1 h. This behavior is due to the 

progressive reduction in active sites (H⁺, OH⁻) 

on the materials and the decreasing 

concentration of CEX in the solution.  
 

The decrease in the adsorption rate over 

time indicates that the active sites become 

saturated with CEX molecules, leading to an 

equilibrium state (Mishra et al., 2023). This 

behavior is comparable to that observed in the 

adsorption of pharmaceuticals such as 

venlafaxine, trazodone, and fluoxetine using 

eucalyptus-derived biochar (Puga et al., 2022).  
 

The high initial adsorption rate is 

consistent with findings by Lu & Zhao (2024), 

who reported similar results using biochar 

derived from fish scales and pine needles for 

ciprofloxacin adsorption. 
 

It is also observed that the adsorption 

capacity decreases with increasing temperature, 

suggesting that the adsorption process is 

exothermic. This phenomenon may be explained 

by the ability of CEX molecules to gain 

sufficient thermal energy to overcome the 

activation barrier and bind more effectively to 

the biochar surface, enhancing the adsorbent-

adsorbate interaction (Azeez et al., 2024). 

Additionally, when CEX penetrates the internal 

pores of the biochars, these pores may become 

blocked, reducing the number of CEX molecules 

that can access the material. 
 

To determine the influence of the initial 

concentration of CEX on the adsorption process 

and to identify the optimal time for maximizing 

the amount of adsorbed contaminant, adsorption 

isotherms are used. These isotherms allow for 

the evaluation of the adsorbents' capacity and 

performance by fitting experimental values to 

established mathematical models and comparing 

these models. Fig. 2c shows the behavior of CEX 

adsorption isotherms on the biochars, with 

adsorption capacities ranging from 600, 540, to 

475 µg g⁻¹.  
 

The decrease in adsorption capacity with 

increasing temperature may be attributed to CEX 

molecules having sufficient thermal energy to 

overcome the activation barrier and bind more 

effectively to the biochar surface, favoring the 

adsorbent-adsorbate interaction. 
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Box 2 
 

   

 
Figure 2 

a) Comparison of BC vs. Ti/Eu/Fe-Carbon b) 

kinetics and a) adsorption isotherms of CEX on 

Ti/Eu/Fe-Carbon at 20, 30 and 40 °C. 

  

The kinetic adsorption data for CEX 

(Table 1) were fitted to various kinetic 

adsorption models (Lagergren, Ho-Mackay, and 

Elovich), with the best fit obtained using the Ho-

Mackay model (Eq. 2), showing a correlation 

coefficient of 0.99-0.98 Ti/Eu/Fe-Carbon.  

This suggests that in the CEX adsorption 

process, the reaction rate depends on the amount 

of solute adsorbed onto the adsorbent surface 

and the amount adsorbed at equilibrium (Ho et 

al., 1999).  

 

This implies that the adsorption process 

is chemical in nature. These findings are 

consistent with the results reported by Wernke et 

al. (2020), who investigated CEX adsorption 

using graphene oxide, and Naghipour et al. 

(2019), who used a biocarbon derived from 

banana wood. 

 

𝑞𝑡 =  
K2qe

2t

1+K2qet
                                                   [2] 

 

Where  𝑞𝑒  (mg g-1), represents the 

adsorption capacity at equilibrium, and 𝑞𝑡  (mg 

g⁻¹) represents the amount of solute adsorbed at 

time t (Oyekanmi et al., 2024).  

 

 

 

 

 

 

Box 3 
Table 1 

Fitting of mathematical models for the 

adsorption kinetics of CEX on Ti/Eu/Fe-

Carbon 

T (°C) 20 30 40 

Pseudo 

first 

order 

KL (min-1) 1597.1 1453.2 267.6 

qe 
(μg g-1) 

512.8 465.6 416.7 

R2 0.8 0.7 0.8 

Pseudo 

second 

order 

K 
(g μg-1 

min-1) 

0.03 0.05 0.08 

qe 
(μg g-1) 

575 527 444.4 

R2 0.98 0.99 0.98 

Elovich 

Α (μg 
g-1min-1) 

5.90E+0

4 

4.14E+0

4 

3.98E+

04 

B (g μg-1) 0.09 0.08 0.06 

R2 0.98 0.98 0.97 

 

The results of fitting the adsorption 

isotherms to the Langmuir, Freundlich, and 

Temkin mathematical models, presented in 

Table 2, indicate that the Langmuir model (Eq. 

