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Abstract: Oil palm empty fruit bunches (EFB) are abundant biomass residues that can be converted
into biochar to simultaneously address agricultural waste management and soil fertility challenges. In
this study, we investigated the effects of EFB biochar, alone and with organic fertilizer, on soil
properties and maize growth in two soil types. The experiment comprised five treatments: control soil,
biochar + soil (20:80, w/w), soil + organic fertilizer, biochar + soil + organic fertilizer (20:70:10, w/w),
and biochar + soil + organic fertilizer (20:60:20, w/w), evaluated under two soil types, Reddish Brown
Earths (RBE, S1) and Red-Yellow Podzolic Soils (RYP, S2). After 48 days, plant height, number of
leaves, collar diameter, and root mass were measured. Results showed that biochar-based treatments
significantly improved plant height, collar diameter, and root mass, with the biochar + soil + organic
fertilizer (20:70:10, w/w) treatment producing the greatest improvements. Plant height increased up to
81.7% in S1 and 69.4% in S2, while collar diameter increased by up to 76.0% in S1 and 90.5% in S2.
Root mass increased by 114.8% in S1 and 107.6% in S2 compared with the respective controls. In
contrast, the number of leaves was not significantly affected by treatment (p = 0.2993), indicating that
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the response to biochar amendment varied among growth parameters. These findings demonstrate the
effectiveness of biochar derived from EFB as a sustainable soil amendment that enhances nutrient
cycling, promotes soil structure, and supports plant growth, contributing to improved soil health and
agricultural productivity.
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Abbreviations

The following abbreviations are used in this manuscript:

BC Biochar

EC Electrical Conductivity

HU Humidity

BD Bulk Density

C Carbon

N-NOs Nitrate Nitrogen

N-NH4 Ammonium Nitrogen

P Phosphorus

K Potassium

P-AL Available Phosphorus

K-AL Available Potassium

Ca Calcium

Mg Magnesium

Na Sodium

S1 Soil Type 1 (Reddish Brown Earths)
S2 Soil Type 2 (Red Yellow Podzolic Soils)
RBE Reddish Brown Earths

RYP Red, Yellow Podzolic Soils

1. Introduction

The oil palm tree (Elaeis guineensis) is one of the most important plantation crops cultivated in
tropical regions such as Indonesia, Malaysia, and Sri Lanka [1,2]. Due to its high oil productivity, palm
oil has become one of the major sources of vegetable oil used in both food and non-food industries
worldwide [3,4]. However, the processing of fresh fruit bunches (FFB) for crude palm oil (CPO)
production generates considerable quantities of biomass residues including empty fruit bunches (EFB),
fibers and shells [5,6]. It has been reported that approximately 2.3 tons of palm biomass residues are
generated per ton of palm oil produced. This estimate comprises approximately 1.0 ton of EFB, 0.7 tons
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of palm fiber, 0.3 tons of palm kernels, and 0.3 tons of palm shells per ton of palm oil produced [7].
Traditionally, EFB has been utilized as a mulching material in plantations. However, the slow
decomposition rate and the associated methane emissions during degradation have increased the
interest in developing sustainable utilization pathways for EFB [8].

Among the available biomass conversion technologies, pyrolysis has received considerable
attention as an effective method for energy and resource recovery from lignocellulosic biomass.
Pyrolysis is a thermochemical conversion process carried out under oxygen-limited or oxygen-free
conditions, producing biochar, bio-oil, and syngas as the major products [9,10]. Biochar (BC),
particularly produced through slow pyrolysis, has gained attention due to its potential applications in
agriculture and environmental management [11-13]. Application of biochar to agricultural soils has
been widely reported to modify soil physicochemical properties and, under suitable soil and
management conditions, improve crop growth and productivity [14—18]. However, the magnitude and
direction of these effects depend on biochar properties, application rate, soil characteristics, and crop
type. Biochar can also influence soil biological processes by modifying the soil environment and
providing surfaces that support microbial interactions, although these effects depend on biochar
characteristics and soil conditions [19-21].

The porous structure and surface characteristics of biochar contribute to improvements in soil
structure, water dynamics, nutrient retention, and soil pH, while potentially reducing bulk density and
nutrient losses from the soil system [22—24]. Studies further demonstrate that the effects of biochar on
soil properties and plant responses can vary substantially with soil type, biochar characteristics, and
application rate [25,26]. Therefore, the utilization of EFB-derived biochar presents a dual benefit by
addressing biomass waste management issues while simultaneously improving soil productivity and
sustainability in agricultural systems [27-29].

Maize (Zea mays L.) is an important cereal crop in Sri Lanka and is cultivated mainly during the
Maha and Yala seasons. National statistics indicate substantial annual maize production, with
approximately 196,871 t produced during the 2024 Maha season from 65,300 ha and a further 26,626
t during the 2024 Yala season from 7,401 ha [30]. At the global scale, maize is one of the major cereal
crops in terms of cultivated area and production [31]. Maintaining soil fertility and improving nutrient-
use efficiency are therefore important for sustaining maize productivity, particularly in soils affected
by low fertility and other physicochemical constraints.

Although studies have demonstrated that biochar can improve soil physicochemical properties
and crop performance, responses vary with feedstock, pyrolysis conditions, application rate, and soil
characteristics [2,32,33]. In particular, limited information is available on the performance of EFB-
derived biochar in contrasting Sri Lankan agricultural soils and its interaction with organic fertilizer
for early maize growth.

Accordingly, in this study, we evaluate EFB-derived biochar under two contrasting Sri Lankan
soil types and compare biochar alone with combined biochar—organic fertilizer amendments to identify
soil- and treatment-specific responses in early maize growth.

2. Materials and methods

Figure 1 summarizes the overall methodology of the study.
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Figure 1. Summary flowchart of the methodology.

2.1. Feedstock collection and pretreatment

EFB fiber was collected from the processing mill as part of the standard production process. The
process began with the sterilization of fresh FFB using steam to loosen the fruit and prevent enzymatic
degradation. After sterilization, the bunches were transferred to the stripping section, where a threshing
drum separated the fruits from the bunches. The residual empty bunches were shredded, and the

resulting fiber was pressed to extract EFB fiber, which was then stored in a designated fiber storage
area (Figure 2).

