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Abstract               
 
This work presents the effect of synthesis time on morphology and its 

influence on the optical properties of microwave-assisted carbon 

nanospheres. To analyze the correlation between the synthesis time and 

the growth in size of the nanospheres, the morphology of the 

nanostructures was characterized by scanning electron microscopy 

(SEM) and X-ray diffraction (XRD). Their optical properties were 

analyzed by UV-Vis spectrophotometry, and the Tauc method was used 

to estimate the optical band gap. The results reveal that the time variation 

in the synthesis does have a significant influence on the size, shape, and 

amount of sample obtained. The optical properties presented slight 

modifications. With these results, we can provide an easy reproducibility 

of simple and inexpensive methods to optimize the growth of carbon-

based nanoparticles, which can bring advances in the synthesis of 

materials and improvements in their optoelectronic applications. 

 

 
 

Nanospheres, Morphology, UV-Vis 

 

Resumen 

 
El efecto del tiempo de síntesis en la morfología y su influencia en las 

propiedades ópticas de las nanósferas de carbono asistidas por 

microondas se presenta en este trabajo. Para analizar la correlación entre 

el tiempo de síntesis y el crecimiento en tamaño de las nanósferas, se 

caracterizó la morfología de las nanoestructuras mediante microscopía 

electrónica de barrido (SEM) y difracción de rayos X (XRD). Sus 

propiedades ópticas se analizaron mediante espectrofotometría UV-Vis, 

y se utilizó el método de Tauc para estimar el ancho de banda óptico. Los 

resultados revelan que la variación del tiempo en la síntesis tiene una 

influencia significativa en el tamaño, la forma y la cantidad de muestra 

obtenida. Las propiedades ópticas presentaron ligeras modificaciones. 

Con estos resultados, podemos proporcionar una fácil reproducibilidad 

de métodos simples y económicos para optimizar el crecimiento de 

nanopartículas a base de carbono, lo que puede generar avances en la 

síntesis de materiales y mejoras en sus aplicaciones optoelectrónicas. 
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Introduction 

 

The continuous search for simple, inexpensive, 

and innovative methods to obtain carbon-based 

nanostructures such as: carbon nanotubes, 

fullerenes, nanoonions, etc. (Ordoñez et al., 

2013, Ordoñez et al 2019), has been a key driver 

in this research. In addition, carbon 

nanostructures have great potential in different 

applications, covering areas such as materials 

science, biomedicine, and nanotechnology. 

 

In recent years, the alternative use of the 

microwave oven around materials science has 

proven to be a valuable tool for reducing 

synthesis costs (Adeola, et al.,2023).  

 

Microwave-assisted syntheses offer 

advantages over conventional heating 

techniques by avoiding temperature gradients 

and long reaction times. The effectiveness of 

microwaves in materials synthesis is attributed 

to the ability of some chemical compounds to 

absorb energy in the microwave range and 

convert it into heat, thus accelerating the 

generated reactions (Pawelski D et al., 2023). 

 

Similarly, the microwave radiation 

synthesis technique has also become popular 

because of (Zhou, J., Xu et al.,2020). A 

pioneering study conducted by the University of 

Wyoming has demonstrated the effectiveness of 

this method in converting raw carbon powder 

into nano graphite, a finding that reinforces the 

use of microwave technology in the production 

of C60 and C70 fullerenes (Masi et al. 2021), as 

well as carbon quantum dots (De Medeiros et al., 

2019), demonstrating size variation in allotropic 

materials. 

 

In recent years, this technique has also 

been used in a wide range of materials beyond 

carbon allotropes, encompassing inorganic, 

organic compounds, and biomaterials (Siebert et 

al.,2019). Mainly focused on increasing the 

improvement of the purity and properties of the 

materials obtained (Kumar, A et al., 2020).  

 

Some materials that present 

improvements using this technique are 

nanoparticles of metals such as silver (AgNP), 

gold and platinum (Dankovich, 2014), allowing 

a finer control over the size, morphology, and 

distribution of the nanoparticles. As well as, 

titanium dioxide (TiO₂), zinc oxide (ZnO) and 

(Fe+2) (Ashok, 2014. Zhu,2012. Pati ,2014).  

Some ceramics improve their density and 

mechanical properties (Borrel et al., 2013), and 

in the case of polymers obtaining them can 

achieve improvements in properties (Kuo,2016). 

 

From these previous investigations, we 

carried out the preparation of 4 samples with 

99% purity grade graphite powder in wafer form, 

using as a synthesis method a conventional 

microwave, which emits electromagnetic 

radiation around 2.45 GHz.  

 

The main approach was to vary only the 

synthesis time of the samples every 2.5 minutes. 

The results revealed a diversity of morphologies, 

but the presence of sphere-like nanostructures 

stands out.  

 

Corroborating that the synthesis time 

does affect the morphology and size. With 

respect to the optical properties, they were 

analyzed by UV-Vis spectroscopy and using the 

Tauc method, for the study of the optical 

forbidden band, it is verified that any change in 

the surface, size and presence of impurities 

affects the properties. 

 

Methodology 

 

 A conventional microwave oven with 

electromagnetic radiation around 2.45 GHz at an 

output power of 1000 W was used. As carbon 

source, powdered graphite with a purity of 99% 

was used, using equivalent amounts of 1 

milligram per sample placed in a ceramic 

crucible, completely covered.  

 

Four samples were prepared, varying the 

synthesis time at intervals of 2.5 minutes each. 

The initial amount per sample of graphite 

powder was 1.2 grams. At the end of each 

synthesis, they were weighed and an average 

decrease of .2 grams per sample was observed. 

 

Results and discussion 

 

SEM characterization 

 

Figure 1 shows the SEM micrographs of the four 

samples using scanning electron microscope, 

(SU5000, Hitachi). 
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Box 1 

 

 
Figure 1 

SEM micrographs of the 4 samples 
Source: Own elaboration 

 

As can be seen in the 4 micrographs 

corresponding to different synthesis times, 

indicated in the upper right part, several 

nanostructures with deformity in their upper 

layer are observed, but in all of them 

nanospheres of different sizes appear. 
 

 It can be confirmed that the amount of 

these structures and their shapes vary with time. 

For example, in the micrograph taken at 2.5 

minutes, more nanotubes or nanowires than 

nanospheres are observed, unlike the 

micrographs taken at 10 minutes, where more 

nanospheres are present and no other form of 

carbons can be seen. 
 

Another important aspect to highlight is 

the size of these nanostructures. In the case of 

micrographs taken at 2.5 minutes, it is observed 

that the nanospheres have an average diameter of 

about 380 nanometers at 1.1 microns. In the 

micrographs taken at 5 minutes, the nanospheres 

have an average diameter of about 980 

nanometers at 1.68 microns.  
 

