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Biochar derived from Gretum gnemon shell was systematically investigated to elucidate
the effect of pyrolysis temperature on its physicochemical evolution and adsorption
performance toward methylene blue (MB). Pyrolysis was conducted at 350, 450, 550,
and 650 °C for 4 h, followed by comprehensive characterization (proximate analysis,
Scanning Electron Microscopy (SEM), Brunauer-Emmett-Teller (BET) surface area,
Fourier transform infrared (FTIR), X-ray diffraction (XRD), and Thermogravimetric
Analysis (TGA)) and batch adsorption (variation of MB concentration). Yield declined
sharply with temperature (48.47% at 350 °C to 35.15% at 650 °C), concomitant with
decreases in volatile matter (34.65% to 7.62%), hydrogen (3.8% to 1.41%), oxygen
(14.03% to 5.93%), and O/C ratio (0.206-0.080), while fixed carbon increased 1.46-fold
from 47.66 to 69.86%, elemental C increased from 67.84 to 74.36, and aromaticity
increased. SEM revealed a morphological transformation from compact to highly porous
matrices; the BET surface area increased 74.9-fold from 1.84 to 137.98 m?/g, and the
pore volume increased 3.7-fold from 0.032 to 0.1197 cm3/g. FTIR indicated progressive
loss of hydroxyl and carbonyl groups, while XRD confirmed enhanced graphitic ordering
with distinct peaks at 20 = 22° and 43°. TGA demonstrated higher residual mass (33.7%
at 650 °C) and improved thermal stability. The higher the removal capacity, the higher
GSB-650 is at each initial MB concentration, while GSB-350 is the lowest. The removal
capacity of GSB-650 is 1.2-2.4 times greater than that of GSB-350. The adsorption
capacity increases with the increasing pyrolysis temperature. GSB-650 biochar has the
highest adsorption capability across all concentrations, while GSB-350 has the lowest.
The Maximum adsorption capacity was found at GSB-650 with a value of 9.28 mg/g.
Isothermal matching with Langmuir-type monolayer chemisorption with R? > 0.9 for
GSB-350 and GSB-650. Gnemon shell biochar is a promising low-cost adsorbent for dye
removal. Due to its low efficiency, activation or functionalization is required to improve
performance and expand its applications in environmental remediation.

1. INTRODUCTION

The increasing demand for essential products has driven
industrial expansion across sectors such as chemicals,
pharmaceuticals, agriculture, and textiles.
diversification supports economic growth [1], it also poses
environmental challenges that affect soil and water quality [2].
Notably, the textile industry significantly contributes to water
contamination through dyeing processes that utilize toxic
chemicals [3]. The textile industry accounts for approximately
17-20% of industrial water pollution, largely from dyeing
processes that release harmful chemicals such as ammonia,
sulfides, and lead [4]. Effluents from dyeing contain high
levels of total dissolved solids (TDS), chemical oxygen
demand (COD), and biochemical oxygen demand (BOD),
which are detrimental to aquatic ecosystems [5].

Synthetic dyes like methylene blue (MB) are prevalent for

their vibrant colors but are difficult to degrade, leading to
severe ecological consequences [6]. Even at low
concentrations, they reduce water transparency, disrupt
photosynthesis, deplete oxygen, and harm aquatic life [7]. Dye
contamination is also linked to health issues such as skin
irritation and neurological disorders [8]. To address dye
contamination, various remediation methods have been
explored, including adsorption, photocatalytic degradation,
ionic flocculation, coagulation, and oxidation [9, 10]. Among
these, adsorption is recognized as an effective, cost-efficient,
and environmentally friendly approach for dye removal [11].
In contrast, other methods, such as photocatalytic degradation
and oxidation, often require complex operational conditions,
high energy inputs, or generate potentially harmful by-
products, limiting their practical application in large-scale
wastewater treatment. Given these limitations, adsorption has
gained increasing attention due to its operational simplicity,

While this
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reusability of materials, and minimal secondary pollution.
Among various adsorbents studied, carbon-based materials
such as biochar have emerged as particularly promising.
Biochar, a carbon-rich material produced via pyrolysis, offers
a combination of high surface area, porous structure, and
abundant functional groups, making it an excellent adsorbent
for water contaminants [12]. Numerous studies have shown
that biochar effectively removes phenolic compounds, dyes,
and heavy metals [13, 14].

Gnetum gnemon L. (melinjo), an indigenous Indonesian
plant, generates significant shell waste during processing that
remains largely underutilized [15]. The structural composition
of gnemon shells, rich in cellulose, hemicellulose, and lignin,
makes them promising raw materials for activated carbon
production [16]. These properties suggest that gnemon shells
are well-suited for biochar production, offering a sustainable
method to valorize waste materials.

The adsorption capacity of biochar is influenced by several
key factors, including pore size, surface area, and the presence
of functional groups. Other contributing parameters, such as
pyrolysis temperature, surface chemistry, and pH conditions,
are also widely recognized for their significant roles in
enhancing adsorption performance [17, 18]. Higher pyrolysis
temperatures typically increase biochar’s aromaticity, surface
area, and adsorption capacity for contaminants like simazine
[19]. Thus, optimizing pyrolysis conditions is essential to
producing biochar with tailored characteristics for enhanced
adsorption efficiency.

