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ABSTRACT

Jengkol peel waste, commonly discarded from households
and marketplaces, contributes to environmental pollution
due to its lack of nutritional and economic value. Converting
this waste into biochar enhances its utility, offering a
sustainable solution for waste management. Biochar, rich in
carbon, has diverse applications, with its properties
significantly influenced by pyrolysis temperature. This study
investigates the effect of temperature variations on biochar
characteristics. Higher pyrolysis temperatures improved key
properties, including pore surface area, total pore volume,
fixed carbon content, and mineral composition, particularly
phosphorus and magnesium. The most favorable results
were obtained at 600°C, where the biochar exhibited optimal
porosity, maximum surface area, and the highest fixed
carbon content. Additionally, it retained essential
macronutrients such as nitrogen, phosphorus, potassium,
magnesium, and calcium, making it a promising soil
amendment. This research supports sustainable resource
utilization and aligns with global sustainability efforts.
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1. INTRODUCTION

Pithecellobium jiringa, commonly known as jengkol, represents a significant agricultural
resource in Indonesia, with annual production reaching 57,404 tons and showing upward
trends. The substantial jengkol production generates considerable biomass waste,
particularly shells containing 56.84% lignocellulose content [1]. Studies indicate that jengkol
peel waste serves as an economical carbon source [2], and its biochar, combined with organic
compost, influences vegetative development [3], suggesting its viability for biochar
production.

The accumulation of unutilized jengkol peel waste from markets and households poses
environmental concerns, particularly due to sulfuric amino acid decomposition. This situation
demands a balanced approach incorporating technological advancement, economic viability,
and environmental sustainability [4]. Market-derived jengkol peel, despite its minimal
economic worth, presents opportunities as an accessible, cost-effective bio-sorbent from
plant materials [5].

One of the effective ways to utilize biomass is by converting it into biochar. Many reports
regarding biochar have been well-developed (Tables 1 and 2). Biochar applications improve
soil moisture retention, potentially strengthening agricultural drought resistance amid climate
changes [6]. These applications enhance soil characteristics and fertility by increasing soil
carbon and nutrient preservation, subsequently affecting crop productivity [7]. As a soil
supplement, biochar's porous structure decreases bulk density, while its nutritional
composition enhances soil nutrient accessibility [8-9].

Table 1. Previous studies regarding biochar production from biomass.

No Title Ref

1 Development of job sheet application in making biobriquette based on coconut (Cocos
nucifera) coir with variation of particle size and banana (Musa paradisica) peels for [10]
vocational students

2 Influence temperature and holding time of empty fruit bunch slow pyrolysis to phenolic [11]
in biocrude oil
3 Optimal design and techno-economic analysis for corncob particles briquettes: a (12]

literature review of the utilization of agricultural waste and analysis calculation

4 Chemical reaction mechanism from pyrolysis degradation of polystyrene styrofoam
plastic microparticles based on FTIR and GC-MS completed with bibliometric literature  [13]
review to support Sustainable Development Goals (SDGs)

6 How to calculate and determine chemical kinetics: step-by-step interpretation of

experimental data to get reaction rate and order [14]
7 Valorization of rejected macroalgae Kappaphycopsis cottonii for bio-oil and bio-char [15]
production via slow pyrolysis
8 Co-pyrolysis of plastic waste and macroalgae Ulva lactuca, a sustainable valorization [16]

approach towards the production of bio-oil and biochar

9 What phenomena happen during pyrolysis of plastic? FTIR and GC-MS analysis of
pyrolyzed low linear density polyethylene (LLDPE) polymer particles completed with [17]
bibliometric research trend and pyrolysis chemical reaction mechanism

10  Chemical properties of biochar from date palm seed (Phoenix dactylifera L.) under low

temperature pyrolysis as soil amendment candidate [18]
11  Sustainable compost prepared from oyster mushroom substrate microparticles with [19]
domestic wastes as local starters
12 Effect of palm fronds and rice husk composition ratio on the mechanical properties of [20]

composite-based brake pad
13 Chemical properties of salacca seed biochar under low temperature of pyrolysis [21]
15  Nanocellulose fibers: a review of preparation methods, characterization techniques, and [22]
reinforcement applications
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Table 2 (continue). Previous studies regarding biochar production from biomass.

No Tittle Ref

16  Fourier Transform Infrared Spectroscopy (FTIR) of pyrolysis of polypropylene
microparticles and its chemical reaction mechanism completed with computational [23]
bibliometric literature review to Support Sustainable Development Goals (SDGs)

17  Evaluation of the characteristics of avocado seed biochar at various pyrolysis

temperatures for sustainable waste management [24]

18  Effect of pyrolysis temperature on the properties of biochar derived from melinjo seed (25]
shells

19  Synthesis of carbon microparticles from red dragon fruit (Hylocereus undatus) peel [26]
waste and their adsorption isotherm characteristics

20 A review of biomaterial as an adsorbent: From the bibliometric literature review, the
definition of dyes and adsorbent, the adsorption phenomena and isotherm models, [27]
factors affecting the adsorption process, to the use of typha species waste as a low-cost
adsorbent

21 Investigation of adsorption performance of calcium carbonate microparticles prepared 28]
from eggshells waste

22 Sustainable carbon-based biosorbent particles from papaya seed waste: preparation and [29]
adsorption isotherm

23 A comprehensive study on biochar production, bibliometric analysis, and collaborative 30]
teaching practicum for Sustainable Development Goals (SDGs) in islamic schools

24 Removal of curcumin dyes from aqueous solutions using carbon microparticles from
. . ) - [31]
jackfruit seeds by batch adsorption experiment