Fresh fruit bunches

Steam
Sterilized fruit bunches

! . S Empty fruit bunches
Boiler stripping

Steam

Sterilized fruits

Digester and press EFB liquor
Empty Fruit
" Bunches fiber.
Press cake Press liquor

Figure 2. EFB fiber collection from a processing mill and the standard production process.
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To prepare the EFB fiber for pyrolysis, the raw fiber was dried using the oven-dry method to
reduce moisture content. This drying step is critical, as high moisture levels can promote fungal growth
(e.g., orange fungi) and adversely affect the pyrolysis process, impacting the calorific value and flash
point of the resulting bio-oil. The dried fiber was then cut into small pieces to ensure uniform particle
size, facilitating efficient thermal decomposition during pyrolysis. Proximate and elemental analysis
of EFB waste compared to common biomass feedstocks are available in Table 1.

Table 1. Proximate and elemental analysis of EFB waste.

Proximate Analysis (wt.%) Ultimate Analysis (wt.%)
Sample Moisture Fixed Carbon Ash Volatile C H N S O
Oil palm EFB  13.84 18.86 9.32 57.98 40.05 5.64 1.67 0.21 43.11

2.2. Pyrolysis experiment

The pyrolysis experiments were conducted using a laboratory-scale Updraft Double Chamber
(UDDC) batch-type pyrolysis reactor, as illustrated in Figure 3. The reactor consisted of a cylindrical
stainless-steel chamber measuring approximately 1.0 m in length and 0.30 m in diameter. Approximately
130 g of oven-dried EFB fiber was loaded into the reactor for each experimental run. Prior to heating,
the reactor was tightly sealed to establish an oxygen-limited environment, and no external inert carrier
gas or catalyst was employed throughout the pyrolysis process.

Figure 3. Updraft Double Chamber (UDDC) pyrolysis reactor setup; (a,b) Reactor, (c)
Feed hopper, and (d) Control panel.

The reactor was heated from an initial temperature of 26 °C to 450 °C over approximately 60 min,
corresponding to an average heating rate of approximately 7.1 °C min™'. After reaching the target
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temperature, the biomass was maintained at 450 °C for 30 min to ensure complete thermal decomposition
and carbonization of the feedstock. Following the reaction period, the reactor was allowed to cool
naturally while remaining sealed to minimize oxidation of the produced biochar.

Upon completion of the pyrolysis process, the solid biochar and condensed bio-oil fractions were
collected separately and weighed. The gaseous product yield was determined by difference based on
the mass balance of the pyrolysis products. On a dry biomass basis, the pyrolysis process produced
31.75 wt.% biochar, 38.12 wt.% bio-oil, and 30.13 wt.% permanent gases. These product distributions
were consistent with the expected product yields obtained from slow pyrolysis of lignocellulosic
biomass at approximately 450 °C.

To ensure reproducibility, 18 independent pyrolysis experiments were conducted under identical
operating conditions. The biochar produced from these experiments was homogenized and
subsequently used for physicochemical characterization and greenhouse evaluation.

2.3. Soil, biochar amendment, and biochar-amended soil analysis

Two soil types commonly used for maize cultivation in Sri Lanka were selected for this study.
Soil type 1 represented the Reddish-Brown Earth (RBE, S1) soil group, while soil type 2 represented
the Red Yellow Podzolic (RYP, S2) soil group. Physicochemical characterization of the soils,
biochar and biochar-amended soils were carried out using standard analytical procedures. Moisture
content (HU) was determined by the gravimetric method through oven drying of samples at 105 °C
until a constant weight was obtained. Soil pH was measured using the potentiometric method with a
solid-to-liquid ratio of 1/2.5 (w/v) for non-amended and biochar-amended soils, whereas a ratio of
1/10 (w/v) was used for biochar. Electrical conductivity (EC) was determined by the conductometric
method using a solid-to-liquid ratio of 1/5 (w/v) for soils and biochar-amended soils, while a ratio
of 1/10 (w/v) was applied for biochar samples. Bulk density (BD) was calculated as the ratio between
the dry mass and the measured volume of the sample, including non-amended soils, biochar and
biochar-amended soils. Soluble nitrate nitrogen (N-NOs) and ammonium nitrogen (N-NH4) contents
were determined spectrophotometrically at a wavelength of 420 nm using a CECIL 2041
Spectrophotometer (Buck Scientific, Norwalk, CT, USA), following extraction at a solid-to-liquid
ratio of 1/5 (w/v). Phosphorus (P) concentration was measured using the same spectrophotometer at
720 nm, whereas potassium (K) concentration was analyzed using a Sherwood 410 Flame
Photometer (Sherwood Scientific, Cambridge, UK) with a solid-to-liquid ratio of 1/5 (w/v).
Available phosphorus (P-AL) and potassium (K-AL) were determined using the Egner—Riehm—
Domingo extraction method at a solid-to-liquid ratio of 1/20 (w/v). Ammonium acetate-lactate
solution was used as the extracting medium and the extracted phosphorus and potassium were
quantified using spectrophotometric and flame photometric techniques, respectively. Available
calcium, magnesium, and sodium (Ca, Mg, and Na) were extracted using ammonium acetate solution
at a solid-to-liquid ratio of 1/50 (w/v) and subsequently analyzed using an Optima 8300 ICP-OES
system (PerkinElmer, Waltham, MA, USA). Total carbon (C) content of the samples was determined
using an EA3100 Elemental Analyzer (Eurovector, Pavia, Italy). The physicochemical properties
obtained were used to evaluate the effects of biochar incorporation on the selected soil types and
their suitability for maize cultivation.
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2.4. Impact of biochar amendment on Maize growth

A greenhouse experiment was conducted for a period of 48 days (Figure 4) to evaluate the effects
of biochar (BC) application on the growth and development of maize plants. The experiment was
carried out under controlled conditions at the greenhouse facility of the Faculty of Agricultural
Sciences, Sabaragamuwa University of Sri Lanka, Belihuloya, Sri Lanka. All experimental activities,
including the collection and use of plant materials, were performed in accordance with the relevant
institutional, national, and international guidelines and regulations. Maize seeds used for the
experiment were obtained from a local supplier.

A factorial greenhouse experiment was conducted using two soil types (Reddish Brown Earth, S1,
and Red Yellow Podzolic soil, S2) and five treatment combinations (Table 2). Each treatment was
replicated three times, with one maize plant grown per pot. Individual pots were considered independent
biological replicates, resulting in 15 experimental units for each soil type and a total of 30 experimental
units across the study. The pots were randomly arranged within the greenhouse to minimize positional
effects and environmental variation. Three independent pots were used for each treatment, with one
maize plant maintained per pot, resulting in three biological replicates per treatment.

Table 2. Experimental scheme for the greenhouse experiment.

