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ABSTRACT

Background and Objective: The persistence of tetracycline in aquatic environments poses serious
ecological and health risks due to its resistance to conventional treatment methods. This study explores
the potential use of sugarcane bagasse, a low-cost agricultural byproduct, as a sustainable source for
synthesizing silica nanoparticles (SNPs) aimed at removing tetracycline from water. The main objective was
to synthesize, characterize, and evaluate the adsorption efficiency of SNPs under varying operational
conditions. Materials and Methods: Silica nanoparticles were synthesized from sugarcane bagasse via
alkaline extraction and acid precipitation using the sol-gel method, a cost-effective and eco-friendly
approach. The synthesized SNPs were characterized using X-ray fluorescence (XRF), X-ray diffraction (XRD),
scanning electron microscopy with energy-dispersive X-ray analysis (SEM-EDX), UV-Vis spectroscopy, and
Fourier-transform infrared (FTIR) spectroscopy. Adsorption experiments were conducted to evaluate the
effects of pH, contact time, and adsorbent dosage on tetracycline removal. Results: The XRF analysis
confirmed 96.2% silica content in the synthesized SNPs. The FTIR and UV-Vis spectra indicated the
presence of Si-O-Si bonds, silanol, and siloxane groups, confirming silica formation. The XRD patterns
revealed an amorphous structure, while SEM-EDX showed uniformly distributed, spherical, and porous
SNPs with 60.92% silicon composition. Optimal adsorption was achieved at pH 7, 60 min contact time, and
0.8 g adsorbent dosage, demonstrating high tetracycline removal efficiency. Conclusion: The study
demonstrates that sugarcane bagasse is a viable precursor for producing silica nanoparticles with strong
adsorption capabilities for tetracycline removal. This approach offers a sustainable and cost-effective
strategy for wastewater treatment while contributing to agricultural waste valorization and environmental
protection.
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INTRODUCTION

Water contamination, particularly by pharmaceutical pollutants such as antibiotics, has become a pressing
environmental and public health concern globally®. The increasing presence of antibiotics in natural
water bodies, particularly tetracycline (TC), poses significant threats to ecosystems and human health®*.
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Tetracycline, widely used in both human and veterinary medicine, often enters aquatic environments
through effluent from agricultural runoff, domestic sewage, and hospital waste, leading to the
development of antibiotic-resistant microorganisms and disrupting aquatic biodiversity**. Conventional
wastewater treatment processes are often inadequate for removing such contaminants, thus underscoring
the need for efficient, cost-effective, and sustainable remediation technologies®’.

Adsorption is a promising technique for the removal of antibiotics from water bodies, owing to its
simplicity, ease of operation, and relatively low cost®. Agricultural waste materials, rich in silica, are being
explored as potential precursors for producing adsorbent materials. Among these agricultural wastes,
sugarcane bagasse presents an environmentally friendly and cost-effective source of silica®'®. With its high
silica content, sugarcane bagasse offers an alternative to traditional synthetic methods of producing SNPs,
reducing the need for toxic chemicals and high-energy processes, while simultaneously addressing waste
disposal issues in the agro-industry''®. To enhance the adsorption capacity and efficiency of agricultural
waste-derived adsorbents, modification techniques such as nanostructuring, activation, carbonization, and
grafting are employed™.

In this context, nanotechnology offers promising solutions for the removal of water pollutants, with silica
nanoparticles (SNPs) gaining attention for their adsorptive properties, environmental compatibility, and
versatility™'®. However, the large-scale synthesis and application of synthetic nanoparticles is hindered
by issues such as aggregation, difficult separation, and potential environmental and health risks associated
with their discharge' . To mitigate these challenges, green synthesis of silica nanoparticles is being
explored. Silica nanoparticles possess desirable properties, including good physical stability and chemical
inertness, making them a valuable material in various applications®. Additionally, SNPs exhibit high surface
reactivity, low toxicity and straightforward chemistry further expanding their utility’2'. They are commonly
employed in industrial manufacturing, packaging of ceramics, synthesis of high molecular-weight
composite materials, as well as in biomedical fields such as drug delivery, cancer therapy, disease labeling,
biosensing and in the food and agricultural sector®®?,

