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ABSTRACT  

This study aimed to convert sawdust biomass into activated carbon (SAC) and evaluate its efficiency for 
tetracycline (TC) removal from aqueous solutions. SAC was prepared via thermal carbonization under a nitrogen 
atmosphere and characterized using SEM-EDX, XRD, FTIR, and N₂ adsorption-desorption analysis, revealing a 
porous, amorphous carbon structure with a surface area of 338.28 m² g⁻¹ and abundant oxygen-containing functional 
groups. Batch adsorption experiments were conducted to investigate the effects of contact time, pH, and adsorption 
behavior using kinetic and isotherm models. The results showed that TC removal efficiency increased to ~72% within 
360 min and was strongly pH-dependent, with higher efficiency under acidic conditions. Kinetic analysis indicated that 
the pseudo-second-order model best described the process (R² = 0.9937), suggesting chemisorption with contributions 
from intraparticle diffusion. The Langmuir isotherm provided the best fit (R² = 0.9923), with a maximum adsorption 
capacity of 10.42 mg/g, indicating monolayer adsorption. Regeneration studies demonstrated that SAC retained good 
performance after five cycles, with only a slight decrease in efficiency. Overall, this work highlights a sustainable waste-
to-resource approach for producing effective, low-cost adsorbents for antibiotic-contaminated water. 

Keywords: Activated carbon, sawdust biomass, tetracycline, adsorption, waste valorization 

Loại bỏ tetracycline bằng phương pháp hấp phụ  
sử dụng carbon hoạt tính chế tạo từ sinh khối mùn cưa 

TÓM TẮT 

Nghiên cứu này nhằm chuyển hóa sinh khối mùn cưa thành carbon hoạt tính (SAC) và đánh giá hiệu quả của 
vật liệu trong việc loại bỏ tetracycline (TC) khỏi dung dịch nước. SAC được tổng hợp bằng phương pháp nhiệt phân 
trong môi trường khí nitơ và được đặc trưng bằng các kỹ thuật SEM-EDX, XRD, FTIR và hấp phụ-giải hấp N₂, cho 
thấy cấu trúc carbon vô định hình, xốp với diện tích bề mặt đạt 338,28 m² g⁻¹ cùng nhiều nhóm chức chứa oxy. Các 
thí nghiệm hấp phụ theo mẻ được thực hiện nhằm khảo sát ảnh hưởng của thời gian tiếp xúc, pH và hành vi hấp phụ 
thông qua các mô hình động học và đẳng nhiệt. Kết quả cho thấy hiệu suất loại bỏ TC đạt khoảng 72% sau 360 phút 
và phụ thuộc mạnh vào pH, với hiệu quả cao hơn trong môi trường axit. Phân tích động học cho thấy mô hình giả bậc 
hai phù hợp nhất (R² = 0,9937), gợi ý cơ chế hấp phụ hóa học kết hợp với khuếch tán nội hạt. Mô hình đẳng nhiệt 
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Langmuir mô tả tốt nhất dữ liệu (R² = 0,9923), với dung lượng hấp phụ cực đại đạt 10,42 mg/g, cho thấy cơ chế hấp 
phụ đơn lớp. Thử nghiệm tái sinh cho thấy SAC duy trì hiệu quả tốt sau năm chu kỳ, chỉ giảm nhẹ hiệu suất. Nhìn 
chung, nghiên cứu này làm nổi bật hướng tiếp cận bền vững trong việc chuyển hóa chất thải thành vật liệu hấp phụ 
hiệu quả, chi phí thấp để xử lý nước ô nhiễm kháng sinh. 

Từ khóa: Carbon hoạt tính, sinh khối mùn cưa, tetracycline, hấp phụ, tận dụng chất thải.  

