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 The development of Controlled Release Fertilizers (CRF) has emerged as a sustainable 

approach to minimize nutrient losses and mitigate environmental pollution caused by 
conventional fertilizers, which often result in 40–90% NPK loss. This study 

investigates the production and characterization of Tobacco Stem Biochar (TSB) 
through pyrolysis of tobacco stem powder under varying conditions to identify the 

most suitable material for CRF applications. Among the tested variants, TSB-3 which 

produced at 600℃ for 1 h with a heating rate of 30℃/min, demonstrated the most 

favorable properties. It exhibited a mass yield of 28.99%, fixed carbon content of 

73.09%, porosity of 77.47%, surface area of 521.81 m²/g, and particle size of 555.68 
µm. Chemical analysis revealed a pH of 9.51, nitrogen content of 24.18%, phosphorus 

2.1%, potassium 1.8%, cation exchange capacity of 8.499 meq/100 g, electrical 
conductivity of 0.323 dS/m, and a salt index of 2.58. Enzymatic assays further 

confirmed promising biological activity, with 2.47 µmol/mL/min urease, 1.89 

µmol/mL/min phosphatase, and 48.1 µmol/mL/min dehydrogenase. These results 
indicate that TSB-3 possesses the physicochemical and biochemical attributes required 

for nutrient retention and gradual release, making it a strong candidate for CRF 
formulation. Overall, this work highlights the potential of TSB to improve nutrient use 

efficiency, soil health, and sustainability in agricultural systems. 
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Introduction 

In the past two decades, the development of controlled-release fertilizers (CRF) has been actively 

pursued as a solution to nutrient inefficiency and environmental pollution caused by conventional fertilizers. 

Conventional fertilizers release nutrients rapidly, resulting in significant nutrient losses through 

volatilization, leaching, and surface runoff. According to Das and Ghosh (2022), up to 40–70% of nitrogen 

(N), 80–90% of phosphorus (P), and 50–70% of potassium (K) can be lost shortly after fertilizer application. 

These inefficiencies contribute not only to economic losses for farmers but also to serious environmental 

issues such as eutrophication, greenhouse gas emissions, and soil degradation. In response, CRF have 

emerged as an innovative alternative by controlling the nutrient release rate according to plant uptake needs, 

thereby improving fertilizer use efficiency (Y. Li, Yang, et al., 2025; Q. Wu et al., 2023). 

Among the various types of CRF, biochar-based fertilizers (BBF) are considered a promising option 

due to their porous structure, environmental compatibility, and high carbon content (Lan et al., 2024; X.A. 

et al., 2020; Z. Z. Zhao et al., 2021). Biochar is a carbon-rich material produced through pyrolysis of biomass 

under limited oxygen conditions. It has gained widespread attention in recent years for its ability to improve 

soil fertility, enhance microbial activity, and serve as a carbon sequestration tool. Furthermore, biochar’s 

porous structure can serve as a reservoir for nutrients, reducing nutrient leaching and enhancing controlled 

nutrient release (Liu et al., 2019; Ramesh et al., 2025). Tobacco stem (TS), a byproduct of the tobacco 

industry, is one potential biomass source that can be converted into biochar. In 2021, the Food and 

Agriculture Organization (FAO) reported that Indonesia was the fourth-largest tobacco-producing country 

globally, with a total production of 237,100 tons (Prasiefa & Zullaikah, 2025). According to Mulyatini et al. 

(2023), East Java was the highest contributor, producing up to 85,000 tons of tobacco in 2020. Despite the 

abundance of this agricultural waste, TS biomass is often left unused by farmers and burned in open fields, a 

practice that poses environmental risks due to the potential release of harmful compounds such as nicotine  

(Palupi et al., 2023). 

 

Although biochar is widely recognized for its agronomic benefits, its low inherent nutrient content 

presents a major limitation for use as a CRF. Therefore, nutrient impregnation or nutrient loading techniques 

have been developed to improve the nutrient-holding capacity of biochar. limited exploration these materials 

can create synergistic effects Biochar is widely recognized for its agronomic benefits, such as improving soil 

structure, increasing water retention, and enhancing cation exchange capacity (CEC). For example, 

application of biochar has been reported to increase soil CEC by 20–50% and water-holding capacity by up 

to 15% depending on feedstock and pyrolysis conditions (Egamberdieva et al., 2022; Simmons, 2017; Wei et 

al., 2023). However, biochar typically contains low nutrient levels—for instance, less than 1–2% total 

nitrogen and <1% available phosphorus and potassium—which restricts its direct use in controlled release 

fertilizers (Lan et al., 2024; Prasiefa & Zullaikah, 2025). These limitations can be mitigated by selecting 

suitable biomass sources and optimizing pyrolysis parameters such as temperature, residence time, and 

heating rate. Previous studies show that increasing pyrolysis temperature from 400–600℃ can raise biochar 

surface area from ~50 m²/g to over 500 m²/g and porosity from below 40% to above 70%, while 

simultaneously reducing mass yield (Chowdhury et al., 2016; Dhar et al., 2022; Fernandes et al., 2020). 

