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The potential of melinjo (Gnetum gnemon) seed shells as a source of biochar was evaluated
by subjecting the biomass to pyrolysis at temperatures ranging from 300°C to 600°C. The
objective was to investigate the effect of pyrolysis temperature on the yield, structural, and
physicochemical properties of the resultant biochars. Pyrolysis was performed in a
controlled furnace, and a comprehensive analysis of the biochar was conducted, including
thermogravimetric analysis (TGA), surface morphology, Brunauer-Emmett-Teller (BET)
surface area, crystallinity, functional groups, proximate and ultimate analyses, and nutrient
content. The yield of biochar was observed to decrease with an increase in pyrolysis
temperature, from 56.28% at 300°C to 37.03% at 600°C. Elevated pyrolysis temperatures
were found to reduce the volatile matter, average pore radius, and the concentration of
elements such as hydrogen (H), sulfur (S), and oxygen (O). In contrast, higher temperatures
enhanced the biochar’s thermal stability, specific surface area, total pore volume,
crystallinity, fixed carbon content, and the concentration of nutrients such as magnesium
(Mg), phosphorus (P), and nitrogen (N). Biochar produced at 600°C exhibited excellent
thermal stability, with a BET surface area of 41.313 m2g™!, a total pore volume of 0.0685
cm’g™!, and a fixed carbon content of 73.32%. Notably, the biochar was rich in essential
nutrients, including magnesium (4.043 mg g '), potassium (K, 3.115 mg g"), phosphorus
(1.182 mg g), and nitrogen (6.385 mg g'). The biochar’s porous structure and alkaline
nature are conducive to enhancing soil fertility by improving water retention, increasing
nutrient availability, and buffering soil acidity. These findings suggest that melinjo seed
shells, when subjected to pyrolysis at higher temperatures, could be a viable source of high-
quality biochar for sustainable agricultural applications.

1. INTRODUCTION

and Kartika [6] uncovered the significant carbon potential of
this plant. They produced charcoal from melinjo shells through

Gnetum gnemon L., the scientific name for the melinjo plant,
is indigenous to Indonesia and a member of the Gnetaceae
family. Its fruits and seeds are commonly utilized as
components in vegetable dishes and snacks [1]. Melinjo, a
significant commodity in Indonesia, is processed into chips
from its seeds [2]. In the Gnetum gnemon cracker industry,
both the outer skin and endosperm of the seeds are employed
to manufacture crackers; however, the hard shell is deemed
waste and discarded. The positive results presented here
prompt further exploration, as this aspect holds considerable
potential interest, not only concerning health but also in terms
of environmental sustainability by reducing bio-waste [3].

The melinjo bean is widely consumed, resulting in the
generation of bean shells as waste in food industry operations
[4]. In a study by Lelifajri et al. [5], melinjo shell waste was
converted into carbon, highlighting its impressive potential as
a carbon source. Fatimah et al. [4] demonstrated that melinjo
can serve as a raw material for carbon. Similarly, Dwijayanti
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processes involving carbonization, chemical activation, and
physical activation. The resulting charcoal comprised 87-97%
carbon, with the remainder consisting of hydrogen, sulfur,
oxygen, and numerous other compounds. Charcoal can be
associated with biochar where the feedstock is from organic
material.

Currently, research on utilizing melinjo peel as biochar and
exploring its characteristics and potential in the agricultural
sector remains limited. Most studies have primarily focused on
converting melinjo seed shells into carbon products for dye
adsorption or transforming them into briquettes.

Transforming waste materials into biochar can enhance
economic value and contribute to environmental sustainability.
Moreover, repurposing waste for biochar production can lower
waste disposal expenses [7]. The transformation of waste into
biochar serves as a method for waste management and
recycling. Subsequent research endeavors should prioritize
refining biochar application techniques for agricultural and
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environmental benefits, alongside evaluating the carbon
dynamics within biochar-enriched agricultural systems [8].
The production of biochar involves subjecting residues from
trees, shrubs, grasses, or organic wastes to pyrolysis, with
oxygen partially or fully excluded [9].

