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ABSTRACT 
Open-field burning of agricultural residues remains a common practice in Indonesian farming systems 

and contributes to environmental degradation. Converting these biomasses into biochar using a simple 

instrument is likely to benefit smallholder farmers in semi-arid tropical regions. This study 

characterises biochar produced in Lombok Island from four locally abundant feedstocks (Rice Husk 

(RH), Corn Cob (CC), Coconut Fibre (CF), Tobacco Stem (TS)). Analysis by SEM, BET, FTIR, and 

XRD shows these biochars have different properties as a function of feedstock type and pyrolysis 

conditions. SEM revealed varying porous structures; CC had the widest pores. BET showed that TS 

biochar had the highest surface area (17.08 m² g⁻¹) and the longest pyrolysis time (59 min), whereas 

CC had the lowest surface area (5.74 m² g⁻¹) and the shortest pyrolysis time (14 min). FTIR analysis 

revealed that all biochars share key functional groups (-OH, C=C, C-H) but also exhibit feedstock-

specific traits. RH and CC are rich in silica (Si-O-Si), CF contains complex oxygen groups, and TS has 

a stable aromatic structure. These findings suggest that RH biochar is suited for inorganic adsorption 

and as a silica soil amendment, CC for organic molecule adsorption, and CF/TS biochars for long-term 

soil carbon sinks and CEC enhancement. This work provides practical guidance for selecting biochar 

types for agricultural and environmental applications. 
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INTRODUCTION 

The increasing production and poor management of agricultural wastes, such as open-field 

burning, remain a major environmental issue in many developing countries, particularly in 

Indonesia. This practice primarily contributes significantly to air pollution and greenhouse gas 

(GHG) emissions, leading to a rise in global surface temperatures that threatens ecosystem 

degradation (Permadi & Oanh, 2013; Reddy et al., 2025). Beyond these general environmental 

concerns, land degradation and declining soil quality represent other main problems associated 

with improper agricultural waste management (Meena et al., 2025). A direct observable impact 

on soil characteristics is the reduction of soil carbon stocks due to burning practices, lower 

input of soil organic matter, and a decrease in soil pH resulting from the continuous and 

imbalanced application of inorganic fertilisers. These factors can ultimately disrupt the growth 

and production of crops cultivated on such degraded land (Zhang et al., 2022). 

Several types of feedstocks derived from agricultural residues, including rice husk, corn 

cobs, coconut fibre, and tobacco stems, are abundant in Indonesia, particularly in West Nusa 

Tenggara (WNT) province. Fitri et al. (2023) reported that the production of these waste 

materials in WNT reaches approximately 16%, 88.25%, 64.91%, and 85%, respectively. This 
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abundance of agricultural residues presents a significant opportunity to process them into 

valuable products, such as biochar, for various applications, including use as soil amendments. 

Biochar synthesis through pyrolysis is increasingly promoted as a sustainable alternative to 

open burning. It offers both soil quality improvement and carbon sequestration. Many studies 

confirm that biochar application can enhance soil health and quality, promote microbial 

activity, and improve crop productivity (Kabir et al., 2023; Kerner et al., 2023; Ighalo et al., 

2025). Biochar is a carbon-rich by-product of pyrolysis, a process that heats organic biomass 

under low-oxygen conditions. It gained significant scientific interest after studies of the highly 

fertile "Terra Preta" soils in the Amazon Basin (Glaser et al., 2001). Its stable carbon structure 

allows it to act as an effective long-term carbon sink (Baldock & Smernik, 2002). It also 

provides ecological benefits, such as reducing methane emissions and promoting sustainable 

agricultural practices (Sriphirom et al., 2022). Biochar has a highly stable structure and resists 

microbial decomposition for decades. However, its stability depends on the pyrolysis 

parameters, including temperature, feedstock type, and residence time (Jia et al., 2018; 

Almutairi et al., 2023). Three key compositional factors in the feedstock–cellulose, 

hemicellulose, and lignin–influence biochar stability. The nature of the feedstock is especially 

important (Tag et al., 2016). Using abundant local waste materials provides a viable option for 

producing biochar with favourable structure, surface area, functional groups, elemental co-

location, and proximate composition.  