For micrographs taken at 7.5 minutes, 

nanospheres with diameters of 4.66 nanometers 

to 1.31 microns are observed, while, at 10 

minutes, the sizes vary from about 679 

nanometers to 1.86 microns.  
 

We conclude that the nanostructures 

become larger at higher synthesis time exposure 

and that the nanospheres can be defined as 

multilayered nanobeads, since they present not 

very smooth surfaces and some few uniform 

ones (Karthik,2014), moreover, they exceed the 

corresponding size to classify them among 

fullerenes and/or quantum dots 

(Georgakilas,2015. Yang,2023).  

This is because as the synthesis time and 

therefore the temperature increases, there is 

more time for the carbon atoms to reorganize and 

form a larger and perhaps ordered structure 

(Zhao ,2005). The ceramic crucible used still 

plays a significant role in reaching a higher 

temperature in a longer time. However, it is 

important to keep in mind that the relationship 

between the synthesis time and the size of the 

nanospheres is not always linear, so it is intended 

to optimize the synthesis technique. 

 

X-ray diffractometer 

 

To corroborate the type of morphology of the 

nanostructures, an X-ray diffractometer brand 

X'Pert pro PANalytical with CuKα radiation 

λ=0.1542 nm was used. The plane references 

obtained yielded C60 and C70 fullerene-type 

carbon nanostructures, as shown in figure (2).  

 

The presence of planes corresponding to 

these two types of fullerenes may be to the 

similarity that exists with nanorod-like 

nanostructures, due to the interactions with the 

outer layers of these, which usually resemble 

individual fullerenes (Zeiger,2023).  

 

We can observe that the planes obtained 

in the sample at 2.5 minutes, have lower peak 

intensities and increases as the exposure time 

increases until reaching 10 minutes, only in the 

case of graphite peak (2θ=26°), the intensity 

decreases as the synthesis time increases, this 

variation in intensity directly influences the 

crystallinity, shape, size, and structural defects 

(Terohid ,2018). The obtained planes confirm 

the presence of spherical nanostructures, 

possibly of multilayered nanosheets type with 

impurities in their outer layer, previously seen in 

SEM micrographs. 
 

Box 2 
 

 
Figure 2 

XDR of the 4 samples at different exposure 

times 
 Source: Own elaboration 
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UV-Vis Absorption spectroscopy 

 

Optical properties were observed using a Stellar 

et spectrometer with a Newport integrated 

sphere to obtain UV-VIS Figure 3. The 

absorbance of carbon nanostructures can be 

present in several regions of the electromagnetic 

spectrum, but for our analysis we will focus only 

on the electronic transitions π→π* (200 - 400 nm) 

and n→π* (400 nm -750 nm) (Orlandi,2002).  

 

The absorbance spectra of the 4 samples 

present the absorption behavior of very similar 

nanostructures to C60 and C70 (Duarte-

Ruiz,2021) which are very similar to nanorod 

responses.  

 

In the region of electronic transitions 

π→π corresponding to the ultraviolet-visible 

UV-Vis region, repetitive responses were 

observed in the 4 samples, considering the most 

notable peaks at: 223,270,340,392 nm, this 

indicates the presence of nanostructures of 

different sizes (Duarte-Ruiz,2021). 

 

In the region of electronic transitions 

n→π* corresponding to the visible region, the 

most remarkable repetitive peaks would be: 

433,453,516 and 530 nm, indicating larger 

nanostructures. According to the literature, the 

similarity of responses of nanostructures such as 

C60 has strong absorption bands in the 

ultraviolet region of the spectrum, typically 

around 200 to 350 nm and the C70 shows strong 

absorption bands in the UV region (Duarte-

Ruiz,2021). 
 

With this absorption behavior of the 

graph, we confirm the presence of spherical 

nanostructures of different sizes visualized in 

SEM micrographs, more like nano-onions. 

 

Box 3 
 

 
Figure 3 

UV-vis absorption spectra of the four samples obtained 
 Source: Own elaboration 

Optical band gap estimation 

  

In Graph 4, the estimated behavior of the optical 

energy gap of the 4 samples obtained by the Tauc 

method from the analysis of the absorption data, 

Graph 3 is shown (Tauc,1968). It is widely 

recognized that this method assumes that the 

absorption coefficient is dependent on the 

photon energy (α) and can be expressed by the 

following equation [1]: 

 

(𝛼 − ℎ𝑣)^ (1
𝛾⁄ ) = 𝐵(ℎ𝑣 − 𝐸𝑔)                   [1] 

 

where h is Planck's constant, ν is the 

photon frequency, Eg is the band gap energy, 

and B is a constant (Tauc,1968). 

 

Box 4 
 

 
Figure 4 

Optical band gap estimation of the four samples 
 Source: Own elaboration 

 

It is observed in the graph that the band 

gaps vary very little, remaining on average at 

1.70 ev. This value is consistent with the energy 

gaps of semiconductor powders, corresponding 

to unfunctionalized nanoparticles whose gap 

energy is around 1.6-1.7ev and corresponding to 

C60 and C70 carbon nanostructures (Rabenau, 

1993).  
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With respect to the behavior of the curves, 

it is evident that at temperatures above 2.5 

minutes, they show a distortion in the linearity of 

the graph considered as extended tail, which 

confirms the presence of structural defects and 

impurities (Makuła et al.,2018). 

 

These defects usually appear in materials 

that have suffered damage or modifications in 

their upper layer which causes additional energy 

states to be introduced (Makuła et al.,2018), 

causing the spectrum Estimation of the Optical 

Band Gap of the Four Samples having a 

similarity with the so-called Urbach tails 

(Migliorini,2022). 

 

 Only in the case of the time at 2.5 

minutes, the graph presents a linearity without 

distortion, if we observe the micrograph, it is 

possible that it is because of the presence of more 

carbon nanostructure shapes (tubes, threads, 

spheres, etc.) and as the synthesis time was 

shorter, perhaps they did not obtain very little 

structural damage. 

 

Conclusions 

 

In this work, we presented the morphological 

study and the behavior of the optical properties 

of carbon nanostructures of the nanoshells, 

obtained by a simple and economic method, with 

short synthesis time variations. It was observed 

that the carbon nanoparticles with longer 

synthesis time present more structural damage in 

their morphology, and their optical responses 

showed no significant variations across different 

synthesis times. 