Tobacco stem, with nitrogen content up to 2–3% and high lignocellulosic fractions, has demonstrated 

potential to produce biochar with favorable physicochemical characteristics for CRF applications under 

controlled pyrolysis (C. Li et al., 2022; Ramontja et al., 2025). 

The interaction between pyrolysis temperature and biomass type may significantly affect the functional 

groups present on the surface of the biochar, which directly influence nutrient adsorption behavior and 

microbial interactions in the soil. For tobacco stem biomass specifically, compounds such as nicotine, 

alkaloids, and other organics may decompose differently at varied thermal regimes, potentially affecting both 

the safety and efficacy of the resulting biochar (Polat et al., 2016; H. Wang et al., 2018). Therefore, a 

comprehensive understanding of tobacco stem decomposition behavior under thermal treatment is essential. 

Despite the promising potential of tobacco stem-derived biochar in agriculture, research evaluating the 

optimal production parameters of biochar from this specific biomass remains limited. Most studies either 

overlook the unique chemical composition of tobacco stem or fail to comprehensively evaluate its potential 

in controlled-release applications. Therefore, a more thorough investigation of the pyrolysis process using 

tobacco stem powder as feedstock is necessary to unlock its full potential as a CRF component. 

This study is conducted to address these gaps by evaluating the influence of pyrolysis temperature and 

duration on the characteristics of biochar derived from tobacco stem powder. It is hypothesized that higher 

pyrolysis temperatures (up to 500℃)  will enhance the fixed carbon (FC) content (>65%) and porosity (>60%) 

of the biochar, thereby improving its suitability for nutrient loading and controlled release applications. The 

main objective of this research is to identify the most efficient production methodology for Tobacco Stem 

Biochar (TSB) that meets the physical and chemical criteria for land remediation and agricultural use. The 
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results of this study are expected to contribute to the development of sustainable biochar-based fertilizers that 

utilize abundant agricultural waste and support environmentally friendly farming practices. 

Methods 

Materials and Instruments 
The primary material used in this study was tobacco stem powder, which was locally sourced from 

tobacco farmers in East Java. The stems were cleaned, dried, and ground passed through a 60-mesh sieve. 

Distilled water (H₂O), obtained from the ITS Laboratory, was used in all experimental steps. Urea 

((NH₂)₂CO), serving as an agricultural-grade nitrogen source. Analytical-grade chemicals—including 

sulfuric acid (H₂SO₄, 95–98%), potassium dichromate (K₂Cr₂O₇), glucose (C₆H₁₂O₆), selenium reagent (Se), 

boric acid (H₃BO₃), ethanol (C₂H₅OH, 96%), and methanol (CH₃OH, 99%)—were sourced from Merck. 

Other chemicals such as potassium chloride (KCl), ammonium acetate (CH₃COONH₄), sodium tungstate 

(Na₂WO₄), ammonium sulfate ((NH₄)₂SO₄), and sodium hydroxide (NaOH) were acquired from Merck and 

Sigma-Aldrich. 

Buffer solutions were prepared in-house at the ITS Laboratory. These included phosphate buffer (pH 

7), composed of H₃PO₄, H₂PO₄⁻, and HPO₄²⁻, and acetate buffers (pH 6.5 or 7.5) made using glacial acetic 

acid (CH₃COOH) and sodium acetate (CH₃COONa). Tris(hydroxymethyl)aminomethane (Tris, 

(HOCH₂)₃CNH₂), used in enzyme assays, was obtained from Sigma-Aldrich. Additional biochemical 

reagents included p-nitrophenyl phosphate (pNPP, C₆H₄NO₃PO₄), triphenyltetrazolium chloride (TTC, 

C₁₉H₁₅ClN₄), and triphenylformazan (TPF, C₁₉H₁₆N₄), with the latter synthesized in the ITS Laboratory. 

Nessler’s reagent (K₂HgI₄) was used for the determination of ammonia content. Selenium reagents were also 

used to determine organic carbon content, and the Conway indicator was prepared in the laboratory. All 

reagents were of high purity to ensure accuracy in proximate analyses, water retention tests, and nutrient 

release studies. Additional information regarding reagent specifications can be found in the supplementary 

materials or provided upon request. 