Despite these well-documented advantages, many smallholder farmers in rural areas of 

Indonesia still rely on open burning to manage crop residue rather than processing it into 

biochar as a soil amendment. In addition, adoption of biochar among smallholder farmers 

remains limited due to the technical complexity and high operational costs of modern pyrolysis 

technologies. Consequently, simple techniques have recently attracted growing attention 

among local communities. However, relatively few studies have evaluated low-technology 

biochar production methods, particularly the biochar produced by these methods for soil and 

environmental applications in tropical areas. Therefore, the objective of this study is to 

characterise the biochar produced from four different feedstocks using a simple rotary kiln and 

to discuss potential benefits for soil amendment or carbon sequestration. 

 

MATERIALS AND METHODS 

 

Collection of Agricultural Feedstocks and Preparation  

The feedstocks for biochar production are obtained from four local agricultural wastes 

abundant in the farmlands of Lombok Island, West Nusa Tenggara province: Rice Husk (RH), 

Corn Cob (CC), Coconut Fibre (CF), and Tobacco Stem (TS). These crop biomasses are 

derived from post-harvested agricultural residues. A total of 25 kg of each raw material was 

collected from major agricultural areas across Lombok Island. The materials were air-dried for 

several days and cleaned mechanically to remove any remaining dirt. The dried feedstocks 

were then cut into smaller pieces, approximately 5-10 cm in length, to improve heat exposure 

during pyrolysis. Afterwards, the dried samples underwent biochar pyrolysis. 
 

Biochar Synthesis 

Biochar was produced using a simple rotary-kiln pyrolysis system designed by the Soil Physics 

Laboratory at the Faculty of Agriculture, University of Mataram (Figure 1). The chopped 

agricultural residues were loaded into a metal reactor drum, which was then heated externally 

using firewood under oxygen-limited conditions. The temperature inside the reactor was 

gradually increased to reach 210-300°C. The pyrolysis process continued until the target 

temperature was reached, and the biochar formation indicator was observed, including thick 
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smoke emission and the conversion of the feedstocks into black char, which indicated biochar 

maturity. After production, the product was sprayed with water to prevent further ash 

formation, cooled, and air-dried. After that, the biochar was weighed, ground, sieved, and 

analysed downstream. The biochars were then termed as Rice Husk Biochar (RHB), Corn Cob 

Biochar (CCB), Coconut Fibre Biochar (CFB), and Tobacco Stem Biochar (TSB). 

 

 

 

 

 

 

 

 

 

Proximate and Chemical Analysis  

Laboratory analyses of each biochar sample, including moisture, ash content, volatile matter, 

fixed carbon, pH, Electrical Conductivity (EC), and Cation Exchange Capacity (CEC), were 

conducted. Proximate estimation was measured using the ASTM D1762-84 procedure, while 

fixed carbon was calculated by the difference according to proximate content as follows: fixed 

carbon (%) = 100 – (moisture (%) + volatile matter (%) + ash (%)). The pH of biochar was 

measured in a 1:5 (w/v) suspension in distilled water and in a 1:5 (w/v) suspension in KCl 

solution, while the EC was measured in a 1:5 (w/v) suspension in distilled water. Whereas CEC 

was determined using the ammonium acetate (NH4OAc) saturation method at pH 7. 