1. INTRODUCTION 

The widespread occurrence of antibiotic residues in aquatic environments has emerged as 
a critical global concern due to their persistence, bioaccumulation, and contribution to 
antimicrobial resistance (Gomes, 2024; Chen & cs., 2025). Among these contaminants, 
tetracycline (TC) is one of the most extensively used broad-spectrum antibiotics in human 
medicine, veterinary practice, and aquaculture. Its incomplete metabolism and improper disposal 
result in continuous release into water bodies, where it can exert toxic effects on aquatic 
organisms and promote the development of antibiotic-resistant bacteria (Amangelsin & cs., 
2023). Consequently, the effective removal of tetracycline from wastewater has become an 
urgent priority in environmental protection and public health. 

Various treatment technologies have been explored for antibiotic removal, including 
advanced oxidation processes, membrane filtration, biological degradation, and adsorption (Huang 
& cs., 2022; Liu & cs., 2023; Sengupta & Hussain, 2024; Zhang & cs., 2024). Among these, 
adsorption is widely recognized as one of the most efficient, cost-effective, and environmentally 
friendly approaches due to its operational simplicity, high removal efficiency, and adaptability to 
different water matrices. Activated carbon (AC) remains the most commonly used adsorbent 
owing to its high surface area, well-developed porosity, and abundant surface functional groups, 
which facilitate strong interactions with organic pollutants such as tetracycline (Wang & cs., 2022; 
Kargar & cs., 2025). In recent years, increasing attention has been directed toward the development 
of low-cost and sustainable activated carbons derived from biomass waste (Tuan & cs., 2025; 
Nguyen & cs., 2026). Sawdust, an abundant by-product of the wood-processing industry, 
represents an attractive precursor for AC production due to its low cost, high carbon content, and 
widespread availability. The valorization of sawdust into activated carbon not only provides an 
efficient adsorbent for water treatment but also contributes to waste minimization and circular 
economy strategies. Furthermore, the physicochemical properties of sawdust-derived AC, 
including surface area, pore structure, and surface chemistry, can be tailored through appropriate 
activation methods to enhance adsorption performance. 

Despite the growing number of studies on biomass-derived activated carbons, a 
comprehensive understanding of the adsorption behavior of tetracycline on sawdust-based AC, 
including kinetics, isotherms, and interaction mechanisms, remains essential for optimizing 
material design and practical application. Therefore, this study aims to synthesize activated carbon 
from sawdust biomass and evaluate its performance for tetracycline removal from aqueous 
solutions. The prepared material is systematically characterized, and its adsorption behavior is 
investigated through kinetic and isotherm models. In addition, the adsorption mechanism and the 
adsorbent's reusability are discussed to assess its potential for sustainable water treatment 
applications. 
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2. MATERIALS AND METHODS 

2.1. Materials and chemicals 

Sawdust biomass was collected from a local wood-processing facility in Tu Son, Bac Ninh. 
The raw material was thoroughly washed with tap water followed by deionized (DI) water to 
remove dust and impurities, then dried at 105°C for 24 h. Tetracycline hydrochloride (TC, ≥98%) 
was used as the target pollutant. Hydrochloric acid (HCl, 37%) and sodium hydroxide (NaOH) 
were of analytical grade and used without further purification. All aqueous solutions were prepared 
using DI water. The pH of solutions was adjusted using 0.1-1.0 M HCl or NaOH. 

2.2. Preparation of sawdust-derived activated carbon  

The dried sawdust was ground and sieved to obtain particles in the 0.5-2.0 mm size range. 
The material was then carbonized in a tubular furnace with a nitrogen atmosphere (flow rate: 100 
sccm). The temperature was increased from room temperature to 650°C at a heating rate of 10°C 
min⁻¹ and maintained for 2 h. After cooling to room temperature, the carbonized product was 
washed with DI water until neutral pH and dried at 105°C. The obtained activated carbon was 
labeled SAC (sawdust-derived activated carbon). 