Code Treatment Soil Types Biological Replicates
S Soil (Control) S1, S2 3
SBC Biochar + Soil (20:80, w/w) S1, S2 3
SOF Soil + Organic Fertilizer S1, S2 3
BCSOF1 Biochar + Soil + Organic Fertilizer (20:70:10, w/w) S1, S2 3
BCSOF2 Biochar + Soil + Organic Fertilizer (20:60:20, w/w) S1, S2 3

The experimental treatments were designed to distinguish the individual and combined effects of
biochar and organic fertilizer on maize growth. A biochar incorporation rate of 20% (w/w) was selected
because similar amendment rates have been widely used in controlled pot experiments and are
sufficiently high to induce measurable improvements in soil physicochemical properties while
maintaining suitable growing conditions [34,35]. The soil-only and fertilizer-only treatments served as
controls for evaluating the independent contributions of biochar and nutrient supplementation,
respectively. Two organic fertilizer application rates (10% and 20% of the amendment mixture) were
included to investigate whether increasing nutrient availability influences the agronomic response
when combined with biochar. This treatment structure enabled assessment of potential synergistic
interactions between biochar and organic fertilizer under two contrasting soil types. No liquid organic
fertilizer was applied through irrigation water during the experiment.
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Figure 4. Greenhouse experiment on maize plants.

The total nutrient load per plant provided by the four organic fertilizer applications included 160
mg of phosphorus (P), 80 mg of nitrogen (N), 22 mg of magnesium (Mg), 8 mg of potassium (K), 8
mg of iron (Fe), 2.4 mg of boron (B), 2.2 mg of manganese (Mn), 2 mg of zinc (Zn), and 1.2 mg of
copper (Cu). The organic fertilizer mixture also included amino acids, multivitamins, enzymes, growth
regulators (such as auxin, cytokinin, and gibberellin), and other essential micronutrients.

2.5. Statistical analysis

Statistical analysis was performed using two-way analysis of variance (ANOVA) to evaluate the
effects of soil type, treatment, and their interaction on the measured soil physicochemical and plant-
growth parameters. Pearson correlation analysis was conducted to examine linear relationships among
the measured soil physicochemical properties. Statistical significance was evaluated at p < 0.05.

Statistical analyses were conducted using IBM SPSS Statistics version 26.0 (IBM Corp., Armonk,
NY, USA). The statistical outputs were subsequently used to interpret the effects of BC amendment
on soil quality parameters and their possible influence on plant growth performance.

3. Results and discussion
3.1. Biochar properties

Raw EFB and product biochar are shown in Figure 5. The proximate and ultimate analysis of the
oil palm EFB biochar revealed valuable insights into its chemical composition and potential
applications as shown in Table 3. The SEM images in Figure 6 reveal a heterogeneous and porous
surface structure in the EFB-derived biochar. The presence of visible pores is particularly relevant to
its potential use as a soil amendment because the pore network can provide sites for the retention of
water, nutrients, and dissolved compounds. Pyrolysis-induced development of porous structures has
also been reported for other biomass-derived chars, with pyrolysis temperature influencing pore
development and the physicochemical properties of the resulting material [36].
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Table 3. Proximate and elemental analysis of biochar.

Proximate Analysis (wt.%) Ultimate Analysis (wt.%)
Sample Moisture  Fixed Carbon Ash  Volatile C H N S 0O
EFB Biochar  6.24 53.32 263 14.14 55.76 2.92 2.18 0.34 12.50

Figure 5. Raw EFB and biochar from pyrolyzed EFB.

The oil palm EFB biochar demonstrates a promising chemical composition with high fixed carbon
and moderate levels of volatile matter, making it suitable for soil amendment and bioenergy
applications. The relatively high ash content suggests the presence of valuable minerals, while the low
nitrogen and sulfur contents imply that the biochar may be more beneficial for improving soil structure
and promoting carbon sequestration than for providing significant nutritional value to plants [37].

Although we focused on evaluating the agronomic performance of EFB-derived biochar, future
investigations should incorporate a comprehensive mass and energy balance of the pyrolysis process to
assess the overall process efficiency and support scale-up and techno-economic evaluations.

Figure 6. Scanning Electron Microscopy (SEM) images of the EFB biochar.
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Figure 7. FTIR spectrum of EFB-derived biochar.

The FTIR spectrum in Figure 7 further confirms the presence of several oxygen-containing and
carbon-based functional groups. The broad absorption around 3430 cm™ can be associated with O—H
stretching, while the band observed around 2959.66 cm™ indicates aliphatic C—H stretching. The band
at approximately 1757.63 cm™ can be associated with carbonyl (C = O) stretching, while the band around
1634.38 cm™ may be attributed to aromatic C = C and/or carbonyl-associated vibrations. The bands in
the lower wavenumber region are associated with C—O and other oxygen-containing structures. These
functional groups indicate that, despite the thermal transformation of EFB, chemically active surface
functionalities remained in the resulting biochar. Such surface functionalities are important because they
contribute to interactions between biochar and surrounding soil constituents. Reviews have highlighted
the role of biochar surface functionalities and physicochemical characteristics in determining its
interaction with contaminants and other environmental components [38].

3.2. Characterization of soils following biochar amendment

The mean physicochemical properties of the non-amended soils (S1 and S2), EFB-derived
biochar (BC), and biochar-amended soils (SIBC and S2BC) are presented in Table 4. Here, SIBC
represents the SBC treatment containing 20% biochar and 80% Reddish Brown Earth (S1) soil, while
S2BC represents the corresponding 20% biochar and 80% Red Yellow Podzolic (S2) soil treatment.
Biochar incorporation altered several physical and chemical properties of both soils, particularly bulk
density, pH, electrical conductivity, carbon, and nutrient concentrations.
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Table 4. Mean values of physicochemical properties of soils (S), BC, and BC-enriched soils (S + BC).

No. Property S1 S2 BC SIBC S2BC
1 Humidity (%) 14.75 10.51 3.47 12.22 9.54
2 Bulk Density (g/cm?) 1.061 0.978 0.324 0.791 0.843
3 pH 7.94 6.28 9.85 8.28 7.14
4 EC (dS/m) 0.23 0.11 2.02 0.34 0.22
5 C (%) 291 2.03 75.98 11.03 10.34
6 N-NOs (mg/kg) 30.9 14.7 5.5 25.8 11.5
7 N-NH: (mg/kg) 12.1 11.5 15.4 14.1 12.2
8 P (mg/kg) 6.4 22 15.8 13.5 14.6
9 K (mg/kg) 24.1 5.6 3133 131.2 130.5
10 P-AL (mg/kg) 103.2 16.7 1614 226.2 168.2
11 K-AL (mg/kg) 359 199 8195 1041 859
12 Ca (mg/kg) 2988 2942 2040 2761 2441
13 Mg (mg/kg) 372.1 308.1 471.8 386.3 334.1
14 Na (mg/kg) 31.3 31.1 88.1 355 34.8

Note: S1-SBC represents the SBC treatment (20% biochar + 80% RBE soil, w/w), while S2-SBC represents the
SBC treatment (20% biochar + 80% RYP soil, w/w).