The equipment utilized in this study was essential for the preparation, characterization, and testing of 

TSB and controlled-release fertilizer formulations. A hammer mill was used to grind the tobacco stems into 

a fine powder, while a sieve shaker (B-ONE VTSS 200-9) was employed to separate particles by size. An 

analytical balance (OHAUS PX224/E) with a precision of 0.0001 g was used for accurate sample weighing. 

The pyrolysis process was conducted in a muffle furnace (Thermo Fisher Scientific THERMOLYNE 

FB1410M-33) with a capacity of 2.1 L, using a stainless-steel pyrolysis tube (TP 316L ASTM A269) to ensure 

durability and heat resistance. Orbital shakers (B-ONE COS-330D and Ruicheng TOS20) and a hot plate 

stirrer (B-ONE MHS-6) were used for solution mixing and sample homogenization. Moisture content (MC) 

was analyzed using an OHAUS MB95 moisture analyzer. Solution pH and conductivity were measured 

using a pH meter (OHAUS ST-300) and a conductivity meter (HORIBA LAQUA EC2000), respectively. 

Further material characterization was conducted using an X-ray diffractometer (XRD, PANalytical X’Pert 

PRO), an X-ray fluorescence spectrometer (XRF, PANalytical Prodigi), a surface area analyzer 

(Quantachrome NOVA 1200e), and a particle size analyzer (DSI Infitek PSA-LA2008A) to determine 

structure, composition, surface area, and particle distribution. 

Pyrolysis Procedure of Tobacco Stem Biochar 
The experimental procedure was divided into several key stages, beginning with the pyrolysis of 

tobacco stems into biochar. First, the tobacco stems were dried at 70℃ for 30 mins, then chopped and sieved 

to achieve a particle size of ≥50 mesh (≤0.297 mm) as shown in Fig. 1. The resulting powder was packed into 

a seamless stainless-steel pipe (16 cm in length, ¾" nominal diameter) with perforations to allow syngas 

escape and prevent pressure buildup during heating. The pipe was then placed in the muffle furnace and 

pyrolyzed at temperatures ranging from 500–700℃ for 1 to 4 hs as shown in Fig. 2. Following pyrolysis, the 

TSB was evaluated for yield, proximate and ultimate composition, CEC, Electrical Conductivity (EC), pH, 

and nutrient content (NPK), among other characteristics. Modifications to standard methods were made 

where appropriate and are detailed to ensure transparency and replicability of the methodology. 
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Fig. 1. Documentation of Tobacco Stem Powder Preparation; (a) Raw Tobacco Stem; (b) Sifted to 

≥50 mesh (≤0.297 mm); (c) Resulting Tobacco Stem Powder 

 
Fig. 2. Documentation of Pyrolysis of Tobacco Stem Powder into TSB (a) Pyrolysis Pipe; (b) 

Tobacco Stem Powder Inserted into the Pipe; (c) Pipe Inserted into the Furnace; (d) Resulting TSB 

(Biochar from Tobacco Stem) 

 

Analytical Approaches for Evaluating Biochar Properties 
The analysis of this research includes mass yield percentage, proximate (MC, volatile matter (VM), 

ash, FC, bulk density (BD), porosity, surface area using BET, pH value, ultimate (C, H, N, O), CEC, EC, 

and salt index (SI). Furthermore, the best TSB results will be analyzed enzyme activities (urease, 

phosphatase, dehydrogenase), XRF, XRD, SEM-EDX, particle size analysis (PSA). These comprehensive 

characterizations are intended to evaluate both the physicochemical and biological properties of the TSB and 

its potential application as a soil amendment and controlled-release fertilizer. 

Mass yield of TSB is calculated as the percentage of TSB produced from the initial mass of the raw 

material, indicating the efficiency of the pyrolysis process. A higher mass yield suggests more efficient 

biomass conversion, which is essential for economic viability (Lin et al., 2016). Proximate analysis assesses 

MC, VM, ash content, and FC, following ASTM standards, providing insight into the combustibility and 

stability of the TSB. FC and ash content are especially critical in understanding thermal degradation behavior 

and nutrient retention (Racero-Galaraga et al., 2024). 

BD, particle density (PD), and porosity are calculated to assess the physical structure of the samples 

(Blake, 2015; Blake & Hartge, 2018; Flint & Flint, 2018). BET analysis measures the specific surface area of 

TSB, which correlates with adsorption capacity, while PSA evaluates particle size distribution, influencing 

soil texture compatibility (Gee & Or, 2018; Y. Wang et al., 2023). 