Biochar has diverse applications, serving as a reliable solid
fuel for domestic energy needs, such as heating and meal
preparation, and as a bio-adsorbent in water purification and
wastewater management [10-12]. With its organic carbon
content, biochar contributes to mitigating global warming [13].
Furthermore, it can be utilized in the creation of activated
carbon, provided its porosity and surface characteristics are
adequate [14]. The surging attention toward biochar arises
from its potential in carbon capture and storage and its ability
to enhance soil fertility [15]. Moreover, biochar shows
promise as an additive for agricultural soils, enhancing soil
amendment and agronomy [16].

The properties and behavior of biochars vary significantly,
even when produced from similar feedstock and pyrolysis
conditions, which means that study results may not be
universally valid for all biochar types [17]. Furthermore, the
properties of biochar are determined by the feedstock type and
the pyrolysis method employed. Therefore, further
investigation is necessary to ascertain the distinct
characteristics of biochar produced from melinjo seed shells at
varying pyrolysis temperatures. The outcomes of this study
could offer insights into more effective strategies for utilizing
melinjo seed shell waste.

2. METHODS
2.1 Biochar production

Melinjo seed shell waste is obtained from traditional
markets. The shells are then washed to remove dirt and air-

dried for 24 hours. Next, the melinjo seed shells are crushed
with a chopper and sifted using a 10-mesh sieve. The melinjo
seed shells are subsequently oven-dried at 105°C for a duration
of 24 hours. Once the drying process is complete, the sample
is permitted to cool, making it suitable for use in the pyrolysis
process.

In the pyrolysis process, melinjo seed shells are placed in a
100 mL porcelain cup with a lid, with approximately 80 g of
material per cup. The porcelain cup is covered with its lid and
wrapped in aluminum foil to minimize oxygen exposure
during pyrolysis. The prepared samples (8 cups) are then
loaded into a muffle furnace. The melinjo seed shells undergo
pyrolysis at temperatures of 300, 400, 500, and 600°C. It takes
approximately 45 minutes to reach the target pyrolysis
temperature. The process is maintained for 4 hours once the
temperature is stabilized. Afterward, the furnace is turned off,
and the biochar is left to cool for 24 hours until it reaches room
temperature. The biochar is subsequently taken from the
reactor, weighed, ground, and subjected to a 60-mesh sieve.
The sieved samples are then prepared for further analysis
(details of the process are shown in Figure 1). This study
employed a temperature range between 300 and 600°C to
evaluate the breakdown of organic materials through thermal
decomposition. It is well established that thermal
decomposition for most organic substances typically starts at
around 300°C [18]. Higher temperatures accelerate the
decomposition rate, with 400°C significantly increasing the
release of volatile compounds and bio-oil production [19]. A
temperature of 500°C is often considered ideal for initiating
pyrolysis, effectively converting organic material into simpler
components [20]. At 600°C, the highest temperature tested,
carbonization reaches its maximum level [18, 19]. The
findings, including material characterization, aim to help
farmers and other users choose the most appropriate
temperature based on their equipment and the desired
pyrolysis product.

Material after sieving

Sample after weighing Drying using oven (105°C

After pyrolysis process

Biochar after pyrolysis

4

Sieving (60 mesh) Final product of biochar

Figure 1. Flowchart of melinjo seed shell biochar production
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2.2 Analysis of biochar characteristics

In this research, several characteristics of biochar were
examined, including biochar yield, surface morphology, TGA,
Fourier Transform Infrared Spectroscopy (FTIR), specific
surface area, total pore volume, average pore size, X-ray
Diffraction (XRD), proximate analysis, ultimate analysis, and
nutrient content. Details information can be seen in Table 1.

Table 1. The instrument used for biochar characterization

Characteristics of

No. Instrument .
Biochar
1 Thermo Scientific Quattro S FESEM  Surface morphology
NETZSCH STA 449F3 Simultaneous
2 TGA
Thermal Analyzer
3 FTIR with the PerkinElmer Spectrum Functional group
4 X-Ray Diffraction 7000 Shimadzu Crystal condition
American Standard Testing Method
5 (ASTM) D3173, D3174 D3175 utilizing Proximate analysis
furnace
6 ASTM D3573, D4239 utilizing CHN Ultimate analvsis
analyzer Leco CHN 628 Y
Atomic Absorption Spectrometer (AAS) Kalium (K),
type Thermo Scientific iCE 3000 Magnesiaum (Mg)
8 Spektrofotometer uv-vis let’rl:)ogs;l;lgjzlf)n d