 

Biochar Characterisation  

Biochar characterisation was conducted through several methods. The surface morphology and 

structure of the biochar material were observed using a Scanning Electron Microscope (SEM) 

with a JEOL JCM-7000 instrument. Surface area and pore size were analysed using the 

Brunauer-Emmett-Teller (BET) equation and were evaluated by the t-plot method. Qualitative 

analysis of the functional groups or chemical bonds present in each biochar was performed 

using Fourier Transform Infrared (FTIR) analysis with a Shimadzu Model 5020 FTIR 

Spectrometer (absorbance spectra wave number 400 to 4,000 cm-1), and the spectral data were 

further processed using Omnic 9.0 (Thermo Scientific Nicolet iS10). For the crystalline 

structure, XRD (X-ray diffraction) analysis of the biochar powder was conducted using a 

Bruker AXS D8 Advance Eco with 25 mA Cu Kα radiation at a scan speed of 2 degrees min-

1 in continuous-scan mode to analyse the mineralogy of the samples. 

 

RESULTS AND DISCUSSION 

 

Proximate and Chemical Analysis 

Table 1 presents the results of proximate and chemical analyses of four biochar samples 

produced under different pyrolytic conditions, focusing on moisture, ash content, volatile 

matter, fixed carbon, pH, EC, and CEC. With respect to heating temperature, biochars produced 

at higher temperature (300 °C) showed significantly lower moisture, ash content, and volatile 
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Figure 1. Simple rotary kiln for producing biochar 
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matter compared to those synthesised at 210°C. This results in the lowest proportion of fixed 

carbon in the RHB samples.  

In detail, RHB produced at 210 °C performed the highest percentage of moisture 

(26.48%), ash content (40.60%), and volatile matter (66.81%) among all samples, compared to 

those produced at a higher temperature (300°C). These results indicate limited thermal 

decomposition in RHB. By comparison, the other three samples, namely CCB, CFB, and TSB, 

demonstrated significantly improved proximate properties. CCB recorded the lowest moisture 

content of 6.92% and a minimal ash content of 7.43%, while having a high volatile matter 

content of 37.23%. These results are consistent with CFB, which exhibits slightly higher water 

content (9.19%) but higher volatile compound content (48.87%) at a residence time of 19 

minutes. In contrast, a longer pyrolytic time of 59 minutes in TSB leads to notable increases in 

water and ash content of 25.93% and 23.19%, respectively, while volatile matter decreases to 

34.13%. This result suggests that the labile carbon fraction remains incompletely degraded 

even during extended heating. To conclude, thermal exposure has a stronger effect on the 

proximate composition than pyrolytic time. This result corresponds to the findings by Kim et 

al., 2012, Zhao et al., 2018, and Raza et al., 2021. 

 
Table 1. Proximate and chemical analysis of the produced biochars at different pyrolytic conditions 

Parameter 
Samples 

RHB CCB CFB TSB 

Temperature (oC) 210 300 300 300 

Residence time (min) 43 14 19 59 

Water content (%) 26.48 6.92 9.19 25.93 

Ash content (%) 40.60 7.43 4.71 23.19 

Volatile matter (%) 66.81 37.23 48.87 34.13 

Fixed carbon (%) ND* 48.42 37.22 16.75 

pH H2O 7.26 8.16 8.88 9.42 

pH KCl 6.23 7.64 8.12 9.25 

ΔpH 1.03 0.52 0.76 0.18 

EC (dS/m) 0.289 0.605 0.027 0.097 

CEC (meq/100 g) 45.54 27.92 55.13 89.08 

*ND: Not determined 

 

 The chemical properties (i.e, pH, CEC, and EC) of the biochars are also presented in 

Table 1. In general, higher pyrolysis temperatures and longer processing times resulted in more 

alkaline biochars with lower ΔpH values and a remarkably enhanced CEC. Meanwhile, EC 

values varied among biochar samples and did not show a linear trend with processing time. 