2.3. Characterization of activated carbon 

The morphology and surface structure of SAC were examined using scanning electron 
microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDX). Crystalline 
structure was analyzed by X-ray diffraction (XRD) using Cu Kα radiation over a 2θ range of 10-
70°. Surface functional groups were identified using Fourier-transform infrared spectroscopy 
(FTIR) in the range of 4000-400 cm⁻¹. Textural properties, including specific surface area, pore 
volume, and pore size distribution, were determined by N₂ adsorption-desorption isotherms at 77 
K using the BET method.  

The point of zero charge (pHpzc) of the adsorbent was determined using the pH drift method. 
A series of 0.01 M NaCl solutions (50 mL) were prepared, and their initial pH values (pH₀) were 
adjusted in the range of 2-12 using 1 M HCl or NaOH. A fixed amount of adsorbent (0.05 g) was 
added to each solution, and the suspensions were sealed and agitated for 24 h at room temperature 
to reach equilibrium. After equilibration, the final pH values (pHf) were measured. The difference 
between initial and final pH (ΔpH = pHf-pH₀) was plotted against pH₀, and the pHpzc was 
determined as the point where ΔpH = 0. 

2.4. Batch adsorption experiments 

Batch adsorption experiments were conducted to evaluate tetracycline removal by SAC, 
following a protocol similar to that of previous biomass-derived activated carbon studies. A stock 
solution of tetracycline was prepared and diluted to the desired concentrations. In each experiment, 
a known amount of adsorbent was added to 50 mL of TC solution in conical flasks, and the mixture 
was agitated at a constant temperature (typically 25 ± 2°C) using a shaker (Song & cs., 2025). 

At predetermined time intervals, samples were withdrawn, filtered, and analyzed using UV-



252 

Vis spectrophotometry at 275 nm to determine residual TC concentration (Rinawati & cs., 2023). 
The effects of key parameters, including contact time (0-360 min), solution pH (3-11), and initial 
TC concentration, were systematically investigated.  

The experiment to determine adsorption efficiency over time was conducted under the 
natural pH of the TC solution, with a solution volume of 50 mL, an SAC dosage of 0.05 g, and an 
initial TC concentration of 20 mg L⁻¹, under continuous orbital shaking at room temperature. 

The adsorption capacity (qₑ, mg/g) and removal efficiency were calculated using standard 
mass balance equations. Kinetic data were analyzed using pseudo-first-order (PFO), pseudo-
second-order (PSO), Elovich, and Bangham models. Adsorption isotherms were evaluated using 
Langmuir, Freundlich, Temkin, and Elovich models. The adsorption capacity at time t (qₜ, mg/g) 
and at equilibrium (qₑ, mg/g) were calculated using the mass balance equations:  

௧ݍ =
଴ܥ) − (௧ܥ × ܸ

݉  

௘ݍ =
଴ܥ) − (௘ܥ × ܸ

݉  

where C₀, Cₜ, and Cₑ (mg L⁻¹) are the initial, time t, and equilibrium concentrations of TC, 
respectively; V (L) is the solution volume, and m (g) is the mass of adsorbent. 

Kinetic data were analyzed using models:  
pseudo-first-order (PFO) model:  

ln(qe-qt) = ln qe-k1t 
pseudo-second-order (PSO) model:  

t
qt

=
1

k2qe
2 +

t
qe

 

Elovich model:  

qt=
1
b ln(ab) +

1
b ln t 

and Bangham model:  

qt=kBt1 αൗ  
Adsorption isotherms were evaluated using models:  
Langmuir model:  

Ce
qe

=
1

KL.qmax
+

Ce
qmax

 

Freundlich model:  

log qe= log KF+
1
n log Ce 

Temkin model:  

qe=bT ln KT+bt ln Ce 
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Elovich model:  
qe
qm

=KECee
-qe
qm 

The goodness of fit for all models was assessed using the correlation coefficient (R²), where 
values closer to unity indicate better agreement between experimental and modeled data. 

2.5. Regeneration and reusability 

To assess the reusability of SAC, regeneration experiments were performed after adsorption. 
The TC-loaded adsorbent was separated, washed with ethanol and DI water, and then dried at 
105°C for 8 hours. The regenerated adsorbent was reused in subsequent adsorption cycles under 
identical conditions. The adsorption efficiency after each cycle was recorded to evaluate the 
material's stability and reusability. 