25  Adsorption isotherm characteristics of calcium carbon microparticles prepared from 32]
chicken bone waste to Support Sustainable Development Goals (SDGs)

26  Sustainable biochar carbon microparticles based on mangosteen peel as biosorbent for 33]

dye removal: theoretical review, modelling, and adsorption isotherm characteristics

27  Rice husk for adsorbing dyes in wastewater: literature review of agricultural waste
adsorbent, preparation of rice husk particles, particle size on adsorption characteristics  [34]
with mechanism and adsorption isotherm

28  Sustainable biochar carbon biosorbent based on tamarind (Tamarindus indica 1) seed:
literature review, preparation, and adsorption isotherm

29  How to purify and experiment with dye adsorption using carbon: step-by-step procedure
from carbon conversion from agricultural biomass to concentration measurement using  [36]
UV Vis spectroscopy

30 Isotherm and kinetic adsorption of rice husk particles as a model adsorbent for solving

[35]

issues in the sustainable gold mining environment from mercury leaching 371
31 Characteristics of ammonia adsorption on various sizes of calcium carbonate [38]
microparticles from chicken eggshell waste
32  Research trends from the scopus database using keyword water hyacinth and ecosystem: [39]
a bibliometric literature review
33 Progress in the utilization of water hyacinth as effective biomass material [40]
34  Bibliometrics study on agro-economy of biochar [41]
35 Bibliometric analysis of the use of biochar in an environmental law perspective [42]
36  Biochar microparticles from pomegranate peel waste: literature review and experiments (43]

in isotherm adsorption of ammonia

37  Utilizing cassava peel-derived carbon biochar for ammonia adsorption to support
hydrogen storage and Sustainable Development Goals (SDGs): effect of microparticle [44]
size and isothermal analysis

38 Red onion peel biomass carbon microparticles for ammonia adsorption for supporting
hydrogen storage and Sustainable Development Goals (SDGs) with isotherm analysis

39  Utilization of orange peel-derived biochar for ammonia adsorption: isotherm analysis
and hydrogen storage prospective for supporting Sustainable Development Goals (SDGs)

[45]

[46]

In short, the production of biochar involves biomass pyrolysis under oxygen-restricted
conditions at temperatures between 400 and 800°C, resulting in a porous, high-pH [47].
Pyrolysis is effective due to its ability to degrade and convert biomass into carbon-related
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materials [48-56]. This process benefits agriculture while reducing greenhouse gas emissions
[57]. Biochar production decreases as pyrolysis temperatures rise from 400 to 600°C [58],
with higher temperatures causing increased degradation of organic materials into ash [59].
Biochars produced at 700°C demonstrate superior soil amendment capabilities [60]. Biochar
properties depend on biomass source and carbonization methods [60], influenced by lignin
content, mineral levels, particle dimensions, pyrolysis conditions, and pressure [57]. Higher
temperatures enhance biochar porosity [61], while pyrolysis temperature affects nutrient
composition [62].

Given biochar's potential benefits, investigating jengkol peel biochar characteristics at
varying pyrolysis temperatures and its soil amendment efficacy warrants further research.
The purpose of this study was to evaluate the characteristics of biochar derived from jengkol
peel at different pyrolysis temperatures and to assess its potential as a soil amendment. The
novelty of this study lies in exploring the effect of pyrolysis temperature on the
physicochemical properties of jengkol peel biochar, which has not been extensively studied.
This research provides new insights into optimizing biochar production from agricultural
waste, contributing to sustainable waste management and supporting Sustainable
Development Goals (SDGs).

2. METHODS
2.1. Feedstock Collection and Preparation

The jengkol (Pithecellobium jiringa) peel specimens were collected from a nearby
traditional marketplace. These specimens underwent a cleaning process to eliminate dust
particles and impurities. Following the cleaning, the material was processed through a
chopper and reduced in size until it could pass a 10-mesh screen. Subsequently, the processed
specimens underwent drying in an oven at 105°C for 24 h. Once the material cooled to
ambient temperature, it was utilized for biochar generation via pyrolysis. The detailed
preparation step is shown in Figure 1.

Jengkolshells

Chopping

\

Oven at 105°C for 24 hours

[ Sampel after oven ] [ After sieving ]

Figure 1. Sample preparation for pyrolysis.
2.2. Biochar Production

A measured sample of jengkol peel (JP) was placed in a 100 mL porcelain cup and covered
with aluminum foil to minimize oxygen exposure during the pyrolysis procedure as shown in
Figure 2. The sample underwent pyrolysis treatment in a Nabertherm L 9/11/SKM muffle
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furnace at various temperatures ranging from 300 to 650°C, with 50°C increments. The
pyrolysis was maintained for 4 h after temperature stabilization. Following the process, the
furnace was deactivated, and the biochar remained at ambient temperature for 24 h to allow
complete cooling. Subsequently, the biochar was extracted from the cup, weighed, pulverized,
and passed through a 60-mesh sieve in preparation for characterization analysis.

Sampel after oven

[ Sampel was furnace at 300-650°C

Figure 2. Pyrolysis process.
2.3 Biochar Characterization

The quantity of biochar produced was calculated as a ratio of the final biochar mass to the
initial raw material mass. Surface and structural analysis was conducted utilizing FESEM
coupled with EDS on a Thermo Scientific Quattro S FESEM instrument. Thermal properties
were assessed through TGA and DSC measurements using a NETZSCH STA 449F3 Simultaneous
Thermal Analyzer. Crystalline structure evaluation was performed via XRD analysis with a
Shimadzu XRD-7000 device. Surface area measurements were obtained through BET analysis
using a Quantachrome Nova 4200e analyzer. Chemical bonding and molecular structure were
investigated using FTIR-UATR spectroscopy on a Perkin Elmer Spectrum Two instrument.