3) provides the best fit for the experimental data. 

Based on these findings and the XPS analysis, 

the proposed adsorption mechanism suggests 

that the adsorption of CEX onto Ti/Eu/Fe-

Carbon involves both chemisorption and 

physisorption processes. In this mechanism, 

CEX molecules form chemical bonds with the 

adsorbent surface while also interacting through 

electrostatic forces (Moreroa-Monyelo et al., 

2022). 

  

 The Langmuir model assumes that 

adsorption occurs at specific and homogeneous 

sites on the adsorbent surface, with each site 

accommodating only one molecule of adsorbate. 

The dimensionless parameter RL, calculated as 

RL = 1/(1 + KLCo), is used to interpret the nature 

of the adsorption process: RL>1 indicates 

unfavorable adsorption: RL=1 adsorption is 

linear; RL<1 the adsorption is favorable and R = 

0 the adsorption is irreversible.  
  

 In this study, the RL values are less than 

1, demonstrating that the adsorption of CEX on 

Ti/Eu/Fe-Carbon is favorable. This indicates a 

strong affinity of the CEX molecule for the 

material's surface, facilitating its adsorption.  

 

 This finding supports the notion that 

chemisorption is the predominant mechanism in 

the interaction between CEX and the adsorbent. 
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𝑞 =  
𝑞0𝑦

𝐾𝑑+𝑦
                                                     [3] 

   

Where:  𝑞0   is the maximum adsorption 

capacity of the adsorbent, 𝐾𝑑 is the equilibrium 

constant, 𝑦 is the concentration of solute in the 

solution, and 𝑞 is the amount of solute adsorbed 

per unit of adsorbent (Fan et al., 2021). 

 

Box 4 
Table 2 

Fitting of kinetic adsorption models for CEX 

on Ti/Eu/Fe-Carbon 

T (°C) 20 30 40 

Langmuir 

qm 

(μg g-1) 
892.7 883.4 878.8 

KL 

(L μ-1) 

-1.82 

E+45 

-4.56 

E+44 

-1.72 

E+44 

RL 
-2.5E-

48 

-9.9E-

48 

-2.6E-

47 

R2 0.99 0.99 0.98 

Freundlich 

KF (μg 

 g-1) (L 

μg-1)1/n 

447.3 385.1 265.3 

n 0.37 0.39 0.53 

R2 0.95 0.97 0.97 

Temkin 

qm (μg g-

1) 
7.17 6.24 5.41 

KT 

 (μg L-1) 
2.25 1.7 0.77 

R2 0.93 0.92 0.95 

 

In Table 3, the maximum sorption 

capacities (qm) of CEX at different temperatures 

are compared with those reported in other 

studies. It is important to note that while the 

experimental conditions used vary, comparing 

qm values remains valid as it provides insight into 

the performance of Ti/Eu/Fe-Carbon relative to 

other materials. 

 

Some studies report higher adsorption 

capacities than those observed in this research. 

However, it is crucial to consider that many of 

these studies use larger amounts of adsorbent 

material for their adsorption experiments. In 

contrast, the advantage of the Ti/Eu/Fe-Carbon 

material lies in the fact that only 1 mg of 

adsorbent is used.  
 

This suggests that despite the smaller 

amount of material, Ti/Eu/Fe-Carbon 

demonstrates a competitive or superior 

performance in adsorption capacity compared to 

other materials that require more adsorbent. 