3. RESULTS AND DISCUSSION 

3.1. Characterization of SAC 

Figure 1 presents SEM images of sawdust-derived activated carbon (SAC) at different 
magnifications. At low magnification (Figure 1a), SAC exhibits a rough, irregular, and fragmented 
surface with numerous cavities and fissures, indicating the effective decomposition of 
lignocellulosic components during carbonization. This structure suggests the formation of a porous 
carbon matrix favorable for adsorption. At higher magnification (Figure 1b), the surface appears 
more compact with layered and sheet-like structures interspersed with narrow channels and 
micropores. These features imply the development of a hierarchical pore network, which can 
enhance mass transfer and provide abundant active sites. The observed morphology confirms that 
SAC has a heterogeneous, porous structure suitable for efficient tetracycline adsorption.

 
Figure 1. SEM images of SAC 

Figure 2 shows the XRD pattern and FTIR spectrum of sawdust-derived activated carbon 
(SAC). The XRD pattern (Figure 2a) shows a wide diffraction peak centered 2θ ≈ 20.81° (around 
20-30°), which is typical of the (002) plane of amorphous carbon (Kurniasari & cs., 2026). This 
means that the structure is mostly disordered and not very graphitized. A weak peak near 2θ ≈ 
42.55° (around 43-50°) can be attributed to the (100) plane, further confirming turbostratic carbon 
(Yusmadi & cs., 2025). The presence of peaks assigned to SiO₂ and residual inorganic phases 
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suggests trace mineral content inherited from the biomass precursor. The FTIR spectrum (Figure 
2b) reveals several functional groups on the SAC surface. The band at ~2358 cm⁻¹ is associated 
with CO₂ adsorption or C≡C stretching, while peaks at ~1027 cm⁻¹ correspond to C-O stretching 
vibrations in alcohols, ethers, or phenolic groups (Dahmani & cs., 2025). The band near ~669 cm⁻¹ 
is attributed to out-of-plane bending of aromatic C-H (Ghosh & cs., 2015). These surface 
functionalities enhance adsorption interactions with tetracycline. 

 
Figure 2. XRD pattern and FTIR spectroscopy of SAC 

 
Figure 3. SEM image (a) and EDX spectroscopy (b) of SAC 

Figure 3a shows the SEM image of SAC, revealing a heterogeneous and irregular surface 
composed of aggregated particles with rough textures and scattered pores. The presence of cavities 
and fragmented structures indicates effective thermal decomposition of sawdust, generating 
accessible adsorption sites. Figure 3b presents the EDX spectrum and elemental composition, 
confirming that carbon is the dominant element (69.17 wt%, 77.16 at%), followed by oxygen 
(23.04 wt%), indicating the presence of oxygen-containing functional groups. Minor elements 
such as Si (3.43 wt%), Al, Ca, Fe, and trace S, Cl, and K are also detected, likely originating from 
inherent mineral components of biomass. These results confirm the formation of carbon-rich SAC 
with functionalized and mineral-containing surfaces suitable for adsorption applications. 

Figure 4a shows the N₂ adsorption-desorption isotherm of SAC, exhibiting a type IV 
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isotherm with a noticeable hysteresis loop, indicating the presence of mesoporous structures 
(Madhu & cs., 2022). A sharp uptake at low relative pressure (P/P₀ < 0.1) suggests micropore 
contribution, while the gradual increase at higher pressures corresponds to mesopore filling. The 
BET surface area is 338.276 m² g⁻¹, confirming a well-developed porous structure. Figure 4b 
presents the pore size distribution, revealing a dominant pore radius of ~1.90 nm and a total pore 
volume of 0.1686 cm³ g⁻¹. This micro-mesoporous network enhances adsorption capacity and 
facilitates efficient diffusion of tetracycline molecules. 