3. RESULTS AND DISCUSSION
3.1 Biochar yield of melinjo seed shell biochar

Melinjo seed shells were transformed into biochar by
pyrolysis at various temperatures of 300, 400, 500, and 600°C.
The pyrolysis temperature had a significant impact on the yield
of biochar, which varied between 37.03% and 56.28%, as
shown in Figure 2. Increased pyrolysis temperatures led to a
reduction in biochar yield, probably attributable to the more
thorough decomposition of lignocellulosic substances at
higher temperatures. Lignocellulose comprises three primary
polymers: cellulose, hemicellulose, and lignin [21], each with
distinct thermal decomposition profiles [22].
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Figure 2. Melinjo seed shell biochar yield

TGA revealed that hemicellulose undergoes maximum
degradation between 185 and 325°C, cellulose between 270
and 400°C, and lignin between 200 and 500°C [23].
Consequently, elevated temperatures result in increased
breakdown of these components, thereby diminishing the
production of biochar.
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3.2 TGA of biochar

Figure 3 indicates the percentage of fraction mass loss and
degradation behavior of the melinjo seed shell biochar in
relation to temperature. Figure 3 shows the percentage
differences in mass loss at each stage, with intervals of 100°C.
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Figure 3. TGA analysis of biochar from melinjo seed shell
biochar (MSB)
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Figure 4. Differential thermogravimetry analysis of biochar

Figure 3 illustrates the initial mass loss resulting from
moisture evaporation from the biochar [24, 25]. A mass loss
of about 5-6% was recorded at 200°C. The response of biochar
to varying temperatures exhibited notable variation. For the
MSB-300 sample, mass loss began at 335°C, accelerated at
400°C, and reached its peak at 420°C (Figure 4). Although
mass loss continued at higher temperatures, the rate of
reduction became less pronounced. In the case of MSB-400,
mass loss increased with temperature, with the most
significant loss occurring at 565°C. Conversely, MSB-500 and
MSB-600 displayed peak mass losses at 685°C and 670°C,
respectively.

The thermogravimetric and differential thermogravimetric
results obtained align with the observations made by Zhao et
al. [26], confirming that the biochar samples had undergone
prior thermal treatment before analysis. This suggests that the
biochars were thermally stable below their respective
production temperatures. As shown in Figure 4, each biochar
sample exhibited a distinct peak on the DTG curve within the
temperature range of the production temperature and 1000°C.
Secondary pyrolysis reactions, which are typically detectable
at temperatures higher than the primary decomposition
temperature of biochar, contributed to the broader weight loss
range [25]. This weight loss can be attributed to the breakdown



and degradation of organic matter within the biochar [27]. The
maximum mass loss for MSB-300, MSB-400, MSB-500, and
MSB-600 occurred at approximately 420°C, 565°C, 685°C,
and 670°C, respectively (Figure 4). These results indicate that
higher pyrolysis temperatures enhance the thermal resistance
of biochar, in line with previous studies [28].

Sun et al. [27] demonstrated that biochar produced at lower
temperatures tends to be less thermally stable compared to
biochar produced at higher temperatures due to incomplete
carbonization. The degree of mass loss is dramatically affected
by the biochar production technique. In the case of MSB-300,
the greatest mass loss was observed because it was produced
at 300°C and still contained substantial amounts of cellulose,
hemicellulose, and lignin, which were only partially degraded.
As a result, when the analysis temperature exceeds 300°C,
many of these substances evaporate. According to Sonobe et
al. [29], the degradation of cellulose is the primary cause of
significant mass loss. Zhang et al. [30] identified 340°C as the
threshold temperature for the breakdown of crystalline
cellulose. Additionally, the peak mass loss for MSB-300
occurs at 420°C, consistent with findings by Ma et al. [23],
which indicate significant lignin decomposition at this
temperature.

3.3 Surface morphology of biochar

The morphology of melinjo seed shell biochar is a crucial
physical property, significantly influenced by pyrolysis
temperature. Scanning Electron Microscopy (SEM) at 1000x
magnification was utilized to analyze the differences in
surface morphology of biochar produced at various pyrolysis
temperatures. The pyrolysis process induces changes in
surface patterns and pore sizes in biochar, which are essential
for its effectiveness as an absorbent material [31]. Figure 4
depicts the shape of melinjo seed shell biochar at pyrolysis
temperatures of 300 to 600°C.
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Figure 5. Surface morphology of melinjo seed shell biochar