This study investigated (i) how pyrolysis temperature
affects the physicochemical properties (yield, Brunauer-
Emmett-Teller (BET) surface area, pore volume, pore size,
functional groups, carbon content) of biochar derived from
gnemon shells and (ii) determined the optimal pyrolysis
temperature that produces biochar with the best adsorption
performance. This aims to develop effective adsorbents for
water remediation while promoting sustainable waste
utilization.

2. METHODS
2.1 Preparation of biochars

The dried Gnetum gnemon shell was chopped into small and
uniform sizes (around 10 mesh), then dried in an oven at
105 °C for 24 h to remove moisture, and then cooled to room
temperature. Furthermore, the sample was put into a porcelain
cup with a lid until full, then weighed to obtain the initial
weight (raw weight). The cup containing the gnemon shell was
then wrapped in aluminum foil to limit the presence of oxygen
during the pyrolysis process. The pyrolysis process was
carried out by inserting the cup into the furnace and heating it
for 4 hours at temperature variations of 350, 450, 550, and
650 °C. After the pyrolysis process was complete, the biochar
was cooled naturally in the furnace to room temperature. The
biochar from pyrolysis at each of these temperatures was
coded GSB-350, GSB-450, GSB-550, and GSB-650. The
cooled sample was then crushed and sieved using a 60-mesh
sieve. The fraction that passed the sieve was used for the
analysis of characteristics and the adsorption process.

2.2 Characterization of biochars

The parameters observed in this study include: (1)
percentage of biochar yield, calculated based on the ratio of
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biochar mass to the mass of the initial raw material; (2) biochar
surface morphology analyzed using Scanning Electron
Microscopy (SEM), Thermo Scientific Quattro S FESEM
NETZSCH STA 449F3 Simultaneous, the analysis was
performed at an accelerating voltage of 3 kV. Images were
obtained at a magnification of 2,000%., with Scale bar 50 um;
(3) identification of functional groups using Fourier transform
infrared (FTIR) spectra were recorded between 4000 and 400
cm™' in an optical cuvette with a resolution of 4 cm™ and
taking 16 scans at 25 °C; background correction was
performed before each measurement using PerkinElmer
Spectrum; (4) crystal structure characterization carried out
using X-ray diffraction (XRD) 7000 Shimadzu American
Standard Testing Method; XRD analysis was performed using
Cu Ko radiation (A = 1.5406 A) operated at 40 kV and 30 mA.
The diffraction data were collected in the 26 range of 10-80°
using a continuous scan mode at a scanning rate of 2°/min with
a step size of 0.0189°. and (5) Thermal Analyzer, analysis of
biochar thermal stability using Thermogravimetric Analysis
(TGA), TGA was performed under a nitrogen (N:) atmosphere
with a gas flow rate of 20 mL/min. The samples were heated
from 25 °C to 1000 °C at a heating rate of 10 °C/min. Measure
BET surface using a Quantachrome Nova 4200e analyzer,
where samples were degassed at 250 °C for 3 hours before
analysis. Adsorbent: Nitrogen gas (N2) at 77 K, then calculated
the BET surface area between a relative pressure (P/Po) of
0.05-0.30 BJH method was used to obtain the pore size
distribution.

In addition, proximate analysis was also carried out, which
included water, ash, and volatile matter content based on the
American Standard for Testing and Materials (ASTM) D3173
(moisture), D3174 (ash), and D3175 (volatile matter) methods.
Meanwhile, ultimate analysis to determine the content of
elements such as carbon, hydrogen, nitrogen, and sulfur was
carried out by referring to the ASTM D3573 or D5373 (carbon,
hydrogen, and nitrogen) and D4239 (sulfur) standards.

2.3 Batch adsorption experiment

Batch adsorption experiments were carried out by adding
0.15 g of each of the four types of biochar into a 50 mL conical
flask with different concentrations (20, 40, 60, 80 mg/L) of
MB. Furthermore, 50 mL of MB solution was added to each
flask. The mixture was then shaken using a tube roller at a
speed of 80 rpm for 4 hours. After the adsorption process was
complete, the solution was filtered using a syringe filter with
a pore size of 0.45 microns to separate the biochar particles.
The filtrate obtained was then analyzed using a UV-Vis
spectrophotometer at a wavelength of 664 nm to determine the
concentration of residual MB in the solution. The pH of MB
was controlled in the range of 7-7.8, and the experiment was
carried out at a room temperature of 27-30 °C. This process
was done without any replication.

CO_Ce

0

% Removal = ) X 100

where, Cp = initial concentration of MB (mg/L), C. =
equilibrium (final) concentration of MB after adsorption
(mg/L).

