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was studied for its conversion into microparticle biochar
through pyrolysis at two temperature settings. The peel was
oven-dried, pyrolyzed, ground, and analyzed using
spectroscopy, microscopy, and conductivity methods.
Biochar obtained at higher temperature showed lower yield
but improved physicochemical qualities, including larger
surface area, higher porosity, more alkaline pH, and
enhanced electrical conductivity. These changes were
caused by intensified thermal treatment, which promoted
devolatilization, mineral concentration, and the formation of
aromatic carbon structures. The presence of functional
groups and enriched minerals supports the biochar’s role in
improving soil fertility, nutrient retention, and overall soil
health. This research also aligns with Sustainable
Development Goals (SDGs): promoting waste valorization
and circular use of resources (SDG 12), improving soil
productivity for food systems (SDG 2), contributing to climate
change mitigation through carbon sequestration (SDG 13),
and fostering ecosystem restoration (SDG 15).
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1. INTRODUCTION

The global agro-industry generates over two billion tons of agricultural waste annually,
with a significant portion originating from fruit processing sectors such as pomegranate-based
industries [1]. Pomegranate (Punica granatum L.) is widely cultivated in both temperate and
tropical regions and valued across food, pharmaceutical, and cosmetic domains due to its
bioactive compounds [2]. However, approximately 40-50% of the fruit's weight comprises
peel, which is typically discarded, leading to environmental pollution and underutilization of
a potentially valuable resource [3].

Composting, though commonly practiced for organic waste management, has several
limitations. These include slow degradation, low nutrient value, unpleasant odor, and limited
pathogen control [4-6]. An emerging alternative is the conversion of agricultural residues into
biochar, a carbon-rich, porous material produced via pyrolysis under limited oxygen
conditions [7]. Biochar has been shown to improve soil fertility, enhance water retention,
stabilize organic matter, and act as a long-term carbon sink [8-12]. Many reports regarding
biochar have been well-documented [13-22]. Various biomass sources such as rice husks,
olive pits, and wood residues have yielded promising biochar properties, including increased
porosity, alkalinity, and cation exchange capacity [23].

The pyrolysis process (particularly temperature) greatly influences the vyield, pore
structure, chemical composition, and surface properties of biochar [24]. Lower temperatures
typically preserve organic matter, while higher temperatures promote aromatization and
mineral concentration [8]. Moreover, engineering biochar into microparticle sizes has been
proven to increase its adsorption efficiency and reduce mobility in the environment, making
it more suitable for agricultural applications [25-27].

Given the high extractive and lignin content of pomegranate peel [28], it holds potential
for the production of high-quality microparticle biochar. However, comprehensive data on
how pyrolysis temperature affects the physical and chemical traits of pomegranate peel-
derived biochar remain limited.

This study investigates the physicochemical properties of microparticle biochar derived
from pomegranate peel pyrolyzed at two different temperatures and evaluates its potential
as a soil amendment. The novelty lies in the integration of temperature-specific
characterization with a focus on microstructural development and nutrient composition. The
research contributes to Sustainable Development Goals (SDGs), especially SDG 2 (Zero
Hunger), 12 (Responsible Consumption and Production), 13 (Climate Action), and 15 (Life on
Land) by promoting waste valorization, carbon stabilization, and soil restoration strategies.

2. METHODS

Figure 1 illustrates the overall procedure used to produce microparticle biochar from
pomegranate peel, beginning with sample preparation and culminating in physicochemical
characterization. Pomegranate fruits were sourced from local markets, and the peels were
separated manually. The peel residues were rinsed with tap water to remove surface
impurities and cut into smaller segments to facilitate drying. These segments were oven-dried
at 105 °C for 24 hours to eliminate moisture and prepare the biomass for pyrolysis. The dried
samples were placed into porcelain crucibles for thermal processing.

The pyrolysis process was conducted in a muffle furnace at two distinct temperatures: 300
°C and 400 °C. Each pyrolysis cycle lasted four hours. The resulting biochar samples were
labeled as PPB300 and PPB400, corresponding to the temperature used. After cooling, the
biochars were ground and sieved through a 90 um mesh to produce microparticles. This size
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reduction technique was employed to improve surface accessibility and reduce particle
mobility, contributing to enhanced soil interaction, in line with the goals of sustainable
agriculture (SDG 2) and waste valorization (SDG 12).

