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Abstract

This study examined the influence of temperature on the physicochemical and morpho-
logical properties of biochar from green pea peels. Biochar was produced by thermal
degradation of the feedstock under NayCOs catalyst at temperatures of 300-800 °C. Char-
acterization techniques revealed the biochar’s surface area increased from 0.6836 m?/g to a
maximum of 683.2 m?/ g, whereas the mean pore diameter decreased from 161.67 nm in
GP300 to 2.1778 nm in GP800. Moreover, the high temperatures led to greater carbonization,
aromatization, and stability. Additionally, the HHVs ranged from 16.56 to 23.6 M]/kg
compared with 15.50 MJ/kg in the feedstock, making the produced biochar materials
highly suitable for multifaceted applications.
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1. Introduction

The global surge in energy demand, driven by an increasing population and rising
living standards, has warranted the exploitation of fossil fuels. These are anthropogenic
sources of greenhouse gases with climatic consequences such as desertification, global
warming, hurricanes, and heat waves [1]. An emergent exploration of abundant, sustain-
able alternatives such as biomass is paramount to offset greenhouse gas emissions and
limit dependence on fossil fuels [2]. A promising strategy to reduce atmospheric CO,
concentrations during energy production is the thermal degradation of biogenic waste
materials [3]. This utilizes methods such as pyrolysis, gasification, and liquefaction to
produce high-value energy materials. By far, pyrolysis has gained the highest reliability
and popularity owing to its ability to convert biomass into solid biochar, gaseous syngas,
and liquid bio-oil [4].

Biochar refers to a recalcitrant, highly carbonized solid fraction obtained from the
pyrolysis of biomass sources in anoxic or partially oxic environments. Biochar is de-
rived from crop residue feedstocks such as rice husks, millet straw, peels, and bagasse [5].
Compared to other carbon materials, biochar is cheap, reliable, eco-friendly, and easily
modifiable for a wide range of applications. The precursor biomass feedstock strongly
influences the chemical and physical characteristics of the resultant products [6]. Be-
sides feedstock properties, pyrolytic conditions such as temperature, heating rate, and
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residence time are significant factors in the rearrangement of the solid phase and the
structural evolution of biochar [7]. There have not been viable studies on the influence of
pyrolytic temperature on biochar produced from green pea peels incorporated with sodium
carbonate catalysts.

The main purpose of this study is to investigate the properties of biochar pro-
duced by thermal catalytic degradation of green pea pods with a sodium carbonate
catalyst. The choice of green pea was due to its popularity as a winter crop in China,
Egypt, and India, resulting in large volumes of perishable waste. Parameters for the
evaluation of physicochemical and structural properties of biochar were analyzed by
characterisations techniques.

2. Materials and Methods
2.1. Materials and Reagents

Green pea peels (GPP) were obtained from a local market in Alexandria, Egypt.
Sodium carbonate and hydrochloric acid (37%) were procured from (Darmstadt, Germany),
while sodium hydroxide (98%) was obtained from (Fine chem, Mumbeai, India).

2.2. Methods

GPPs were sun-dried for 48 h, followed by an oven for 48 h at 105 °C until constant
weight. The peels were crushed in an electric blender, and particles of sizes smaller than
212 um were obtained.

Biochar synthesis was performed as follows. Approximately 1 g of NayCO3 was
dissolved in 50 mL of distilled water. An amount of 10 g of GPP was soaked in the solution
and dried in an oven to constant weight. The dried biomass feedstock and the catalyst
were placed in a ceramic crucible with a tight-fitting lid. The crucible was heated in a
mulffle furnace, in an anoxic environment created by purging nitrogen at a temperature
of 300-800 °C at a ramping rate of 27 °C/min for 2 h. The resultant brown solid was
leached using 10% 0.1 M HCl solution, followed by washing with distilled water. The
biochar obtained was designated GP300, GP400, GP500, GP600, GP700, and GP800, with
the number corresponding to the preparation temperature.