2.4 Adsorption isotherm studies

The adsorption isotherm is the relationship between the
distribution of the adsorbent between the adsorbed phase on



the surface and the bulk phase at equilibrium at a certain
temperature. The adsorption isotherm is used to obtain
information about the type of adsorption and the condition of
the adsorbent surface. The adsorption isotherm equations used
in this study are the Langmuir adsorption isotherm equation
and the Freundlich adsorption isotherm. The type of
adsorption can be determined by testing the linear regression
equation of the adsorption isotherm, both the Langmuir and
the Freundlich models.

The Langmuir isotherm is determined by following the
equation:

c, 1

qe Bl QmKL
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Meanwhile, the Freundlich isotherm is determined by
following the equation:

1
Log q. = Log K, +Elog Ce 2

where,
¢. = Amount of substance adsorbed at equilibrium (mg/g)
C. = Adsorbate concentration at equilibrium (mg/L)
gm = Maximum adsorption capacity (mg/g)
K; = Langmuir constant (L/mg)
Kr= Freundlich constant (L/mg)
n = The adsorption intensity constant

3. RESULTS AND DISCUSSION

3.1 Biochar yield from pyrolyzed Grnetum gnemon shell
biomass

In this study, biochar was synthesized via the pyrolysis of
gnemon shells, a lignocellulosic biomass waste composed
primarily of lignin, cellulose, and hemicellulose [20]. The
thermal decomposition of these biopolymers during pyrolysis
directly influences biochar yield, with temperature variations
significantly affecting the final product characteristics.
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Figure 1. Biochar yields from Gnetum gnemon shell as a
function of pyrolysis temperature
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As depicted in Figure 1, biochar yield exhibited a
decreasing trend with increasing pyrolysis temperature,
attributed to enhanced thermal degradation and volatilization
of organic constituents [21]. The most pronounced reduction
in yield occurred between 350-450 °C, decreasing from
48.47% to 41.9% (a decline of 6.57%), whereas at a
temperature of 550 °C, there was a decrease in yield of 3.65%
and 3.09% at a temperature of 650 °C. This substantial loss is
primarily associated with the extensive decomposition of
cellulose and hemicellulose, as well as the release of bound
water molecules [22]. Due to their relatively simple chemical
structures and lower thermal stability, cellulose and
hemicellulose undergo significant degradation at 250-350 °C,
releasing gaseous byproducts such as carbon monoxide (CO),
carbon dioxide (CO:), methane (CH4), and various volatile
hydrocarbons [23, 24].

At temperatures exceeding 450 °C, the decline in biochar
yield stabilizes, with Figure 1 showing a smaller yield decline
within the same range (3.65% and 3.09% < 6.57%). This
indicates that most of the thermal decomposition and volatile
release occurred at lower temperatures [25, 26]. In this range
(T > 450 °C), the gradual degradation of lignin contributes to
the formation of a thermally stable carbonaceous matrix,
thereby mitigating further yield reduction. These findings
align with previous studies demonstrating that lignin
decomposes over a broader temperature range (200—500 °C)
and plays a crucial role in determining the final carbon content
of biochar [27].

3.2 Surface morphology

The surface morphology of biochars derived from gnemon
shells at different pyrolysis temperatures was examined using
SEM, as shown in Figure 2. The SEM images reveal a
progressive  structural transformation with increasing
temperature. At 350 °C (Figure 2(A)), the biochar largely
retains its original biomass characteristics, exhibiting a smooth
and compact surface with minimal porosity due to incomplete
carbonization and limited tissue devolatilization [28, 29]. As
the temperature rises to 450 °C (Figure 2(B)), pore formation
becomes more evident, with larger, well-defined voids and
signs of partial structural collapse. This transition indicates
enhanced volatilization of organic components, particularly
the thermal degradation of lignin, which typically begins
around 400 °C [30].

At 550 °C (Figure 2(C)), the biochar undergoes a more
pronounced transformation, developing an interconnected
porous network, which suggests a substantial increase in
surface area and pore volume [31, 32]. However, further
heating to 650 °C (Figure 2(D)) leads to partial pore collapse
and fusion, resulting in smaller particle sizes and increased
surface roughness due to accelerated carbonization and
structural densification [33].

This study demonstrates that pyrolysis temperature plays a
crucial role in shaping the morphology and porosity of biochar,
which directly influences its adsorption capacity. Since the
primary adsorption mechanism of microporous materials
relies on the micropore filling effect, the well-developed
porous structure and large surface area of gnemon shell
biochar may offer abundant adsorption sites for pollutants [27,
34].
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Figure 2. Surface morphology of Gretum gnemon shell biochars at different pyrolysis temperatures (A) GSB-350, (B) GSB-450,
(C) GSB-550, and (D) GSB-650

3.3 Brunauer-Emmett-Teller surface area, pore volume,
and average pore radius

The BET surface area, total pore volume, and average pore
radius of biochar derived from gnemon shell pyrolysis at
various temperatures are presented in Table 1. The data
indicate a general trend of increasing BET surface area and
total pore volume with rising pyrolysis temperature. At 350 °C
and 450 °C, the BET surface area and total pore volume
exhibited modest increases from 1.841 m?/g to 5.640 m?/g and
0.0302 cm’/g to 0.0325 cm’/g, respectively. However, at
550 °C, a more pronounced increase was observed, reaching
23.336 m?/g for the BET surface area and 0.05 cm’/g for the
total pore volume. A substantial enhancement occurred at
650 °C, where the BET surface area surged to 137.984 m?/g
(5.9-fold compared with the BET surface area at 550 °C), and
the total pore volume expanded to 0.1197 cm?/g. These results
are supported by the SEM analysis shown in Figure 2, which
indicates a significant transformation in biochar morphology
with increasing pyrolysis temperature.