D=1 |/

Dried in an oven for 24 h at 105°C Dried pomegrénate peel

Washed & cutted
into small pieces

£ A
Pyrolyzed at 300 & 400°C i !
Ground and sieved using a 90-uym sieve

Figure 1. Process sequence for producing powdered biochar from pomegranate peel.

For characterization, scanning electron microscopy (SEM) was used to observe surface
morphology. The Brunauer—-Emmett—Teller (BET) method was applied to assess surface area
and pore characteristics. Fourier Transform Infrared Spectroscopy (FTIR) was employed to
identify functional groups, while X-Ray Diffraction (XRD) was used to determine the crystalline
structure of the samples. The elemental composition was analyzed using X-ray fluorescence
(XRF) with an Omnian ED-XRF Panalytical Epsilon 3 XLE. Additionally, pH and electrical
conductivity (EC) of the biochar were measured using a HORIBA LAQUAtwin instrument.

All measurements were conducted in duplicate for consistency, and the results were
analyzed descriptively to compare the influence of pyrolysis temperature on biochar
properties.

3. RESULTS AND DISCUSSION

Figure 2 presents the yield of biochar derived from pomegranate peel under two pyrolysis
temperature conditions. Detailed information regarding the effect of temperature is
explained elsewhere [29]. At 300 °C, the yield was 62.14%, which dropped significantly to
47.95% at 400 °C. This decline is attributable to the increased severity of thermal
decomposition processes at higher temperatures, particularly devolatilization and the
cracking of organic compounds. Lower temperatures preserve more volatile matter, whereas
higher thermal input promotes the breakdown of hemicellulose and cellulose and the
rearrangement of carbon structures into more stable forms. This behavior aligns with
observations reported previously [8, 30], who documented similar decreases in yield for
pomegranate and other lignocellulosic materials. The relatively high lignin content in

DOI: https://doi.org/10.17509/ajse.v6i2.90148
p- ISSN 2775-6793 e- ISSN 2775-6815



https://doi.org/10.17509/ajse.v6i2.90148

Rahmat et al., Production of Microparticle Biochar from Pomegranate Peel Under Difference... | 288

pomegranate peel (22.1%) aids in char stability, while the abundance of extractives (57.9%)
contributes to substantial volatile losses, explaining the reduction in yield at 400 °C [28].

100
90
80
70 62.14
60
50
40
30
20
10

0

47.95

Biochar Yield (%)

o

300°C 400°C
Pyrolysis Temperature

Figure 2. Biochar yield of pomegranate peel at different pyrolysis temperatures.

Figure 3 and Table 1 show the surface characteristics of the biochars produced at the two
pyrolysis temperatures. SEM images illustrate morphological changes from a more compact
and irregular structure at 300 °C to a rougher surface with increased pore development at
400 °C. The rougher and more porous structure of PPB400 suggests a higher level of internal
decomposition and carbon reorganization. These changes are further validated by the BET
analysis. Surface area increased from 10.73 m?2/g (PPB300) to 13.26 m?/g (PPB400), while pore
volume rose from 0.026 to 0.034 cc/g. Interestingly, the average pore radius decreased
slightly from 19.41 A to 17.29 A, indicating a narrowing of pores while overall porosity
increased. These changes occur because higher pyrolysis temperatures promote the release
of volatile gases, resulting in expanded and more defined pores within the char matrix [31,
32]. The improved surface properties support greater adsorption capacity and water
retention potential, aligning with the goals of SDG 2 (Zero Hunger) and SDG 12 (Responsible
Consumption and Production).