 

 We believe this work is pertinent 

because the method is feasible and easily 

reproducible, which can be optimized to produce 

nanoparticles with fewer structural defects for 

specific applications. 
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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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Abstract 
 
This article shows the process in the development of a laboratory 

practice of Electromagnetic Theory, applied to the 
Telecommunications, Systems and Electronics Engineering 
Career, of the Facultad de Estudios Superiores Cuautitlán (FESC) 
belonging to the Universidad Nacional Autónoma de México 
(UNAM). The objective for future engineers is to learn about the 
impact of an electromagnetic pulse on electronic equipment. It 
begins with the theoretical background of the electromagnetic 
pulse, then basic oscillator circuits are addressed and an 
experiment with a low-power electromagnetic pulse is developed. 

The impact of the practice on the students is measured and with 
it, conclusions are drawn, indicating the importance of this 
knowledge for future engineers in telecommunications systems 
and electronics. 

 

 
 

Telecommunications, Laboratory, Pulse 

 

 

 

 

Resumen 

 
En este artículo se muestra el proceso en el desarrollo de una 
práctica de laboratorio de Teoría Electromagnética, aplicado a la 
Carrera de Ingeniero en Telecomunicaciones Sistemas y 

Electrónica, de la Facultad de Estudios Superiores Cuautitlán 
(FESC) perteneciente a la Universidad Nacional Autónoma de 
México (UNAM). El objetivo para los futuros ingenieros es 
conocer el impacto de un pulso electromagnético en los equipos 
electrónicos. Se comienza por los antecedentes teóricos del pulso 
electromagnético, posteriormente se abordan los circuitos 
osciladores básicos y se desarrolla un experimento con un pulso 
electromagnético de baja potencia. Se mide el impacto de la 

práctica en los alumnos y con ello, se establecen las conclusiones, 
indicando la importancia de este conocimiento para los futuros 
ingenieros en telecomunicaciones sistemas y electrónica. 
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Introducción 

 

The Facultad de Estudios Superiores Cuautitlán 

(FESC), part of the Universidad Nacional 

Autónoma de México (UNAM), is an important 

academic center located in the municipality of 

Cuautitlán Izcalli, State of Mexico. It was 

inaugurated on April 22, 1974, and has been in 

existence for more than 50 years. It now has 17 

degree programs and has approximately 18,000 

students enrolled. 

 

In the curriculum of the 

Telecommunications Systems and Electronics 

Engineer (ITSE), taught at the FESC of the 

UNAM is the subject of Electromagnetic Theory, 

located in the fifth semester of the career and 

marked as a theoretical and practical subject 

(therefore includes a laboratory), has 10 

mandatory credits, so it is of great importance in 

the training of future engineers. 

 

According to Yeang (2024), 

Electromagnetism and electrodynamics, central 

to classical physics, began with Ampère's 

electrodynamics and Faraday's electromagnetic 

induction. By the mid-19th century, Neumann 

and Weber developed a unified electrical theory, 

while Faraday and Thomson explored the 

electromagnetic field. Maxwell expanded this 

theory, introducing the displacement current and 

predicting electromagnetic waves, which 

Helmholtz further developed, leading to Hertz's 

1887 discovery of electric waves. 

 

In the internal structure of the 

Electromagnetic theory subject, the topic of 

“Fundamentals of Electrodynamics” is located, 

and within it, subtopics such as Maxwell's 

Equations, electric potential and Gauss's Law 

among others. Source: FESC (2024). 

 

Within the Electromagnetic Theory, the 

Electromagnetic Pulse, also referred to in the 

literature as EMP, is a phenomenon that has 

gained increasing relevance, due to its high 

impact on electronic devices and communication 

systems, increasingly used by our students in 

Universities. 

 

The EMP is defined as a rapid release of 

electromagnetic energy, generating waves that 

can affect electronic systems through the 

induction of currents and voltages.  

 

Its importance lies in the vulnerability of 

modern infrastructure to these pulses, since 

critical devices, such as power and 

communication systems, may suffer irreparable 

damage. 

 

According to Mendieta (2008), in the 

1940s, after experimenting with the first Atomic 

Bomb, very destructive effects were observed in 

electrical and electronic devices on the Island of 

Hawaii, and as tests continued and the 

destructive effect of these was observed, the 

“Comprehensive Nuclear Test Ban Treaty” 

(CTBT) was proposed. 

 

For the scope of this article, we will focus 

on Electromagnetic Pulses generated in the 

laboratory through voltage variations such as 

those produced by the Van De Graaff Generator.  

 

The problem we wanted to attack was the 

general ignorance of our students to the EMP 

phenomenon and the importance that it has in the 

proper functioning of electronic devices today. 

 

The contribution of this experiment is the 

realization of a controlled EMP, as well as the 

design and measurement of the basic circuit to 

raise the voltage, all this is visually attractive to 

students and motivates them the deepen of the 

subject. 

 

For all of the above, we developed a 

laboratory practice called: “Passive circuits and 

electromagnetic pulse”, which has already been 

included in the manual of laboratory practices of 

the Physics Department of the FESC UNAM. 

 

The results were encouraging, especially 

improving the interest of our students in 

Electromagnetic Theory. It should be noted that 

these young people will be the future engineers 

in telecommunications, systems, and electronics 

of the Universidad Nacional Autónoma de 

México (UNAM). 

 

Methodology 

 

For the elaboration of this work, first a 

theoretical research was carried out that included 

basic elements of the Electromagnetic Theory 

subject, the programmatic contents approved by 

the H. Technical Council of the Faculty, and the 

quality guidelines according to the ISO 

9001:2015 standard were considered. 
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We worked with several academics 

belonging to the Electromagnetic Theory faculty 

to distribute the work equitably. 

 

Considering that Maxwell's equations 

refer to the conversion of electric and magnetic 

fields, we decided to include an experiment that 

had the necessary characteristics to make it 

attractive to students and at the same time 

demonstrate the relationship between the 

mentioned fields. 

 

All the topics of the theoretical course 

were covered and several practices were 

developed, all of which resulted in the laboratory 

practices manual. 

 

For this article, only practice 3, called 

Passive Circuits and Electromagnetic Pulse, was 

considered. This practice was first applied in a 

pilot test to teachers and students, with the 

feedback obtained, modifications were made and 

the final product was obtained, which was 

integrated to the Laboratory Manual and sent to 

the Physics Department for its electronic 

publication. 

 

Van De Graaff Generator and 

Electromagnetic Theory 

 

Within the theoretical analysis, a review of 

Maxwell's equations, RC (Resistive-Capacitive), 

RL (Resistive-Inductive), CL (Capacitive-

Inductive), and RCL (Resistive-Capacitive-

Inductive) circuits, as well as a historical review 

of the PEM starting with Robert J. Van de Graaff 

were considered. 