From Figure 5, it is evident that biochar pyrolyzed at 300°C
has not yet developed pores. This is consistent with Claoston
et al. [32], who noted that incomplete pore formation is due to
tissue that has not undergone devolatilization. At 400°C, the
melinjo seed shell biochar begins to form pores, and at 500°C,
it exhibits a morphology with interconnected pores. Higher
pyrolysis temperatures facilitate the release of volatile organic
compounds [33]. Hemicellulose and cellulose volatilize at
temperatures below 400°C, whereas lignin volatilizes at
temperatures above 400°C [23]. The absence of pore
formation at 300°C is due to the presence of a significant
amount of undecomposed volatile material. This is
corroborated by Figure 2, which shows a marked decrease in
the biochar mass at 400°C during TGA. The evaporation of
these organic materials leads to the appearance of pores on the
biochar surface. The surface morphology of biochar pyrolyzed
at 600°C shows more distinct pores, attributed to the higher
pyrolysis temperature.

3.4 BET surface area value, total pore volume, and average
pore radius of biochar

The influence of temperature during pyrolysis on melinjo
seed shell biochar is detailed in Table 2. The BET specific
surface area of the biochar ranges from 0 to 41.313 m?g™!, with
the highest value of 41.313 m?g! observed at 600°C, which is
ten times greater than the BET surface area at 400°C. This
indicates that increasing pyrolysis temperature results in a
larger BET surface area for the melinjo seed shell biochar.

At higher pyrolysis temperatures, the rapid emission of
volatile compounds leads to more uniformly arranged pores
and the formation of micropores within larger pores, thereby
increasing the BET surface area [34]. Elnour et al. [35] also
support this, noting that the loss of volatile substances plays a



role in the enhancement of the BET specific surface area of
biochar. This phenomenon is evident in the biochar's surface
morphology (Figure 5). Increased pyrolysis temperatures
result in the formation of additional pores.

Table 2. BET surface area value, total pore volume, and
average pore radius of melinjo seed shell biochar

Biochar BET Surface Total Pore Average Pore
Area (m?g!)  Volume (ccg')  Radius ()

MSB 300

MSB 400 4,097 0,0295 144,177

MSB 500 25,132 0,0611 48,6632

MSB 600 41,313 0,0685 33,1623

MSB = Melinjo seed shall biochar

The total pore volume of the biochar also shows an
increasing trend alongside the rise in BET surface area at
higher pyrolysis temperatures. Mukome et al. [36] observed
that elevated temperatures facilitate the formation of pores in
biochar, leading to the highest total pore volume of 0.0685
cc/g for melinjo seed shell biochar at 600°C. There is an
observed increase in both the BET surface area and total pore
volume, while the average pore radius decreases with rising
pyrolysis temperatures. The lowest average pore radius is
observed in melinjo seed shell biochar at 600°C, which is
attributed to the conversion of a significant number of
macropores into micropores.

3.5 XRD of biochar

Figure 6 presents the XRD pattern, which highlights a broad
diffraction peak within the 2-theta angle range of 18°-28°. This
broadening is indicative of the amorphous structure of the C
(002) plane in biochar, resulting from the alignment of
aromatic compounds that undergo partial carbonization as the
pyrolysis temperature increases. A notable peak at 600°C,
located at approximately 43.4°, corresponds to the crystal
plane index C (100), signifying the condensed aromatic
carbonization plane and reflecting the degree of crystallization
of carbon in the biochar sample [37].

The crystallinity percentages of biochar produced at 300°C,
400°C, 500°C, and 600°C are 18.51%, 59.55%, 98.45%, and
41.91%, respectively. Several factors may contribute to the
reduction in biochar crystallinity, including the formation of
amorphous structures, the creation of complex compounds,
excessive heating or decomposition, the presence of impurities
or minerals, and the interplay between crystalline and
amorphous phases [38-40]. The data indicate that at 300°C, a
broader amorphous peak is observed compared to other
temperatures, which can be attributed to the presence of
oxygenated and aliphatic functional groups. With increasing
temperature from 300°C to 500°C, the aromatic and cyclic
structures of the material become more pronounced, while a
significant amorphous component remains present [41].