Figure 3. Surface morphology of pomegranate peel biochar at different temperatures (A)
300 °C (B) 400 °C.
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Figure 4 shows the FTIR spectra of the biochar samples. Detailed information regarding
FTIR is explained elsewhere [33-35]. At both temperatures, broad peaks in the 3223-3431
cm™ range correspond to hydroxyl (—OH) stretching vibrations. The intensity of these peaks
decreased at the higher temperature, indicating a loss of polar functional groups as pyrolysis
progressed. Absorption bands near 1622.70 and 1574.65 cm™ correspond to aromatic C=C
stretching, suggesting the formation of stable aromatic structures. The peak at 2926.55 cm™
is attributed to aliphatic C—H stretching vibrations, while additional bands indicate the
presence of C—N, —NH,, and C—C functionalities. As pyrolysis temperature increases, thermal
degradation of hemicellulose, cellulose, and partially lignin leads to the elimination of
oxygenated groups and formation of condensed aromatic domains [20, 21, 22]. Although the
loss of some functional groups reduces specific reactivity, the resulting carbon structure
becomes more chemically stable, contributing to long-term carbon sequestration (SDG 13)
and sustained soil conditioning effects.

Table 1. BET surface properties of pomegranate peel biochar at different pyrolysis

temperatures.
Biochar Product Surface Area (m?/g) Pore Volume (cc/g) Pore Radius (A)
PPB300 10.726 0.026 19.410
PPB400 13.256 0.034 17.285

PPB400
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Figure 4. FTIR spectra of pomegranate peel biochar at different pyrolysis temperatures (A)
300 °C and (B) 400 °C.

Figure 5 presents the XRD patterns of the two biochar samples. Detailed information
regarding XRD is explained elsewhere [36]. Broad diffraction humps were observed between
15 and 35° 26, which correspond to the (002) planes of turbostratic carbon, characteristic of
disordered graphite-like structures. Peaks observed around 14°, 23°, and 35° indicate partial
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retention of crystalline cellulose, which diminishes with increased temperature. These broad
and diffused features suggest a semi-amorphous structure, where amorphous carbon
dominates but residual crystalline regions remain. The peaks become slightly sharper in
PPB400, reflecting the onset of more ordered structural domains as thermal energy facilitates
carbon atom rearrangement [37-39]. This evolution toward structural ordering enhances the
mechanical stability of biochar and contributes to the formation of persistent carbon pools in
the soil, thereby reinforcing the role of biochar in climate mitigation strategies (SDG 13).
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Figure 5. XRD patterns of (A) PPB300 and (B) PPB400.

Table 2 summarizes the elemental composition of the biochar samples determined via X-
ray fluorescence (XRF). Calcium (Ca), phosphorus (P), and iron (Fe) contents increased at 400
°C, while potassium (K), sulfur (S), manganese (Mn), bromine (Br), zinc (Zn), and copper (Cu)
concentrations decreased. These variations result from the volatilization of certain elements
at high temperatures and the relative enrichment of thermally stable minerals. For instance,
the reduction of K and S reflects their lower thermal stability and tendency to evaporate
during pyrolysis. Meanwhile, the concentration of Ca and Fe increased due to their resistance
to volatilization, making them more prominent in the residue. This transformation pattern is
consistent with studies on other biomass sources such as rice straw and sugarcane bagasse
[40,41]. The enriched mineral profile of high-temperature biochar suggests its potential to act
as a source of essential nutrients, particularly for acidic or mineral-deficient soils (SDG 2 and
15).

Table 3 presents the pH and electrical conductivity (EC) of the biochars produced. The pH
of PPB300 was slightly acidic at 6.1, while PPB400 exhibited an alkaline pH of 8.2. Similarly,
the EC value increased from 1314 puS/cm to 1963 puS/cm as the pyrolysis temperature
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increased. The higher pH and EC in PPB400 reflect the accumulation of alkali minerals and
soluble salts that result from the decomposition of organic matter at elevated temperatures
[42]. These changes enhance the ability of biochar to neutralize soil acidity and increase the
availability of plant nutrients. The alkaline nature of PPB400 is especially beneficial for acidic
tropical soils, offering a sustainable approach to soil amelioration (SDG 15). Moreover,
increased EC may stimulate microbial activity and improve nutrient uptake, supporting
broader goals of agricultural productivity and food security (SDG 2).