 

According to Open AI (2022), in 1929, 

Robert J. Van de Graaff, a graduate student at the 

Massachusetts Institute of Technology (MIT), 

decided to build what would become the first 

Van de Graaff generator.  

 

The original Van de Graaff Generator is 

a device that, through a moving conveyor belt, 

accumulates electric charge in a hollow metal 

sphere. Its primary purpose was to generate 

exceptionally high electrical voltages to 

undertake research into the dispersion of charged 

particles. 

 

Over the years Van de Graaf's initial 

design has been modified to the equipment we 

have in our laboratories.  

Where not all the bands (made of latex) 

present friction with the hull of the Generator, 

instead they induce the charges on it. There are 

even some generators where the mechanical 

movement has been replaced by a voltage 

booster circuit, also known as boost converter. 

 

Development of the Experiment 

 

For this project we used the Van De Graaff 

Generator of the Physics Laboratory, FESC, 

which works with the friction of the band on a 

roller and the induction of charges to the 

generator shell, see Figure 1, to produce a 

controlled EMP that allowed the students 

enrolled in the Electromagnetic Theory course to 

observe the effect of the same on electronic 

devices. 

 

Box 1 
 

 
 

Figure 1 

Van De Graff generator 
      Source: Own Elaboration 

 

Compared to other techniques (such as 

nuclear), the PEM generated by the Van De 

Graaff Generator is of low power, which allows 

students to understand and measure it more 

safely. 

 

We also built a passive oscillator circuit 

with laboratory elements (Capacitive-Inductive 

circuit) and accompanied it with a Diode to 

produce the effect of voltage growth in the 

capacitor. See Figure 2 

 

 

 



4 

Journal of Systematic Innovation                                                                   8[22]1-7: e3822107 

Article 
 

 

ISSN: 2523-6784. 

RENIECYT-CONAHCYT: 1702902 

ECORFAN® All rights reserved. 

 

Guzmán-Tinajero, Pedro, Hernández-Gómez, Víctor Hugo and 

Castro-Fuentes, Aide. [2024].  Electromagnetic theory: 

Electromagnetic pulse in the laboratory. Journal of Systematic 

Innovation. 8[22]1-7: e3822107. 

https://doi.org/10.35429/JSI.2024.8.22.3.7 

 

Box 2 
 

 
 

Figure 2 

Wiring diagram 
      Source: Own Elaboration 

 

We consider it important to mention that, 

although we could have worked with a power 

transistor, to make the experiment more didactic 

we used a basic button switch.  

 

By using the basic switch, we were able 

to allow the students to interact with the circuit 

and demonstrate the relevance of the operating 

frequency in a practical and didactic way.  

 

Elaboration of the laboratory practice 

 

The Laboratory of the Physics Department of the 

FESC is certified under the ISO 9001-2015 

standard, which is why when introducing a new 

practice it was necessary to comply with certain 

organizational guidelines. 

 

According to Departamento de Física 

(2024), the structure of each of the practices of 

the manual for the Electromagnetic Theory 

laboratory, consists of 8 main elements, see 

Table 1. 

 

Box 3 
Table 1 

Structure of the practice 

1.  Home page 

2.  Previous knowledge 

3.  Objectives 

4.  Theoretical foundations 

5.  Previous questionnaire 

6.  Materials and equipment 

7.  Development 

8.  Conclusions 

  Source:  Own Elaboration 

 

 

The proposed practice complied with 

these guidelines and additionally, being a 

product of a collegiate work, it could be 

integrated to a UNAM program called: Program 

of Support to Projects for the Innovation and 

Improvement of Teaching (PAPIME for its 

acronym in Spanish), which indicated additional 

elements to be considered, which was fulfilled in 

the drafting determining the final structure of the 

document. 

 

The final work consisted of 15 pages, 

including the cover page. Its name was: Practice 

3. Passive circuits and electromagnetic pulse. It 

was presented to a pilot group of teachers for 

their observations and later to a pilot group of 

students to evaluate its impact. 

 

Box 4 
 

 
 

Figure 3 

Cover page of the practice 
      Source: Own Elaboration 

 

For the electromagnetic pulse part, the 

Van de Graff and a basic calculator were added, 

the students were asked to place a certain level 

of band velocity to generate sufficient charge 

and then at different distances to measure the 

impact of the electric field on the electronic 

device. As can be seen in Figure 4. 
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Box 5 
 

 
Figure 4 

Electromagnetic Pulse Experiment 
      Source: Own Elaboration  

 

The experiment with the voltage booster 

circuit was also developed with safety measures 

in mind, including the use of an acrylic enclosure 

to prevent incidents with the capacitor and to 

protect the students. See Figure 5. 

 

Box 6 
 

 
 

Figure 5 

Experiment developing the circuit 
      Source: Own Elaboration 

 

Students were asked to take different 

readings and interact with the switch at various 

speeds to observe the effect of frequency on 

these circuits. 

Results 

 

During the development of the study, a 

significant understanding on the part of the 

students concerning the concept of 

electromagnetic pulse was observed.  

 

This finding suggests a deep 

understanding on the part of the students about 

this phenomenon, which indicates remarkable 

progress in their learning. 

 

In addition, the teachers participating in 

the study were able to develop and strengthen 

their didactic skills by incorporating new tools 

and strategies to improve the teaching of the 

Electromagnetic Theory course. 

 

 This pedagogical adaptation can be 

considered an important achievement for the 

teaching team, as it allows them to offer a more 

enriching and effective educational experience 

to their students. 

 

Regarding the students' understanding of 

the operation of a voltage booster circuit, the 

results showed a satisfactory level of 

comprehension. This ability acquired by the 

students suggests an improvement in their 

knowledge and skills in the field of electronics 

and telecommunications engineering. 

 

In general, the objectives set for the 

practical were achieved, which included: 

 

- To observe phenomena related to electric 

charges in motion, interacting with 

electric and magnetic fields, through 

passive circuits. 

 

- To produce and apply a low-power 

electromagnetic pulse. 

 

These results confirm the effectiveness 

of the methodological approach used in practice, 

as well as the students' ability to assimilate and 

apply the theoretical concepts learned in a 

practical context. 

 

Conclusions 

 

The results obtained in this study provide a clear 

view of the positive impact that the lab session 

had on students' learning and the professional 

development of teachers. From these findings, 

several important conclusions can be drawn: 
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Effectiveness of the pedagogical 

approach: The lab session was effective in 

enhancing students' understanding of 

fundamental electromagnetics and electrical 

circuit concepts. The integration of theory with 

hands-on practice enabled a deeper and more 

meaningful comprehension of the studied 

phenomena. 