Ultimate analysis focuses on the content of C, H, N, and O in the samples, with oxygen calculated as 

the remainder after measuring the other elements. These parameters influence the reactivity, hydrophilicity, 

and decomposition rate of the TSB. Nutrient content (NPK) is analyzed using atomic absorption 

spectroscopy. Water absorption capacity is also measured to evaluate the potential of TSB to retain MC in 
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the soil, an important trait under water-scarce conditions (Y. Li, Sang, et al., 2025; Mohd Fairulnizal et al., 

2019; Siewruk & Szulc, 2023; Yi et al., 2017). 

pH values for tobacco powder and TSB are determined by using established protocols, as pH affects 

microbial dynamics and nutrient solubility (Shahid et al., 2023). CEC is determined to estimate nutrient 

availability in the substrate, while EC and SI evaluate the ionic concentration and salinity stress risk in the 

samples (Chapman, 2016; X. Li et al., 2016). Enzyme activities of urease, phosphatase, and dehydrogenase 

are measured to assess microbial activity and nutrient cycling, which are critical for soil fertility and plant 

health (Attademo et al., 2021).   

XRF and XRD analyses are conducted to identify mineral compositions and crystal structures, useful 

for tracking the stability and transformation of mineral phases during pyrolysis. SEM-EDX provide 

morphological and elemental information on the surface (Fatimah et al., 2022; Schulz et al., 2020; Y. Y. 

Wang et al., 2020). All methods are performed in duplicates to ensure accuracy and reproducibility. 

Results and Discussion 

The pyrolysis process begins at ambient temperature (27–30℃) with an overall heating rate of 

30℃/min. The heating rate accelerates between 50℃ and 450℃, reaching an average of 37.39℃/min due 

to the rapid thermal decomposition of the main organic components of biomass: hemicellulose, cellulose, 

and lignin. Hemicellulose decomposes within the range of 130–260℃, cellulose between 240–360℃, and 

lignin from 280–500℃ (Mohan et al., 2015). These stages contribute to the release of volatile compounds 

and the transformation of the tobacco stem matrix into a carbon-rich structure. As the temperature continues 

to rise between 570℃–700℃, the heating rate decreases to 14.22℃/min, indicating the near-complete 

decomposition of organic constituents and the formation of stable carbonaceous residues (Weber & Quicker, 

2018). 

The TSB obtained from this process exhibits varying physical and chemical properties depending on 

the specific pyrolysis conditions, including temperature and duration. The complete data for all TSB 

samples, including yield, pH, EC, proximate analysis, and elemental composition, are summarized in Table 

1, along with their corresponding operational conditions. 

Table 1. Characterization of Tobacco Stem Biochar (TSB) 

Parameters 
Variety of Tobacco Stem Biochar (TSB) 

1 2 3 4 5 6 7 

Pyrolysis Temperature (℃) 500 550 600 650 700 700 600 

Pyrolysis Time (h) 1 1 1 1 1 2 4 

Mass Yield (%) 29.28 2.,22 28.99 26.71 26.27 29.07 27.22 

Moisture Content (%) 7.86 7.48 4.16 3.20 2.79 2.37 3.00 

Volatile Matter (%) 15.44 13.62 2.07 3.75 4.35 4.94 4.06 

Ash (%) 20.36 20.43 20.68 21.81 22.20 35.82 23.73 

Fixed Carbon (%) 56.34 60.29 73.09 71.24 70.65 56.87 69.21 

Bulk Density (g/mL) 0.15 0.14 0.12 0.14 0.14 0.16 0.15 

Porosity (%) 72.29 73.18 77.47 75.43 74.32 71.01 71.91 

BET Surface Area (m²/g) 
428.33 470.18 

521.8

1 
502.48 

491.8

1 
443.63 471.64 

Particle Size 

(micron) 
- - 

555.6

8 
- - - - 

(mm) - - 0.56 - - - - 

(mesh) - - 26.81 - - - - 

pH Value 9.29 9.37 9.51 9.70 9.91 10.19 9.97 

Carbon Content (%) 33.29 36.69 51.04 48.27 45.38 34.43 41.43 

Hydrogen Content (%) 0.29 0.30 0.34 0.39 0.42 0.31 0.37 

Nitrogen Content (%) 27.74 26.69 24.18 24.88 25.39 25.58 25.09 

Oxygen Content (%) 14.28 12.12 3.76 4.65 6.61 3.86 9.38 
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Parameters 
Variety of Tobacco Stem Biochar (TSB) 

1 2 3 4 5 6 7 

Cation Exchange Capacity 

(meq/100g) 
11.00 12.50 8.49 9.50 12.99 14.99 13.99 

Electrical Conductivity (dS/m) 0.45 0.53 0.32 0.41 0.68 1.11 1.09 

Salt Index 3.58 4.22 2.58 3.24 5.43 8.91 8.74 

Phosphorus Content (%) - - 2.10 - - - - 

Potassium Content (%) - - 1.80 - - - - 

Urease (µmol/mL/min)  - - 2.47 - - - - 

Phosphatase (µmol/mL/min) - - 1.89 - - - - 

Dehydrogenase (µmol/mL/min) - - 48.10 - - - - 

The highest mass yield was observed in TSB-6 at 29.07%, while the lowest yield was recorded in TSB-

5 at 26.27%. Overall, despite variations in pyrolysis temperature and duration, the mass yield remained 

relatively stable, ranging from 26.71% to 29.28%. This consistency indicates that the process was well-

controlled, and that the thermal degradation of biomass reached a plateau across the tested conditions. 