This finding is in line with walnut shell biochar, where the
BET surface area of walnut shell biochar at 500 °C is 9 m?/g,
increasing to 164 m?/g (18-fold) at 600 °C, in addition to beech
wood chips biochar at 500 °C is 89 m?/g to 311 (3.5-fold) m?/g
at 600 °C [35]. Hickory wood chip biochar at 450 °C has a
BET surface area of 1.6 m?/g, which increases to 256 m%'g
(160-fold) at a pyrolysis temperature of 600 °C [36]. Bamboo
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biochar at a pyrolysis temperature of 450 °C has a BET surface
area of 18.2 m?g to 470 m?/g at a pyrolysis temperature of
600 °C [37]. Soybean stover biochar at a pyrolysis temperature
of 300 °C has a BET surface area of 5.61 m%g to 420.3 m?/g
at a temperature of 700 °C, and peanut shell biochar at a
pyrolysis temperature of 300 °C has a BET surface area of 3.14
m?/g to 448.2 m?/g at a temperature of 700 °C [38].

Table 1. Brunauer-Emmett-Teller (BET) surface area, total
pore volume, and average pore radius of Gnetum gnemon

shell biochar

. BET Surface Total Pore Average
Biochar
Sample Area Volume P.ore

(m?/g) (cm?/g) Radius (A)

GSB-350 1.841 0.0302 329.053
GSB-450 5.640 0.0325 115.209
GSB-550 23.336 0.0500 42.8550
GSB-650 137.98 0.1197 17.3549

The dramatic increase in BET surface area at 650 °C (Table
1) suggests a potential optimization point for adsorption
performance. That while macropores may collapse,
micropores and mesopores can still form or become more
accessible at higher pyrolysis temperatures, contributing
significantly to surface area as measured by nitrogen
adsorption. This increase in surface area and porosity is
attributed to the degradation of organic constituents, including



cellulose, hemicellulose, and lignin. Additionally, the
formation of vascular bundle-like structures during pyrolysis
further contributed to biochar porosity [39]. In the 500-600 °C
range, the rapid decomposition of lignin, accompanied by the
release of Hz and CHa4, played a pivotal role in the significant
enhancement of BET surface area and pore volume [40].

In contrast, increasing the pyrolysis temperature led to a
notable reduction in the average pore radius. At 350 °C,
biochar (GSB-350) exhibited an average pore radius of
329.053 A, indicative of a macroporous structure. However, at
650 °C, this value drastically declined to 17.3549 A, signifying
the predominance of micropores. Pyrolysis temperatures
exceeding 600 °C favor micropore development due to
extensive lignin decomposition and aromatic condensation
reactions, which facilitate volatile release and further pore
formation [41]. Furthermore, at elevated temperatures, the
thinning of pore walls and the enlargement of internal pore

structures promote the formation of additional micropores [42].

These findings underscore the critical role of pyrolysis
temperature in modulating biochar porosity. Higher
temperatures promote pore formation and surface area
expansion through the removal of volatile components,
thereby enhancing the suitability of biochar for adsorption
applications [43, 44]. The transition from macropores to
micropores has a significant impact on adsorption
performance. Macropores (> 50 nm) primarily act as transport
pathways that facilitate mass transfer, while micropores (< 2
nm) serve as the primary adsorption sites due to their large
specific surface area and confinement effect. Therefore, an
optimal balance of macropores, mesopores, and micropores is
more important than surface area alone for efficient adsorption
in practical applications [45, 46].

3.4 Functional groups analysis

The FTIR spectra of gnemon shell biochar, presented in
Figure 3, illustrate notable transformations in functional
groups as pyrolysis temperature increases. At lower
temperatures (GSB-350 and GSB-450), the biochar retains a
significant presence of oxygen-containing functional groups,
particularly the C-O and C-O-C stretching vibrations observed
at 1035 cm™ and 991 cm™, which are indicative of residual
cellulose and hemicellulose components [47]. These
functional groups persist even in higher-temperature biochars
(GSB-550 and GSB-650), likely due to their overlap with the
silica adsorption region [48]. Notably, the peak at 1035 cm™
sharpens in GSB-650, suggesting increased silica formation at
elevated temperatures. This transformation is further
corroborated by the emergence of a pronounced Si-O-Si
vibration at 435 cm™! in GSB-650, confirming the progressive
mineralization of biochar [49].