The compositional characteristics, including moisture, ash, volatile components, and fixed
carbon content, were determined through proximate analysis using furnace-based methods.
Moisture analysis followed ASTM D3173 protocol, ash content was measured according to
ASTM D3174, and the volatile matter was quantified using ASTM D3175. The elemental
composition of the jengkol peel biochar was determined using a CHN analyzer, following ASTM
D5373 for C, H, and N determination, while S content was measured according to ASTM
D4239. K, Mg, and Ca nutrient levels were quantified using a Thermo iCE 3000 series AAS.

3. RESULTS AND DISCUSSION
3.1. Biochar Yield

Jengkol fruit peels underwent pyrolysis across a temperature range of 300°C to 650°C, with
biochar yields documented at each temperature point as illustrated in Figure 3. The highest
yield of 60.46% was observed at 300°C. Subsequently, the yield showed a consistent
downward trend with increasing temperatures. The output decreased to 54.14% at 350°C and
continued declining to 48.01% at 400°C. Further reductions were observed with yields of
43.38,41.25, and 38.92% at 450, 500, and 550°C respectively. The lowest yields were recorded
at the highest temperatures, with 37.83% at 600°C and 36.63% at 650°C. This inverse
relationship between pyrolysis temperature and biochar yield from jengkol peel indicates that
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lower temperatures generate greater quantities of biochar.

This finding corresponds with previous research on biochar production from various
biomass materials. Biochar production typically decreases with elevated pyrolysis
temperatures due to enhanced thermal decomposition of the biomass [63]. Similar findings
in studies using safflower seed press cake, where biochar yield decreased as pyrolysis
temperature increased [64]. Moreover, reduced biochar production at higher pyrolysis
temperatures across different feedstocks, explaining this phenomenon through the
progressive release of volatile materials and biomass-to-carbon conversion at elevated
temperatures [65].

70 y=-3.3067x + 59.958
60.46 54.14 R?=0.9063
— 60 48.01 43.38 '
R S T— 41.25 3892
= 50 RTINS 3 37.83
2.~ B B B s S - 36.63
o | M M B B B oo
& 30
=
g 20
“ 10
0
300 350 400 450 500 550 600 650

Temperature of Pyrolysis

Figure 3. Jengkol peel biochar yields produced in different pyrolysis temperatures.
3.2. Thermogravimetric analysis and Differential scanning calorimetry

Thermogravimetric analysis was employed to investigate the thermal stability and
decomposition behavior of biochar samples from the jengkol peel. Figure 4 shows the TGA
curves for the samples pyrolyzed at different temperatures, from 300 to 650°C. Detailed
information for the TG-DTA analysis is shown elsewhere [66-67].

The thermogravimetric analysis of JP300 reveals a broad peak around 350°C, signifying
substantial mass reduction attributed to organic matter decomposition and functional group
volatilization within the biochar structure. For JP350, the TGA curve exhibits a peak shift to
higher temperatures, with maximum mass loss near 400°C, reflecting enhanced thermal
resistance due to the progressive removal of volatile elements during pyrolysis.

JP400 and JP450 samples display continued peak shifts toward higher temperatures,
demonstrating increased thermal stability correlated with elevated pyrolysis temperatures.
The diminishing peak intensities suggest decreased volatile content. JP500 and JP550 TGA
profiles reveal multiple mass loss events, with a primary peak at approximately 500°C and a
secondary feature near 300°C, reflecting the presence of thermally distinct functional groups
and carbon structures.

The JP600 sample exhibits a single pronounced peak near 550°C, indicating a primary mass
loss event with relatively low intensity, suggesting minimal volatile content. JP650
demonstrates a wide, muted peak maximizing around 600°C, indicating gradual mass
reduction across a broader temperature range, characteristic of highly thermally stable
materials with minimal volatile components. These DT-TGA curve variations reflect the
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systematic removal of volatile matter and the development of heat-resistant carbon structures
at increasing pyrolysis temperatures, leading to enhanced thermal stability [68].

100
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Figure 4. TGA curve for each biochar produced in different temperatures. Note: JP300=
biochar produced at 300°C, JP350= biochar produced at 350°C, JP400= biochar produced at
400°C, JP450= biochar produced at 450°C, JP500= biochar produced at 500°C, JP550=
biochar produced at 550°C, JP600= biochar produced at 600°C, JP650= biochar produced at
650°C.

DSC analysis of jengkol peel biochar samples produced at temperatures between 300 and
650°C revealed distinctive thermal characteristics (Figure 5). All samples displayed a broad
endothermic peak below 100°C, associated with moisture evaporation and volatile compound
release [69]. A notable exothermic peak emerged between 300 and 500°C, corresponding to
carbonaceous material oxidation [47]. These thermal profiles provided crucial information
about the samples' structural and chemical transformation [70].

The exothermic peak's location and strength showed significant differences based on the
temperature used during biochar formation through pyrolysis. Biochars generated at
temperatures between 300 and 400°C displayed more prominent exothermic peaks at lower
temperatures, indicating enhanced reactivity and decreased thermal stability. However,
when pyrolysis temperatures were elevated (450 to 650°C), the exothermic peak became
more focused and shifted to higher temperatures, demonstrating enhanced thermal stability
and diminished reactivity [71].