Among the measured physical properties, bulk density decreased following biochar incorporation.
Bulk density declined from 1.061 to 0.791 g cm™ in S1 and from 0.978 to 0.843 g cm™ in S2,
corresponding to reductions of approximately 25.4% and 13.8%, respectively (Table 4). This reduction
can be attributed to the inherently low density and porous structure of the EFB-derived biochar, as
observed in the SEM images (Figure 6). Incorporation of low-density biochar can increase pore space
and reduce soil compaction, thereby modifying the physical structure of the amended soil [28].

Gravimetric moisture content was also lower in the amended soils at the time of sampling,
decreasing from 14.75% to 12.22% in S1 and from 10.51% to 9.54% in S2. However, water-holding
capacity and field capacity were not directly measured in this study. Therefore, these differences should
be interpreted only as differences in moisture content at the time of sampling and should not be taken as
evidence of changes in the soil's water-holding capacity. The observed moisture differences may be
associated with changes in soil pore structure and water distribution following biochar incorporation.

Soil pH increased following biochar application, from 7.94 to 8.28 in S1 and from 6.28 to 7.14
in S2, corresponding to increases of approximately 4.3% and 13.7%, respectively (Table 4). This
increase is consistent with the liming effect commonly associated with biochar and can be attributed
to alkaline mineral constituents and exchangeable base cations present in the biochar [31]. The FTIR
spectrum (Figure 7) also showed oxygen-containing functional groups, including hydroxyl-,
carbonyl-, and carboxyl-related groups, which contribute to the surface reactivity of biochar and its
interactions with soil constituents. The increase in pH can influence nutrient availability and other
chemical processes in the soil.
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EC increased from 0.23 t0 0.34 dS m™' in S1 and from 0.11 to 0.22 dS m™! in S2 following biochar
incorporation (Table 4). The increase may reflect the release of soluble mineral constituents from the
EFB-derived biochar and changes in the retention of dissolved ions within the amended soil matrix.
Despite these increases, the measured EC values remained relatively low, indicating that the
amendment did not result in excessive salt accumulation under the conditions of the experiment.
Similar increases in EC following biochar incorporation have been associated with the release of
soluble minerals and changes in soil ion dynamics [39,40].

A pronounced increase in soil carbon content was observed after biochar incorporation. Carbon
increased from 2.91% to 11.03% in S1 and from 2.03% to 10.34% in S2, corresponding to
approximately 3.8-fold and 5.1-fold increases, respectively (Table 4). The EFB-derived biochar
contained 75.98% carbon. Therefore, the increase in soil carbon can largely be attributed to the direct
incorporation of the carbon-rich biochar into the soil. The FTIR spectrum (Figure 7) further indicated
the presence of aromatic carbon structures and oxygen-containing functional groups, suggesting the
coexistence of relatively stable carbon structures and reactive surface sites. The substantial increase
in soil carbon demonstrates the potential of EFB biochar to increase soil carbon stocks following
amendment [31].

Biochar incorporation also modified the concentrations of inorganic nitrogen. Nitrate nitrogen
decreased from 30.9 to 25.8 mg kg™ in S1 and from 14.7 to 11.5 mg kg™ in S2, whereas ammonium
nitrogen increased from 12.1 to 14.1 mg kg in S1 and from 11.5 to 12.2 mg kg™ in S2 (Table 4). The
decrease in extractable nitrate should not be attributed solely to direct adsorption of NOs~ by negatively
charged biochar surfaces. Instead, changes in nitrogen cycling, microbial immobilization, and nitrification
may contribute to the observed reduction in extractable nitrate. In contrast, oxygen-containing functional
groups and negatively charged sites on biochar surfaces can contribute to the retention of positively charged
NH4* through electrostatic interactions and cation-exchange processes [33].

The concentrations of phosphorus and potassium increased substantially following biochar
incorporation (Table 4). Phosphorus increased from 6.4 to 13.5 mg kg™' in S1 and from 2.2 to 14.6 mg kg™
in S2. Potassium showed an even larger increase, from 24.1 to 131.2 mg kg' in S1 and from 5.6
to 130.5 mg kg™' in S2. The high potassium concentration measured in the EFB-derived biochar
(3133 mg kg™') indicates that the biochar was an important source of potassium. The increase in
phosphorus may similarly reflect the contribution of mineral constituents in the biochar together
with changes in soil chemical conditions. The porous structure observed by SEM (Figure 6) and the
surface functional groups identified by FTIR (Figure 7) may also contribute to nutrient retention
within the amended soil matrix.

Available phosphorus (P-AL) and potassium (K-AL) also increased markedly after biochar
incorporation. P-AL increased from 103.2 to 226.2 mg kg™' in S1 and from 16.7 to 168.2 mg kg™' in
S2, while K-AL increased from 359 to 1041 mg kg in S1 and from 199 to 859 mg kg™ in S2 (Table
4). These changes indicate that EFB-derived biochar influenced the availability of major nutrients in
both soil types. The magnitude of the response differed between S1 and S2, suggesting that the initial
physicochemical characteristics of the soil influenced the response to biochar amendment.

The concentrations of calcium and magnesium showed comparatively smaller changes. Calcium
decreased from 2988 to 2761 mg kg ' in S1 and from 2942 to 2441 mg kg™ in S2, whereas magnesium
increased slightly from 372.1 to 386.3 mg kg™' in S1 and from 308.1 to 334.1 mg kg™" in S2 (Table 4).
The relatively modest changes in magnesium indicate that biochar incorporation had a smaller effect
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on this element than on phosphorus and potassium. Magnesium is an important soil nutrient, and its
maintenance following biochar incorporation may contribute to overall nutrient availability [26].

Sodium concentrations increased slightly following biochar application, from 31.3 to 35.5 mg kg™!
in S1 and from 31.1 to 34.8 mg kg™ in S2 (Table 4). Although the increase was relatively small, it may
reflect the mineral contribution of the biochar and changes in the ionic composition of the amended soils.
The measured sodium concentrations remained relatively low, suggesting that the amendment did not
result in substantial sodium accumulation under the conditions investigated [41,42].

