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Abstract

The increasing generation of solid waste is recognized as one of the leading environmental and economic chal-
lenges. Optimal waste management, particularly in the agricultural and industrial sectors, necessitates innova-
tive approaches for the efficient management of vital resources, including soil and water. One practical solution

is the production of morpho-genetic porous carbon (MGPC) as a type of activated biochar, which has wide
applications due to its porous structure, chemical and thermal stability, and high specific surface area. In this study,
biochar was prepared with eight types of waste, including rice straw, vineyard prunings, palm prunings, sawdust,
vinasse, poultry slaughterhouse waste, paper mill waste, and tissue paper production waste. Biochar production
was carried out through a pyrolysis process under low-oxygen conditions and at a temperature of 400 °C. Biochar
was converted into MGPC at a temperature of 800 °C using KOH and H;PO, as activators at three different levels
and CO, at a single level. Then, using data obtained from the Brunauer-Emmet-Teller (BET) test, the game theory
approach, and the Condorcet algorithm for evaluation, 64 MGPC samples were analyzed. BET analysis was per-
formed to measure the specific surface area and pore structure. The data obtained from this analysis were exten-
sively reported, encompassing approximately 40 criteria. However, only 12 criteria were selected, while about 28
criteria were excluded from the Condorcet algorithm due to the incompleteness of some of their data. This study
investigated the process of biochar and MGPC production using agricultural and industrial wastes, with an empha-
sis on the role of game theory in promoting environmentally sound decision-making and optimizing MGPC
applications. From 64 prepared samples, by examining their physical properties and environmental impacts, five
priority samples, i.e,, rice straw-KOH-level 2, sawdust-KOH-level 2, palm tree pruning waste-KOH-level 2, vineyard
pruning waste-KOH-level 2, and tissue factory waste-KOH-level 2, with respective surface areas of 1071.47, 672.04,
860.54, 667.49, and 133.45 m? g~' and t-plot micropore volumes of 0.29,0.24,0.17,0.19, and 0.02 cm® g~'. were
prioritized using the Condorcet algorithm. They were identified as suitable candidates for advanced applications
in soil and water conservation due to their favorable porous structures and highly performed BET properties. The
present study shows that innovative methods for producing MGPC can improve the performance and properties
of porous materials for various applications.
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- Problematic wastes can be managed by producing morph-genetic porous carbon (MGPQ).
« 64 MGPCs were produced from different agricultural and industrial wastes.

« Priority MGPC was introduced to revolutionize soil and water conservation.

- Five better-performed MGPCs were classified using game theory.

«  1:2-KOH-activated rice straw MGPC performed better for soil and water conservation.
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1 Introduction

The biosphere cannot exist without soil, which is a
crucial component of both natural and anthropogenic
ecosystems (Amundson et al. 2015). Nevertheless,
land degradation and soil erosion pose a serious threat
to food security, access to water, and the stability of
the Earth system. Approximately 75% of the world’s
land has already been degraded, and 24 billion tons
of soil are eroded annually (FAO 2021; Montanarella

et al. 2023). Agricultural and environmental crises are
exacerbated by the projection that 90 percent of the land
could be degraded by 2050 unless better practices are
implemented (Pimentel 2020).

The global trend toward industrialization, combined
with expectations of a better quality of life and social
welfare, has led to the production of a large amount of
solid waste (Bhagawan et al. 2017). Simultaneously, with
the processes of industrialization and urbanization,
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more than three billion tons of solid waste are produced
annually (Voukkali et al. 2024), which can be divided
into municipal, medical, hazardous, agricultural, and
industrial (Galab et al. 2004; Gehrlein and Fishburn 2023;
Tideman 2023; Black 2025; Riker 2025). As in the case
of the Middle East, inefficiencies in waste management
are also evident, with limitations primarily in collection
and disposal due to poor infrastructure and inadequate
funding (Hemidat et al. 2022).

Waste management is one of the fundamental
requirements of any society, considering the difficulties
and problems associated with it (Zohoori and Ghani
2017). Strategies such as recycling waste into valuable
products, including biochar, are essential for reducing
adverse environmental effects (Smith et al. 2025).
Biochar, a carbon-rich substance produced by the
pyrolysis of organic waste, enhances soil fertility
and improves water retention (Bahrami et al. 2018;
Hewitt et al. 2023). It has proven effective in various
environments for soil and water conservation (Sadeghi
et al. 2016, 2018, 2020). Nevertheless, when compared
with traditional biochar, activated carbon, especially
Morph-Genetic Porous Carbon (MGPC), demonstrates
better capabilities in numerous applications because it
has an increased porosity and surface area (Park et al.
2025). The formation of MGPC occurs through chemical
(KOH, H,PO,) or physical (CO,) activation, thereby
developing materials with higher adsorption capacity and
stability (Li et al. 2025; Wang et al. 2023, 2025a, b). Such
characteristics ensure that MGPC is an excellent choice
for removing pollutants, improving soil adsorption, and
storing energy (Kim et al. 2025).