The distinct patterns in DSC curves can be linked to alterations in the biochar samples'
chemical makeup and structural characteristics, which were influenced by varying pyrolysis
temperatures [72]. Higher pyrolysis temperatures lead to a more complete thermal
breakdown and carbonization of the biomass, generating biochars with superior thermal
stability and reduced reactivity. Furthermore, as shown in Figure 4, the biochar yield
percentage demonstrated an inverse relationship with pyrolysis temperature. The highest
yield of 60.46% was recorded at 300°C, steadily decreasing to 36.63% when the temperature
reached 650°C. This trend highlights the complex connection between pyrolysis temperature
and the quantity of biochar produced from jengkol peel source material.
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Figure 5. DSC curve for Jengkol peel-based biochar under different pyrolysis temperatures.
Note: JP300= biochar produced at 300°C, JP350= biochar produced at 350°C, JP400= biochar
produced at 400°C, JP450= biochar produced at 450°C, JP500= biochar produced at 500°C,
JP550= biochar produced at 550°C, JP600= biochar produced at 600°C, JP650= biochar
produced at 650°C.

3.3. BET Surface of Biochar

BET analysis results demonstrate the surface area, total pore volume, and average pore
radius characteristics of the biochar samples. Table 3 presents comprehensive data for
jengkol peel biochar synthesized across various pyrolysis temperatures (300-650°C). The
jengkol peel biochar specimens exhibit consistent patterns regarding their BET surface area
and total pore volume measurements. As pyrolysis temperatures escalate, the biochar's BET
surface area expands correspondingly. The total pore volume demonstrates a positive
correlation with increasing pyrolysis temperatures. However, the biochar's average pore
radius exhibits an inverse relationship, diminishing progressively as pyrolysis temperatures
rise. Detailed information for the BET analysis is shown elsewhere [73].

The BET surface area measurements varied between 4.393 and 149.422 m?/g across all
samples. Minimal BET surface area changes were observed at pyrolysis temperatures
between 300 and 500°C. However, significant increases to 61.411 and 149.422 m?/g occurred
at 550 and 600°C, respectively. These elevated BET surface areas at 550 and 650°C likely
resulted from intense reactions generating mesoporous structures in the biochar [62]. Pore
formation and increased BET surface area occur due to volatile organic component
degradation in jengkol peel biochar. Enhanced BET surface area correlates with improved
water absorption and soil quality enhancement capabilities. Limited surface area restricts the
material's capacity to absorb water and soil nutrients [52].

Pyrolysis temperature elevation corresponds with increased total pore volume in jengkol
peel biochar. Higher pyrolysis temperatures facilitate volatile material removal, resulting in
expanded micropore volume [62,74]. The total pore volume measured 2.181 x 107 cc/g at
300°C, reaching its peak of 9.216 x 102 cc/g at 600°C. Pore boundary wall deformation likely
contributes to this volume increase [75]. Elevated pyrolysis temperatures facilitate pore
expansion through volatile organic material release [76]. However, at 650°C, both surface
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area and total pore volume decreased, attributed to particle surface deterioration as
evidenced in morphological analysis.

Table 3. BET surface area analysis of jengkol peel biochar with variations in pyrolysis

temperature.
Sample BET surface area Total Pore Volume Average Pore Radius (nm)
(m?/g) x 10 (cc/g)
JP 300 4.393 2.181 9.92836
JP 350 6.608 2.772 8.39144
JP 400 5.026 2.108 8.38613
JP 450 10.742 3.209 5.97509
JP 500 5.353 2.623 9.79805
JP 550 61.411 7.303 2.37828
JP 600 149.422 9.216 1.23353
JP 650 27.486 4.932 3.58862

Increased surface porosity correlates with decreased pore radius, as demonstrated by BET
analysis results in Table 3. The 300°C biochar exhibited the largest average pore radius of
9.92836 nm with minimal surface area. Progressive temperature increases led to smaller pore
radii alongside expanded surface area and pore quantity. Pore radii measurements at 350,
400, 450, 500, 550, 600, and 650°C were 8.39144, 8.38613, 5.97509, 9.79805, 2.37828,
1.23353, and 3.58862 nm, respectively. This porous structure enhances biochar's soil
improvement capabilities by facilitating root movement and microbial habitat formation.

The porous structure of jengkol peel-derived biochar was investigated using nitrogen
adsorption-desorption isotherms at 77 K. The BET isotherms were analyzed for samples
treated at temperatures between 300 and 650°C, as shown in Figure 6. For specimens JP300,
JP350, JP400, and JP450 as shown in Figures 6A-D, the BET isotherms revealed Type |
characteristics based on IUPAC classification, signifying microporous material composition. A
significant increase in adsorption volume was noted at low relative pressures (P/P0 < 0.1),
indicating a small micropore presence. The non-overlapping adsorption and desorption paths
created a small hysteresis loop, suggesting minimal mesopores or restricted micropores. The
microporous network expanded as pyrolysis temperatures increased from 300 to 450°C, with
JP450 showing the highest micropore capacity.

Specimens JP500, JP550, JP600, and JP650 exhibited combined Type | and Type IV
isotherms as depicted in Figures 6E-H, demonstrating both microporous and mesoporous
characteristics. Micropore filling was evidenced by swift adsorption at low relative pressures
(P/PO < 0.1), while mesopore capillary condensation produced loops at higher relative
pressures (P/PO > 0.4). JP550 and JP600 demonstrated the most distinct hysteresis loops,
indicating well-developed mesoporous structures, with JP600 achieving maximum adsorption
volume, suggesting superior surface area and pore capacity. As pyrolysis temperatures
increased from 500°C to 650°C, the hysteresis loop diminished, indicating reduced
mesoporosity. JP650 showed predominantly Type | behavior with minimal hysteresis,
suggesting mainly microporous composition with limited mesopores.