Additionally, the peak around 1576 cm™, associated with
C=C and C=O stretching in aromatic hydrocarbons,
diminishes as temperature rises, indicating a shift toward a
more condensed aromatic structure with reduced aliphatic
content [50]. Furthermore, peaks appearing at approximately
471 cm™ and 539 cm™' may correspond to lattice vibrations of
X-M—-X and M—X bonds, suggesting the presence of inorganic
elements, and M refers to metal such as calcium, magnesium,
iron, and manganese within the biochar matrix [51, 52].

In addition to the carbon matrix, the presence of silica and
mineral constituents (e.g., Ca, Mg, Fe, Al) plays an important
role in modulating the adsorption properties. These inorganic
phases are not simply passive fillers; rather, they can act as
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active sites through mechanisms such as ion exchange, surface
complexation, and electrostatic interactions, especially in the
adsorption of heavy metals and polar contaminants [53, 54].
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Figure 3. Fourier transform infrared (FTIR) spectra of
Gnetum gnemon shell biochars produced at different
pyrolysis temperatures

Overall, these spectral changes highlight the structural
evolution of gnemon shell biochar under increasing pyrolysis
temperatures. The data suggest a transition from an organic,
oxygen-rich composition at lower temperatures to a thermally
stabilized, mineral-rich material with a highly carbonized
framework at higher temperatures.

3.5 X-ray diffraction analysis

The structural evolution of gnemon shell biochar at different
pyrolysis temperatures was analyzed using XRD, with the
resulting patterns shown in Figure 4.

The diffraction profiles exhibit a broad peak around 26 =
22°, indicating the low crystallinity and amorphous nature of
carbon [55]. As the pyrolysis temperature increases, this peak
narrows and becomes more pronounced, suggesting the
progressive ordering of carbon structures [56]. This
transformation is attributed to the formation and evolution of
turbostratic crystallites, where graphene-like layers remain
misaligned but become more organized [57]. The increased
structural ordering enhances the material's surface
characteristics, potentially improving adsorption performance
by increasing accessible surface area, creating more defined
pore structures, and facilitating n—m interactions with
adsorbates [58].

Additionally, distinct peaks emerge at 20 =26.6° and 29.5°,
corresponding to SiO: and CaCOs, respectively [59]. These
peaks intensify at higher pyrolysis temperatures, particularly
in GSB-550 and GSB-650, indicating enhanced particle
growth and increased crystallization of mineral components
within the biochar matrix [60, 61]. This structural evolution
suggests that higher pyrolysis temperatures promote both
carbon ordering and inorganic crystallization, influencing the
biochar’s physicochemical properties.

The formation of SiO2 and CaCO:s crystals during pyrolysis
can affect surface functionality, both positively and negatively.
SiO: can increase surface hydrophilicity and stability,
providing additional sites for interaction with polar molecules
[62]. Similarly, CaCOs can increase surface basicity, which



favors the adsorption of acidic species [63]. On the other hand,
excessive crystallization of these minerals can clog pores,
reduce surface area, or mask more reactive carbon sites, thus
limiting adsorption efficiency [64].
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Figure 4. X-ray diffraction (XRD) patterns of Gnetum
gnemon shell biochar produced at different pyrolysis
temperatures

3.6 Thermal decomposition and stability of Gnetum
gnemon shell-derived biochar

The thermal stability of gnemon shell-derived biochar was
analyzed using thermogravimetric analysis (TGA), as shown
in Figure 5. Differences in weight loss at various pyrolysis
temperatures indicate distinct levels of carbonization and
structural transformation. An initial weight reduction of 2—5%
occurred between 0—150 °C, primarily due to the evaporation
of residual moisture and physically adsorbed water [65, 66].
Beyond this, biochars produced at 350°C (GSB-350) and
450 °C (GSB-450) experienced additional mass loss of ~3—-5%
in the 150400 °C range, likely caused by the decomposition
of hemicellulose and volatile organic compounds [67].
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Figure 5. Thermogravimetric Analysis (TGA) curve of
Gnetum gnemon shell biochar at different pyrolysis
temperatures
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A more substantial weight loss was observed between 400
and 1000°C, with GSB-350 and GSB-450 losing 21% and
14% of their mass, respectively. This continued degradation is
attributed to the decomposition of lignin, which remains in
biochar produced at lower pyrolysis temperatures. Lignin is
known for its higher thermal stability compared to cellulose
and hemicellulose, leading to its gradual breakdown at
elevated temperatures [24, 61].

In contrast, GSB-550 and GSB-650 followed a two-stage
degradation pattern, with a steady weight reduction from 150
to 650 °C, followed by a more gradual decline beyond 650 °C.
This trend suggests that higher pyrolysis temperatures
promote a more complete transformation, resulting in a stable
carbon structure with enhanced thermal resistance [62].