Physiochemical Properties 

Proximate analysis was conducted to identify MC, VM, ash, and FC in both raw TS powder and 

the resulting TSB. This analysis was performed to demonstrate that the pyrolysis process successfully 

increased the FC content while simultaneously reducing MC and VM. As shown in Fig. 3, pyrolysis 

specifically reduced MC and VM, while increasing ash and FC contents. This confirms that the thermal 

decomposition process effectively reduces MC and VM (Sukamto et al., 2016; X. Yang et al., 2018). The 

MC content in the raw TS powder was initially 9.96%, which then decreased significantly in the following 

order: TSB-1 > TSB-2 > TSB-3 > TSB-4 > TSB-7 > TSB-5 > TSB-6, with the lowest MC observed in TSB-

6 at 2.37%. The overall trend shows that MC decreases with increasing pyrolysis temperature and duration. 

Similarly, VM content also decreased drastically in the following order: TSB-1 > TSB-2 > TSB-6 > TSB-5 

> TSB-7 > TSB-4 > TSB-3, with the lowest VM recorded in TSB-3 at 2.07%, compared to 68.47% in raw 

TS powder. An increase in pyrolysis temperature from 500–600℃ for 1 h resulted in a further reduction of 

VM. However, when the pyrolysis temperature was raised to 650℃ or the duration was extended to 4 h, the 

VM content increased instead. This phenomenon can be attributed to partial recondensation, wherein 

volatilized compounds recondense and become trapped within the pores of the TSB matrix, thereby 

increasing the VM content despite the majority having already been released (Zhu et al., 2023).had the 

highest ash content (35.82%)   

The ash content increased progressively with higher pyrolysis temperatures and longer residence 

times, following the order TSB-1 > TSB-2 > TSB-3 > TSB-4 > TSB-5 > TSB-6 > TSB-7, with the highest 

value observed in TSB-6 (35.82%), compared to only 2.38% in raw TS powder (Fig. 3). The substantial 

increase in ash content in TSB-6 at 700℃ for 2 h indicates that the optimal condition had been exceeded, 

leading to excessive degradation of the carbon structure (Braga et al., 2022). The final proximate parameter, 

FC, represents the residual fraction of TSB after deducting MC, VM, and ash. The FC content increased 

significantly compared to raw TS powder, which contained only 19.2%. The order of FC was TSB-3 > TSB-

4 > TSB-5 > TSB-7 > TSB-2 > TSB-6 > TSB-1, with the highest value recorded in TSB-3 (600℃, 1 h) at 

73.09% (Fig. 3). These results suggest that TSB-3 represents the most favorable condition for the pyrolysis 

of TS powder. 

The proximate analysis results demonstrated that the pyrolysis process effectively altered the 

characteristics of TS powder by increasing FC while reducing MC and VM. Pyrolysis conditions, specifically 

temperature and residence time, had a significant influence on the properties of the resulting TSB. However, 

excessively high temperatures and prolonged residence times led to higher ash content due to continuous 

degradation and increased VM content due to partial recondensation (C. Wang et al., 2019). As a 

comparative benchmark, the quality standards for biochar as fertilizer are provided by the European Biochar 

Certificate and SNI 19-1730-2004 as shown in last row of Table 2. When MC is too high (≥15%), it decreases 

carbon storage efficiency and adsorption capacity; if VM exceeds the threshold (≥40%), it can cause 

phytotoxic effects (compounds that may lead to cell death or inhibit plant growth); when ash content is 

above the standard (≥50%), it may increase heavy metal contamination and excessively elevate soil pH; 

while FC below the standard (≤50%) reduces carbon stability in soil and decreases porosity (An et al., 2021; 

Chen et al., 2021; Helepciuc Gradinaru et al., 2017). Based on these comparative standards, TSB-3 produced 
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in this study is considered suitable for application as a soil amendment. The comparative trends of MC, VM, 

ash, and FC between TS powder and TSB are illustrated in Fig. 3. 

 

Fig. 3. Comparison Graph of Proximate Test Results os TS Powder and TSB 

The porosity test was conducted by calculating BD and PD. BD refers to the mass of material per 

total volume, including the void spaces between particles, while PD represents the mass of material per unit 

volume of the particles themselves, excluding inter-particle voids. Porosity reflects the proportion of empty 

spaces within a material, indicating the capacity to retain water, nutrients, and microorganisms. Lower BD 

values correspond to higher porosity percentages (Flint & Flint, 2018; Prasiefa & Zullaikah, 2025). 