These isotherm changes correlate with the progressive development and subsequent
degradation of porous structures during pyrolysis. Micropores predominantly form at
temperatures under 450°C, while mesopore formation becomes prominent between 500 and
600°C. At 650°C, mesoporous structures deteriorate, yielding primarily microporous material.
These findings demonstrate that jengkol peel biochar's porous characteristics can be
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controlled through pyrolysis temperature adjustment, enabling customization for
applications requiring specific pore distributions and surface areas.
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Figure 6. BET curve of (A) JP300, (B) JP350, (C) JP400, (D) JP450, (E) JP500, (F) JP550, (G)
JP600, and (H) JP650. Note: JP300= biochar produced at 300°C, JP350= biochar produced at
350°C, JP400= biochar produced at 400°C, JP450= biochar produced at 450°C, JP500=
biochar produced at 500°C, JP550= biochar produced at 550°C, JP600= biochar produced at
600°C, JP650= biochar produced at 650°C.
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3.4. Morphology of Biochar through SEM Analysis

The morphological characteristics of biochar derived from jengkol peel (Pithecellobium
jiringa) were investigated using scanning electron microscopy (SEM). The SEM micrographs in
Figure 7 reveal the structural features of samples subjected to pyrolysis at temperatures
between 300 and 650°C. Samples JP300, JP350, JP400, and JP450 (Figures 7A-D) exhibited
irregular and coarse surface characteristics with randomly distributed cavities and void
spaces, indicating the development of porosity during activation [77]. The surface irregularity
and pore formation became increasingly evident as activation temperatures rose from 300°C
to 450°C. The JP450 specimen showed particularly pronounced surface irregularity and
permeability, suggesting well-developed microporous features, which aligns with the BET
isotherm findings (Figure 6).

Specimens JP500, JP550, JP600, and JP650 (Figures 7E-H) revealed significant
morphological alterations compared to their lower-temperature counterparts. Their surface
features displayed increased heterogeneity, incorporating both microscale pores and larger
cavities. Notably, JP550 and JP600 specimens demonstrated a structural composition
combining both micro and mesopores, which was further supported by the presence of
characteristic hysteresis loops in their respective BET isotherms.

The enhanced mesoporosity and surface area in these samples can be attributed to the
presence of larger pores and cavities. When pyrolysis reaches 650°C (JP650 sample), the
surface structure exhibits increased density and decreased porosity, showing fewer
significant pores and voids. This finding corresponds with the diminished hysteresis loop
observed in the BET isotherm (Figure 6), indicating decreased mesoporosity at higher
activation temperatures.

These structural changes result from the progressive development and breakdown of the
porous structure during pyrolysis. Micropores predominantly form at temperatures under
450°C. As temperatures rise between 500 and 600°C, mesopore formation becomes more
prominent, creating a highly diverse and porous surface structure. At 650°C, the mesoporous
framework deteriorates, producing a more condensed, primarily microporous material. The
SEM analysis reveals crucial details about the biochar samples' morphological
transformations. These findings supplement the BET isotherm data, enabling a
comprehensive understanding of both the porous structure and its relationship with
activation temperature.

3.5. X-ray Diffraction Analysis of Jengkol Peel Biochar

The X-ray diffraction analysis (Figure 8) reveals a prominent and symmetrical primary
diffraction peak at lower 20 angles, indicating mineral crystal formation. Specific peaks
observed at 24.4, 28.6, and 40.7° signify the occurrence of CaO, CaCOs, and CaO, respectively.
The XRD pattern shows reduced or flattened peaks as the pyrolysis temperature increases,
reflecting the progressive crystallization transformation of CaO and CaCOs. Higher pyrolysis
temperatures promote inorganic particle precipitation and crystallization development [78].
The jengkol peel's cellulose and lignin components progressively decompose, generating
significant ash content. This ash predominantly contains mineral elements, such as silicates,
potassium salts, and calcium carbonate.

XRD patterns for solid samples were measured at various temperatures. The biochar
created at a pyrolysis temperature of 400°C prominently displayed an identifiable amorphous
carbon crystalline phase between approximately 21 and 24°. Conversely, this phase was
absent in the biochar derived from pyrolysis at 650°C, suggesting a potential interaction with
other inorganic materials in solid form. When heating wet banana peel at temperatures
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spanning from 400 to 650°C, biochar's amorphous carbon generally shows broad diffraction
peaks, indicative of limited graphitization. This situation is primarily linked to a high ash
content, leading to reduced carbon levels, which is unfavourable as it transforms into
aromatic compounds during pyrolysis. The biochar’s hydrophilicity is chiefly determined by
ash levels rather than the pyrolysis approach (Figure 8). At a pyrolysis temperature of 300°C,
the concentration of inorganic compounds was noticeably lower than at 650°C, resulting in
biochar displaying enhanced hydrophobicity [6].

In comparison, the further breakdown of organic content resulted in an increased carbon
and inorganic component ratio while diminishing the number of hydrophilic functional groups
on the biochar surface. Additionally, the influence of ash on hydrophilicity is markedly
stronger than the effects of decreasing hydrophilic functional groups and increasing carbon
content. Pre-treating jengkol shells to remove moisture before pyrolysis boosts the
decomposition of organic molecules and the release of volatile substances, leading to a higher
proportion of ash, which correlates with increased hydrophilicity in the biochar [79].
Turbostratic carbon, characterized by a less orderly structure compared to graphite,
possesses several important properties relevant to pyrolysis and biochar production [80].