 

Teacher development: The results 

indicate that the participating teachers were able 

to strengthen their didactic skills and adapt their 

pedagogical approach to offer a more enriching 

learning experience. This aspect is crucial to 

improve the quality of teaching and learning in 

the classroom. 

 

Practical application of knowledge: 

Practice allowed students not only to understand 

theoretical concepts, but also to apply them in 

practical situations. This is essential for 

developing practical skills and fostering critical 

and creative thinking in students. 

 

Fulfillment of objectives: It was 

confirmed that the objectives set for the 

practicum were satisfactorily achieved. Students 

were able to observe and apply electromagnetic 

phenomena, while teachers were able to 

strengthen their course with new tools and 

approaches. 

 

In summary, the results highlight the 

importance of educational practices based on 

experience and active interaction with content, 

both for students' learning and for teachers' 

professional development. These findings can 

serve as a basis for future research and the 

continuous improvement of academic programs 

and teaching in general. 
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Abstract 

 

Titanium dioxide (TiO2) is employed in various 

environmental science applications due to its exceptional 

photocatalytic activity and semiconductor behavior. The 

efficacy of TiO2 in these applications is intrinsically linked 

to its crystal structure, morphology and particle size. 

Titanium dioxide exhibits three well-defined crystalline 

phases: Anatase (octahedral structure), Rutile (tetragonal 

structure) and Brookite (orthorhombic structure). This 

work studies the effect of different concentrations, types 

of acids, and calcination temperatures on the crystalline 

structure and morphology of TiO2 synthesized via 
hydrothermal route using characterization techniques such 

as DLS (Dynamic Light Scattering), ATR-FTIR 

(Attenuated Total Reflectance Fourier Transform Infrared 

Spectroscopy), XRD (X-Ray Diffraction) and SEM 

(Scanning Electron Microscopy). 

 

Influence of concentration, acid type and calcination 

temperature on TiO₂ synthesis
SERIES I RESULTS:

\

SERIES II RESULTS:

SERIES I METHODOLOGY:

SERIES II METHODOLOGY:

OBJECTIVE: 

Study the effect of different

concentrations, types of acids, 

and calcination temperature on

the crystalline structure and 

morphology of TiO2 via

hydrothermal method; In   

Series I varying the percentage 

of nitric acid and in Series II 

varying the ratio of HCl:HNO3

SAMPLE
REACTANT

I-5I-4I-3I-2I-1

0.5M1M3M1M0MHNO3

0.15M0.15M0.15M0.15M0.15MTi i(PrO)4

-0.01M---NaF

SAMPLE
REACTANT

II-3II-2II-1

1.5M1M0.5MHNO3

1.5M2M2.5MHCl

0.15M0.15M0.15MTi i(PrO)4  
 

 

Titanium dioxide TiO2, Hydrothermal synthesis, 

Structural analysis. 

Resumen 

            

El dióxido de titanio (TiO2) se emplea en diversas 

aplicaciones de ciencia ambiental debido a su excepcional 

actividad fotocatalítica y su comportamiento como 

semiconductor, La eficacia del TiO₂ en estas aplicaciones 

está intrínsecamente ligada a su estructura cristalina, 

morfología y tamaño de partícula. El TiO2 presenta tres 

fases cristalinas bien definidas: Anatasa (estructura 

octaédrica), Rutilo (estructura tetragonal) y Brookita 

(estructura ortorrómbica). En este trabajo se estudia el 

efecto de diferentes concentraciones, tipos de ácidos y 

temperatura de calcinación en la estructura cristalina y 
morfología del TiO2 sintetizado por vía hidrotermal 

mediante las técnicas de caracterización de dispersión de 

luz dinámica (DLS), espectroscopia infrarroja por 

transformada de Fourier con reflectancia total atenuada 

(ATR-FTIR), difracción de rayos X (XRD) y microscopía 

electrónica de barrido (SEM). 

 

Influencia de la concentración, el tipo de ácido y la 

temperature de calcinación en la síntesis de TiO₂
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Introduction 

 

Titania has a wide range of applications in 

environmental science due to its excellent 

catalytic, optical and electrical properties 

(Farooq, 2024). It is frequently used for the 

photodegradation of organic molecules, water 

purification, disinfection of wastewater, self-

cleaning coatings for buildings in urban areas 

and in water splitting for hydrogen generation 

(Ali, 2018). Additionally, exhibits utility in air 

remediation systems, disinfection processes, and 

targeted organic transformations (Arun, 2023). 

These applications highlight the importance of 

TiO₂ in addressing environmental challenges 

and promoting sustainability (Pelaez, 2012). 

 

Numerous methodologies have been developed 

for the synthesis of titanium dioxide, 

encompassing techniques such as hydrothermal 

synthesis (Hidalgo, 2007), metal-organic 

chemical vapor deposition (MOCVD) (Li, 2002), 

electrochemical approaches (Anandgaonker, 

2019), sonochemical processes (Guo, 2011), and 

green synthesis routes (Dülger, 2024), among 

others. 

 

Hydrothermal synthesis of TiO2 

nanoparticles was performed. This method 

typically involves the crystallization of TiO2 

from a precursor solution under high pressure 

and temperature conditions. The hydrothermal 

process can produce either rutile or anatase 

phase nanoparticles depending on the specific 

conditions and precursors used (Gupta, 2021), 

(Rehan, 2011). The influence of reactant 

concentration and acid type on the final 

properties of TiO₂ nanoparticles synthesized via 

hydrothermal methods is an important area of 

research for evaluating the impact of key 

reaction parameters on their crystallinity 

(Kignelman, 2021).  

 

Precursor concentration is known to 

significantly impact the size, morphology, and 

crystallinity of the resulting nanostructures 

(Bindra, 2022), (Huang, 2012), these factors 

directly influence the catalytic efficiency and 

potential applications of TiO₂. Similarly, the 

type of acid employed dictates the etching 

behavior during synthesis, thereby affecting the 

final morphology and size of the nanostructures 

(Eaimsumang, 2020). A thorough understanding 

of these influences allows for the targeted design 

and optimization of TiO₂ for specific 

applications. 

In the present investigation, the effects of 

nitric acid (HNO3) concentration gradients and 

calcination temperature on the hydrothermal 

fabrication of titanium dioxide are elucidated. 

Furthermore, this work delineates the 

comparative impact of acid type on TiO2 

synthesis by utilizing both HNO3 and 

hydrochloric acid (HCl) across a spectrum of 

concentrations and thermal conditions. 

 

Materials and methods 

 

Two series of syntheses were conducted. In 

series I, different concentrations of nitric acid 

and two distinct calcination temperatures were 

utilized, whereas in series II, molar ratios of 

nitric acid to hydrochloric acid were employed. 