Specifically, RHB exhibits the lowest alkalinity with pH H2O of 7.26 and pH KCl of 6.23, 

alongside the widest ΔpH of 1.03. This relatively large value indicates a majority of negatively 

charged sites, such as silica-containing ions and oxygen (Kome et al., 2018). The RHB sample 

also recorded a moderate EC and CEC value of 0.289 dS.m-1 and 45.54 meq/100 g, 

respectively. By contrast, the biochar produced at 300°C for 14 minutes exhibits progressively 

higher pH. CCB has a pH H2O value of 8.16, a reduced ΔpH of 0.52, and an EC of 0.0605 

dS.m-1, while showing the lowest CEC of 27.92 meq/100 g. Compared to CCB, the generated 

CFB for 19 minutes demonstrates a further rise in pH H2O to 8.88 and a lower ΔpH (0.76), 

followed by a notably reduced EC of 0.027 dS.m-1 and a higher CEC value (55.13 meq/100 g). 

The longest pyrolytic time observed in TSB, 59 minutes, yields the most alkaline biochar, with 

a pH of 9.42 in water, the lowest ΔpH (0.18), and the highest CEC of 89.08 meq/100 g. This 

indicates the development of functional groups and increased surface oxidation in extended 

thermal exposure. Therefore, pyrolytic conditions firmly affect the alkalinity and CEC of the 

biochar, which promotes more chemically reactive materials (Tomczyk et al., 2020; Prasiefa 

& Firmansyah, 2025). 
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Morphology of Biochar 

Figure 2 demonstrates the microscopic morphology of the four different types of biochar (rice 

husk, corn cob, coconut fibre, and tobacco stem). The observed field of view reveals the interior 

structure of the biochar. Fundamentally, it exhibits a porous structure with varying sizes and 

patterns, revealing the special characteristics of each material. The pore structure 

transformations of all biochar samples were observed as a compacted structure in SEM images, 

indicating that temperatures of 210-300°C were not sufficiently high for pore development.  

In depth, corn cob has the widest micropores at 26.67 µm, followed by coconut fibre 

(25.33 µm), tobacco stem (25 µm), and rice husk (18 µm). The micrograph of the corn cob 

presents largely fine cylindrical units on the surface (Gotore et al., 2022), while the others have 

a relatively thick wall, which may correspond to a high lignin and cellulose content. In Figure 

2a, the RHB exhibits the most irregular and predominantly compact pore structure. It is 

characterised by tiny and discontinuous pores with sizes mostly below 10 µm. The pore walls 

appear thick and uneven, indicating limited devolatilization due to incomplete thermal 

degradation of organic constituents. This is typically associated with low temperature during 

the pyrolysis process, leading to insufficient pore development (Claoston et al., 2014). Thus, 

this biochar possesses a lower surface area and limited pore expansion, which may be effective 

for developed microbial colonisation in such micropores (Bu et al., 2019). In comparison, CCB 

in Figure 2b presents the appearance of a larger and more developed macropore structure, with 

pore sizes reaching about 14-27 µm. The walls of the pore become more well-defined, 

suggesting enhanced volatile matter emission. This indicates that higher temperature promotes 

pore structure reorganisation and expansion (Ahmad et al., 2012; Budai et al., 2016; Chatterjee 

et al., 2020). This condition is particularly beneficial for soil to have better aeration and water 

infiltration (Ghorbani et al., 2022). Developed pore evolution can also be seen in CFB (Figure 

2c), where the biochar illustrates integrated pore networks and is well-structured with relatively 

uniform pore diameters (20-25 µm). The smoother interior pore surfaces indicate complete 

degradation of labile organic matter, as evidenced by the highest volatile matter proportion 

among all biochar samples (Table 1). It is important to note that TSB in Figure 2d provides a 

substantially thick pore boundary, which can be observed from the cross-section of the tobacco 

stem. This condition reflects the resistance of the biochar type during the extended pyrolytic 

process (Qin et al., 2016). It also has large pores ranging from 19-26 µm. The high stability of 

the pore may facilitate better pathways for water and gases to flow and play a key role in carbon 

sequestration (Kabir et al., 2023). In terms of soil amelioration, biochars exhibiting moderately 

large pores, as observed in Figures 2b and 2c, are likely to facilitate an optimal balance 

between aeration, water retention, and microbial habitat, whereas densely structured biochars 

may offer limited functionality to some extent (Chen et al., 2024). 