To further examine the relationships among the measured soil properties, Pearson correlation
analysis was performed, and the resulting correlation matrix is presented as a heatmap in Figure 8. HU
exhibited a positive correlation with bulk density (BD) (r = 0.69) and negative correlations with carbon
(r=-0.73), pH (r =—0.49), and EC (r =—0.68). Bulk density showed strong negative correlations with
pH (r =—0.85), EC (r =—0.86), and carbon (r = —0.89), indicating an inverse relationship between soil
density and several chemical properties.
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Figure 8. Heatmap for correlations.

Positive correlations were also observed among pH, EC, and carbon. Soil pH was positively
correlated with EC (r = 0.81), carbon (r = 0.77), and ammonium nitrogen (r = 0.70), while EC showed
a strong positive correlation with carbon (r=0.97). Nitrate nitrogen showed a weak positive correlation
with humidity (r = 0.30) and calcium (r = 0.64), but a negative correlation with carbon (r = —0.34).
Ammonium nitrogen was positively correlated with phosphorus (r = 0.62) and pH (r = 0.70).

Phosphorus showed positive correlations with carbon (r = 0.61), P-AL (r = 0.57), and potassium
(r=0.51). Potassium was positively correlated with EC (r=0.81), carbon (r=0.82), and P-AL (r =0.56).
Calcium showed a positive correlation with nitrate nitrogen (r = 0.64) and negative correlations with
sodium (r = —0.67), carbon (r = —0.52), and magnesium (r = —0.65). Sodium exhibited strong positive
correlations with EC (r = 0.88) and carbon (r = 0.94). These relationships indicate that the changes in
soil properties following biochar incorporation were interconnected rather than isolated responses.
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Overall, EFB-derived biochar substantially modified the measured physicochemical properties of
both soils, particularly bulk density, pH, EC, carbon, phosphorus, potassium, and available nutrient
fractions. The direction and magnitude of these changes varied between S1 and S2, demonstrating that
the response to biochar amendment depends partly on the initial characteristics of the soil. The high
carbon content and porous structure of the EFB-derived biochar, together with its mineral composition
and surface functional groups, provide plausible explanations for the observed changes in soil physical
and chemical properties.

3.3. Effects of BC amendment on Maize growth

The effects of soil type and amendment treatment on maize growth are presented in Figure 9. Plant
height, collar diameter, leaf number, and root mass were evaluated after 48 days of cultivation. Two-
way ANOVA was used to determine the effects of soil type, amendment treatment, and their interaction
on each growth parameter. The corresponding statistical results are summarized in Table 5.

3.3.1. Plant height

Two-way ANOVA revealed that soil type (F (1,20) = 3538.06, p < 0.0001) and treatment (F
(4,20) = 2137.94, p < 0.0001) significantly affected plant height. Furthermore, a significant Soil X
Treatment interaction (F (4,20) = 87.41, p <0.0001) indicated that the magnitude of the response to
biochar treatments differed between the two soil types.

Among the evaluated treatments, BCSOF1 (20:70:10, biochar: soil: organic fertilizer) produced
the greatest plant height in Soil 1 (46.21 cm), representing an 81.7% increase compared with the control
(25.40 cm). In Soil 2, the same treatment increased plant height to 34.15 cm, corresponding to a 69.4%
improvement over the control (20.15 cm). The SBC treatment also substantially improved plant height,
particularly in Soil 2, demonstrating that biochar alone promoted vegetative growth even without
supplementary fertilizer. These findings indicate that the combination of biochar and organic fertilizer
produced the greatest improvement in plant growth, although the magnitude of the response depended
on soil characteristics.

The substantial increase in plant height following biochar and organic fertilizer application
suggests that the amendment improved the soil environment sufficiently to support greater vegetative
development. The increase coincided with improvements in soil pH, carbon content and nutrient
availability observed following biochar incorporation. Similar responses have been reported for maize
grown with biochar amendments, where improvements in soil chemical properties and nutrient
availability were associated with enhanced plant growth. Increases in maize biomass following the
application of water-hyacinth biochar have also been reported, although the magnitude of the response
varied with pyrolysis temperature and application rate [43].

3.3.2. Number of leaves

Leaf number was not significantly affected by treatment (p = 0.2993). However, the Soil x
Treatment interaction approached the significance threshold (p = 0.0530), suggesting a possible soil-
dependent response that did not reach statistical significance at a = 0.05.
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Although plants receiving biochar amendments generally produced slightly more leaves than the
control, particularly in Soil 2, these differences were relatively small and did not produce a statistically
significant treatment effect. The results suggest that leaf production during the 48-day experimental
period was influenced more strongly by the inherent properties of the soil than by the biochar treatments.

- Soil Sample (Control) - Biochar + Soil + Organic Fertilizer (20:70:10 w/w)
- Biochar + Soil (20:80 w/w) - Biochar + Soil + Organic Fertilizer (20:60:20 w/w)
|:I Soil + Organic Fertilizer

K

Soil Sample Soil Sample

a. b.

e

Soil Sample Soil Sample

c. d.

Plant Height (cm)
Nuber of Leaves

Plant Girth (mm)
=

Root Mass (g)

=

Figure 9. Effect of biochar and organic fertilizer treatments on early maize growth
parameters: (a) plant height, (b) number of leaves, and (c) plant girth (collar diameter).

3.3.3. Plant girth (collar diameter)

Plant girth was significantly affected by soil type (F (1,20) = 465.71, p < 0.0001), treatment (F
(4,20) = 372.52, p < 0.0001), and their interaction (F (4,20) = 32.47, p < 0.0001). The significant
interaction indicates that the influence of biochar treatments on stem development varied between the
two soil types.

The BCSOF]1 treatment produced the greatest collar diameter in both soils, reaching 8.80 mm in
Soil 1 and 7.62 mm in Soil 2. Compared with the control treatments, collar diameter increased by
approximately 76% in Soil 1 and 90.5% in Soil 2. Improvements were also observed following biochar
application alone, demonstrating that biochar enhanced stem development, while the addition of
organic fertilizer further strengthened this response.
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3.3.4. Root mass

Root mass exhibited highly significant responses to soil type (F (1,20) = 1706.01, p < 0.0001),
treatment (F (4,20) = 1386.67, p < 0.0001), and the Soil x Treatment interaction (F (4,20) = 64.81, p <
0.0001). Figure 10 shows the final root masses in different treatments.