 

Series I: Synthesis of titania particles was 

achieved utilizing titanium isopropoxide (Ti 

i(PrO)₄) as the precursor. This precursor was 

incrementally introduced, via a dropwise method, 

into diverse solutions of nitric acid (HNO₃), 

accompanied by continuous stirring for a 

duration of 30 minutes at ambient temperature. 

To one synthesis batch, sodium fluoride (NaF) 

was incorporated to evaluate its effect, given that 

the fluoride ion (F⁻) demonstrates a pronounced 

complexation propensity towards Ti(IV). The 

specific compositions for each solution are 

enumerated in Table No. 1. 

 

After the completion of the stirring phase, 

all synthetic mixtures were transferred to 

hermetically sealed polyethylene containers and 

subjected to an aging process at 85°C within an 

oven for a period of 24 hours. Post-aging, 

selected sample aliquots underwent calcination 

at temperatures of 300°C and 500°C. The 

residual precipitates were subjected to 

centrifugation at 8000 rpm for 10 minutes 

followed by washing. The precipitates that 

resulted from this process were then calcined at 

a temperature of 300°C. 

 

Box 1 
Table 1 

Reactant Concentrations for Titanium Dioxide 

Synthesis in Series I                 

Reactant 
Sample 

I-1 I-2 I-3 I-4 I-5 

HNO3 0M 1M 3M 1M 0.5M 

Ti i(PrO)4 0.15M 0.15M 0.15M 0.15M 0.15M 

NaF - - - 0.01M - 
 

Source: own elaboration 
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Series II: Titanium dioxide was 

synthesized by introducing titanium 

isopropoxide into a variety of HCl and HNO3 

solutions, maintaining an aggregate acid 

concentration of 3M while varying their 

respective proportions. The synthesis proceeded 

under continuous stirring for 30 minutes. The 

final concentrations are enumerated in Table No. 

2.  

 

Subsequently, the samples underwent an 

aging process for 24 hours at 85°C within a 

controlled oven environment. Post-aging, the 

samples were subjected to centrifugation, and 

the resultant solid was rinsed and re-centrifuged 

at 8000 rpm for a duration of 5 minutes. The 

solid isolated from this stage was then 

redissolved in 50 mL of 3M HNO3 with stirring 

maintained for 20 minutes. Following this, the 

samples were once again centrifuged and 

washed; the solid fraction was segregated from 

the supernatant and subsequently desiccated. 

 

Box 2 

Table 2 

Reactant Concentrations for Titanium Dioxide 

Synthesis in Series II 

 

Reactant 
Sample 

II-1 II-2 II-3 

HNO3 0.5M 1M 1.5M 

HCl 2.5M 2M 1.5M 

Ti i(PrO)4 0.15M 0.15M 0.15M 
 

 

The suspensions derived post-

centrifugation in series I were subjected to 

particle size analysis utilizing a Dynamic Light 

Scattering (DLS) device NanoBrook 90Plus 

Particle Size Analyzer (Brookhaven Instruments 

Corporation). 

 

The two series of samples were 

characterized by XRD using a PANalytical 

X’Pert PRO diffractometer operated at 40kV and 

40mA, employing Cu-Kα radiation (λ= 

1.54060Å) with a step size of 0.0260° and a 

counting time of 1.0s per step. 

 

The presence of functional groups was 

determined using a Shimadzu IRAffinity FTIR 

instrument, equipped with a Gladi ATR module 

(PIKE Technologies, INC) with a spectral range 

of 500 to 4000 cm-1. 

 

 

 The morphology of the materials was 

determined using Field Emission Scanning 

Electron Microscopy (FESEM) on a Carl Zeiss 

Supra 40 NTS instrument. 

 

Results and discussions 
 

Characterization by DLS 

 

The soles obtained from samples I-2, I-4, and I-

5 were characterized. Samples I-1 and I-3 could 

not be peptized due to consecutive washing of 

the solid obtained by thermal hydrolysis. 

 

Figures 1 to 3 display the histograms 

corresponding to the different samples. In 

sample I-2, a particle size of 220 nm with a 

polydispersity index of 0.261 was obtained, 

sample I-4 has a particle size of 167 nm with a 

polydispersity index of 0.278, while in sample I-

5, the particle size is 1291 nm with a 

polydispersity index of 0.005. In syntheses I-2 

and I-4, higher acid concentrations were used 

compared with sample I-5, which generated 

smaller particles resulting in a more stable sol. 

Sample I-5, containing a lower concentration of 

HNO3, produced an unstable sol that formed a 

precipitate after 30 minutes. 

 

Box 3 
 

 
Figure 1 

DLS size distribution of sample I-2 
Source: 90Plus Nanoparticle Size Analyzer 

 

Box 4 
 

 
Figure 2 
DLS size distribution of sample I-4 

Source: 90Plus Nanoparticle Size Analyzer 
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Box 5 
 

 
Figure 3 

DLS size distribution of sample I-5 
Source: 90Plus Nanoparticle Size Analyzer 

 

Characterization by XRD 

 

The samples from series I, subjected to 

calcination at 300°C, were analyzed using X-ray 

diffraction (XRD). In Figure 4, it is evident that 

samples I-2 and I-5 exhibit the crystalline phase 

of anatase, as indicated by the International 

Centre for Diffraction Data (ICDD) card 00-004-

0477. Conversely, the crystalline phase of 

sample I-3 corresponds to rutile, matching with 

the information linked to the ICDD 01-073-1765 

card. 

 

Box 6 
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Figure 4 
X-ray diffraction patterns of Series I samples calcined 

at 300°C  
Source: Own elaboration 

 
 

The average crystallite sizes of the 

samples presented in Table 3 were determined 

using the Scherrer equation, analyzing the 

diffraction peaks with the X’Pert HighScore Plus 

software. 

 

Box 7 

Table 3 

Crystallite Size of Series I Samples Calcined 

at 300° 
 

Sample Crystallite size [Å] 

I-2 81.5 

I-3 108.2 

I-5 41.6 
 

Source: own elaboration 

 

XRD analysis was performed on Series I 

samples calcined at 500°C. The corresponding 

diffractograms are presented in Figure 5. 

Consistent with the observations for samples 

calcined at 300°C, samples I-2 and I-5 exhibit 

the anatase crystalline phase, as evidenced by 

their diffraction patterns matching the ICDD 

card 00-004-0477. In contrast, sample I-3 

possesses a rutile crystalline phase, as confirmed 

by its diffraction pattern aligning with the ICDD 

card 01-073-1765. 