Table 2. Elemental content of pomegranate peel biochar.

No Element PPB300 PPB400
1 K (%) 64.40 59.94
2 Ca (%) 32.24 37.07
3 P (%) 1.07 1.28
4 S (%) 0.90 0.25
5 Fe (%) 0.46 0.96
6 Mn (%) 0.29 0.087
7 Br (ppm) 966.1 713.0
8 Zn (ppm) 827.5 626.9
9 Cu (ppm) 715.6 689.6
10 Rb (%) 0.224 0.023
11 Sr (ppm) 754.1 497

Table 3. pH and electrical conductivity of pomegranate peel biochar.

Observation Variables Aquades PPB 300°C PPB 400°C
pH 7.2 6.1 8.2
EC/Electric conductivity 1 1314 1963
(uS/cm)

The combination of increased porosity, mineral enrichment, alkaline pH, and structural
stability in high-temperature biochar confirms its potential as a multifunctional soil
amendment. These properties contribute to improving physical soil structure, enhancing
nutrient availability, and promoting long-term carbon stabilization. The valorization of
pomegranate peel into biochar exemplifies circular economy practices by transforming
agricultural waste into a high-value input for sustainable farming systems, aligning directly
with SDG 12 (Responsible Consumption and Production). Furthermore, by enhancing soil
resilience and reducing dependence on chemical fertilizers, biochar supports ecological
restoration and environmental sustainability (SDGs 13 and 15).

The physicochemical transformations observed in the pomegranate peel biochar across
different pyrolysis temperatures provide important insights into how thermal processing
conditions influence its effectiveness as a soil amendment. The temperature-induced
differences in vyield, surface morphology, functional groups, and elemental composition
directly affect the interaction between biochar and soil systems. Specifically, higher pyrolysis
temperature promotes more significant structural rearrangement and elemental
reconfiguration, resulting in a biochar product that is more porous, alkaline, and mineral-rich.

The increased porosity and surface area observed in PPB400 are particularly important for
soil water dynamics and microbial habitat. Highly porous biochar enhances soil aeration and
water-holding capacity, especially in sandy soils or degraded agricultural fields. These
properties contribute to reduced irrigation requirements and greater drought resilience for
crops, which is vital for smallholder farmers facing erratic rainfall and climate stress.
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Moreover, the rough and porous surfaces of high-temperature biochar offer more binding
sites for nutrients and microbial colonization, facilitating nutrient retention and microbial
activity in the rhizosphere. This effect supports SDG 2 (Zero Hunger) through enhanced crop
productivity and SDG 13 (Climate Action) by improving carbon efficiency in soil—plant systems.

The change in pH from slightly acidic in PPB300 to alkaline in PPB400 has notable
agronomic implications. In tropical and subtropical regions, soils often exhibit low pH due to
high rainfall and prolonged weathering. Such acidic conditions can limit nutrient availability
and increase aluminum toxicity, inhibiting root growth and nutrient uptake. The application
of alkaline biochar such as PPB400 helps neutralize soil acidity, increase cation exchange
capacity, and make essential nutrients more bioavailable. These benefits reduce the need for
chemical liming and synthetic fertilizers, promoting more environmentally friendly and cost-
effective soil management strategies, thus aligning with SDG 12 (Responsible Consumption
and Production).

The substantial increase in electrical conductivity from 1314 uS/cm to 1963 uS/cm further
indicates the concentration of soluble ions in PPB400. Elevated EC is often associated with
improved nutrient content, especially when biochar is applied at appropriate rates. However,
extremely high EC values can pose a risk of salinity buildup in sensitive soils. Therefore, field
application of biochar must be guided by context-specific assessments, including soil type,
crop species, and irrigation patterns. In moderate doses, biochar with high EC, such as
PPB400, can serve as a carrier for nutrients like potassium, calcium, and phosphorus, reducing
nutrient leaching and improving fertilizer-use efficiency. This nutrient retention capacity is
critical for enhancing productivity in low-input systems and degraded lands, contributing
again to SDGs 2 and 15.