Box 5 
Table 3 

Comparison of CEX adsorption capacity in 
Ti/Eu/Fe-Carbon with literature values 

Adsorbents Adsorption 

capacity 

(qm) 

Co Mass 

(mg) 

Reference 

Graphene 

oxide 

164 mg g-1 100 10 Wernke et 

al., 2020 

Actived 

carbón 

48 mg g-1 50 - Rashtbari 

et al., 2018 

Bauxita 112 mg g-1 300 10 Giannoulia 

et al., 2024 

Biochar 57 mg g-1 20 30 Acelas et 

al., 2021 

Graphene 650 mg g-1 700 - Ali et al., 

2023 

Ti/Eu/Fe-

Carbon 

600 µg g-1 0.2 1 This work 

 

Impact of temperature on CEX adsorption onto 

Ti/Eu/Fe-Carbon 

 

The study involved testing at different 

temperatures (20, 30, and 40 ºC) to assess how 

temperature affects the adsorption process of 

CEX on Ti/Eu/Fe-Carbon. Temperature is a 

crucial factor in adsorption processes, as it can 

influence various properties of both the 

adsorbent and the adsorbate. 

 

 Firstly, temperature can impact the 

deprotonation of functional groups on the 

adsorbent's surface. This can lead to an increase 

in the concentration of hydroxyl groups (OH⁻) 

on the surface, potentially altering the material's 

adsorption capacity. An increase in OH⁻ groups 

might enhance the interaction between the 

adsorbent and the adsorbate, depending on the 

nature of the chemical interactions involved 

(Masulli et al., 2022). 

  

Additionally, temperature affects the 

kinetic energy of the adsorbate molecules and 

their solubility in the solution. Higher 

temperatures increase the mobility of the 

molecules, facilitating their diffusion to the 

adsorbent's surface. This effect can improve the 

adsorption process's efficiency by allowing 

greater mass transfer (Wong et al., 2008).  

An increase in temperature can also 

influence the reaction rate of the adsorption 

process. Chemical reactions typically accelerate 

with rising temperature due to increased kinetic 

energy, which can impact the reaction rate 

constant.  
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In aqueous solutions, temperature can 

affect the amount of dissolved molecular oxygen, 

which in turn can impact reactions involving 

oxygen (Karlsson et al., 2017; Groeneveld et al., 

2023). 

 

To quantify the effect of temperature on 

the adsorption rate, kinetic data were collected at 

the three mentioned temperatures and an 

Arrhenius plot was constructed. The plot was 

developed by plotting the natural logarithm of 

the rate constant (Ln k) against 1/T (K). The 

linearized form of the Arrhenius equation, 

shown in equation 5, allows for the calculation 

of activation energy and evaluation of how 

temperature affects the adsorption reaction rate 

(Eq. 5). 

 

𝐿𝑛𝑘 =
𝐸𝑎

𝑅
(

1

𝑇
) + 𝐿𝑛𝐴                                      [4] 

 

Where k is the rate constant for the 

reaction at a given temperature, Ea is the 

activation energy for the process, R is the gas 

constant (8.314 kJ (mol·K)-1), T is the 

temperature in Kelvin, and AAA is the 

frequency factor for the reaction. 

 

As shown in Table 4, the thermodynamic 

parameters indicate that an increase in 

temperature reduces the interaction between the 

materials and the CEX molecule. The values for 

ΔH°, ΔS°, and ΔG° were determined using the 

equations provided (Eq. 5 and 6).  

 

∆G° = ∆H° − T∆S°                                        [5] 

 

𝐿𝑛 𝑘 = −
∆°H

R
∗

1

𝑇°
+

∆S°

R
                           [6] 

 

Box 6 
Table 4 

Thermodynamic parameters obtained  
 
 

T Thermodynamic parameters 

(°C) 
Ea (kJ 
mol-1) 

∆G° (kJ 
mol-1) 

∆H° (kJ 
mol-1) 

∆S° (J 
mol K-1) 

20 

8.75E-05 

-46.30 -19.75 -0.09 

30 -47.20  
40 -48.11 

 

The activation energy (Ea) for CEX 

adsorption being greater than 40 kJ mol⁻¹ 

suggests that the process involves chemisorption 

(Acelas et al., 2021).  

This indicates that the adsorption is 

driven by strong chemical interactions between 

the adsorbate and the adsorbent. The negative 

values for ΔH° and ΔS° point to an increase in 

disorder at the liquid-solid interface and confirm 

that the adsorption process is exothermic. 

 

 This implies that the adsorption process 

releases heat and is accompanied by a decrease 

in the system's entropy (Imanipoor et al., 2020). 