The solid and energy yield were calculated from Equations (1) and (2), respectively [8];

) ) o\ _ Mass of Biochar
Biochar yield (%) = Mass of GPP * 100 (1)
HHYV of biochar  Mass of biochar

HHV of GPP " Mass of GPP

Energy yield (%) = * 100 )

2.3. Characterisations

The elemental quantities of carbon, hydrogen, nitrogen, sulphur, and oxygen were
determined by ultimate analysis. The higher heating values of the feedstocks and chars
were determined by an oxygen bomb calorimeter (Labtron, Camberley, UK). The nitrogen
gas sorption/desorption technique was used to determine changes in BET surface area
and the BJH pore distribution at —196 °C (Microtrac MRB Belsorp, Osaka, Japan). The
peels and char samples were degassed by exposure to a high vacuum at 180 °C overnight.
The changes in texture and morphology were examined by high-resolution Scanning
Electron Microscopy (SEM) (JEOL JSM-6360LA, Tokyo, Japan) operated at high voltage,
with samples supported on Pd to ensure good electrical conductivity. The amorphous and
crystalline phase changes in the produced char materials were determined using X-ray
powder Diffraction (XRD) Bruker D2 phase (Karlsruhe, Germany). Inorganic constituents
were determined by X-ray Fluorescence (XRF) from Rigaku, Tokyo, Japan. Changes in
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functional groups were detected using Fourier Transform Infrared Spectroscopy (FTIR)
(Shimadzu 8400s, Kyoto, Japan) over the spectral range of 400-4000 cm ™.

3. Results and Discussions
3.1. Biochar Yield

The changes in biochar yield with temperature increase are illustrated in Table S1.
From the results, the increase in temperature negatively correlated with biochar yield,
a phenomenon attributed to the condensation polymerization of lignocellulosic plant
tissues [9]. In the degradation of lignocellulosic materials, moisture, hemicellulose, cellu-
lose, and lignin break off at temperatures below 150 °C, 220-315 °C, 315-400 °C, and above
500 °C, respectively. Consequently, the biochar yield decreased from 48.33% in GP300 to
29.62% in GP500. The highest attainable char yield in GP300 was due to the degradation
of hemicellulose, whereas those of GP300 and GP400 resulted from the degradation of
cellulose [10]. Moreover, the yield fundamentally decreased from 29.62% in GP500 to
17.46% in 800 biochar materials. The scenario can be attributed to the primary degradation
of organic feedstock at higher temperatures and to the secondary decomposition of biochar
residue during charring and devolatilization reactions [11].

3.2. Elemental Compositions and Molar Indices of the Synthesized Biochar Materials

From the elemental composition results, the carbon percentage increased from 57.46%
in the feedstock to 77.28% in GP800, indicating a higher degree of carbonization and a
structural transformation toward a more condensed aromatic carbon. Moreover, the hydro-
gen and oxygen contents were fundamentally reduced from 5.72% to 1.49% and 39.86% to
18.42% in the same materials. The plausible causes could be attributed to the fracture of
chemical bonds in macromolecular biomass, releasing hydrogen and oxygen while attaining
a more hydrophobic structure, as similarly observed by R. Chartejee et al. [1]. Meanwhile a
peculiar increase in sulphur content between 500 and 600 °C could be attributed to sulphur
speciation where inorganic sulphur is converted to stable organosulphur [12].

Meanwhile, based on the molar ratios, the pea waste feedstock had higher H/C and
O/C than the produced biochar materials, as similarly observed by S. Mary et al. [13]. The
indices O/C and H/C decreased from 0.837 to 0.238 and from 0.093 to 0.019, respectively,
in GP300 to GP800 materials. The decrease in the O/C ratio is attributed to dehydration
reactions that yield less hydrophilic biochar, while the reduction in H/C indicates a greater
degree of carbonization [10]. Furthermore, the synthesized biochar materials meet the
permissible thresholds of the European Biochar Certificate for the molar indices O/C and
H/C, which are lower than 0.4 and 0.7, respectively [14].

3.3. Higher Heating Values (HHV) and Energy Yield of the Biochar Materials

The HHV of green pea peels feedstock and biochar materials shown in Table S1
revealed an elevation from 15.50 MJ/kg in feedstock to 23.6 MJ /kg in the GP400 materials,
followed by a decline from 20.23 MJ /kg in GP500 to 16.56 MJ/kg in GP800. The increase
in HHV could be attributed to the rise in carbonization degree, the decline in oxygen
content, and the release of volatile matter [9]. The decline in the HHYV in chars’ materials
produced between 500 and 800 °C conforms to the “dilution effect” similarly observed by
A. Selvarajoo et al., resulting from the concentration of ash at higher temperatures which
affects fuel combustion [15]. Moreover, the energy content obtained at lower temperatures
was higher than that at higher temperatures; for example, the energy yield decreased from
70.83% in GP300 to 18.59% in GP800. This behaviour can be attributed to the reduction in
biochar yield with increasing pyrolytic temperature [15]. Therefore, it can be inferred that
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biochar materials synthesized using the above protocol at lower temperatures are more
recommendable for energy production than those synthesized at higher temperatures [15].