Recently, researchers have investigated the synthesis of SNPs from sugarcane bagasse. For instance,
Sulaiman et al* and Mohd et al.®® successfully synthesized SNPs from sugarcane bagasse using an
extraction-precipitation method. Additionally, Ribeiro et al? developed a system utilizing pristine
sugarcane bagasse as an adsorbent, demonstrating its effectiveness in removing tetracycline from
wastewater. Furthermore, Chen et al.*® created a magnetically modified sugarcane bagasse biochar, which
showed high adsorption efficiency for tetracycline removal from wastewater. Despite attempts to
synthesize SNPs from sugarcane bagasse and utilizing bagasse for adsorptive removal of tetracycline from
wastewater, there is currently no study on SNPs derived from sugarcane bagasse for tetracycline removal.
Given the enhanced adsorptive capacity of SNPs due to their nanoscale size, this research gap highlights
the need for a study exploring the potential of SNPs from sugarcane bagasse for effective tetracycline
removal from wastewater.

Therefore, this study explores the synthesis and characterization of silica nanoparticles from sugarcane
bagasse using an alkaline extraction and acid precipitation process, a method known for its low cost,
reduced toxicity, and lower energy requirements compared to other conventional methods. The study also
investigates the adsorptive efficiency of the SNPs for the removal of tetracycline from water under various
conditions, such as pH, contact time, and adsorbent dosage.

MATERIALS AND METHODS

Study area: This research took place in Markudi, Benue State, Nigeria, which is positioned at Latitude of
7.73°N and a Longitude of 5.84°E. The city’s elevation is 103 m above sea level and has a population of
over 5,741,815. This research was conducted between the period of October, 2024 and September, 2025.
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Materials: Sugarcane was sourced from local sellers in Markurdi, Benue State, and subsequently chopped
and peeled to obtain the sugarcane bagasse. A 50 mg capsule of tetracycline was bought from a
pharmacy store in Markurdi. All other chemicals and reagents used in this study, including sodium
hydroxide and hydrochloric acid, were obtained from the chemical laboratory in the department of
chemistry, Benue State University, Markurdi, Nigeria.

Preparation of sugarcane bagasse ash: The sugarcane bagasse was soaked in clean water overnight and
washed thoroughly to remove dirt and soil. It was then dried in the sun for two days, followed by further
drying in an oven at 90°C. The dried sugarcane bagasse was subsequently burnt to produce sugarcane
bagasse ash (SBA). The SBA was then heated in a muffle furnace at 600°C for 3 hrs to remove the carbon
content, and left overnight to cool in the furnace.

Extraction of silica from sugarcane bagasse ash (SBA): Silica was extracted from sugarcane
bagasse ash using the method described by Ni'mah et al.*® with some modifications. In this method,
250 mL of 1 N NaOH was added to 10 g SBA samples and boiled in a covered 100 mL Erlenmeyer flask
for 1 hr with constant stirring to dissolve the silica and produce a sodium silicate solution. The solution
was then filtered through Whatman. No. 1 filter paper, and the residue was washed with boiled
distilled water. The filtrate was allowed to cool to room temperature, and the pH of the solution was
adjusted to 7 using 3 N HCI with constant stirring. The solution was then incubated to promote gel
formation. Once the gel had formed, it was aged for 18 hrs. After ageing, the soft gel was gently broken,
and the slurry was centrifuged at 4000 rpm for 5 min. The supernatant was discarded, and the gel was
transferred to a beaker and dried at 80°C for 24 hrs to produce xerogels. The silica xerogels were
subjected to additional washing with deionized water to effectively remove minerals and impurities from
the silica. This step is more effective when performed on the dried silica (xerogel) rather than on the silica
gel (aqua-gel) before drying. Finally, the silica was dried in a hot air oven at 105°C for 24 hrs.

Preparation of silica nanoparticles (SNPs): Silica nanoparticles were prepared from the extracted silica
using a refluxing technique following the method of Elnazer et al.*® with some modifications. The extracted
silica was refluxed with 6 M HCl at 85°C for 4 hrs and washed repeatedly with distilled water to remove
any residual acid. The silica was then dissolved in 2.5 M NaOH with continuous stirring, and sulfuric acid
was added until the pH reached 8, resulting in the precipitation of silica. The precipitated silica was washed
repeatedly with warm distilled to remove any residual alkali and then dried in a hot air oven at 50°C for
48 hrs.