Biochar with low crystallinity demonstrates enhanced
adsorption capacity due to the increased availability of active
functional groups that arise from its more disordered crystal
structure. In contrast, crystalline biochar exhibits superior
chemical stability. Amorphous biochar, on the other hand,
provides a greater number of reactive sites, facilitating
environmental chemical interactions, including adsorption,
catalysis [42], and interactions with dyes, heavy metals, and
other organic compounds [43], as shown in studies examining
crystal violet dye adsorption using biochar [44].
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Figure 6. XRD of melinjo seed shell biochar

The research data analyzed by Aftab et al. [45] revealed
diffraction peaks at 44.67° and 78.69°, corresponding to the
presence of CaCOs (calcite), as indicated by JCPDS Card no.
05-0586. The peaks in the CaO sample, matching JCPDS Card
no. 28-0775, appeared at 24.28°, 29.52°, 31.28°, and 35.61°.
MgO was identified at angles 29.52°, 40.62°, 60.33°, 65.73°,
and 75.66°, consistent with JCPDS Card no. 30-0794.
Additionally, peaks corresponding to SiO,, according to
JCPDS Card no. 80-2157, were detected at 35.61°, 42.5°,
46.02°, 50.4°, and 70.65°.

Biochar is composed of a variety of inorganic constituents,
including metal carbonates, sulfates, phosphates, silicates, and
chlorides. Research indicates a direct relationship between
biochar alkalinity and the presence of CaCO3 and MgO. When
applied to acidic soils, basic minerals such as CaCO3 and MgO
interact with reactive soil components, such as protons,
thereby reducing soil acidity [46].

3.6 Functional group of biochar

The FTIR spectrum of MSB biochar, generated at pyrolysis
temperatures between 300°C and 600°C, is illustrated in
Figure 7. The surface of biochar exhibits various oxygen-
containing functional groups, such as -COOH, -OH, aromatic
compounds, lipids, and alkanes. The absorption peaks
observed at approximately 3200 and 3400 cm™' correspond to
the stretching vibrations of the -OH group. The most intense
vibration of the -CH, group in cyclic or naphthenic
hydrocarbons typically appears around 2900 cm™'. However,
this peak is absent in the MSB spectra within the 300°C to
600°C temperature range due to the gradual breakdown of
these groups at higher temperatures [38]. The findings suggest
that an increase in pyrolysis temperature results in a reduction
in alkane groups [47].

The region between 1567-1371 cm™ in Figure 6 contains
several asymmetric peaks, with the most significant peak
reflecting a high degree of disorder or defects typical of
amorphous carbon at 600°C. The peak at 1567 cm™
corresponds to C=C bending vibrations [48], while the one
near 1371 cm™ is associated with C-H bond strain. All samples
show the presence of benzene ring compounds on the biochar
surface, confirming that MSB forms an aromatic structure
during carbonization [20]. The study indicates that elevated
pyrolysis temperatures enhance the formation of aromatic
compounds, in contrast to biochar produced at or below 300°C.
As the temperature rises, the extent of aromatization also



increases [48].
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Figure 7. Spektrum FTIR melinjo seed shell biochar 300°C-
600°C

At 300°C, the peaks observed at 1033 cm™ and 1010 cm™!
shift and merge into a single peak at 1015 cm™, indicating the
presence of C-C and C-O groups [49]. Peaks detected at 8§74
cm ! and 748 cm™ suggest the absorption of C=C bending
vibrations within the aromatic ring. The band at 874 cm™ in
both biochars is related to the elongation of C=0O carbonate
groups in calcite [50]. The peaks at 748 cm™ and 418 cm™ in
MSB are due to the asymmetric bending vibrations of Si-O-Si
and the symmetric stretching of Si-O, respectively [S1]. At
600°C, the crystalline MgO peak at 539 cm™ [52] shifts to 471
cm™!, indicating a transition to a more amorphous state.
Additionally, CaCO3 decomposes into CaO and CO, gas [53].
The signal at 418 cm™ corresponds to the C-CI bond [54].