Surface Area and Pore Distribution 

Brunauer-Emmett-Teller (BET) surface area of different types of biochar varied fundamentally 

depending on both the feedstock's intrinsic properties and the pyrolytic conditions (Table 2). 

This study found that the surface area of TSB increased the most (17.08 m2 g-1) when the 

pyrolysis time was extended to 59 minutes, while CCB exhibited the lowest value (5.74 m2 g-

1) after 14 minutes of pyrolysis. The relatively longer retention time preferred surface area 

expansion and pore development (Irewale et al., 2025). However, the highest pore size of CCB 

and CFB is more affected by feedstock composition than by residence time (Kusnarta et al., 

2024). These findings highlight that both pyrolysis parameters and the inherent feedstock 

properties of the biochar synergistically control surface area and pore development under the 

same heating condition, with vital implications for the application of biochar as a soil 

amendment, nutrient carrier, and/or biocarrier. 
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Figure 2. SEM images of four types of biochar. a) Rice Husk Biochar (RHB), b) Corb Cob 

Biochar (CCB), c) Coconut Fibre Biochar (CFB), d) Tobacco Stem Biochar (TSB) 

Based on Table 2, the surface area and pore properties of the biochars clearly 

demonstrate the combination of pyrolytic residence time and temperature. The RHB exhibits a 

relatively low surface area of 13.06 m2 g-1, which can be attributed to the resistance of inherent 

plant-derived structures and to poor pore collapse under mild burning conditions (210°C). 

Consequently, this contributes to the lower average pore diameter and total micropore size 

(Yang et al., 2021; Handiso et al., 2024). In comparison, CCB produced at 300°C for a shorter 

time exhibits the lowest BET surface area of 5.74 m2 g-1. This condition indicates that 

insufficient pyrolytic time may inhibit pore opening despite the largest average pore size, 

resulting in incomplete connectivity and lower total micropore volume among the biochars. A 

similar trend was observed by Zhylina et al. (2025), who argued that the increase of BET 

surface area and pore volume with extended time reflects partial pore development under 

shorter residence times.  

Table 2. BET surface area, pore volume, and diameter of the biochars under different pyrolytic conditions 

Types of 

biochar 

Temperature (oC) Pyrolitic time 

(minutes) 

BET area 

(m2.g-1) 

Average pore 

size (Å) 

Total micropore 

volume (cm3.g-1) 

RHB 210 43 13.057 32.5752 0.01063 

CCB 300 14 5.742 86.5008 0.01242 

CFB 300 19 16.163 49.8764 0.02015 

TSB 300 59 17.085 38.7078 0.01653 
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In particular, CFB and TSB produced with longer pyrolytic times for 19 and 59 minutes, 

respectively, show a substantial increase in BET surface areas (16.16-17.08 m2 g-1) along with 

larger average pore sizes and enhanced total micropore volumes. This trend illustrates that 

prolonged thermal exposure at moderate temperature induces progressive devolatilization and 

the formation of a pore network (Zhylina et al., 2025; Flores-izquierdo et al., 2025). Therefore, 

the results conclude that both residence time and temperature play a key role in regulating pore 

architecture and BET surface area. This highlights that the optimised residence time is also 

essential to improve physicochemical characteristics of biochar for multifunctionality, such as 

soil amendment. 

 

FTIR Analysis 

The FTIR absorbance spectra of four types of biochar are shown in Table 3 and Figure 3. The 

FTIR analysis primarily identified functional groups at the char surface. Using the IR database 

USCS, we identify that all produced biochars exhibit broad spectral peaks between 3416.52 

and 3415.75 cm-1, assigned to the hydroxyl group (-OH). Peaks observed between 2957.04 and 

2920.98 cm-1 are associated with aliphatic C-H groups, such as methylene (CH2) and methyl 

(CH3). The range at 1609.88-1512.53 cm-1 is probably due to the vibration of the aromatic C=C, 

whereas the lower peaks at 1492.53-1316.07 cm-1 belong to C-H bending, related to cellulose 

and lignin compounds present in the biochars (Tu et al., 2022; Goularte et al., 2025). The 

distinct functional groups among the biochars can be seen on the right-hand side of the peaks, 

which range from 2000 cm-1 to 500 cm-1. Furthermore, the different compositions of feedstocks 

result in varying intensities and absorption bands that reflect different carbonisation levels, 

mineral content, and residual organic compounds. 