Overall, the results confirm that increasing pyrolysis
temperature improves biochar stability by enhancing
carbonization and reducing the proportion of volatile
compounds. Biochars produced at 550 °C and 650 °C
demonstrated superior thermal resistance, making them more
suitable for applications requiring high-temperature durability.
Furthermore, this enhanced thermal stability also significantly
contributes to the functional durability of biochar in adsorption
and reuse scenarios. High-temperature biochar with a more
ordered carbon structure and low volatile content tends to
withstand harsh regeneration conditions, including high-
temperature treatment, oxidative environments, or repeated
adsorption—desorption cycles. This allows the material to
maintain its structural integrity and adsorption capacity over
multiple cycles, making it a more reliable candidate for long-
term and industrial-scale applications [68].

3.7 Proximate and ultimate analysis of biochar

The proximate and ultimate compositions of biochar
derived from gnemon shell at different pyrolysis temperatures
are summarized in Tables 2 and 3. As shown in Table 2, the
proximate analysis reveals significant compositional changes
with increasing temperature. While these trends are generally
observed in biochar production, the magnitude of these
changes can be influenced by the characteristics of the
feedstock, in this case, gnemon shell. Volatile matter content
decreases from 34.65% at 350 °C to 7.13% at 650 °C,
consistent with the decomposition of cellulose and
hemicellulose at higher temperatures, leading to a more
carbon-rich material [69]. Conversely, fixed carbon content
increases, reaching a maximum of 69.86% at 650 °C,
indicating advanced carbonization and enhanced structural
integrity [53, 70]. These findings align with previous studies
showing that as pyrolysis temperature increases, volatile
matter content declines while fixed carbon content rises [71-
73]. The increased structural ordering enhances the material's
surface characteristics, potentially improving adsorption
performance by increasing accessible surface area, creating
more defined pore structures, and facilitating n—x interactions
with adsorbates [58].

On the other hand, ash and moisture contents exhibit non-
linear trends. Ash content increases with pyrolysis temperature,
peaking at 21.06% at 550 °C. This trend can be attributed to
the progressive concentration of inorganic constituents and the
accumulation of combustion residues from organic matter
degradation [74, 75]. However, at 650 °C, the ash content
decreases to 16.49%, likely due to the volatilization of certain
mineral components at elevated temperatures, particularly
alkali metals in the form of chlorides or oxides [76].



Table 2. Moisture content, ash content, volatile matter, and
fixed carbon values of Gnetum gnemon shell biochar

Moisture Ash Volatile Fixed
Sample Content Content Matter Carbon
(%)
GSB-350 5.19 12.50 34.65 47.66
GSB-450 4.76 13.59 17.67 63.98
GSB-550 4.12 21.06 10.94 63.88
GSB-650 6.52 16.49 7.13 69.86

Interestingly, moisture content follows a different pattern,

decreasing from 5.19% at 350 °C to 4.12% at 550 °C. This
reduction is driven by higher thermal energy at elevated
temperatures, which accelerates water evaporation, breaks
hydroxyl bonds that release bound water, and induces
structural modifications that render the biochar more
hydrophobic, reducing its ability to retain moisture [77].
However, at 650 °C, the moisture content unexpectedly rises
to 6.52%. This increase may be attributed to the development
of a more extensive network of micropores in the biochar
structure at higher temperatures, as confirmed by BET analysis,
which enhances its capacity to adsorb moisture from the
surrounding environment through capillary condensation [78].

Table 3. Elemental composition of Gretum gnemon shell biochar from ultimate analysis

Sample Carbon (C) Hydrogen (H) Nitrogen (N) Sulfur (S) Oxygen (0)
% wt

GSB-350 67.84 3.80 0.94 0.21 14.03

GSB-450 72.34 3.06 0.66 0.18 9.49

GSB-550 69.03 2.24 0.74 0.17 5.86

GSB-650 74.36 1.43 0.51 0.12 5.93

The ultimate analysis (Table 3) reveals the elemental
composition (C, H, N, S, O) of the biochar, providing insights
into its chemical transformation at increasing pyrolysis
temperatures. Carbon content progressively increases from
67.84% at 350 °C to 74.36% at 650 °C, while the proportions
of hydrogen, oxygen, nitrogen, and sulfur decrease.

The carbon content generally increases with increasing
pyrolysis temperature, which is attributed to the progressive
removal of volatile compounds and the enrichment of fixed
carbon. However, a slight decrease was observed at 550 °C.
This behavior may be associated with structural reorganization
at intermediate pyrolysis temperatures, the release of residual
volatile carbon compounds, and the relative increase in ash
content. Where GSB-550 has an ash content 21.06%, the
highest compared to other biochars. At higher temperatures
(650 °C), the carbon content increases again due to enhanced
carbonization and aromatization, resulting in a more stable
carbon structure. This result is in line with several studies
where carbon content increases, then decreases slightly, then
increases again, this occurs in walnut shell biochar [35], wheat
straw biochar [79], Miscatanthus and swichgrass biochar [40]
and chicken manure [80], where Carbon content increases with
increasing pyrolysis temperature, but at a certain temperature
there is a slight decrease then increases again.

The nitrogen content declines due to the volatilization of
NHs-N and NOs-N species at moderate temperatures
(~200 °C), while some nitrogen is retained in more stable
pyridine and pyrrole configurations at elevated temperatures
[81, 82]. Sulfur content follows a similar decreasing trend as
sulfur-containing volatiles are released, particularly around
350 °C [61, 83].