 
Figure 4. N₂ adsorption-desorption isotherms (a)  
and size vs. volume pores distribution (b) of SAC 

3.2. Adsorption study 

Figure 5a shows that the point of zero charge (pHpzc) of SAC is about 4.74. This means that 
the surface is negatively charged at pH values below 4.74 and positively charged at pH values 
above 4.74. Figure 5b demonstrates that tetracycline (TC) removal efficiency strongly depends on 
solution pH, decreasing from 88.63% at pH 3.19 to 24.35% at pH 10.96. The high removal under 
acidic conditions is attributed to favorable electrostatic attraction between protonated TC species 
and the positively charged SAC surface, along with π-π interactions (Katibi & cs., 2026). As pH 
rises, electrostatic repulsion and changes in TC speciation reduce adsorption efficiency. These 
results highlight the critical role of surface charge and solution chemistry in TC adsorption. 

 
Figure 5. pHpzc (a) and TC removal efficiency (b) with different pH by SAC 
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Figure 6 and Table 1 present the kinetic modeling of TC adsorption onto SAC using PFO, 
PSO, Elovich, and Bangham models. The PFO model (Figure 6a) shows a relatively good fit (R² 
= 0.9721), but the calculated qₑ (5.83 mg/g) deviates from experimental values, indicating limited 
applicability. In contrast, the PSO model (Figure 6b) provides the best fit (R² = 0.9937) with qₑ = 
7.64 mg/g, suggesting that chemisorption governs the adsorption process. The Elovich model 
(Figure 6c) also fits well (R² = 0.9887), indicating surface heterogeneity and involvement of 
multiple active sites. Meanwhile, the Bangham model (Figure 6d) shows high correlation (R² = 
0.9937), confirming that intraparticle diffusion contributes significantly to the adsorption 
mechanism. The results show that TC adsorption on SAC is controlled by a combination of 
chemisorption and pore diffusion processes (Sharififard & Hafezi, 2025). 

 
Figure 6. Kinetics of TC adsorption on SAC: PFO (a),  

PSO (b), Elovich (c), and Bangham (d). 

Table 4. Parameters of kinetic of TC adsorption on SAC. 

Models Parameters Value R2 
Pseudo-first order k1 (min-1) 0.0105 0.9721 

qe (mg.g-1) 5.8259 
Pseudo-second order k2 (g.mg-1.min-1) 0.0023 0.9937 

qe (mg.g-1) 7.6447 
Elovich a (mg.g-1) 0.3913 0.9887 

b (g.mg-1) 0.6845 
Bangham α 0.3039 0.9937 

kB 0.171 
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Figure 7 and Table 2 present the adsorption isotherms of TC onto SAC using Langmuir, 
Freundlich, Temkin, and Elovich models. The Langmuir model (Figure 7a) provides the best fit 
(R² = 0.9923), indicating monolayer adsorption on a homogeneous surface with a maximum 
adsorption capacity (qmax) of 10.42 mg/g and strong affinity (KL = 0.3905 L mg⁻¹). The Freundlich 
model (Figure 7b) shows a lower correlation (R² = 0.8807), although the value of n (2.98) suggests 
favorable adsorption on a heterogeneous surface. The Temkin model (Figure 7c) fits reasonably 
well (R² = 0.9607), indicating that adsorption heat decreases with surface coverage due to 
adsorbate-adsorbent interactions. The Elovich model (Figure 7d) also shows good agreement (R² 
= 0.9724), supporting the presence of surface heterogeneity. TC adsorption on SAC is 
predominantly a monolayer with contributions from heterogeneous interactions (Behroozibakhsh 
& cs., 2026). 