As temperature increases, the binding potential 

at equilibrium decreases, leading to a reduction 

in sorption capacity (Gao et al., 2020). This trend 

aligns with the exothermic nature of the 

adsorption process, where higher temperatures 

can diminish the adsorbent's ability to bind the 

adsorbate effectively. Conversely, the negative 

values of ΔG° indicate a decrease in Gibbs free 

energy, demonstrating that the adsorption 

process is thermodynamically favorable and 

feasible through chemical interactions between 

the adsorbate and adsorbent (Kaya et al., 2024). 

 

However, Fakhri et al. (2014) observed 

that an increase in temperature reduces CEX 

adsorption on carbonaceous materials, 

attributing this decrease to the exothermic nature 

of the process. This reduction can be explained 

by the weakening of Van der Waals forces 

between CEX molecules and the adsorbent 

material at higher temperatures (Wernke et al., 

2020). 

 

Effect of pH and adsorption mechanism of CEX 

on Ti/Eu/Fe-Carbon 

 

In Fig. 3a, the data reveal that as pH increases, 

the percentage of CEX adsorbed rises up to pH 

7, after which it starts to decline. This trend 

highlights the significant impact of pH on CEX 

adsorption efficiency. CEX exists in different 

ionic forms depending on the pH: cationic below 

pH 3, zwitterionic between pH 3 and 7, and 

anionic above pH 7 (Watanabe et al., 2010). 

 

 The increased adsorption observed 

between pH 5 and 7 aligns with the zwitterionic 

form of CEX, which has both positive and 

negative charges that interact favorably with the 

adsorbent surface. 

 

The isoelectric point (IP) of the adsorbent 

material is 8. At pH levels below this IP, the 

adsorbent surface is positively charged, 

attracting the anionic forms of CEX.  
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However, at pH levels lower than 3, the 

cationic form of CEX and the positively charged 

adsorbent create electrostatic repulsion, which 

reduces adsorption efficiency. 

 

 The significant adsorption at pH 5, 

consistent with findings from Rashtbari et al. 

(2020), supports the notion that the zwitterionic 

form of CEX shows a higher affinity for the 

adsorbent. This optimal pH range enhances the 

interaction between zwitterionic CEX and the 

adsorbent material. Between pH 4 and 6, 

increased adsorption is likely due to 

chemisorption, as indicated by previous kinetic 

studies. 

 

 At these pH levels, the zwitterionic CEX 

facilitates stronger chemical interactions with 

the adsorbent, leading to enhanced adsorption. 

 

Beyond pH 7, where CEX becomes 

anionic, reduced adsorption is attributed to 

repulsion between the negatively charged CEX 

and the similarly charged or neutral adsorbent 

surface, leading to decreased interaction and 

adsorption efficiency. In summary, the 

adsorption of CEX is primarily influenced by its 

ionic form and the surface charge of the 

adsorbent material. 

 

 The data suggest that zwitterionic CEX, 

prevalent between pH 5 and 7, interacts most 

effectively with the adsorbent, thereby 

enhancing chemisorption and overall adsorption 

efficiency (Fig. 3b). 

 

Box 7 
 

 
Figure 3 

Effect of pH on the adsorption of CEX onto 

Ti/Eu/Fe-Carbon; b) Ionic species of CEX 

 

In the context of cefalexin adsorption, X-

ray photoelectron spectroscopy (XPS) has 

proven to be an essential tool for elucidating the 

energetic states on the surface of the Ti/Eu/Fe-

Carbon material.  

The XPS analysis identified various 

energetic states within the material’s 

components, including C1s, O1s, N1s, Ti2p, 

Fe2p, and Eu3d, offering a detailed view of the 

chemical interactions relevant to cefalexin 

adsorption. In the C1s spectrum, with a full 

width at half maximum (FWHM) of 1.1 ± 0.1, 

several bands were observed, corresponding to 

different energetic states including C=C 

(aromatic), C-N, C-O, and C=O (carboxyl 

groups) (Fig. 4a) (Choi et al., 2019; Peng et al., 

2017). These functional groups are crucial for 

interacting with cefalexin, as they can form 

specific bonds with the antibiotic, thereby 

enhancing its adsorption on the material’s 

surface. 