Pyrolysis effectively reduced BD while increasing porosity. This finding confirms that thermal 

decomposition enhances inter-particle pore structures (S. X. Zhao et al., 2017). The BD of the raw BT powder 

was initially 0.181 g/mL, which decreased after pyrolysis in the sequence TSB-6 > TSB-1 > TSB-7 > TSB-5 

> TSB-4 > TSB-2 > TSB-3, with the lowest BD recorded in TSB-3 at 0.116 g/mL. In contrast, PD values did 

not show significant variation among the TSB samples, suggesting that changes occurred mainly in pore 

spaces rather than within the internal material density (Sorrenti et al., 2016). The porosity of raw biomass 

was 65.96%, which increased most significantly in TSB-3 to 77.47%, followed by TSB-4 > TSB-5 > TSB-2 > 

TSB-1 > TSB-7 > TSB-6. 

In general, higher pyrolysis temperature and longer residence time are expected to decrease BD and 

increase porosity (Qurat-ul-Ain et al., 2021). However, the present findings deviate from this trend: while 

increasing the temperature from 500–600℃ enhanced porosity, a further increase to 650℃ resulted in a 

decline. This phenomenon can be explained by the proximate analysis results. TSB-6 (ash 35.82%; FC 

56.87%) exhibited the lowest porosity (71.01%) due to excessive ash, which filled available pores and 

increased density (Zheng et al., 2019). Conversely, TSB-3 (ash 20.68%; FC 73.09%) demonstrated the best 

performance, as higher FC contributed to a more porous structure (Rahmat et al., 2025). This porosity test 

further supports that TSB-3 (600℃, 1 h) represents the optimal pyrolysis condition in this study as shown in 

Fig. 4. 

 

European Biochar Certificate (EBC) and SNI 19-1730-2004,  

For comparison, the last row of Table 2 presents reference values for high-quality biochar intended for 

fertilizer application (Blanco-Canqui, 2017; Melo et al., 2022). If BD is too low (<0.1 g/mL), biochar 

becomes difficult to apply to soil due to its lightweight nature, making it easily dispersed by wind or water. 

Conversely, excessively high BD (>0.6 g/mL) results in compact biochar that reduces water and nutrient 

retention capacity (Birol & Günal, 2025). Similarly, biochar with too low porosity (<60%) is ineffective for 

storing water and nutrients, whereas overly high porosity (>90%) makes the material fragile and prone to 

degradation (D. Wang et al., 2019). Based on these comparative standards, TSB-3 is suitable for use as a 

soil amendment.  
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Fig. 4. Comparison Graph of Porosity Analysis Results os TS Powder and TSB 

 

Table 2. Proximate Composition, Density, and Porosity of Biochar Samples at Various Pyrolysis Conditions 

Sample 

Type 

Proximate Category (%) Density & Porosity 

Moisture 
Content 

Volatile 
Matter 

Ash 
Fixed 

Carbon 

Bulk 
Density 

(g/mL) 

Particle 
Density 

(g/mL) 

Porosity 
(%) 

TS Powder 9.96 68.47 2.38 19.20 0.18 0.53 65.96 

TSB-1 7.86 15.44 20.36 56.34 0.15 0.55 72.29 

TSB-2 7.48 13.62 20.43 60.29 0.14 0.50 73.18 
TSB-3 4.16 2.07 20.68 73.09 0.12 0.52 77.47 

TSB-4 3.20 3.75 21.81 71.24 0.14 0.57 75.43 
TSB-5 2.79 4.35 22.20 70.65 0.14 0.56 74.32 

TSB-6 2.37 4.94 35.82 56.87 0.16 0.56 71.01 
TSB-7 3.00 4.06 23.73 69.21 0.15 0.52 71.91 

Standard ≥15% ≥40% ≥50% 50% >0.1 g/mL - >60% 

 

After completing the proximate and porosity analyses, the surface area of TSB was evaluated to 

determine the effectiveness of the material in adsorbing and retaining nutrients and water, both of which are 

essential for plant growth. As shown in Fig. 5, TSB-3 exhibited the highest surface area of 521.81 m²/g, 

followed by TSB-4 > TSB-5 > TSB-7 > TSB-2 > TSB-6 > TSB-1. The trend indicates that increasing pyrolysis 

temperature from 500–600℃ enhanced the surface area, but a further increase in temperature led to a decline, 

as excessively high temperatures can damage the carbon structure. This result correlates with the proximate 

analysis discussed previously: higher FC content tends to increase surface area, whereas higher VM and ash 

contents reduce it. For instance, TSB-3 (VM 2.07%; ash 20.68%; FC 73.09%) achieved a surface area of 