 

Box 8 
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Figure 5 
X-ray diffraction patterns of Series I samples calcined 

at 500°C  
Source: Own elaboration 
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Crystallite size was determined by 

analyzing the diffraction peaks of Figure 5 using 

the Scherrer equation within X'Pert HighScore 

Plus software. The results are presented in Table 

4. 

 

Box 9 

Table 4 

Crystallite Size of Series I Samples Calcined 

at 500° 
 

Sample Crystallite size [Å] 

I-2 170.9 

I-3 182.5 

I-5 161.5 
 

Source: own elaboration 

 

In the syntheses of Series I, it is evident 

that as the precursor solution is prepared in a 

more acidic medium, the development of the 

rutile phase is favored (sample I-3), in contrast 

to samples synthesized in a less acidic medium 

(samples I-2 and I-5), where characteristic peaks 

corresponding to the anatase phase are observed. 

 

Regarding the calcination temperature, 

examination of the diffractograms in figures 4 

and 5 reveals that there is no change in the 

samples with respect to the phases present. 

However, the thermal treatment led to an 

increase in crystal size, as evident in Tables 3 

and 4. 

 

The average crystallite sizes of the Series 

II samples depicted in Table 5 were obtained 

through the Scherrer equation, utilizing an 

analysis of the diffraction peaks of Figure 6 with 

the X’Pert HighScore Plus software. 

 

Box 10 

Table 5 

Crystallite Size Analysis of Series II Samples  
 

Sample Crystallite size [Å] 

II-1 98.8 

II-1 84.5 

II-1 650.5 
 

Source: own elaboration 

 

Figure 6 presents the diffractograms 

corresponding to the various samples from 

Series II. Notably, when the precursor solution 

employed a 1:1 ratio of HNO3 to HCl (sample II-

3), titanium oxide oxalate hydroxide hydrate was 

obtained, consistent with the crystallographic 

data from ICDD 00-048-1164.  

In contrast, for other ratios, only the 

rutile phase was identified, as indicated by the 

crystallographic card ICDD 01-073-1765. 

 

Box 11 
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Figure 6 
X-ray diffraction patterns of Series II  

Source: Own elaboration 
 

Characterization by ATR-FTIR 

 

The functional groups present in the samples 

were identified by ATR-FTIR spectroscopy.  

 

The FTIR transmission spectrum of 

Series I samples, calcined at 300°C and 500°C, 

is shown in Figure 7. Notably, the spectrum 

reveals the presence of broad bands associated 

with hydroxyl groups (O–H stretching vibration) 

in the 3000 cm⁻¹ – 3600 cm⁻¹ range. Specifically, 

for sample I-1, synthesized without HNO₃, the 

corresponding peak related to this OH group is 

notably small.  

 

Additionally, a band around 1650 cm⁻¹ is 

attributed to absorbed water molecules (H–O–H 

symmetric vibration) on the surface of the TiO₂ 

crystal (Sanchez-Martinez, 2019). Furthermore, 

the broad band spanning the 1000 cm⁻¹ to 400 

cm⁻¹ region is ascribed to Ti-O stretching and Ti-

O-Ti bridging stretching modes (Praveen, 2014).  
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Box 12 
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Figure 7 

ATR-FTIR spectra of Series I samples  
Source: Own elaboration 

 

The ATR-FTIR spectra of Series II 

samples, observed on Figure 8, exhibit several 

distinct absorption bands that can be attributed 

to the various vibrational modes of the oxalate 

and titanium-oxygen bonding. For instance, the 

band in the 3000 cm⁻¹ – 3600 cm⁻¹ range is 

associated with hydroxyl groups (O–H 

stretching vibration) (Sanchez-Martinez, 2019), 

a band in the region of 2300-2400 cm⁻¹ is 

frequently observed and is attributed to the 

adsorption of atmospheric CO2 on the sample 

surface during the measurement (Liu, 2014), the 

strong absorption bands observed in the 1600-

1700 cm-1 region on sample II-3 are 

characteristic of the C=O stretching vibrations of 

the oxalate group (Young, 2009) while to 

samples II-1 and II-2 this band is associated with 

the NO-stretching (Nishikiori, 2011), the band at 

around 900 cm-1 is associated to the Ti-O-Ti 

vibrations (Haggerty et al., 2017) and the band 

that appears around 800 cm-1 range are 

associated with the Ti-O stretching vibrations 

(Liu, 2014). 

 

Box 13 
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Figure 8 

ATR-FTIR spectra of Series II samples 

Source: own elaboration 

Characterization by SEM 
 

Scanning Electron Microscopy (SEM) images 

provides detailed insights into the morphology 

and structure of materials. In Series I, Figures 9 

to 18 display a scale bar on the left side, 

indicating 1 micron, emphasizing the high 

magnification level. On the right side, these 

figures zoom in further, revealing finer details 

with a 20 nm scale bar. For Series II, Figures 19 

to 21 show a scale bar on the upper side, also 

indicating 1 micron, highlighting the high 

magnification level. The lower side of these 

figures provides even closer views, displaying 

finer details with a 200 or 100 nm scale bar. 

 

Box 14 
 

 
Figure 9 

SEM micrograph of Sample I-1 calcinated at 

300ºC  
Source: Carl Zeiss Supra 40 

 

Box 15 
 

 
Figure 10 

Sample I-1 calcinated at 500ºC  
Source: Carl Zeiss Supra 40 

 

Figure 9 shows the morphology of 

sample I-1 calcinated at 300°C. At this 

temperature, various structures are visible, 

including flat, angular plate-like formations and 

fibrous patterns on surface texture, the particle 

size appears to be in the nanometer range, and 

there is minimal evidence of agglomeration. The 

overall structure is porous, which is typical for 

TiO2 calcinated at lower temperatures. 
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In contrast, the SEM image in Figure 10 

of the sample calcinated at 500°C shows that 

particles are larger and more crystalline 

compared to those in Figures 9, there is a 

noticeable increase in particle size, and the 

surface texture appears relatively smooth, with 

occasional roughness. Additionally, there is 

evidence of particle sintering, leading to a denser 

structure with reduced porosity. 

 

Box 16 
 

 
Figure 11 

Sample I-2 calcinated at 300ºC  
Source: Carl Zeiss Supra 40 

 

Box 17 
 

 
Figure 12 

Sample I-2 calcinated at 500ºC  
Source: Carl Zeiss Supra 40 

 

The SEM image of sample I-2 calcinated 

at 300°C shown on Figure 11, appears more 

irregular and porous compared to the same 

sample calcined at 500°C (Figure 12) which 

exhibits a more uniform and crystalline structure.  