The greatest root biomass was observed under the BCSOF1 treatment, with mean root masses of
26.20 g and 21.23 g in Soil 1 and Soil 2, respectively. These values represented increases of 114.8%
and 107.6% relative to the corresponding control treatments. Biochar alone also substantially increased
root biomass, indicating that biochar promoted root proliferation through improvements in soil
physical conditions and nutrient availability. The significant interaction between soil type and
treatment further demonstrates that the extent of root development depended on the physicochemical
characteristics of the soil. A summary of ANOVA analysis is given in Table 5.

S SBC SOF BCSOF1 BCSOF2

Figure 10. Root mass development in S1 sample after 48 days.

Overall, the combined application of biochar and organic fertilizer consistently produced the
greatest improvements in maize growth, particularly for plant height, collar diameter, and root biomass.
These findings demonstrate that the agronomic effectiveness of EFB-derived biochar is influenced not
only by the amendment but also by the properties of the receiving soil, highlighting the importance of
considering soil-specific responses when developing biochar-based soil management strategies.

Although this greenhouse study demonstrates the beneficial effects of EFB-derived biochar on
soil quality and early maize growth, the experiment was limited to a 48-day cultivation period under
controlled environmental conditions. Consequently, the observed responses primarily represent the
short-term effects of biochar application. Since biochar is a relatively stable carbonaceous material
capable of influencing soil properties over extended periods, in future investigations, researchers
should evaluate its long-term performance under field conditions across cropping seasons. Such studies
would provide a more comprehensive understanding of the persistence of biochar-induced
improvements in soil fertility, nutrient dynamics, microbial activity, carbon sequestration, and crop
productivity under practical agricultural conditions.
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Table 5. Summary ANOVA table.

Response Variable Source df F-value p-value
Plant Height Soil Type 1 3538.06 <0.0001
Treatment 4 2137.94 <0.0001
Soil x Treatment 4 87.41 <0.0001
Number of Leaves Soil Type 1 37.50 <0.0001
Treatment 4 1.31 0.2993
Soil x Treatment 4 2.81 0.0530
Plant Girth Soil Type 1 465.71 <0.0001
Treatment 4 372.52 <0.0001
Soil x Treatment 4 32.47 <0.0001
Root Mass Soil Type 1 1706.01 <0.0001
Treatment 4 1386.67 <0.0001
Soil x Treatment 4 64.81 <0.0001

3.4. Alignment to sustainable development goals

The conversion of oil palm empty fruit bunch, an abundant agricultural residue from the palm oil
industry, into biochar provides a potential pathway for integrating agricultural waste management with
soil improvement and crop production. Our findings of this study demonstrated that EFB-derived
biochar, particularly when combined with organic fertilizer, modified several soil physicochemical
properties and improved selected maize growth characteristics. These findings highlight the potential
of converting an underutilized biomass residue into a value-added soil amendment rather than relying
solely on conventional disposal or low-value utilization pathways.

From the perspective of Sustainable Development Goal 2-Zero Hunger, the observed
improvements in soil properties and maize growth indicate the potential of EFB biochar-based
amendments to support soil productivity and crop establishment. The combined application of
biochar and organic fertilizer is particularly relevant because it integrates a carbon-rich soil
amendment with an additional source of plant nutrients, potentially providing a more resource-
efficient approach to soil fertility management. However, our results were obtained under controlled
pot conditions, and further field-scale studies are required to determine the consistency of these
effects under practical agricultural conditions.

The study also contributes to SDG 12—Responsible Consumption and Production through the
valorization of EFB. Producing biochar from EFB creates an opportunity to convert a biomass residue
into a stable, potentially reusable agricultural input, thereby supporting more circular utilization of
resources within the palm oil production system. This approach can contribute to reducing dependence
on linear biomass disposal pathways while returning carbon and nutrients to agricultural soils.

The findings are also relevant to SDG 13—Climate Action, because biochar production provides
a pathway for retaining a portion of biomass-derived carbon in a relatively stable form when the
resulting material is incorporated into soil. In contrast to the short-term cycling of untreated biomass
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residues, conversion to biochar can facilitate longer-term carbon retention in soil. Nevertheless, we did
not directly quantify carbon sequestration, greenhouse-gas emissions, or the complete life-cycle
environmental performance of EFB biochar. Therefore, the potential climate-related contribution
should be considered as an implication of the observed biochar properties rather than as a quantified
climate benefit [44].

Overall, the results demonstrate the potential for an integrated waste-to-resource approach, in
which EFB is converted into a value-added biochar amendment and subsequently utilized for soil and
crop management. Such an approach links biomass-residue valorization with sustainable soil
management and agricultural production, while supporting the broader objectives of SDGs 2, 12, and
13. Future field-scale and life-cycle assessments would be necessary to quantify the economic,
environmental, and climate benefits associated with this approach [45].

4. Conclusions

This study demonstrated the potential of oil palm EFB-derived biochar as a soil amendment for
improving selected soil properties and supporting early maize growth. Application of biochar reduced
soil bulk density, increased soil pH, and substantially increased soil carbon content in Reddish Brown
Earth (S1) and Red Yellow Podzolic (S2) soils. The combined application of biochar and organic
fertilizer produced the most pronounced improvements in maize growth, particularly in plant height,
collar diameter, and root mass, whereas leaf number was not significantly affected by treatment.

The magnitude of the response differed between the two soil types, indicating that the
effectiveness of EFB biochar is influenced by the initial soil conditions. These findings support the
potential of converting oil palm EFB into a value-added biochar amendment while providing beneficial
use for an abundant agricultural residue. The combined biochar—organic fertilizer treatment appears
particularly promising for improving soil conditions and early maize growth under the conditions
evaluated in this study.

However, the experiment was conducted under controlled greenhouse conditions over a relatively
short growth period. Therefore, the findings should not be directly extrapolated to long-term field
performance. Further field-scale studies are recommended to evaluate the persistence of soil
improvements, effects on maize yield, nutrient-use efficiency, carbon stability, and the economic and
environmental performance of EFB biochar application under practical agricultural conditions.

Use of Al tools declaration

The authors declare they have not used Artificial Intelligence (AI) tools in the creation of this
article.

Author contributions
Conceptualization, methodology, and formal analysis, H.N.; supervision, A.A., EEW. and K.K_;

writing—original draft preparation, and validation, H.N.; writing—review and editing, H.N., UR. EW.,
A.A., and K.K. All authors have read and agreed to the published version of the manuscript.

AIMS Geosciences Volume 12, Issue 4, 1021-1042.



1039

Acknowledgement

This research was supported by the Science and Technology Human Resource Development
(STHRD) Project, Ministry of Education, Sri Lanka, funded by the Asian Development Bank (ADB)
through Grant No. CRG/R3/SB6.