 
Figure 7. Isotherm adsorption of TC by SAC: Langmuir (a),  

Freudlich (b), Temkin (c), and Elovich (d) 

Table 3 compares the tetracycline (TC) adsorption capacities of various activated carbon-
based materials. Unmodified activated carbon shows a relatively low capacity (2.08 mg/g), while 
modification with Cu significantly enhances performance to 6.87 mg/g, highlighting the role of 
surface functionalization. Granular activated carbon exhibits a higher capacity of 17.02 mg/g, 
indicating the importance of pore structure and surface area. Activated carbon derived from waste 
grape marc demonstrates variable capacities (6.56-17.88 mg/g) depending on carbonization 
temperature, suggesting that preparation conditions strongly influence adsorption efficiency. The 
sawdust-derived activated carbon in this study achieves a moderate capacity (10.42 mg/g), 
demonstrating competitive performance among low-cost biomass-based adsorbents. 
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Table 5. Parameters of isotherm adsorption of TC by CHAC 

Model Parameter Value R2 

Langmuir qmax (mg/g) 10.417 0.9923 

KL (L/mg) 0.390 

Freundlich n 2.9765 0.8807 

KF ((mg.g-1).(L.mg-1)1/n) 1.690 

Temkin bT (kJ.mol-1) 1.459 0.9607 

KT 9.444 

Elovich qe (mg/g) 2.730 0.9724 

KE (g/mg) -0.029 

Table 6. Tetracycline adsorption capacity of several materials 

Materials Adsorption capacity, mg/g Refs. 

Unmodified activated carbon 2.08 (Toffoli De Oliveira & cs., 2025) 

Modified activated carbon with Cu 6.87 (Toffoli De Oliveira & cs., 2025) 

Granular activated carbon 17.02 (Li & cs., 2022) 

Cctivated carbon from waste grape 
marc 

6.56, 14.01, and 17.88 
(300, 500, and 700°C) 

(Sağlam & cs., 2024) 

Sawdust-derived activated carbon 10.417 This study 

3.3. Regeneration and reusability 

Figure 8a shows that the removal efficiency of TC by SAC increases steadily with contact 
time, rising from about 34% at 30 min to approximately 72% at 360 min. The rapid initial uptake 
is attributed to the abundant available active sites, followed by a slower adsorption rate as these 
sites become progressively occupied and intraparticle diffusion becomes dominant. Figure 8b 
illustrates the reusability of SAC over five adsorption-desorption cycles. The removal efficiency 
slightly decreases from 71.77% in the first cycle to 65.19% after the fifth cycle, indicating a minor 
loss of active sites or pore blockage. Nevertheless, SAC maintains relatively stable performance, 
demonstrating excellent regeneration ability and potential for repeated use in TC removal. 

 
Figure 8. Removal efficiency of TC vs. time (a) and after 5 cycles (b) on SAC 
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4. CONCLUSION  

This study successfully demonstrates that sawdust biomass can be effectively converted into 
activated carbon (SAC) for the removal of tetracycline (TC) from aqueous solutions, thereby 
achieving the proposed research objective. The results confirm the initial hypothesis that biomass-
derived activated carbon possesses sufficient porosity and surface functionality to adsorb antibiotic 
contaminants efficiently. SAC exhibited a micro-mesoporous structure with a relatively high 
surface area and abundant oxygen-containing groups, which contributed to its adsorption 
performance. pH strongly influenced the adsorption process, which followed pseudo-second-order 
kinetics, indicating a dominant chemisorption mechanism and a contribution from intraparticle 
diffusion. The Langmuir isotherm fits the equilibrium data, indicating that monolayer adsorption 
has a maximum capacity of 10.42 mg/g. SAC maintained stable performance over multiple 
regeneration cycles, demonstrating excellent reusability and structural stability. These findings 
suggest that sawdust-derived activated carbon is a low-cost, sustainable, and effective adsorbent 
for treating antibiotic-contaminated water, with potential applications in wastewater treatment 
systems, particularly in resource-limited settings. From a broader perspective, this work supports 
biomass valorization strategies and circular economy approaches. Future research should focus on 
enhancing adsorption capacity through chemical activation or composite formation, evaluating 
performance in real wastewater matrices, and scaling up the process for practical applications. 
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