 

This suggests that higher calcination 

temperature have improved the crystallinity and 

reduced the surface defects of the nanoparticles, 

the differences in morphology are attributed to 

the increased thermal energy promoting the 

elimination of surface defects, leading to a more 

ordered and crystalline structure. 

 

 

 

Box 18 
 

 
Figure 13 

Sample I-3 calcinated at 300ºC  
Source: Carl Zeiss Supra 40 

 

Box 19 
 

 
Figure 14 

Sample I-3 calcinated at 500ºC  
Source: Carl Zeiss Supra 40 

 

For sample I-3, Figure 13, calcinated at 

300°C exhibiting a more porous and fibrous 

structure compared to Figure 14 related to the 

sample calcinated at 500°C, which displayed a 

denser and more crystalline appearance. This 

change in morphology was attributed to the 

increased thermal energy imparted to the TiO2 

particles during the higher temperature 

calcination process. The higher thermal energy 

input also affected the particle size distribution, 

with the 500°C calcined sample displaying a 

narrower and more finely dispersed particle size 

distribution compared to the 300°C calcined 

sample. 

 

Box 20 
 

 
Figure 15 

Sample I-4 calcinated at 300ºC  
Source: Carl Zeiss Supra 40 
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Box 21 
 

 
Figure 16 

Sample I-4 calcinated at 500ºC  
Source: Carl Zeiss Supra 40 

 

SEM micrograph of sample I-4 

calcinated at 300°C are displayed on Figure 15 

and Figure 16 corresponds to the same sample 

calcinated at 500°C. It is observed that the 

micrographs show change in crystal structure 

and surface morphology after calcination at 

500°C compared to 300°C. The surface 

morphology of image calcinated at 

300°cindicates a relatively rough and porous 

nature with irregularly shaped particles, whereas 

the surface morphology of image calcinated at 

500°C exhibits a much smoother and more 

uniform surface with smaller and more rounded 

particles. 

 

Box 22 
 

 
Figure 17 

Sample I-5 calcinated at 300ºC  
Source: Carl Zeiss Supra 40 

 

Box 23 
 

 
Figure 18 

Sample I-5 calcinated at 500ºC  
Source: Carl Zeiss Supra 40 

The differences observed in the SEM 

images of sample I-5 can be attributed to the 

impact of calcination temperature on the 

crystallization and phase transformation. The 

lower calcination temperature of 300°C was not 

sufficient to fully promote the crystallization of 

TiO2, leading to the formation of larger, more 

irregular, and fibrous particles like is observed 

on Figure 17, this is likely due to the incomplete 

phase transformation from the amorphous to the 

crystalline phase. In contrast, Figure 18 indicates 

that the higher calcination temperature of 500°C 

enabled the complete crystallization of the 

material. This resulted in the formation of 

smaller, more uniform, and spherical particles 

with a relatively smooth surface morphology. 

The elevated temperature facilitated improved 

atomic rearrangement and the growth of well-

defined titania crystal structures. 

 

SEM images in Figures 19 to 21 depict 

the titania synthesis process using varying ratios 

of nitric acid (HNO₃) to hydrochloric acid (HCl). 

 

Box 24 
 

 
Figure 19 

Sample II-1, obtained with a 1:5 ratio of HNO₃ 

to HCl  
Source: Carl Zeiss Supra 40 
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Box 25 
 

 
Figure 20 

Sample II-2, obtained with a 1:2 ratio of HNO₃ 

to HCl  
Source: Carl Zeiss Supra 40 

 

Figure 19 corresponds to the product 

obtained with a 1:5 HNO₃-to-HCl ratio, Figure 

20 with a 1:2 ratio, and Figure 21 with a 1:1 ratio. 

Figures 19 and 20 indeed reveal similar particle 

morphology, characterized by spherical shapes. 

The confirmation through X-ray diffraction 

(XRD) analysis further supports the presence of 

the rutile phase of titanium dioxide in these 

samples.  

 

Box 26 
 

 
Figure 21 

Sample II-3, obtained with a 1:1 ratio of HNO₃ 

to HCl  
Source: Carl Zeiss Supra 40 

However, Figure 21 represents a distinct 

scenario, the synthesis of titanium oxalate. The 

particles in this case exhibit hexagonal shapes, 

indicating a different crystal structure and 

morphology compared to the rutile phase 

observed in figures 19 and 20.  

 

The impact of the HNO₃-to-HCl ratio on 

the final product on the crystalline phase has 

significantly influences. In the case of rutile, the 

1:5 and 1:2 ratios (Figures 19 and 20) favor its 

formation. However, the 1:1 ratio (Figure 21) 

leads to the synthesis of titanium oxalate. The 

specific acid concentrations affect the 

availability of precursor ions and their 

interactions during nucleation and growth When 

considering particle size and shape, smaller acid 

ratios may promote nucleation and result in 

smaller particles, while larger ratios may lead to 

larger particles. The spherical morphology 

observed in rutile (Figures 19 and 20) suggests 

controlled growth under specific conditions. The 

hexagonal shapes in titanium oxalate (Figure 21) 

indicate different growth mechanisms. Beyond 

individual particles, the overall morphology of 

the synthesized material is influenced. The 

arrangement of particles, agglomeration, and 

surface features contribute to the macroscopic 

appearance. The distinct hexagonal coverage in 

Figure 21 highlights the unique morphology of 

titanium oxalate. 

 

Conclusions 

 

In Series 1, it was observed that higher nitric acid 

concentrations predominantly favor the 

development of the rutile phase, while lower 

concentrations lead to the formation of the 

anatase phase. Intermediate acid concentrations 

result in more stable sols. Furthermore, the 

pronounced aggregation and rougher surface of 

the particles calcined at 300°C suggest that the 

lower calcination temperature was not sufficient 

to overcome the attractive forces between the 

particles, leading to the formation of larger 

agglomerates. In comparison, the higher 

temperature of 500°C enabled better control over 

the particle growth, resulting in a more uniform 

and less aggregated particle distribution. 

Notably, the type and concentration of acid exert 

a more significant influence on phase 

determination than thermal treatment. 

Additionally, the presence of fluoride induces a 

slight increase in nanoparticle size. 
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In Series 2, it was determined that a 

higher proportion of hydrochloric acid (HCl) 

compared to nitric acid (HNO3) induces the 

formation of the rutile phase of TiO₂. Conversely, 

when the acid ratio is equal, that is, a 1:1 

proportion, the generation of Titanium oxide 

oxalate hydroxide hydrate is favored.  

 

These findings underscore the 

significance of acid composition in 

hydrothermal synthesis and its direct influence 

on the crystalline phase, particle size and shape 

and overall morphology of the synthesized 

titanium-based materials. 
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