 

 The O1s spectrum, with an FWHM of 

1.4 ± 0.1, revealed energetic states associated 

with O-Metal, O=C, O-C, and O-C=O (Suo et 

al., 2021; Dodevski et al., 2017) (Fig. 4b). These 

oxygen states may play a key role in forming 

electrostatic interactions and hydrogen bonds 

with cefalexin, which could significantly 

influence its adsorption capacity. In the N1s 

spectrum, with an FWHM of 1.4 ± 0.1 (Fig. 4c), 

specific energetic states such as N-C and N=C 

were detected, related to pyridinic and pyrrolic 

nitrogen forms (Lawrie et al., 2007; Chen et al., 

2014).  

 

The presence of nitrogen could affect 

cefalexin adsorption through coordination bonds 

or acid-base interactions. The Ti2p analysis 

identified peaks corresponding to Ti4+ and Ti3+ 

at 464, 460, and 458 eV, respectively, indicating 

the presence of TiO2 in the material (Kramar et 

al., 2024). The formation of TiO2 could impact 

the material’s adsorption capacity by modifying 

the surface and its reactivity (Fig. 4d). 

 

In the Fe2p spectrum, peaks 

corresponding to Fe2+ at 709 eV and Fe3+ at 

710.3 eV were detected (Rivera et al., 2020) 

(Fig. 4e). The oxidation states of iron may 

influence cefalexin interactions, potentially 

through ionic or redox mechanisms. Finally, the 

Eu3d spectrum showed two primary peaks at 

1134.8 eV (Eu3+ 3d5/2) and 1126.2 eV (Eu2+ 

3d5/2), along with two smaller satellite peaks at 

1164.1 eV (Eu3+ 3d5/2) and 1155.5 eV (Eu2+ 

3d3/2) (Brunckova et al., 2021) (Fig. 4f) 

 

The presence of europium may impact 

the material's stability and its ability to adsorb 

cefalexin.  

b) 

a) 
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In summary, XPS analysis provides a 

comprehensive understanding of the oxidation 

states and chemical interactions on the surface of 

the Ti/Eu/Fe-Carbon material. This detailed 

insight is crucial for optimizing the material's 

performance in cefalexin adsorption and other 

related processes. 

 

Box 8 

 
Figure 4 

Deconvolution of a) C1s, b) O1s, c) N1s, d) 

Ti2p, e) Fe2p, and f) Eu3d 

 

The proposed interaction mechanism 

between cefalexin (CEX) and the Ti/Eu/Fe-

Carbon composite, illustrated in Figure 5 and 

supported by characterization results, adsorption 

isotherms, kinetic studies, and XPS data, offers 

a detailed understanding of the adsorption 

process.  

 

The Ti/Eu/Fe-Carbon composite 

contains Ti, Fe, and Eu ions, which significantly 

contribute to CEX adsorption through 

electrostatic attractions. At pH 7, CEX exists in 

its dipolar form, possessing both positive and 

negative charges. The predominant oxidation 

states of titanium (Ti4+, Ti3+), iron (Fe2+, Fe3+), 

and europium (Eu3+, Eu2+) interact with water to 

form active sites such as OH- and H+. These sites 

exhibit a high affinity for the charges on the CEX 

molecule, promoting adsorption. For example, 

OH- groups on the material can interact with the 

amino groups (NH3
+) in CEX, facilitating the 

adsorption process (Cao et al., 2021). 

 

Active H+ sites on the material’s surface 

can form hydrogen bonds with the oxygen atoms 

in the CEX molecule. Conversely, the amine 

groups in CEX can donate H+ and form 

hydrogen bonds with the OH- groups on the 

material’s surface, a process known as hydrogen 

bonding (Ndoun et al., 2021). This interaction 

stabilizes CEX on the material's surface, 

enhancing adsorption.  

 

The presence of aromatic rings in CEX is 

also crucial for adsorption capacity. The 

hexagonal structure of these rings facilitates 

adsorption onto carbon-based materials, with 

antibiotics having more aromatic rings 

adsorbing more rapidly due to π-π interactions 

(Acelas et al., 2021). 