Increasing the pyrolysis temperatures to 300, 350, 400, 450, 500, 550, 600, and 650°C led
to a decrease in the strength and broadening of the jengkol peel cellulose crystal peak (full-
width half maximum). This effect results from the volatilization of components within the
lignocellulose framework and the lack of lateral connections between polymer chains during
pyrolysis. It further contributes to a reduction in polymer chain aggregation [81], facilitating
the expansion of the jengkol peel. Particularly, the absence of oxygen and hydrogen atoms
causes fragmentation of polymer chains found in cellulose, hemicellulose, and lignin. Free
monomer units promote the formation of the amorphous carbon phase consisting of aliphatic
chains and aromatic rings, mainly sourced from hemicellulose and lignin. As pyrolysis
temperatures increase, the gradual condensation of these aromatic rings leads to the
development of interconnected conjugated sheets, eventually resulting in the formation of a
turbostratic carbon structure [32].

The dominant peaks of the turbostratic phase can be found at (002) with a 26 angle of
24.4° and (100) with a 26 angle of 40.4°. The cellulose and turbostratic phases at a pyrolysis
temperature of 400°C demonstrate minimal crystal organization, as shown by JP 300 and JP
350. Beyond 400°C, the turbostratic peak intensity, which reflects both the turbostratic
ordered phase and the amorphous phase, increases. Consequently, biochar is characterized
as a continuous array of carbon molecules, incorporating both crystalline and amorphous
structures. Reflections of the turbostratic (100) phase can be observed in the JP 500 to JP 600
range, with their intensity increasing as the temperature rises, indicating growth in carbon
structures and interconnected aromatic sheets during pyrolysis. Within the tested pyrolysis
temperature spectrum, the arrangement of aromatic rings resulting from cellulose’s
thermochemical decomposition enhances the lateral growth of graphene-like layers.
Interestingly, the (002) reflection strength, which indicates the presence of the aromatic layer
of the turbostratic phase along the z-axis, appears unaffected by its lateral expansion [83]. At
pyrolysis temperatures of 500 and 650°C, a decrease in the intensity of the (002) peak for the
jengkol shell hints at a slight reduction in the spacing between graphene-like sheets along the
z-axis. This decrease could be attributed to the presence of additional carbon atoms in the
dense amorphous biochar matrix. Biochar exhibits a turbostratic structure and features
unique characteristics that render it suitable for a variety of applications, such as energy
storage (batteries, supercapacitors), filtration, and adsorption. These distinctive properties
stem from the carbon framework of the biochar [84-85].
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Figure 7. Morphology of (A) JP300, (B) JP350, (C) JP400, (D) JP450, (E) JP500, (F) JP550, (G)
JP600, and (H) JP650. Note: JP300= biochar produced at 300°C, JP350= biochar produced at
350°C, JP400= biochar produced at 400°C, JP450= biochar produced at 450°C, JP500=
biochar produced at 500°C, JP550= biochar produced at 550°C, JP600= biochar produced at
600°C, JP650= biochar produced at 650°C.
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Figure 8. XRD of jengkol peel biochar. Note: JP300= biochar produced at 300°C, JP350=
biochar produced at 350°C, JP400= biochar produced at 400°C, JP450= biochar produced at
450°C, JP500= biochar produced at 500°C, JP550= biochar produced at 550°C, JP600=
biochar produced at 600°C, JP650= biochar produced at 650°C.

3.6. FTIR of Jengkol Peel Biochar

Within the jengkol peel's structure, various functional components can be identified
(Figure 9). Detailed information regarding FTIR is explained elsewhere [86-89]. O-H stretch
bonds alongside alcohol and phenol groups detected within the 3500—-3200 cm™ vibrational
scope. The material demonstrates aliphatic C-H and aromatic C=C stretching movements at
2920 and 1600 cm™ respectively. C-O bond stretching vibrations are evident at 1120 and 1008
cm™, characteristic of multiple organic substances including alcohols, phenols, acids, ethers,
and esters [90]. The peel also shows cellulose-related C-H stretching at 2926 and 1608 cm™.
Evidence of lignin and hemicellulose appears through C=C group stretching vibrations at 1590
cm™L, Supporting these findings are cellulose-based C-H bending vibrations occurring at 1435
and 1395 cm™. As noted in the literature [91], the 1008 cm™ reading indicates C-O
combination activity.

With rising temperatures, the intensity of hydroxyl groups in C-H stretches of aliphatic
compounds and the carbonyl C=0 signal becomes weaker. The FTIR spectrum shows a notable
decrease in O-H stretch vibration at 3500-3200 cm™ during pyrolysis, which results from
enhanced dehydration of the jengkol shell. Between 300 and 650°C, aliphatic O-H and C-H
functional group absorption intensities weaken, mainly due to cellulose and hemicellulose
dehydration and the reduction of aliphatic functionalities in jengkol peel samples [92].

FTIR analysis demonstrates significant changes in characterization results. Hydroxyl group
(-OH) absorption strength diminishes at temperatures starting from 300°C and disappears
entirely at 650°C. Lignin intensity shows a reduction at lower temperatures but strengthens
with temperature elevation. Aromatic rings, generated through lignin's thermal
decomposition, constitute the main structure of jengkol peel biochar. The absorption bands
in biochar FTIR analysis appear weaker at 650°C compared to 300°C, indicating the conversion
of biomass elements (extractives, holocellulose, and lignin) during pyrolysis into residual
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biochar components. Carbon decomposition represents the primary pyrolysis reaction [93].
Biochar produced at 300°C exhibits a clear wave number around 1000 cm™?, which undergoes
a shift at 650°C. This phenomenon occurs due to the thorough decomposition of cellulose,
hemicellulose, and lignin at higher temperatures, generating thermally stable aromatic
structures [79,94].