 
Table 3. Functional group comparison of four types of biochar 

Absorption peak (cm-1) 
Major functional 

groups 

Reference spectra 

Rice 

Husk 

Corn 

Cob 

Coconut 

Fibre 

Tobacco 

Stem 

Rice 

straw a 

Corn 

straw a 

Rice 

husk b 

Coconut cloth 

bio-oil c 

Tobacco d 

3415.86 3415.75 3416.52 3416 -OH, -OH 3400s  3356 3446 3300s 

2924.98 2956.75 2958.76 2957.04 

C-H stretching, -CH 

     

 2923.12 2920.98 2926.26   2919 2926  

   2869.65 2800s 2800s  2856 2300s 

1694.80 1694.63   C=O stretching    1645 1700s 

1609.88 1604.74   Aromatic C=C, 

C=O, C-C 

1600s  1623  1600s 

1512.53 1512.54 1597.64 1589.82  1550s  1511  

1437.67 1492.58 1437.58 1408.19 

C-H bending, -CH 

     

 1437.61 1377.67 1383.87 1350s 1350s 1523-

1353 

 1300s 

 1376.56  1316.07      

  1265.68 1273.69 
C-O stretching 

   1270  

   1117.70    1105 1000s 

1100.10 1100.06   Si-O-Si stretching, -

Si-O, -C-O-C- 

  1054   

798.86 799.23     793   

564.14 467.21   
Si-O bending 

     

467.22         

  874.45 873.28 

Aromatic C-H 

     

  816.73 780.95      

  755.59     756  

   618.68 

Skeletal deformation 

     

  588.64 573.18      

  477.24 518.87      

Note: a) Tu et al., 2022; b) Goularte et al., 2025; c) Dai et al., 2020; d) Peng et al., 2025 

 

In detail, the FTIR spectrum of RHB shows a strong absorption band at 3415.86 cm-1, 

assigned to the -OH stretching vibration. Peak at 2924.98 cm-1 shows C-H aliphatic strain, 

while peak at 1609.88 cm-1 is related to C=C aromatic strain, which is derived from carbonised 

lignin. The most prominent peaks are located at 1100.10 cm-1 and 467.22 cm-1, which correlate 

to Si-O-Si strain and Si-O flexure. This shows the dominance of silica (SiO2), a characteristic 
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of rice husk. The presence of -OH and C-H groups indicates that a small part of the organic 

compound still exists, although its intensity is relatively low. This indicates that the pyrolysis 

process has produced a high level of carbonised biochar and dominant silica content, resulting 

in high potential rice husk biochar as a heavy metal adsorbent and silicate soil amendment 

(Severo et al., 2020; Burachevskaya et al., 2023). 

The FTIR spectra of CCB also show an absorbed band at 3415.75 cm-1 for hydroxyl (-

OH), 2923.12 and 2856.75 cm-1 for aliphatic (C-H), and 1604.74 cm-1 for aromatic (C=C). The 

band at 1492.53 and 1376.56 cm-1 indicates C-H bending, while the bands at 1100.06 cm-1 and 

799.23 cm-1 indicate the presence of the Si-O-Si functional group. Moreover, the peak at 467.21 

cm-1 indicates aromatic wave or minor mineral (Najafi-ghiri et al., 2025). The existence of a 

strong absorbed band at 1600-1000 cm-1 illustrates that this biochar still contains 

lignocellulose, which is not fully carbonised. This indicates a medium carbonisation level with 

a relatively high oxygen functional group content. Therefore, this biochar has a high potential 

as an organic adsorbent for improving CEC in the soil (Ali et al., 2021; Yuniwati & Lestari, 

2021). 