Moreover, the H and O contents declined from 3.80% at
350 °C to 1.43% at 650 °C and from 14.03% at 350 °C to
5.93% at 650 °C, respectively. This suggests that the degree of
carbonization increases significantly at higher pyrolysis
temperatures, accompanied by dehydration, deoxidation
reactions, and the breakdown of weak oxygenated bonds
within the biochar structure [29, 84].

Based on ultimate analysis, key atomic ratios such as
(O+N)/C, H/C, and O/C were calculated as shown in Table 4,
as they serve as indicators of biochar polarity, hydrophilicity,
and aromaticity, respectively. A higher (O+N)/C and O/C
ratios suggest greater polarity and hydrophilicity, while a
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lower H/C ratio is indicative of increased aromaticity [85]. In
this study, these ratios decreased progressively with rising
pyrolysis temperatures, indicating that biochar becomes more
aromatic, carbon-rich, and hydrophobic, while its polarity
diminishes [86].

Table 4. Atomic ratios of Gnetum gnemon shell biochar from
ultimate analysis

H/C O/C (O+N)/C
Sample % wi
GSB-350 0.056 0.206 0.220
GSB-450 0.042 0.131 0.140
GSB-550 0.032 0.085 0.096
GSB-650 0.003 0.080 0.087

The unexpected increase in water content observed at
650 °C deserves more critical discussion. Typically, higher
pyrolysis temperatures reduce hydrophilic functional groups
(e.g.,—OH, —COOH), leading to a lower affinity for water [87].
However, this anomaly may reflect not only intrinsic surface
chemistry but also external factors such as environmental
humidity during storage and handling. Highly porous biochars,
especially those with well-developed micropores and
mesopores, can act as sponges, passively absorbing
atmospheric moisture upon cooling and exposure to air [88,
89]. Furthermore, although high-temperature pyrolysis
decreases specific surface functionalities, it can leave behind
an open pore network that enhances water vapor physisorption
[90]. Thus, the water absorption observed at 650 °C is most
likely due to the combined effects of texture evolution and
environmental exposure rather than a direct contradiction to
the expected hydrophobicity trend.

3.8 Methylene blue adsorption performance

The effect of initial MB concentration on removal capacity
is shown in Figure 6, where biochar with different pyrolysis
temperatures exhibits different responses. Based on Figure 6,
the removal capacity decreases with increasing initial MB
concentration across 4 types of biochar. Furthermore, the
higher the pyrolysis temperature, the higher the removal
capacity, with GSB-650 providing the highest at each initial



MB concentration, while GSB-350 provides the lowest. The
removal capacity of GSB-650 is 1.2-2.4 times greater than that
of GSB-350.

The adsorption capacity at various initial MB
concentrations is displayed in Figure 7. The adsorption
capacity increases with the pyrolysis temperature. GSB-650
biochar has the highest adsorption capability across all
concentrations, while GSB-350 has the lowest. According to
the calculation results, all biochars' adsorption capacities (qe)
increased with increasing initial MB concentration from 20 to
60 mg/L, then decreased at 80 mg/L.
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Figure 6. Effect of initial MB concentration on the removal
capacities of the four biochars
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Lower FTIR bands for the MB adsorption process were
presented in biochar obtained at higher pyrolysis temperatures
(650 °C), because they had surface functional groups
providing more support to this process. The peak at 1734 cm™,
which corresponds to carbonyl groups (C=0), and the peak at
970 cm™, which belongs to the C—O group. It also showed the
appearance of a more developed aromatic structure peak at 872
cm™'. The presence of these functional groups enhances the
interaction between adsorbate and adsorbent, mainly by means
of m-m interactions between the aromatic structure of biochar
and aromatic ring in MB molecule [93, 94], as well as formed
by electrostatic interactions and hydrogen bonds with
oxygenic groups [38, 95].

Therefore, the high MB adsorption capacity on 650 °C
biochar is assisted by not only its higher surface area (BET
results), but also a more developed aromatic structure and
organic functional groups, which are favorable for various
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Higher removal capacity of GSB-650 was revealed because
this biochar has a much higher specific surface area, 137.98
m?¥g (compared with other biochars). BET results show the
surface area of GSB-650 is 74.9 times larger than GSB-350,
24times larger than GSB-450, and 5.9 times larger than GSB-
550. The Ilarger surface area contains more available
adsorption sites, so that MB molecules can exhibit better
interaction with the biochar matrix. The specific surface area
and pore structure are generalized characteristics of biochar
that have a direct dependency on the number of available
adsorption sites [91, 92].

12

10

| R i S—

qe (mg/g)

40 60
Initial Concentration of MB (mg/L)

80 100

—&—G5B-350 —#—GSB450 ——GSB550 —m—GSB-650

Figure 7. Adsorption capacities of the four biochar types
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Figure 9. Freundlich isotherm graph

adsorption mechanisms [93, 95]. On the contrary, the
adsorption capacity of biochar produced at lower temperatures
is relatively low owing to its less developed carbon structure
and the non-optimal distribution of functional groups [38, 94].