Data availability statement

The original contributions presented in the study are included in the article; further inquiries can
be directed to the corresponding author.

Conflicts of interest
The authors declare no conflicts of interest. The funders had no role in the design of the study.
References

1. Yusuf FR, Suprihatin S, Indrasti NS (2025) Improving the environmental performance of palm oil
industry through the utilization of empty oil palm bunches as organic fertilizer and biochar for
soil amendment. Environ Challenges 20: 101185. https://doi.org/10.1016/j.envc.2025.101185

2. Blankson D, Atiah K, Arthur E, et al. (2025) Immediate Chemical Response and Potential
Phytotoxicity of Different Tropical Soils to Empty Oil Palm Fruit Bunch Biochar Application. J
Soil Sci Plant Nutr 25: 4552-4569. https://doi.org/10.1007/s42729-025-02415-x

3. Aliyu AS, Abdullah N, Sulaiman F, et al. (2018) Combustion characteristics of palm pressed fibres
biochar and sub-bituminous Malaysian coal. Malays J Fundam Appl Sci 14: 334-337.
https://doi.org/10.11113/mjfas.v14n3.937

4. Basiron Y (2007) Palm oil production through sustainable plantations. Eur J Lipid Sci Technol
109: 289-295. https://doi.org/10.1002/ej1t.200600223

5. Akhtar J, Saidina Amin N (2012) A review on operating parameters for optimum liquid oil yield
in  biomass pyrolysis. Renewable  Sustainable Energy Rev  16: 5101-5109.
https://doi.org/10.1016/j.rser.2012.05.033

6. Arachchige SPR, Ranaraja P, Nirmala J, et al. (2019) Impacts Of Palm Oil Industry In Sri Lanka.
Int J Sci Technol Res 8: 1137-1145.

7.  Ferreira MFP, Oliveira BFH, Pinheiro WBS, et al. (2020) Generation of biofuels by slow pyrolysis
of palm empty fruit bunches: Optimization of process variables and characterization of physical-
chemical products. Biomass Bioenergy 140: 105707.
https://doi.org/10.1016/j.biombioe.2020.105707

8. Attasophonwattana P, Sitthichirachat P, Siripaiboon C, et al. (2022) Evolving circular economy in
a palm oil factory: Integration of pilot-scale hydrothermal carbonization, gasification, and
anaerobic digestion for valorization of empty fruit bunch. Appl/ Energy 324: 119766.
https://doi.org/10.1016/j.apenergy.2022.119766

AIMS Geosciences Volume 12, Issue 4, 1021-1042.



1040

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Kazmi B, Shahid M, Taqvi SAA, et al. (2026) Aspen plus integrated machine learning framework
for the bio oil and biochar yield prediction for diverse biowastes. Chem Eng J Adv 27: 101412.
https://doi.org/10.1016/j.ceja.2026.101412

Czajczynska D, Nannou T, Anguilano L, et al. (2017) Potentials of pyrolysis processes in the
waste management sector. Energy Procedia 123: 387-394.
https://doi.org/10.1016/j.egypro.2017.07.275

Haider FU, Coulter JA, Cai L, et al. (2022) An overview on biochar production, its implications,
and mechanisms of biochar-induced amelioration of soil and plant characteristics. Pedosphere 32:
107-130. https://doi.org/10.1016/S1002-0160(20)60094-7

Rehman I, Riaz M, Ali S, et al. (2021) Evaluating the Effects of Biochar with Farmyard Manure
under Optimal Mineral Fertilizing on Tomato Growth, Soil Organic C and Biochemical Quality
in a Low Fertility Soil. Sustainability 13: 2652. https://doi.org/10.3390/su13052652

Bekchanova M, Campion L, Bruns S, et al. (2024) Biochar improves the nutrient cycle in sandy-
textured soils and increases crop yield: a systematic review. Environ Evid 13: 3.
https://doi.org/10.1186/s13750-024-00326-5

Mohawesh O, Albalasmeh A, Gharaibeh M, et al. (2021) Potential Use of Biochar as an Amendment
to Improve Soil Fertility and Tomato and Bell Pepper Growth Performance Under Arid Conditions.
J Soil Sci Plant Nutr 21: 2946-2956. https://doi.org/10.1007/s42729-021-00580-3

Khan S, Irshad S, Mehmood K, et al. (2024) Biochar Production and Characteristics, Its Impacts
on Soil Health, Crop Production, and Yield Enhancement: A Review. Plants 13: 166.
https://doi.org/10.3390/plants 13020166

Waters D, Van Zwieten L, Singh BP, et al. (2011) Biochar in Soil for Climate Change Mitigation
and Adaptation. In: Singh BP, Cowie AL, Chan KY, Eds., Soil Health and Climate Change, Soil
Biology, 29, Berlin, Heidelberg: Springer  Berlin = Heidelberg, 345-368.
https://doi.org/10.1007/978-3-642-20256-8 15

Acharya BS, Dodla S, Wang JJ, et al. (2024) Biochar impacts on soil water dynamics: knowns,
unknowns, and research directions. Biochar 6: 34. https://doi.org/10.1007/s42773-024-00323-4
Kukowska S, Szewczuk-Karpisz K (2025) Management of the soil environment using biochar
and zeolite in various combinations: impact on soil condition and economical aspects J Soils
Sediments 25: 77-102. https://doi.org/10.1007/s11368-024-03927-2

Liu Z, Zhou W, Sun Y, et al. (2023) Biochar and its coupling with microbial inoculants for
suppressing  plant  diseases: A  review. Appl  Soil  Ecol  190: 105025.
https://doi.org/10.1016/j.aps0il.2023.105025

Maciel-Rodriguez M, Moreno-Valencia FD, Plascencia-Espinosa M (2025) The Role of Plant
Growth-Promoting Bacteria in Soil Restoration: A Strategy to Promote Agricultural Sustainability.
Microorganisms 13: 1799. https://doi.org/10.3390/microorganisms 13081799

Ali H, Khan E, Sajad MA (2013) Phytoremediation of heavy metals—Concepts and applications.
Chemosphere 91: 869—881. https://doi.org/10.1016/j.chemosphere.2013.01.075

Ahmed N, Basitc A, Bashir S, et al. (2021) Effect of acidified biochar on soil phosphorus
availability and fertilizer use efficiency of maize (Zea mays L.). J King Saud Univ Sci 33: 101635.
https://doi.org/10.1016/].jksus.2021.101635

AIMS Geosciences Volume 12, Issue 4, 1021-1042.