Characterization

Fourier transform infrared (FTIR) spectroscopy analysis: The FTIR spectroscopy analysis was conducted
based on procedures of Seroka et al."". In this study, a Perkin EImer (Nicolet iS10 FT-IR) spectrophotometer
was employed to identify the vibrational frequencies of functional groups in the silica nanoparticles
powder. The silica powder was mixed with potassium bromide (KBR) and ground into a thin layer of matrix
for analysis.

X-ray powder diffraction analysis: The crystal structure and morphology of the prepared sample were
characterized following the method of Omoike et al>'*? and Seroka et al.'' using an X-ray powder
diffractometer (Rigaku Miniflex 600, Japan). The XRD measurements were taken with a step size of
0.02°/min, utilizing Cu Kot radiation filtered with Ni.

Scanning electron microscopy (SEM): The size, shape, and surface morphology of the prepared silica
nanoparticles were examined using a Scanning Electron Microscope (Phenom ProX by PhenomWorld
Eindhoven, Netherlands) by following procedures adopted by Elnazer et al** and Omoike et al.*’. This
analysis provided high-resolution images of the nanoparticles at 7000-8000 times magnification, allowing
for a detailed characterization of their surface morphology and particle size distribution.
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Brunauer-emmert-teller (BET) analysis: The surface area and pore volume of the silica nanoparticles
were determined using a BET analyzer based on Hoang et al**. This analysis involved measuring the
nitrogen adsorption-desorption isotherms, which provided information on the specific surface area, pore
size distribution and total pore volume of the nanoparticles.

Preparation of tetracycline stock solution: Tetracycline stock solution was prepared as described by
Elnazer et al.*® with modifications. In this method, 1 g of tetracycline was dissolved in distilled water and
made up to 1000 mL volume mark in a volumetric flask. The flask was then kept for serial dilution to
achieve the desired concentration.

Batch adsorption experiments: Batch adsorption studies were conducted to investigate the adsorption
of tetracycline (TC) onto silica nanoparticles (SNPs) under various conditions. These investigations were
carried out based on the methods described by Hoang et al.** with some modifications.

Adsorbent dosage: The effect of adsorbent dosage on TC adsorption was examined by adding different
masses of SNPs (0.2, 0.4, 0.6, and 0.8 g) to 20 mL of 15 mg/L TC solution at pH 7. The mixtures were stirred
in a mechanical shaker for 1 hour and then filtered. The filtrates were analyzed using UV-visible
spectroscopy. The percentage removal (%R) of TC was calculated using Equation 1 below:

L) = Ci_ce
R (%) =~ =100 1)

Where:

R (%) = Percentage of TC removed

C = Initial concentration of TC

C. = Concentration of TC after adsorption

pH variations: The effect of pH on adsorption was investigated by adjusting the pH of the SNPs/TC
solution from 2 to 11 using 0.1M HCl and 0.1M NaOH. The mixtures were shaken for 1 hr and then filtered.
The pH with the highest adsorption efficiency was determined as the optimum adsorption pH.

Contact time: The impact of contact time on adsorption efficiency was studied at varying times (20, 40,
60, and 80 min) using 20 mL of 15 mg/L TC solution with 0.4 g of SNPs at room temperature. The mixtures
in 200 mL stopper conical flasks were placed in a mechanical shaker and shaken at 130 rpm.

RESULTS AND DISCUSSIONS

UV-visible spectroscopy analysis: UV-Vis spectroscopy is a widely used technique for characterizing the
optical properties of nanoparticles, providing valuable information on their absorption and transmission
characteristics®. Figure 1 shows the UV-Vis absorption spectrum of silica nanoparticles, which is a plot of
the optical absorbance as a function of wavelength. The result shows that the UV-visible spectrum of SNPs
recorded a maximum absorption band edge of 310 nm. These optical features are similar to those
obtained in previous reports where the maximum absorption peaks were around 300-390 nm and
attributed to the Si-O-Si bond, confirming the presence of silica nanoparticles®>?¢.