From a chemical standpoint, the loss of volatile functional groups and the increase in
aromaticity with rising temperature suggest that PPB400 is more chemically stable and
resistant to microbial decomposition. This stability means that the carbon in PPB400 is likely
to remain in soil for longer periods, acting as a long-term carbon sink. Such persistence
directly supports efforts to mitigate greenhouse gas emissions through terrestrial carbon
sequestration, a key component of SDG 13. In contrast, PPB300 retains more labile functional
groups, which may degrade more quickly in soil and contribute to short-term nutrient cycling
rather than long-term stabilization. Thus, depending on the intended purpose (nutrient
cycling versus carbon storage) the pyrolysis temperature can be selected to produce
functionally targeted biochar.

Elemental data in Table 2 show that potassium content decreased from 64.40% in PPB300
to 59.94% in PPB400, while calcium increased from 32.24% to 37.07%. Potassium is a mobile
element that volatilizes easily at higher temperatures, explaining its decline in PPB400.
Conversely, calcium and iron are more thermally stable, and their relative concentration
increases as other organic matter is lost. This shift indicates that high-temperature biochar is
enriched in more recalcitrant and agriculturally beneficial minerals. Calcium, for instance,
plays a key role in root development, soil aggregation, and cell wall formation. Its higher
availability in PPB400 could enhance plant structural integrity and stress tolerance, offering
both agronomic and environmental advantages.

Phosphorus, although present in smaller quantities, also showed an increase from 1.07%
to 1.28% with rising temperature. Phosphorus in biochar is generally less prone to leaching
and can be released gradually, providing a slow-release source of this critical nutrient. As
phosphorus reserves worldwide are depleting and phosphorus fertilizers are becoming more
expensive, the role of biochar as an alternative phosphorus source gains significance. Biochar-
enhanced phosphorus availability supports root elongation and early plant vigor, which are
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essential for crop establishment and resilience under stressful growing conditions. These
contributions are essential for achieving SDG 2 through sustainable intensification.

In the context of soil remediation, the presence of micronutrients such as iron (Fe),
manganese (Mn), and copper (Cu) plays an auxiliary role in improving soil fertility. While these
elements were found in smaller quantities and tended to decline at higher temperature, their
availability in biochar can be beneficial for correcting micronutrient deficiencies in tropical
soils. However, some trace elements, such as bromine (Br) and rubidium (Rb), which were
detected in parts per million levels, require further toxicological evaluation before
recommending large-scale biochar application, especially in sensitive agroecosystems. Future
studies could assess the bioavailability and mobility of these elements under different field
conditions.

Importantly, the biochar derived from pomegranate peel also demonstrates
environmental benefits by diverting fruit-processing waste from open dumping or
uncontrolled burning. This valorization route transforms agricultural byproducts into a
valuable input for soil management, representing a circular bioeconomy strategy that reduces
waste and contributes to rural livelihoods. Such strategies reinforce the goals of SDG 12
(Responsible Consumption and Production) by maximizing the utility of biomass resources
and reducing environmental burden.

The cumulative findings of this study provide a framework for tailoring biochar
characteristics to meet specific agronomic and environmental needs. For example, low-
temperature biochar with higher volatile content may be suited for immediate nutrient
release, while high-temperature biochar may be preferred for soil pH correction, long-term
carbon stabilization, and structural enhancement. This flexibility allows stakeholders (from
smallholder farmers to agro-industrial processors) to adopt biochar technologies that align
with their production systems and resource constraints. Moreover, integrating biochar into
broader land management programs can complement composting, organic mulching, and
cover cropping, creating multifunctional and climate-resilient agricultural landscapes.

In line with SDG 15 (Life on Land), biochar application can help restore degraded lands by
improving soil physical properties, microbial diversity, and organic matter content. This is
particularly relevant in regions suffering from desertification, erosion, or nutrient mining,
where traditional soil amendments are either unavailable or unaffordable. The use of locally
available feedstocks such as pomegranate peel for biochar production reduces dependence
on external inputs, promotes local innovation, and supports environmental justice by
enabling marginalized communities to enhance their soil capital.