1041

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Omara P, Singh H, Singh K, et al. (2023) Short-term effect of field application of biochar on cation
exchange capacity, pH, and electrical conductivity of sandy and clay loam temperate soils. Technol
Agron 3. https://doi.org/10.48130/TTA-2023-0016

Suvendran S, Acevedo MF, Smithers B, et al. (2025) Soil Fertility and Plant Growth Enhancement
Through Compost Treatments Under Varied Irrigation Conditions Agriculture 15: 734.
https://doi.org/10.3390/agriculture15070734

Demirkaya S, Ay A, Giilser C, et al. (2025) Enhancing Clay Soil Productivity with Fresh and Aged
Biochar: A Two-Year Field Study on Soil Quality and Wheat Yield. Sustainability 17: 642.
https://doi.org/10.3390/su17020642

Zhai L, Zhang J, Lv L, et al. (2026) Biochar-based organic fertilizer substitution enhances plant
N uptake and mitigates soil N>O emissions in summer maize production. Eur J Agron 180: 128227.
https://doi.org/10.1016/j.eja.2026.128227

Mahmud MS, Chong KP (2021) Formulation of biofertilizers from oil palm empty fruit bunches
and plant growth-promoting microbes: A comprehensive and novel approach towards plant health.
J King Saud Univ Sci 33: 101647. https://doi.org/10.1016/j.jksus.2021.101647

Luo P, Zhang W, Xiao D, et al. (2025) Biochar-Based Fertilizers: Advancements, Applications,
and Future Directions in Sustainable Agriculture—A Review. Agronomy 15: 1104.
https://doi.org/10.3390/agronomy 15051104

Adu MO, Atia K, Arthur E, et al. (2022) The use of oil palm empty fruit bunches as a soil
amendmentto improve growth and yield of crops. A meta-analysis. Agron Sustain Dev 42: 13.
https://doi.org/10.1007/s13593-022-00753-z

Henegedara GM, Navarathna Banda HM, Seneviratne WSA (2024) Challenges in Expanding
Major Plantation Crops in Sri Lanka: A Review. Unpublished
https://doi.org/10.13140/RG.2.2.16437.90088

Arbuli Ballesteros MA, Ninaquispe JCM, Corrales Otazii CD, et al. (2026) Sustainability
Through Diversification and Competitiveness: An Analysis of Global Maize Exports.
Sustainability 18: 1227. https://doi.org/10.3390/su18031227

Gezahegn A, Selassie YG, Agegnehu G, et al. (2025) Synergistic effects of aquatic weed biochar
and inorganic fertilizer on soil properties, maize yield, and nitrogen use efficiency on Nitisols of
Northwestern Ethiopian =~ Highlands. J  Agric  Food  Res 21: 101939.
https://doi.org/10.1016/j.jafr.2025.101939

Omokaro GO, Kornev KP, Nafula ZS, et al. (2025) Biochar for sustainable soil management:
Enhancing soil fertility, plant growth and climate resilience. Farming Syst 3: 100167.
https://doi.org/10.1016/j.farsys.2025.100167

Golla B, Dechassa N, Mohammed W, et al. (2026) Impact of biochar and inorganic fertilizers rates
on yield and yield components of maize at Bako western Ethiopia. J Agric Food Res 26: 102698.
https://doi.org/10.1016/j.jafr.2026.102698

Muthuramalingam S, Bharathi Kumar K, Nalina KA, et al. (2025) Comparision of Soil
Amendments using Biochar and Traditional Compost in Enhancing Soil Quality. /nt J Civ Environ
Agric Eng, 30-42. https://doi.org/10.34256/ijceae2514

Ahmad S, Zhang M, L1, et al. (2023) Pyrolyzed bone char for nitrobenzene adsorption: Insight
into the physicochemical characterizations and adsorption mechanisms. J Environ Chem Eng 11:
111597. https://doi.org/10.1016/j.jece.2023.111597

AIMS Geosciences Volume 12, Issue 4, 1021-1042.



1042

37.

38.

39.

40.

41.

42.

43.

44.

45.

Ahmad S, Liu X, Liu L, et al. (2024) Remediation of chromium contaminated water and soil by
nitrogen and iron doped biochars. Sci  Total  Environ  954:  176435.
https://doi.org/10.1016/j.scitotenv.2024.176435

Ogunwa KI, Nnadozie EC, Dube N, et al. (2026) The evolving role of biochar: recent advances
and future directions—a review. Biomass Bioenergy 208: 108844.
https://doi.org/10.1016/j.biombioe.2025.108844

Premalatha RP, Poorna Bindu J, Nivetha E, et al. (2023) A review on biochar’s effect on soil
properties and crop growth. Front Energy Res 11: 1092637.
https://doi.org/10.3389/fenrg.2023.1092637

Biederman LA, Harpole WS (2013) Biochar and its effects on plant productivity and nutrient
cycling: a meta-analysis. GCB Bioenergy 5: 202-214. https://doi.org/10.1111/gcbb.12037
Lehmann J, Amonette JE, Roberts K (2010) Role of Biochar in Mitigation of Climate Change.
Series on Climate Change Impacts, Adaptation, and Mitigation, IMPERIAL COLLEGE PRESS,
343-363. https://doi.org/10.1142/9781848166561 0018

Zhu Z, Zhang Y, Tao W, et al. (2025) The Biological Effects of Biochar on Soil’s Physical and
Chemical Characteristics: A Review. Sustainability 17: 2214. https://doi.org/10.3390/sul 7052214
Gezahegn A, Selassie YG, Agegnehu G, et al. (2024) The impact of water hyacinth biochar on
maize growth and soil properties: The influence of pyrolysis temperature. J Sustain Agric Environ
3:el12117. https://doi.org/10.1002/sae2.12117

Patro A, Dwivedi S, Thakur A, et al. (2024) Recent approaches and advancement in biochar-based
environmental sustainability: Is biochar fulfilling the sustainable development goals? iScience 27:
110812. https://doi.org/10.1016/j.is¢1.2024.110812

Li J, Sun W, Lichtfouse E, et al. (2024) Life cycle assessment of biochar for sustainable
agricultural application: A review. Sci Total  Environ 951: 175448.
https://doi.org/10.1016/j.scitotenv.2024.175448

é% © 2026 the Author(s), licensee AIMS Press. This is an open access
AIMS ATMS Press article distributed under the terms of the Creative Commons
@ Attribution License (https://creativecommons.org/licenses/by/4.0)

AIMS Geosciences Volume 12, Issue 4, 1021-1042.