3.4. Composition of Inorganic Minerals in the Biochar

The mineralogic changes in biochar with temperature are shown in Table S2. The
results revealed an abundance of metal oxides in biochar, with specific quantities increasing
with increasing pyrolysis temperatures, as similarly observed by M. Waqas et al. [16]. The
concentrations of most metal oxides in the biochar materials were higher than those in
the precursor feedstock. Such behaviour can be attributed to the degradation of organic
constituents, which in turn led to the buildup of inorganic content. Some compounds, such
as KO, increased from 3.78% at 300 °C to 5.28% at 500 °C and then decreased to 1.4% at
800 °C. Such scenarios also occurred with Al,O3, CaO, NayO3, and others, without any
clear trend. Notably, the presence of K,O, CaO, N;O, and P,O5 makes the resulting biochar
highly beneficial for agriculture, whereas Al;O3; and SiO; provide aluminol and silanol
groups for adsorption, and MnO, NiO, and Fe; O3 make the material suitable as a catalyst.

3.5. Functional Properties of Synthesized Biochar Materials

The FTIR spectra of green pea peel and the synthesized biochar are in Figure 1. A
strong peak dominates the spectrum of peel feedstock at 3405 cm ™!, associated with O-H
vibration stretching and strong hydrogen bonding [17]. However, the peak intensity di-
minishes with carbonization temperature, indicating the loss of bonded water and volatile
compounds [18]. Intense absorption bands also appeared at 2923 cm ™! ascribing to SP?
C-H stretching of aliphatic alkane and evidence of lignin in the feedstock [19]. The peak
intensity weakens in biochar material produced between 300 and 400 °C and later dis-
appears in GP600, attributed to the breakdown of lignin in the char matrix. The band at
1600-1650 cm ! in the feedstock or prepared biochar corresponds to the C=C and C=0O
stretching of aromatic rings [10]. The peak and intensity of the band decrease at higher
charring temperatures due to the removal of polar functional groups. However, the elimina-
tion of polar functional groups exposed the C=C bonds, thereby increasing aromaticity and
decreasing polarity. This supports findings that biochar produced below 400 °C exhibited
aliphatic C structure, while biochar produced above 400 °C exhibited polycyclic aromatic
C structure. Similarly, another band at 614 cm 1 ascribed to the C-Br stretch of an aliphatic
bromoalkane [13]. However, these peaks disappeared at higher temperatures, indicating
thermal degradation. Therefore, temperature influences functional groups by dehydrating
lignocellulosic content and its destruction.

3.6. BET Surface Area and Pore Properties of the Biochar

The biochar materials produced at higher pyrolysis temperatures exhibited increas-
ing BET surface area and pore volume, as shown in Table 1, due to the degradation of
cellulose, lignin, and hemicellulose within the biochar matrix [20]. Moreover, the impreg-
nated sodium carbonate catalyst penetrates the feedstock structures and initiates cleavage
of hydrogen bonds, producing volatile compounds that improve biochar’s pore proper-
ties. The GP300 and GP400 materials showed increases in surface area and pore volume
from 0.68361 to 1.967 m? /g and from 0.02763 to 0.0394 cm®/g, respectively, as tempera-
tures increased from 300 to 400 °C. In the GP500 material, the surface area increased to
3.6367 m?2/ g, a scenario associated with improved devolatilization, the creation of voids
or pores, and the loss of volatile organic compounds during the degradation of cellu-
lose and hemicellulose [11]. The phenomenon was accompanied by the transformation
of char structural mean pore diameter from macropores in GP300 and GP400 to meso-
pores in GP500, GP600, GP700, and GP800 in accordance with IUPAC nomenclature [21].
In the GP500 material, the decrement in total pore volume is due to the rupture of or-
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ganic constituents within hemicellulose. The large 32-fold increase in surface area from
3.6367 m?/g to 178 m?/g and total pore volume from 0.0099 cm3/g to 0.0233 cm3/g is
ascribed to the thermal degradation of heat-resistant lignin, accompanied by the production
of methane and hydrogen gas. The GP700 and GP800 materials exhibited surface areas of
379.82 m? /g and 683.23 m? /g, respectively, attributed to further breakdown of the residual
organic structure and aromatic condensation, leading to greater volatile production and
the creation of pores [1].