FTIR spectroscopic analysis: The FTIR spectrum of SNPs as shown in Fig. 2 and Table 1 revealed the
following: 1088-1632/cm indicating Si-O-Si, and Si-O stretching vibration, 400/cm corresponding to
Si-O-Si asymmetric bend, 3442/cm is assigned to Si-OH due to surface bonding to water molecules”,
2250-2750/cm corresponds to Si-H, a siloxane group, and the predominant absorbance peak at 1320/cm
was due to siloxane bonds (Si-O-Si). The FTIR Spectrum has clearly shown the presence of SNPs when
compared with Silica peaks reported in the literature®.
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Fig. 1: UV visible spectrum of silica nanoparticles from SBA
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Fig. 2: FTIR spectrum of silica nanoparticles from SBA

Table 1: FTIR absorption peaks of SNPs from SBA

5250

Wave number (cm™)

Functional group

400
1088-1632
2250-2750
3442

Si-O-Si, asymmetric bend
Si-O-Si, SiO stretch

Si-H

Si-OH

X-ray diffraction: The X-ray diffraction pattern of SNPs is displayed in Fig. 3. The XRD intense sharp peaks
were observed at 20 (2-theta) = 22.3°, 26.8°, while low peaks were observed at 26 = 37.2°, 50.1°, 60.0°
which confirms the combination of crystal and amorphous structure of silica nanoparticles. Similar results
were recorded with XRD sharp peaks at 26 = 22-30° silica nanoparticles obtained from rice husk®.

Scanning electron microscopy: The surface morphology of SNPs was analyzed using SEM and the result
is presented in Fig. 4a-b. The SEM image displayed a uniform distribution of silica nanoparticles in the
form of roughly spherical shapes with some degree of pore spaces. This indicates a porous microsurface
structure of SNPs. This result is consistent with the findings of Elnazer et al*® who reported similar

spherical and homogenously distributed silica nanoparticles synthesized from rice husk, as observed in

the SEM images.
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Fig. 3: X-ray diffractogram of silica nanoparticles from SBA
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Fig. 4: SEM image of silica nanoparticles from SBA at magnification of (a) 8000X and (b) 7000X

The elemental composition of the SNPs was determined by EDX, as shown in Fig. 5. The results revealed
that silicon was the predominant element, constituting 60.96% w/w of the composition, followed by
oxygen at 25.67% w/w and carbon at 18.34% w/w. These findings confirm that sugarcane bagasse is a rich
source of silicon, which was successfully extracted and utilized in the synthesis of SNPs.

In addition, the XRF analysis as shown in Table 2 shows the SNPs composition data indicating that SiO,
content was 96.2, also confirms the high amount of the silica nanoparticle produced®.

Brunauer-emmert-teller (BET) analysis: Table 3 shows BET surface area, average pore size, and pore
volume of SNPs prepared from sugarcane bagasse. The results revealed that SNPs had a characteristics
surface area of 90.720 m?/g, average adsorption pore size 28.5500 A°, and total pore volume 0.152240
cm?/g. These characteristics indicate a microporous structure that is conducive to effective adsorption. The
relatively high surface area and pore volume of the SNPs, although lower than some previous studies,
suggest that SNPs derived from sugarcane bagasse are suitable for antibiotic removal applications, thus
providing ample active sites for adsorption®. The microporous structure also enables efficient interaction
between the adsorbent and target pollutants, underscoring the potential of SNPs as effective adsorbents
in water treatment processes.
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Fig. 5: EDX spectrum of silica nanoparticles from SBA
Table 2: XRF analysis of silica nanoparticles from SBA
Element/compound Amount
Sio, 96.20
AlO, -
Fe,O, 0.80
7,0, 0.23
CaO 0.33
P,Os 0.06
K,O 1.24
MnO 0.02
MgO -
Na,O 1.10
Cu 0.01
Zn 0.001
Rb 0.01
Cr 0.01
Zr 0.02
Total 100

Table 3: BET surface area and pore characteristics of silica nanoparticles from SBA

Sample Surface area (m%/g) Average pore size (A°) Pore volume (cm®/g)
Silica nanoparticles 92.72+3.22 30.52+2.06 0.152240