Data from XRD indicated that SiO2 and CaCOs peaks began
to appear, with an increasing intensity at 20 = 26.6° and 29.5°,
when the burning temperature was raised, especially in GSB-
550 and GSB-650. It showed that higher pyrolysis
temperatures favored the inorganic minerals to crystallize in
the biochar matrix. Even if a high density of crystallized SiO-
and CaCOs could possibly over-bulk pores, decrease the
available surface or cover reactive carbon sites, the adsorption
results in this study indicate that these negative effects are not
prevalent. The Langmuir maximum adsorption capacity even
progressed from a value of 4.13 mg/g (GSB-350) to 9.28 mg/g
(GSB-650), which illustrates how the increase in temperature
favored MB adsorption rather than hindering it by the



structural evolution process.

The rise in g values at higher initial concentrations refers
to the fact that the absorption capacity is directly proportional
to the amount of adsorbate in a solution. At 20 mg/L, the
number of MB molecules is very low and therefore, the
interfacial interaction between adsorbate and sorbent still
remains limited. This gives rise to a comparatively small qc
value. Since the initial concentrations are increased to 40 and
60 mg/L MB molecules in the environment, which means that
there are more opportunities for these molecules to interact
with the biochar surface. This condition enhances the driving
force or energy of adsorption, which finally results in an
improvement in adsorption capacity. It is confirmed by
adhesivity theory that, as the initial concentration increases,
the mass transfer between the solution and the adsorbent
surface will be more rapid due to a higher degree of
concentration gradient [96-98].

For g, it was found that at 80 mg/L, the values for most of
the adsorbents performed a downward trend, which showed
that the adsorption system began to deviate from ideal
conditions. Some reasons responsible for this reduction may
be the saturation of active sites on the adsorbent surface,
competition between MB molecules for limited sites, and
inhibition of diffusion in biochar pores. Adsorption capacity
may also be reduced at high concentrations due to the
possibility. This phenomenon suggests that, at higher
concentrations, adsorption mechanisms are altered, and the
traditional assumptions of classical isotherm theory can no
longer be applied [93]. This will also be in line with the
isotherm model.

Figures 8 and 9 show the fitting curves of the MB adsorption
capacity of GSB-350, GSB-450, GSB-550, and GSB-650 with
the Langmuir and the Freundlich isotherm models. The R?
values for both the Freundlich and Langmuir models were
fairly good but better for MB adsorption (around 0.9) when
fitted using the Langmuir isotherm and not the Freunidch
model (at least with an output that displayed a good fit). This
follows our previous assumption that the Langmuir model
describes monolayer adsorption onto a surface with a finite
number of identical sites, which is common for this type of
data [99]. The Freundlich isotherm is an empirical model that
describes adsorption on heterogeneous surfaces with a non-
uniform distribution of adsorption energy and is applicable to
multilayer adsorption processes [93, 94].

Table 5. Langmuir adsorption isotherm constants for
methylene blue (MB) adsorption using the Gnetum gnemon

shell biochar
Biochar Langmuir Model
Types qm (mg/g) K (L/mg) R?
GSB-350 4.13 2.02 (valid) 0.9888
GSB-450 5.35 —2.48 (no valid) 0.9938
GSB-550 5.76 —4.38 (no valid) 0.9872
GSB-650 9.28 0.55 (valid) 0.9801

Nevertheless, from Table 5 and Figures 8 and 9, we can see
that the Langmuir model showed better values as compared to
the Freundlich model, but it is more accurate from a physical
point of view since negative values were found for GSB-450
and GSB-550. This suggests that the basic assumptions of the
Langmuir model are not completely fulfilled in this research.
On the other hand, the Freundlich model also gave a lower
value, showing a bad fit to experimental data. This result
suggests that the adsorption system is complicated and cannot
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be sufficiently explained by the classical isotherm model [94].

4. CONCLUSIONS

This study highlights the important role of pyrolysis
temperature in adjusting the physicochemical properties and
adsorption capacity of gnemon shell biochar. The biochar yield
decreased from 48.47% (350 °C) to 35.16% (650 °C), while
the surface area and pore volume increased sharply (1.84 to
137.98 m*g (74.9-fold); 0.0302 to 0.1197 cm?®g (3.9-fold).
FTIR and XRD confirmed progressive aromatization, loss of
oxygenated groups, and mineral crystallization, which were
supported by TGA, proximate, and ultimate analyses. The
increase in carbon content (74.36%), decrease in H/C ratio
(0.003) and O/C ratio (0.080), and increase in fixed carbon
(69.86%) indicated improved stability and hydrophobicity.
Adsorption tests showed a maximum MB removal (9.28 mg/g)
at GSB-650, Isothermal matching with Langmuir-type
monolayer chemisorption. Overall, Gnemon shell biochar is a
promising low-cost adsorbent for dye removal. Due to its low
efficiency, activation or functionalization is required to
improve performance and expand its applications in
environmental remediation.
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