 

  

  

Figure 3. Absorbance with FTIR analysis of four types of biochar. a) RHB, b) CCB, c) CFB, 

d) TSB 

Coconut Fibre Biochar (CFB) absorption pattern also performs common bands at 3416 cm-1 (-

OH stretch), 2958.76 and 2920.98 cm-1 (C-H aliphatic), 1597.64 cm-1 (C=C aromatic), as well 

as 1437.58 and 1377.67 cm-1 (C-H bending). Additional band at 1265.68 cm-1 related to C-O 

stretching form ester or phenolic group, whereas the band between 816.73 and 755.59 cm-1 

indicates the vibration of aromatic C-H (Sukartono et al., 2011; Zhang et al., 2018; Dai et al., 

2020; Dhar et al., 2020). The number of -OH and C-O groups remaining indicates a fair 

carbonisation level, with high functional oxygen content. This condition makes CF biochar 

very promising to increase soil microbial activities, increase nutrient retention, and stimulate 

the development of soil aggregates (de Carvalho Junior et al., 2019; Guarnieri et al., 2021). 

The FTIR spectrum of TSB visualises bands at 3416 cm-1 (-OH), 2957.04 and 2869.65 

cm-1 (C-H aliphatic), and 1589.82 cm-1 (C=C aromatic). Beyond those bands, they are at 

1408.19, and 1316.07 cm-1 indicates the presence of the C-H bending group, while bands 

1273.69 cm-1-1117.70 cm-1 are related to C-O stretching. Moreover, the band at 873.28-518.87 

cm-1 illustrates C-H aromatic vibration. The abundance of oxygen-containing functional groups 

in CFB is higher than that in RHB and CCB. This pattern reflects that the TS biochar has a 

strong and stable aromatic structure, indicating a high level of carbonisation (Yıldız & Ceylan, 

2018; Peng et al., 2025; Xu et al., 2025) and reactive domains. This characteristic creates 
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biochar resistant to microbial decomposition, and it is very beneficial for soil carbon 

sequestration and long-lasting soil amendment (Ernest et al., 2024; Gross et al., 2024) as well 

as soil fertility improvement (Li et al., 2021; Zhao et al., 2021). 

As described in the FTIR interpretation, rice husk biochar is characterised by the 

predominance of silicate. Corn cob exhibits a balance of mineral and organic groups, which 

indicates a moderate pyrolysis rate. Coconut fibre biochar provides the highest number of polar 

active molecules, reflecting its most chemically reactive properties. Meanwhile, tobacco stem 

biochar has sharp, stable, and diverse aromatic peaks, indicating high stability and polymerised 

carbon. Therefore, the fingerprint region from 1600 to 400 cm-1 is the main determinant for 

distinguishing the four types of biochar. Rice husk is mineralic, coconut fibre and corn cob are 

organically active, and tobacco stem is aromatically stable, each possessing distinct functional 

characteristics for agriculture and the environment.  

 

XRD Analysis 

The XRD patterns for RHB, CCB, CFB, and TSB are visualised in Figure 4. The broad main 

hump in the range 2θ = 10 ° to 30 ° corresponds to the (002) plane structure of the graphite 

carbon, reflecting the imperfect arrangement of carbon layers (amorphous carbon structure). 

This indicates that the formation of graphitic carbon of the lignocellulosic material during 

pyrolysis has not completely occurred (Mobarak et al., 2024). In addition, the four biochars 

have various degrees of crystallinity, showing RHB, CCB, DFB, and TSB the crystallinity 

values of 2,8%, 4,7%, 14,6, and 12,5%, respectively. This means that all biochar samples 

consist of most turbostratic carbon with a small percentage of crystalline domains. 