Transmittance (%)
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4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 9. FTIR of jengkol peel biochar. Note: JP300= biochar produced at 300°C, JP350=
biochar produced at 350°C, JP400= biochar produced at 400°C, JP450= biochar produced at
450°C, JP500= biochar produced at 500°C, JP550= biochar produced at 550°C, JP600=
biochar produced at 600°C, JP650= biochar produced at 650°C.

3.7. Proximate Analysis of Biochar

The proximate analysis findings demonstrate how temperature variations in jengkol peel
biochar pyrolysis influence the levels of fixed carbon, volatile matter, ash, and water content,
as shownin Table 3. The proximate analysis reveals that volatile matter in jengkol peel biochar
decreases as pyrolysis temperature rises. Conversely, both fixed carbon and ash demonstrate
a positive correlation with increasing pyrolysis temperature. The biochar exhibits a fixed
carbon content of 51.66% when pyrolyzed at 300°C, with this percentage progressively
increasing at higher temperatures. The maximum fixed carbon content of 77.76% is achieved
when the pyrolysis temperature reaches 650°C. These findings align with literature [95], who
observed that higher pyrolysis temperatures lead to increased fixed carbon content while
simultaneously reducing volatile substances.

Jengkol peel biochar produced at 300°C exhibits a volatile matter content of 38.76%, which
progressively diminishes with elevated pyrolysis temperatures. At the maximum pyrolysis
temperature of 650°C, the volatile matter reaches its lowest level of 7.37%. This observation
aligns with findings from previous studies [96], who demonstrated an inverse relationship
between pyrolysis temperature and volatile matter content in biochar. Both the pyrolysis
temperature and biochar source material influence the volatile substance levels [97].
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Table 3. Proximate analysis of jengkol peel biochar pyrolyzed at various temperatures.

Sample  Fixed carbon (%)  Volatile matter (%) Ash content (%) Water conten (%)

JP 300 51.66 38.76 3.90 5.69
JP 350 57.52 32.67 4.40 541
JP 400 60.90 28.77 4.84 5.48
JP 450 67.13 22.17 5.44 5.26
JP 500 73.42 15.55 5.82 5.21
JP 550 73.78 13.88 6.82 5.52
JP 600 74.70 11.07 7.76 6.47
JP 650 77.76 7.37 7.18 7.69

The moisture content remains relatively constant at 5% for biochar produced between
300-550°C, but shows an upward trend at higher temperatures, reaching 6% and 7% at 600
and 650°C, respectively. This moisture increase can be attributed to enhanced water vapor
absorption due to expanded surface pores at elevated temperatures [98]. Similarly, the ash
content demonstrates a positive correlation with pyrolysis temperature. Starting at 3.90% for
biochar produced at 300°C, the ash content steadily increases with temperature elevation.
This rise in ash content occurs due to the retention of inorganic minerals following the
decomposition of carbon, oxygen, and hydrogen elements in the biomass [99]. Elevated ash
content is typically considered disadvantageous, as the inorganic mineral components can
obstruct internal pores, reducing accessibility to biochar surface sorption sites.

3.8. Ultimate Analysis of Biochar

Ultimate analysis was performed to check the carbon, hydrogen, nitrogen, sulfur, and
oxygen content in jengkol peel biochar. The ultimate analysis of jengkol peel biochar results
is shown in Table 4.

Table 4. Ultimate analysis of jengkol peel biochar pyrolyzed with temperature variations.

Sample Carbon (%) Hydrogen (%) Nitrogen (%) Sulfur (%) Oxygen (%)
JP 300 63.51 4.80 3.59 0.34 23.87
JP 350 65.78 4.39 3.22 0.27 21.94
JP 400 69.30 3.90 2.76 0.20 19.00
JP 450 72.53 3.57 2.74 0.21 15.52
JP 500 74.00 3.18 2.58 0.19 14.25
JP 550 75.46 2.98 3.20 0.39 11.16
JP 600 74.49 2.60 2.96 0.34 11.86
JP 650 73.32 2.24 2.81 0.29 14.16

The pyrolysis temperature exhibits a positive correlation with the carbon concentration in
jengkol peel biochar. Starting at 63.51% carbon content at 300°C, the biochar shows
progressive increases with temperature elevation, reaching 75.46% at 550°C. This elevated
carbon composition allows biochar to function effectively as a carbon reservoir, serving both
as an energy resource and soil contaminant absorbent [97]. The carbon-rich biochar
demonstrates long-term stability in soil environments and contributes to both soil
enhancement and global CO; reduction.

Conversely, higher pyrolysis temperatures lead to decreasing hydrogen and oxygen levels
in jengkol peel biochar. Hydrogen content peaks at 4.80% when pyrolyzed at 300°C but
diminishes to 2.24% at 650°C. Similarly, oxygen levels decline from 23.87% at 300°C to 14.16%
at 650°C. Enhanced carbonification occurs at higher pyrolysis temperatures, resulting in
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increased carbon levels while reducing hydrogen and oxygen content [100]. Some reports
[101] attribute this reduction to the breakdown of less stable bonds within the biochar
structure, yielding a predominantly carbon-based material at elevated temperatures.

The nitrogen composition of jengkol peel biochar also shows an inverse relationship with
pyrolysis temperature. The maximum nitrogen content of 3.59% observed at 300°C gradually
reduces to 2.81% at 650°C. This reduction is likely attributed to ammonia volatilization and
the release of nitrogen-containing organic compounds during pyrolysis. Sulfur levels remain
consistently low across all temperature treatments, reflecting the minimal sulfur content in
the original material. The sulfur percentage decreases from 0.34 to 0.19% as temperatures
rise from 300 to 500°C. This reduction is primarily due to element volatilization during
pyrolysis, predominantly in the form of carbonyl sulfide [102].