521.81 m²/g, while TSB-1 (VM 15.44%; ash 20.36%; FC 56.34%) showed only 428.33 m²/g. These findings 

confirm that TSB-3 (600℃, 1 h) represents the optimal condition for producing biochar suitable for 

agricultural applications. For comparison, previous studies reported that biochars with surface areas 

exceeding 40 m²/g are already considered to be of good quality for agronomic use (Das & Ghosh, 2022; Xu 

et al., 2025). Fig. 5 presents the comparative results of surface area across different pyrolysis temperatures 

and residence times. 
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Fig. 5. Graph of Surface Area Analysis Results of TSB 

 

Chemical Characteristics 

In general, biochar exhibits amphoteric properties, meaning it can act as either an acid or a base 

depending on environmental conditions. Typically, the pH of biochar increases compared to its raw biomass 

feedstock, which is attributed to lignocellulose decomposition and the formation of functional groups. 

Carboxyl groups (-COOH) are generated through partial oxidation during pyrolysis, while hydroxyl groups 

(-OH) are produced through incomplete dehydration and condensation reactions. The presence of these 

groups contributes to the alkalinity of biochar surfaces, particularly when dissociation occurs in aqueous 

solution (Huang et al., 2019; Shi et al., 2017). Upon dissociation, -COOH and -OH groups release H⁺ ions, 

forming anions (-COO⁻ and -O⁻) that behave as bases. These anions subsequently attract protons from 

water, generating hydroxide ions (OH⁻) in solution and thus increasing alkalinity (Fang et al., 2018; John 

et al., 2014). The pH of the initial BT powder was measured at 6.52 and increased significantly after 

pyrolysis. This phenomenon correlates with the ash content in the TSB, as alkaline minerals in ash (e.g., K, 

Ca, Mg) interact with functional groups to form basic salts when dissolved. Consequently, the pH of TSB-1 

(ash 20.36%) reached 9.29, while TSB-6 (ash 35.82%) showed a higher pH of 10.19.  

The decrease in C content observed in TSB-4 to TSB-7 during ultimate analysis is primarily 

attributed to excessive carbonization, which occurs as both pyrolysis temperature and residence time 

increase (X. F. Wu et al., 2019; Yashim et al., 2016). O and N contents also declined as the pyrolysis 

temperature rose from 500–600℃, correlating with the reduction in VM observed in proximate analysis. 

However, both elements increased again when the temperature was elevated to 650℃ or when the residence 

time was extended to 4 h. This rebound is likely due to recondensation processes occurring at higher thermal 

conditions as shown in Table 1 (Cui et al., 2020; Jiang et al., 2021; T. Yang et al., 2023). 

CEC testing demonstrates the ability of a material to exchange cations with its medium. The CEC 

value serves as an indicator to measure the sample’s capacity to retain cations available for plant growth and 

release them in a controlled manner (Ćirić et al., 2023). EC and SI analyses were carried out to further 

evaluate the quality of TSB as a potential soil amendment and fertilizer component by assessing the 

concentration of soluble salts (dos Santos et al., 2021). These parameters are essential to ensure that the 

material does not exhibit phytotoxicity at elevated concentrations. 

The percentage of ash and FC from proximate analysis strongly influences the values of CEC, EC, 

and SI of TSB. Higher ash content generally increases EC, since ash contains various inorganic minerals 

capable of releasing ions when dissolved in water (Fahmi et al., 2019; Wardman et al., 2012; Zulkifli et al., 

2021). In contrast, higher FC leads to lower EC values, as its inert and stable nature does not contribute 

significantly to the release of soluble ions (Arbuzov et al., 2024; Shin, 2015). This explains why the EC of 

TSB-3 (ash 20.68%; FC 73.09%) was only 0.323 dS/m, while that of TSB-6 (ash 35.82%; FC 56.87%) 

reached 1.114 dS/m. Moreover, EC values in this study were broadly proportional to CEC, because 

minerals in ash provide ion-exchange sites that enhance CEC, whereas a high proportion of stable FC lacks 

active functional groups, thereby reducing CEC (Greinert et al., 2019; Weisenberger et al., 2020). 

 

 pH ranged from 8.34 to 10.59, with TSB-6 being the most alkaline; extreme alkalinity may disrupt soil 

microbes. TSB-3 also had the highest CEC (74.83 cmol+/kg)  
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The CEC of 5–40 meq/100 g is considered an indicator of good quality growth media (Oktariani et 

al., 2023; Suwardi et al., 2023), and this standard can also be applied to materials intended for fertilizer use. 