From a policy perspective, the outcomes of this study may inform the development of
national guidelines or incentives for biochar adoption, particularly in regions with abundant
fruit processing waste. Governments and extension services could provide technical support
for small-scale pyrolysis units and promote public-private partnerships to commercialize
biochar production. Training programs on sustainable biomass utilization and biochar
application could also empower rural communities to build capacity around climate-smart
agriculture. These systemic interventions would not only support SDGs 2, 12, 13, and 15 but
also generate co-benefits in employment, biodiversity, and climate resilience. This study adds
new information regarding SDGs, as reported elsewhere (Table 4).

Table 4. Previous studies on SDGs.

No Title Ref
1 Sustainable development goals (SDGs) in engineering education: Definitions, research [43]

trends, bibliometric insights, and strategic approaches
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Table 4 (continue). Previous studies on SDGs.

No Title Ref
2 Sustainable packaging: Bioplastics as a low-carbon future step for the SDGs [44]
3 Production of wet organic waste ecoenzymes as an alternative solution for environmental [45]
conservation supporting SDGs

4  HIRADC for workplace safety in manufacturing: A risk-control framework and bibliometric [46]
review to support SDGs

5 Techno-economic analysis of production ecobrick from plastic waste to support SDGs [47]

6 Techno-economic analysis of sawdust-based trash cans and their contribution to Indonesia’s  [48]
green tourism policy and the SDGs

7 Definition and role of sustainable materials in reaching global SDGs completed with [49]
bibliometric analysis

8 Bibliometric insight into materials research trends and innovation to support SDGs [50]

9  Physical adaptation of college students in high-altitude training to support SDGs [51]

10 Enhancing job satisfaction through HRIS and communication: A commitment-based [52]
approach to SDGs

11 Enhancing innovative thinking through theory-based instructional model to support SDGs [53]

12 Influence of self-efficacy on affective learning outcomes in social studies education toward [54]
achieving SDGs

13 Enhancing occupational identity and self-efficacy through self-education in art/design [55]
aligned with SDGs

14 Integrating generative Al-based multimodal learning in education to enhance literacy [56]
aligned with SDGs

15 Dataset on Sulawesi schools and cultural implications to support SDGs [57]
16 Enhancing professional readiness in vocational education aligned with SDGs [58]
17 School feeding program and SDGs in education: Linking food security to learning outcomes  [59]
18 Influence of eco-friendly packaging on consumer interest to meet SDGs [60]
19 SDG 12 implementation through lemon commodities and waste reduction [61]
20 Mediterranean diet patterns and sustainability to support SDGs [62]
21 Education on food diversification through infographic to improve SDGs [63]
22 Safe food treatment technology to achieve SDG zero hunger and optimal health [64]

23 Student awareness of sustainable diet and carbon footprint reduction to support SDGs 2030 [65]

Overall, the use of pomegranate peel to produce microparticle biochar demonstrates a
practical and scalable solution to agricultural waste management and soil degradation. The
temperature-specific variations in biochar properties offer flexibility for multiple applications,
whether the goal is to enhance crop yields, improve soil chemistry, or sequester atmospheric
carbon. By linking biochar research with sustainable development goals, this study advances
both scientific understanding and real-world applicability of biochar-based interventions.

4. CONCLUSION

This study confirmed that pyrolysis temperature significantly influences the
physicochemical properties of microparticle biochar derived from pomegranate peel. Higher
pyrolysis temperature resulted in lower yield but improved surface area, porosity, mineral
concentration, and pH, alongside the development of stable aromatic structures. These
transformations occurred because elevated thermal conditions promoted devolatilization,
mineral enrichment, and carbon rearrangement. The resulting biochar displayed properties
suitable for enhancing acidic soils, improving nutrient retention, and contributing to long-
term carbon sequestration. As such, pomegranate peel biochar offers a sustainable strategy
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for agro-waste valorization, supporting responsible production practices and soil
rehabilitation. These findings contribute directly to the achievement of several Sustainable
Development Goals, particularly those related to food security (SDG 2), waste management
(SDG 12), climate action (SDG 13), and land restoration (SDG 15).
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