3.7 Proximate analysis and ultimate analysis of biochar

Proximate analysis was conducted to assess the moisture
content, ash content, volatile matter, and fixed carbon in the
melinjo seed shell biochar, as detailed in Table 3. The moisture
content in the biochar samples produced at temperatures
ranging from 300°C to 600°C exhibited minimal variation,
with values between 4.77% and 5.07%. The highest moisture
content of 5.07% was found in the biochar produced at 600°C.
This can be attributed to the extended carbonization process,
which increases the porosity of the biochar, leading to greater
exposure to air. As a result, the biochar's hygroscopic nature
facilitates higher water absorption, consistent with the
observed rise in total pore volume at this temperature [55].
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Table 3. Proximate analysis data of melinjo seed shells

biochar
Moisture Ash Volatile Fixed
Biochar Content Content Matter Carbon
(%)
MSB
300 4.77 17.88 41.71 40.41
MSB
400 5.24 11.78 23.90 64.32
MSB
500 4.27 19.48 14.15 63.54
MSB
600 5.07 18.54 9.15 73.32

The ash content of melinjo seed shell biochar reached its
peak at 19.48% at 500°C, while the lowest ash content of
11.78% was observed at 400°C. Ash represents the inorganic
fraction that remains non-volatile and non-degradable through
combustion. The increased ash content aligns with the
decomposition of the lignin at higher pyrolysis temperatures,
as lignin contains more ash [56]. The decrease in ash content
at 600°C may be due to the release and further oxidation or
decomposition of ash [32].

Melinjo seed shell biochar produced at 600°C exhibited the
lowest volatile matter content at 9.15%, whereas the biochar
produced at the lowest temperature had the highest volatile
matter content at 41.71%. This reduction is due to the thermal
decomposition of cellulose and lignin, as well as the
degradation of cellulose, hemicellulose fractions, and non-
carbon combustible biomass components during pyrolysis
[32]. The greater loss of volatile matter at elevated
temperatures leads to a more developed pore structure and
increased carbon stability [57].

The fixed carbon content in melinjo seed shell biochar
augmented at elevated pyrolysis temperatures. Biochar
generated at 300°C had the lowest fixed carbon content at
40.41%, whereas biochar created at 600°C demonstrated the
highest fixed carbon content at 73.32%. The rise in fixed
carbon content is ascribed to the decrease in volatile matter
concentration in the biochar.

Table 4. Results of ultimate analysis of melinjo seed shell

biochar
. H N S (0]
Biochar %
MSB 300 60.69 4.14 097 0.23 16.09
MSB 400 70.04 327 0.71 0.17 14.03
MSB 500 69.88 2.62 0.74 0.18 7.10
MSB 600 7408 192 0.64 0.16 4.66

Ultimate analysis was performed to quantify the content of
carbon (C), hydrogen (H), nitrogen (N), sulfur (S), and oxygen
(O) in melinjo shell biochar. Among these, carbon (C) is the
most abundant nutrient element in the biochar. The biochar
pyrolyzed at 600°C exhibited the highest carbon content at
74.08% (Table 4). The increase in carbon content can be
attributed to the breakdown and elimination of most non-
carbon elements during the pyrolysis process [58].

As shown in Table 3, the contents of hydrogen (H), nitrogen
(N), sulfur (S), and oxygen (O) decrease with higher pyrolysis
temperatures, in agreement with the observations of Adekanye
et al. [59]. The reduction in oxygen content is attributed to the
release of CO and CO, during pyrolysis [60]. The decrease in
hydrogen content results from the breakdown of oxygenated



functional groups and the emission of hydrogen-rich gases
with lower molecular weights. Nitrogen and sulfur are
eliminated as they transition to the gas phase during pyrolysis,
forming N> and various sulfur compounds [61].

3.8 Nutrient content of biochar

Biochar typically contains essential macronutrients such as
magnesium (Mg), potassium (K), phosphorus (P), and
nitrogen (N), which are crucial for plant growth. The
magnesium content ranges from 1.079 to 4.043 mg g,
potassium from 3.115 to 5.088 mg g!, phosphorus from 1.013
to 1.309 mg ¢!, and nitrogen from 5.302 to 6.385 mg g\
According to the analysis, biochar produced at a pyrolysis
temperature of 600°C shows the highest Mg and total N
content. Notably, the magnesium content increases with rising
pyrolysis temperatures.