If the CEC value is too low (<5 meq/100 g), plants may suffer from nutrient deficiency because essential 

nutrient ions cannot be retained for long periods and are easily leached by water. Conversely, if the CEC 

value is too high (>40 meq/100 g), nutrient deficiency may also occur since too many ions are tightly bound 

to the material and thus unavailable for plant uptake (E. & V., 2023; M. Yang et al., 2024). The acceptable 

EC threshold is <2 dS/m for growth media and <3 dS/m for fertilizer, while SI values <50 are generally 

considered safe for plants. Excessively high EC may impair water absorption and cause salt toxicity due to 

salinity effects, whereas excessively low EC may result in insufficient nutrient ion availability (Chrysargyris 

& Xylia, 2021; Vyavahare et al., 2023). The results indicated that TSB-3 complied with these safety limits, 

confirming its suitability for agricultural applications. In terms of pH, values within the range of 6–10 are 

favorable for plant growth environments. A pH above 10 may inhibit the uptake of essential micronutrients, 

while excessively low values (<6) may increase the solubility of heavy metals, posing potential risks to plants 

(Fidel et al., 2018; Xue et al., 2016). 

 

TSB-3 (600℃, 1 h)  

It recorded the highest fixed carbon (73.09%), porosity (77.47%), and surface area (521.81 m²/g), while 

achieving the lowest volatile matter (2.07%) and bulk density (0.116 g/mL).  

 (69.13%) 

Structural and Elemental Analysis 
XRF, XRD, and SEM-EDX analyses of TSB-3 confirm the presence of essential nutrients such as 

potassium (K), phosphorus (P), calcium (Ca), magnesium (Mg), and silicon (Si). These elements are vital 

for plant growth and soil health. XRD patterns show a transition from semi-amorphous to crystalline 

structures, indicating the successful deposition and structural organization of mineral phases during 

pyrolysis and impregnation processes. Crystalline peaks observed for compounds like CaCO₃, KCl, and 

SiO₂ reflect the enhanced mineral stability and slow-release characteristics desirable in agricultural 

applications (Alcazar-Ruiz et al., 2021; Alderton, 2020). 

Fig. 6 shows the results of XRF and XRD analysis on TSB-3, highlighting the prominent elemental 

and mineralogical compositions. Meanwhile, SEM analysis on TSB-3 at various magnifications as shown 

in Fig. 7, illustrates the highly porous surface morphology, increased surface roughness, and heterogeneity—

all of which facilitate nutrient adsorption and microbial colonization (Nan et al., 2023; Zarzuela et al., 2023). 

The results obtained for TSB indicate the TSB's suitability for agricultural and environmental applications. 

 

 

(a) (b) 

Fig. 6. (a) XRF Analysis Result of TSB-3; (b) XRD Analysis Result of TSB-3 
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Fig. 7. SEM Analysis Result of TSB-3 Magnification (a) 2500×; (b)  5000×; (c) 10000×; (d) 20000× 

Particle size analysis shows that pyrolysis significantly reduces particle size, enhancing 

environmental interaction efficiency. TSB-3 has an average particle size of 555.68 µm. Surface area analysis 

via BET indicates TSB-3 has the high surface area and porosity, making it suitable for nutrient retention. 

The TSB results are considered better or at least comparable to those reported in previous studies. A high 

surface area, particle size distribution, and porosity are crucial for improving the sorption of nutrients and 

water retention in soil, especially under drought-prone or nutrient-deficient conditions. These characteristics 

not only enhance the physical structure of the soil but also create more favorable habitats for microbial 

colonization, further promoting soil fertility (Fidel et al., 2018; Xue et al., 2016).  

TSB shows performance that matches or surpasses that of earlier studies. However, for the TSB 

parameters that remain outside the standard range or differ from previous studies, further improvement is 

necessary. Therefore, subsequent research should focus on impregnating the biochar with nutrient solutions 

or compositing it with hydrogel to meet the required standards and align more closely with the findings of 

earlier studies. Such enhancements could increase the efficiency of nutrient release and retention, improve 

soil health, and contribute to the development of sustainable, high-performance biochar-based fertilizers. 

 

Conclusion 

This study confirmed that pyrolysis of tobacco stem powder produces biochar with suitable properties 

for agricultural use. Among the tested conditions, TSB-3 (600℃, 1 h) showed the best performance, with 

the highest FC, porosity, and surface area, indicating strong stability and nutrient retention capacity. The 

physicochemical analysis (XRF, XRD, SEM-EDX) further revealed that TSB-3 contained essential 

nutrients, stable mineral structures, and favorable cation exchange capacity. These characteristics 

demonstrate its potential as a soil amendment and as a component in controlled-release fertilizer. Overall, 

TSB can improve soil fertility, water management, and contribute to sustainable agriculture. 
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