Furthermore, a weak secondary peak at approximately 2θ = 43-44o also seen in some samples, 

such as RHB and CCB, which corresponds to the (101 and 100) plane of disordered carbon. 

Thus, strengthening the existence of a partial crystalline phase (Vasilievici et al., 2025; Martín-

Lara et al., 2026). 

Of the four biochar samples, coconut fibre biochar demonstrates the highest 

crystallinity of 14.6%, which indicates the development of more ordered graphitic domains. 

This is likely because of the high content of the coconut fibre-derived lignin, which tends to 

facilitate aromatic condensation during the carbonisation process (Wood et al., 2024; 

Munzeiwa et al., 2025). Tobacco stem biochar also has a moderate crystallinity of 12.5%, 

indicating partial aromatisation under similar pyrolysis conditions. By contrast, rice husk 

biochar has the lowest crystallinity (2.8%), which can be attributed to its high silica content. 

This silica tends to create an amorphous SiO2-C that limits the formation of regular carbon 

sheets (Hamidu et al., 2025; Kabore et al., 2026). Corn cob biochar also has low crystallinity 

(4.7%), reflecting that it contains rich cellulose, which can produce an amorphous carbon with 

more ease (Tomczyk et al., 2020). 

 Variations in crystallinity among biochars are influenced by the composition of 

agricultural biomass during the formation of carbon structures. The promotion of more ordered 

aromatic formation and graphitic structures is caused by the high lignin content, whereas high 

silica and ash composition tends to alter crystalline development. These structural variations 

have significant effects on the physicochemical characteristics of biochar, including its surface 

reactivity, CEC, and stability in soil environments (Khan et al., 2024; Nicholas et al., 2025; 

Anyebe et al., 2025). In rice husk and corn cob biochar, more amorphous components 

commonly have more active oxygenating sites and functional groups. Although amorphous 

structures are often associated with more oxygen-carrying functional groups, CEC is more 

strongly influenced by the accessibility and stability of these functional groups than by 

structural disorder alone (Tomczyk et al., 2020; Lago et al., 2021; Adhikari et al., 2024). In this 

study, biochars from coconut fibre and tobacco stems exhibit higher CEC and correspond to 

higher levels of aromatic C=C, -OH, and C-O functional groups in the FTIR analysis (Figure 
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3), despite their relatively higher crystallinity. This interpretation indicates that both biochars 

have persistent oxygen functional groups anchored within a stable aromatic carbon structure. 

Thus, they play a dominant role in improving soil fertility, such as CEC, despite their very high 

potential for long-term carbon sequestration in soil. These findings are consistent with the 

common properties of the lignocellulosic biomass-derived biochar at moderate pyrolysis 

temperature (Khan et al., 2024). 

 

  
 

  
Figure 4. XRD graph for four types of biochar. a) RHB, b) CCB, c) CFB, d) TSB 

  

CONCLUSION 

This study finds that four types of biochar (rice husk, corn cob, coconut fibre, and tobacco 

stem) produced using a simple rotary kiln equipment have distinctive physicochemical 

characteristics. This was closely related to the pyrolysis conditions and the particular chemical 

composition of the feedstock. The interpretation of proximate analysis, chemical analysis, 

SEM, BET, FTIR, and XRD confirms that all biochars are dominated by amorphous structures 

with varying degrees of crystallinity and functional groups. Based on the assigned pyrolysis 

condition, rice husk biochar is more suitable for metal adsorption and as a silica soil 

amendment, while corn cob has high potential as an adsorbent for organic molecules. 

Moreover, coconut fibre and tobacco stem biochar have great potential for both CEC 

enhancement and carbon sequestration in soil due to their high resistance to microbial 

decomposition and their greater abundance of oxygen-containing functional groups. Many 

studies have found that corn cob can also improve soil CEC. It is recommended that further 

studies focus on optimising pyrolysis temperature and residence time using such simple 

equipment, and also evaluating the effectiveness of the biochar, especially in soil quality 

improvement in tropical semi-arid environments. 
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