The Mg content in melinjo seed shell biochar increases with
higher pyrolysis temperatures, rising from 1.358 mg g! at
500°C to 4.043 mg g at 600°C. This increase is attributed to
the evaporation of organic compounds from the biomass,
which results in the concentration of minerals [62]. Similarly,
the K content rises from 3.873 mg g! at 300°C to 5.088 mg g
!"at 500°C but decreases to 3.115 mg g! at 600°C, likely due
to the volatilization of KCl and the decomposition of
potassium complexes and graphite-K layers [63]. The K
concentration in melinjo shell biochar is comparable to that of
biochar derived from hardwood oak, which has K
concentrations of 1.3, 3.8, and 4.5 mg g! at pyrolysis
temperatures of 200°C, 400°C, and 600°C, respectively [64].
The P content in melinjo shell biochar increases from 1.013
mg g at 300°C to 1.309 mg g™! at 500°C but declines to 1.182
mg g! at 600°C due to the volatilization of P at elevated
temperatures [65]. Compared to hardwood oak biochar,
melinjo shell biochar exhibits higher P concentrations, with
values of 0.3, 0.6, and 0.6 mg g! at pyrolysis temperatures of
200°C, 400°C, and 600°C, respectively [64]. The N content in
melinjo shell biochar fluctuates with pyrolysis temperature,
decreasing between 400°C and 500°C due to the volatilization
of N in the uncondensed gas mixture [66], but increasing to
6.385 mg g at 600°C. When compared to soybean straw
biochar, the N concentration in melinjo seed shell biochar is
lower at 300°C but higher at 500°C and 700°C, with
concentrations of 12.7, 3.7, and 1 mg g, respectively [67].

While biochar is not an immediate source of nutrients like
conventional fertilizers, it offers long-term improvements to
soil conditions when used as a soil amendment. As shown in
Table 4, biochar is primarily composed of carbon, with
melinjo seed shell biochar containing 60-74% carbon. When
incorporated into soil, biochar's carbon remains more stable
compared to non-pyrolyzed carbon due to the thermal
degradation it undergoes during production. As a stable form
of carbon derived from biomass waste materials, biochar can
remain in soil for several decades, thus reducing or delaying
carbon emissions from biomass [68, 69]. Furthermore, biochar
has the potential to reduce greenhouse gas emissions from
soils and foster carbon sequestration in vegetation by

improving soil structure and supporting microbial activity [70].

Therefore, biochar is viewed as a valuable material for carbon
sequestration and advancing carbon neutrality in soils [71].

In addition to its role in carbon sequestration, biochar can
enhance soil fertility. Melinjo shell biochar contains essential
macronutrients such as Mg, K, P, and N. When applied to soil,
these nutrients can improve soil fertility, providing plants with
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essential nutrients. Macronutrients like Mg and K exist in
cationic forms such as Mg?", K*, and possibly other cations
like Ca?" or Na*, which help increase soil pH (a liming effect)
and improve soil's cation exchange capacity [72], thereby
enhancing nutrient availability for plants [73].

The highest values of surface area and total pore volume
observed at 600°C clearly demonstrate the effectiveness of the
pyrolysis process for melinjo seed shells. An increased BET
surface area in melinjo seed shell biochar is essential for
improving soil properties [16]. The surface area also plays a
role in determining the availability of surface charges, which
directly affects the cation exchange capacity [74]. Ghosh and
Maiti [75] observed that the extensive porosity in biochar
provides a favorable environment for microbial activity and
enzyme exchange. Porosity and the interconnectivity of pores
are critical factors affecting the biochar's ability to retain water.
Additionally, as shown in Table 5, MSB-600 biochar contains
relatively high nutrient levels compared to other biochars,
which further enhances its potential for soil nutrient retention.

Table 5. Nutrient content of Mg, K, P, and N of melinjo seed

shells biochar
. Total Mg Total K Total P Total N
Biochar 1
mg g
MSB 300 1.079 3.873 1.013 5.606
MSB 400 1.180 4311 1.254 5.896
MSB 500 1.361 5.088 1.309 5.302
MSB 600 4.043 3.115 1.182 6.385

4. CONCLUSIONS

In this study, it was demonstrated that pyrolysis temperature
significantly influences the physicochemical characteristics of
melinjo seed shell biochar. Higher pyrolysis temperatures
resulted in reduced biochar yield and volatile matter while
enhancing critical attributes such as thermal stability, surface
area, pore volume, and nutrient content (Mg, P, N). Biochar
generated at 600°C demonstrated enhanced thermal stability,
elevated alkalinity, and a rich nutrient profile, positioning it as
a viable option for soil amendment. Its potential to improve
soil structure, increase nutrient retention, and support carbon
sequestration emphasizes its relevance for sustainable
agricultural practices. However, further studies are required to
assess its effect on soil quality and its effectiveness in carbon
sequestration.
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