O-H C-H S€ZQ C-HC-OH C-H
3941-3449 2923  GPB800 76301434 1050 L3509
GP700 o ;
1

GP600

Intensity (a.u)

4000 3500 3000 25l00 20I00 15l00 10l00 500

Wavenumber (cm™)
Figure 1. Changes in functional groups of biochar materials.

Table 1. Pore distribution of the synthesized biochar.

Parameter BET Surface Area [m?/g]  Average Pore Diameter [nm]  Total Pore Volume [cm3/g]
GP300 0.68361 161.67 0.027629
GP400 1.967 80.087 0.039383
GP500 3.6367 10.928 0.009936
GP600 178 1.4774 0.023316
GP700 379.82 2.7386 0.2266
GP800 683.23 2.1778 0.372

3.7. Crystallographic Studies of the Produced Biochar

From Figure 2, a broad diffraction peak at 26 between 17 and 25° is observed in the
feedstock. This is an exhibition of a predominant amorphous enriched phase with large
quantities of cellulose in the samples, as observed in other biomass feedstocks [22]. This
is consistent with the findings of W. Tongpoothorn [23]. With increasing pyrolysis tem-
perature, the peak position shifts to higher angles while its intensity decreases. Moreover,
the rise in pyrolysis temperature enables the shrinkage of the cellulose graphitic structure
from the microcrystalline layer present in the biochar, thereby increasing the formation of
crystalline carbon and its transformation into more stable carbon [24].

In the GP500 and GP600 materials, new diffraction peaks are observed at 29.5° and
40.4°, corresponding to the Miller indices 110 (JCPDS No. 072-2091) and 520 (JCPDS
No. 049-1720). These planes indicate the presence of fullerite crystals of C60 carbon at
40.4° and C8 carbon at 29.5° [25]. Nevertheless, fullerite and C8 carbon crystals diminish
in GP700 and GP800 materials, producing a broad peak at 20 of 20-30° and 40-50° with
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corresponding miler planes of 002 and 101, respectively. These characteristic peaks confirm
activated graphitic carbon synthesis according to (JCPDS No 75-1621) [26].

W GPS800

GP700
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< - . GP600
.E‘ M
‘B GP500
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Figure 2. XRD pattern studies of the produced biochar materials.

3.8. Morphological Changes in the Produced Biochar

The SEM analysis, which provided a photographic illustration of the materials
(Figure 3), revealed a significant surface transformation resulting from enhanced volatiliza-
tion induced by increased thermal input. Biochar materials produced at lower temperatures
were dense and macroporous. In contrast, those synthesized at higher temperatures were
mesoporous, with numerous crevices and pores, as indicated by surface area and pore
volume analysis [16]. It is paramount to note that biochar synthesized at low tempera-
tures (300400 °C) is enriched in the organic structure; however, 500-800 °C promotes the
degradation of organic material, causing the production of tar, which in turn fills the pores,
causing a decrease in the sizes of the pores.

Feedstock

Figure 3. Morphological changes in biochar at different temperatures.
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4. Conclusions

In this work, the authors successfully studied the impact of temperature on biochar’s
chemical and physical properties under sodium carbonate catalyst impregnation. The
carbon content increased with temperature, whereas oxygen decreased. Additionally,
the pore properties of the specific surface area, average pore diameter, and pore volume
significantly change. Furthermore, notable changes in morphology, functional groups, and
crystallography were observed. Therefore, temperature plays a significant role in pyrolytic
processes, leading to char materials with multifaceted roles in wastewater treatment, energy
applications, carbon sequestration, and soil amendments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/engproc2025117049/s1, Table S1: Elemental composition, molar
ratios, and calorific properties of biochar; Table S2: Mineralogic composition of biochar.
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