 

Additionally, hydrophobic C-C 

interactions are observed, where the methyl 

group in CEX interacts with methyl groups in 

Ti/Eu/Fe-Carbon. These interactions are driven 

by the hydrophobic nature of the involved 

groups (Krasucka et al., 2021). Furthermore, 

covalent C-O bonds are formed between the 

methyl group of CEX and the active OH- sites on 

the material, further stabilizing and enhancing 

the adsorption process.  

 

Based on our observations, the 

interaction mechanisms between CEX and the 

Ti/Eu/Fe-Carbon composite involve a 

combination of electrostatic attractions, 

hydrogen bonding, π-π interactions, 

hydrophobic interactions, and covalent bonding. 

Each of these mechanisms plays a crucial role in 

optimizing the adsorption of CEX onto the 

composite material, underscoring the 

importance of understanding and leveraging 

these interactions for effective adsorption. 

 

Box 9 

 
Figure 5 

Mechanism of adsorption of CEX on 

Ti/Eu/Fe-Carbon 

 

Reusability 
 

Figure 6 depicts the percentage removal of 

cefalexin (CEX) by Ti/Eu/Fe-Carbon, which is 

used to assess the material's reuse and stability, 

crucial for evaluating its cost-effectiveness. For 

CEX desorption, an acidic solution with pH = 2 

was employed since, at this pH, CEX is in its 

cationic form, which reduces its adsorption 

capacity.  
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The results reveal a decline in removal 

efficiency with each cycle of adsorption-

desorption. Specifically, after 8 cycles, the 

removal efficiency decreased from 77% to 17% 

at 20°C, from 74% to 13% at 30°C, and from 

70% to 12% at 40°C. 

 

 This performance drop indicates that the 

Ti/Eu/Fe-Carbon composite loses effectiveness 

over multiple cycles. Several factors might 

contribute to this decrease.  

 

Repeated usage may deplete the active 

sites on the material, diminishing its adsorption 

capacity. Additionally, the acidic desorption 

environment and varying temperatures could 

affect the composite's structural integrity, further 

compromising its performance. 

 

The substantial reduction in removal 

efficiency suggests that while Ti/Eu/Fe-Carbon 

may initially perform well, its long-term 

usability could be limited.  

 

For practical applications, it is essential 

to address these issues and consider methods for 

regenerating or improving the material’s 

stability to enhance its economic viability. 

 

Box 10 

 
Figure 6 

Reusability cycles at 20, 30 and 40 °C of Ti/Eu/Fe-
Carbon 

 

Conclusions 

 

The Ti/Eu/Fe-Carbon composite synthesized 

from avocado seeds presents a promising 

solution for addressing antibiotic contamination 

in water, specifically targeting cefalexin (CEX). 

This study highlights its effectiveness in 

removing CEX, achieving a notable removal 

efficiency of 80% (160 µg L-1). 

 The composite's performance is 

optimized under specific conditions at 20°C, a 

pH of 7, and a contact time of 1 h demonstrating 

its efficiency and stability. The material’s ability 

to be reused up to 8 times underscores its 

practical applicability and economic viability in 

water treatment processes.  

 

The fitting of adsorption isotherms to the 

Langmuir, Freundlich, and Temkin 

mathematical models, as shown in Table 2, 

indicates that the Langmuir model (Eq. 3) 

provides the best fit for the experimental data. 

Based on these results and XPS analysis, the 

proposed interaction mechanism suggests that 

the adsorption of CEX onto Ti/Eu/Fe-Carbon 

involves both chemisorption and physisorption 

processes. In this mechanism, CEX molecules 

form chemical bonds with the adsorbent surface 

while also interacting through electrostatic 

forces (Moreroa-Monyelo et al., 2022). 

 

 Thermodynamic analysis reveals that 

the process is exothermic, with decreasing 

efficiency at higher temperatures, suggesting 

that the composite performs better in cooler 

conditions. This characteristic can be 

advantageous in specific environmental contexts 

or treatment scenarios. 

 

Overall, this study underscores the 

potential of Ti/Eu/Fe-Carbon derived from 

avocado seeds as an innovative and effective 

material for mitigating antibiotic pollution. Its 

combination of high removal efficiency, 

reusability, and favorable adsorption properties 

makes it a valuable addition to the field of water 

treatment, offering a sustainable approach to 

combatting emerging environmental 

contaminants. 
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