Effect of SNPs adsorbent dosage: The effectiveness of adsorption relies heavily on the availability of
active sites on the adsorbent surface, making adsorbent dosage a critical factor in determining the
efficiency of the adsorption process®. Figure 6 presents the effect of silica nanoparticles (SNPs) adsorbent
dosage on tetracycline (TC) adsorption within an adsorbent range of 0.2-0.8 g at a pH of 7. The results
showed that increasing the SNPs dosage led to an increase in TC adsorption percentage. Initially, there
was a slow increase in the adsorption capacity of SNPs from 59.07 to 60.06% at a dosage range
of 0.2-0.4 g. This was then followed by a significant increase in TC adsorption percentage by 16.3%
occurring between 0.4 and 0.6 g SNPs dosage. Comparatively, the adsorption decreased slightly between
0.6 to 0.8 g SNPs dosage. The increase in adsorption capacity with increasing adsorbent dosage can be
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Fig. 6: Effect of adsorbent dosage on the amount of TC adsorbed
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attributed to the availability of more adsorption sites and enhanced surface area®. As the adsorbent
dosage increases, the total surface area and charge density of the adsorbent also increase, providing more
binding sites for TC adsorption. This trend is consistent with previous studies, which suggest that increased
adsorbent dosage enhances adsorption capacity due to increased surface area and availability of
adsorption sites®*'.

Effect of pH: Adsorption processes are greatly influenced by the pH of the medium as it determines the
specific nature of adsorbates and their surface charge®. The effect of pH on tetracycline (TC) adsorption
onto silica nanoparticles (SNPs) is presented in Fig. 7. The results show that the adsorption of TC increased
significantly from 59.74 to 71.16 by 19.1% with an increase pH from 5 to 7. There was, however, a sharp
decrease by 24.5% from pH 7 to 11. The maximum adsorption capacity of SNPs was achieved at pH 7,
where TC exists in its zwitterionic form*. This suggests that TC adsorption onto SNPs is primarily driven
by non-electrostatic interactions®. At pH <6.0, low adsorption of TC was observed due to repulsive forces
between positively charged TC species and the SNPs surface*. Conversely, at pH >9.0, the amount of TC
adsorbed/removed decreased due to silica dissolution and desorption at high pH values®. Therefore, pH
7.0 was determined as the optimal pH for TC removal using SNPs, and this value was used for further
investigations.
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Fig. 8: Effect of contact time on TC adsorption

Effect of contact time on TC adsorption: The contact time between the adsorbent and adsorbate plays
a significant role in determining the rate and efficiency of adsorption®. Therefore, investigating the effect
of contact time on tetracycline (TC) adsorption onto silica nanoparticles (SNPs) is essential to understand
the adsorption kinetics and possible optimization of the process. Figure 8 shows the effect of contact time
on tetracycline adsorption at an initial concentration of 0.15 mg/L. The results revealed that there was a
rapid adsorption of TC in the initial stage, with equilibrium attained within 60 min. TC removal increased
sharply with increasing adsorption time from 20 to 60 min, after which the change in TC removal became
insignificant. This indicates that the adsorption equilibrium was reached at 60 min, and desorption
occurred thereafter’®*. Therefore, an adsorption time of 60 min was determined as optimal and used for
further studies on TC removal using SNPs.

CONCLUSION

This study successfully synthesized and characterized silica nanoparticles (SNPs) from sugarcane bagasse,
confirming their pure form and structure through various analytical techniques. The SNPs exhibited a
maximum absorption band edge of 310 nm, characteristic functional groups, an amorphous structure, and
a high BET surface area. The batch adsorption studies demonstrated optimal conditions for tetracycline
adsorption, with contact times, pH, and adsorbent dosages of 60 min, 7, and 1.0 g, respectively. Based on
the results, it can be concluded that the use of sugarcane bagasse as a source of SNPs demonstrated a
promising and efficient adsorbent in the removal of tetracycline from wastewater, providing a sustainable
solution for water treatment. Moreover, utilizing sugarcane bagasse as a source of SNPs offers
environmental and economic benefits by valorizing agricultural waste. The synthesized SNPs show
potential for various industrial and agricultural applications. This research demonstrates the potential of
converting abundant agricultural waste into valuable nanomaterials for environmental remediation.

SIGNIFICANCE STATEMENT

This study discovered the potential of sugarcane bagasse, an abundant agricultural byproduct, as an
effective precursor for synthesizing silica nanoparticles capable of removing tetracycline from water. The
research highlights a sustainable and low-cost method to address the growing issue of antibiotic
contamination in aquatic environments, which conventional treatments often fail to mitigate. By
demonstrating high adsorption efficiency under optimized conditions, this work bridges the gap between
agricultural waste utilization and environmental remediation. This study will help researchers to uncover
the critical areas of nanoparticle-based adsorption mechanisms and green nanomaterial synthesis that
many researchers were not able to explore. Thus, a new theory on sustainable nanotechnology for
wastewater treatment may be arrived at.
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