3.9. Nutrient Content of Jengkol Peel Biochar

Nutrient content analysis of jengkol peel biochar was conducted to quantify nutritional
constituents at varying pyrolysis temperatures. The relationship between pyrolysis
temperature and nutrient composition was determined using AAS thermo iCE 3000 series
analysis, with results presented in Table 5.

Table 5. Nutrient content in jengkol peel biochar at various pyrolysis temperatures.

sample N-total Phosphor (P) Kalium (K) Magnesium (Mg) Calcium (Ca)
(mg/g) (mg/g) (mg/g) (mg/g) (mg/g)
JP 300 7.55 1.42 3.75 1.37 1.01
JP 350 8.46 1.25 3.38 1.94 1.65
JP 400 9.01 1.82 3.94 2.55 2.13
JP 450 8.35 2.66 3.51 3.55 1.66
JP 500 8.49 2.84 3.99 4.48 1.10
JP 550 8.24 2.54 4.08 5.69 1.74
JP 600 8.30 2.66 3.55 6.09 0.88
JP 650 7.98 2.55 3.83 6.22 0.78

The analysis of jengkol peel biochar pyrolyzed between 300 and 650°C revealed stable total
nitrogen content, showing minimal variation. The nitrogen levels ranged from 7.55 mg/g at
300°C to 7.98 mg/g at 650°C, with a peak content of 9.01 mg/g occurring at 400°C. When
introduced to soil, biochar's nitrogen content supports plant growth through enhanced
chlorophyll formation, amino acid production, and protein synthesis [103].

The biochar's phosphorus levels exhibited an upward trend with increasing pyrolysis
temperatures. Samples processed at 300, 350, and 400°C contained 1.42, 1.25, and 1.82 mg/g
of phosphorus respectively, rising to 2 mg/g at temperatures between 450 and 650°C. Plants
benefit from phosphorus through improved photosynthesis, respiration, energy processes,
cellular growth, and root development [104].

Potassium content remained relatively constant across different pyrolysis temperatures,
with values ranging from a peak of 4.08 mg/g at 550°C to a minimum of 3.38 mg/g at 350°C.
This consistency stems from potassium's thermal stability. Biochar's potassium becomes
available in soil solution, facilitating plant absorption while reducing leaching [105].
Potassium supports various plant functions, including root growth, protein formation, disease
resistance, and seed development [106].

Magnesium concentrations showed consistent increases with higher pyrolysis
temperatures, reaching a maximum of 6.22 mg/g at 650°C. This trend results from
magnesium's resistance to evaporative loss during pyrolysis [107]. As a component of ash
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[98], magnesium levels rise correspondingly with increasing ash content through organic
material decomposition at higher temperatures.

As a crucial secondary macronutrient for plant development, calcium has been extensively
studied [108]. In jengkol peel biochar, calcium content initially increased from 300 to 400°C,
peaking at 2.130 mg/g, before declining to 0.788 mg/g at 650°C. The calcium levels showed
irregular fluctuations with increasing temperatures, generally maintaining low, stable
concentrations between 300 and 650°C, likely due to temperature-related retention
properties and limited initial calcium content in the source material.

3.10. Contribution to Sustainable Development Goals (SDGs)

The conversion of jengkol (Pithecellobium jiringa) peel waste into biochar plays a
significant role in advancing multiple Sustainable Development Goals (SDGs) by addressing
environmental sustainability, agricultural productivity, and educational development. This
approach aligns with SDG 12 (Responsible Consumption and Production) by minimizing
agricultural waste disposal in landfills and promoting a circular economy through resource
reutilization.

A practical example comes from field trials in Palembang, Indonesia, where the application
of jengkol peel biochar (15 tons/ha) combined with chicken manure (30 tons/ha) resulted in
a red chili yield of 10.99 tons/ha. This demonstrates a direct contribution to SDG 2 (Zero
Hunger) by enhancing soil fertility and crop productivity, particularly in acidic drylands [109].
The biochar’s porous nature aids in nutrient retention and water conservation, thereby
mitigating soil degradation and supporting SDG 15 (Life on Land) [110]. Furthermore, the
pyrolysis process not only generates syngas as a renewable energy source, aligning with SDG
7 (Affordable and Clean Energy), but also facilitates long-term carbon sequestration in the
soil, contributing to SDG 13 (Climate Action) by lowering atmospheric CO; levels [110,111].

Beyond its environmental impact, this biochar valorization initiative also fosters SDG 4
(Quality Education) by integrating hands-on learning opportunities into school curricula.
Islamic boarding schools, for instance, have incorporated biochar production training,
enabling students to gain practical experience in sustainable agriculture and environmental
conservation [30]. Additionally, collaborations between agricultural and educational
institutions illustrate SDG 17 (Partnerships for the Goals), reinforcing the connection between
scientific research and community-driven solutions.

By transforming agricultural waste into a valuable resource, this strategy presents a cost-
effective and scalable solution to advancing multiple SDGs while simultaneously addressing
local agricultural and ecological challenges.

4. CONCLUSION

The properties of jengkol peel biochar improve with increasing pyrolysis temperature,
enhancing its pore structure, fixed carbon content, and essential minerals like phosphorus
and magnesium. At higher temperatures, the biochar develops an optimal porous structure,
improving nutrient retention and soil enrichment, making it a promising soil amendment.

Additionally, this approach supports sustainability by repurposing agricultural waste and
enhancing soil productivity, contributing to responsible resource use. By converting waste
into a valuable resource, this strategy offers a cost-effective and scalable solution to
agricultural and environmental challenges.
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