Because biochar is considered a highly developed
material with a wide range of applications in
environmental and industrial spheres, there is a need
for in-depth studies of application requirements
and detailed reviews of its properties to enable the
optimal selection of biochar, which is produced
under different conditions and by various processes.
Optimal production conditions can be created using
appropriate raw materials and structural modifications
to produce high-performance samples specific to soil
and water conservation (Sadeghi et al. 2021; Zhou et al.
2025). Not only does this economic process enhance
economic efficiency, but it also has a positive impact
on the environment (Li et al. 2023a, b; Wang et al.
2025a, b). Evaluating the best MGPC samples requires
an effective multi-criteria decision-making (MCDM)
methodology. MCDM approaches based on traditional
methods are usually sensitive and vulnerable due to
conflicts in weighting and data (Saaty 1980; Roy 1996).
In recent years, MCDM has emerged as a crucial tool
for managing complex environmental and materials
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engineering problems. However, conventional MCDM
methods face challenges such as high sensitivity to
criterion weighting and difficulties in handling of data
conflicts and ambiguities, which can lead to unstable and
inconsistent results (Saaty 1980; Roy 1996; Adhami et al.
2020; Chen et al. 2023a, b). Convincingly, game theory
and its Condorcet algorithm propose a more dynamic
approach, as they rank alternatives using pairwise
comparisons and minimize dependency on subjective
weightings (Avand et al. 2023; Sadeghi et al. 2024). The
Condorcet algorithm, based on game theory and paired
comparisons, is a practical and easy-to-use method in
multi-criteria decision-making, which has significantly
reduced these challenges. By focusing on selecting the
option that offers the most significant advantage in
paired comparisons, this algorithm reduces dependence
on precise weighting and sensitivity to changes in
weights, making the decision-making process interactive
and dynamic (Avand et al. 2023). The approach has been
effectively applied in biochar studies to find a balance
between environmental, economic, and technical
requirements (Lee et al. 2022a, b; Chen et al. 2023a, b).
The Condorcet algorithm has also been employed to
determine the environmental sustainability of biochar
optimally (Smith et al. 2022), enhance soil amendment
and agricultural efficiency, and address climate change
(Brown et al. 2024). The proposed approach yields more
cost-effective and eco-friendly decisions (Zhang and
Li 2020; Perea and Grima 2021), as well as plans for
reaching a common agreement within the biochar supply
chain (Wang et al. 2023; Zhang et al. 2024a, b). Kumar
et al. (2025a, b) employed game theory to model the
dynamic impact of changes in the preference criteria for
biochar selection, taking into account both economic and
environmental factors. Recently, Martinez et al. (2025)
focused on the development of biochar technologies
and applied the Condorcet method to the multi-criteria
assessment and prioritization of variations in biochar
usage. This study concluded that the Condorcet method
can be characterized as successful in identifying the
best biochar technologies and in guiding the ranking
of appropriate solutions for various applications. This
algorithm determines the alternatives that are most
successful in comparison with others (Nasiri Khiavi et al.
2024).

It has been found that biochar production and
utilization as a novel method in biowaste recycling
can promote sustainable farming growth and natural
resource preservation. Nevertheless, the comparative
analyses suggest that the application of decision-making
tools, such as game theory, in biochar selection and
prioritization leads to optimal and sustainable decision-
making in biochar-related contexts. The inclusion of
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the Condorcet algorithm in Brunauer—Emmett—Teller
(BET) analysis, an experimentally validated method for
measuring the properties of porous materials, is also
explored in this study (Zhu et al. 2023). The MCDM
gaps can be overcome by using BET-based metrics
(e.g., surface area, pore volume) as objective inputs
in MGPC. This approach enables the science-based
prioritization of MGPC samples, making it reproducible
and instrumental in arid and semi-arid regions that face
water scarcity, soil salinization, and reduced fertility
(Khan et al. 2023). Countries like Iran and other Middle
Eastern nations, which face harsh climatic conditions
and require soil improvement and sustainable water
resource management, will benefit the most from this
approach. MGPC, as a sustainable and practical material
for improving the physical, chemical, and biological
properties of soil, can play a key role in increasing
agricultural yields and preserving the environment,
especially in these regions.

Three main contributions distinguish the current
research: (1) It introduces a novel framework that
integrates game theory (i.e., Condorcet algorithm) and
BET to precisely and objectively prioritize Morph-
Genetic Porous Carbon (MGPC)—a biochar alternative
designed to overcome subjective prioritization among
incompatible or conflicting properties of biochars; (2)
The research employs waste valorization, converting a
wide range of agricultural and industrial wastes (e.g.,
rice straw, sawdust) into high-performance MGPC; (3)
It holds potential for sustainable resource management
by bridging the gap between the highly advanced
decision-making analysis and material science, thereby
establishing a reproducible model for future applications.

2 Materials and methods

The present study aimed to investigate and analyze the
use of game theory decision-making tools in the selec-
tion and prioritization of morph-genetic porous carbon
produced from agricultural and industrial wastes for
use in soil and water conservation. In this study, agricul-
tural and industrial wastes, including rice straw, vineyard
pruning, palm pruning, sawdust, vinasse, poultry slaugh-
terhouse waste, paper mill waste, and tissue paper pro-
duction waste, were selected and collected to produce
biochar. Then, after preparing biochar at a temperature
of about 400 °C, genetically modified porous carbon was
produced by physical (CO,) and chemical (H;PO,, KOH)
activation methods with different ratios of 1:1, 1:2 and
1:3. Finally, game theory was used to select optimal sam-
ples for conducting experiments related to soil and water
conservation. In this research, the Condorcet algorithm
was employed within the framework of game theory to
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prioritize and optimally select 62 genetically modified
porous carbon samples produced from various biological
sources. The associated flowchart for the multiple steps
of the research is shown in Fig. 1.

2.1 Waste selection and raw material preparation

The preparation of raw materials for biochar and MGPC
production is a multi-stage and sensitive process that
requires the precise selection of raw materials, optimal
preparation, and appropriate structural processing. In
the initial stage, comprehensive data on waste genera-
tion sources were collected. This information included
the physical and chemical characteristics of the waste,
as well as its production volume and type. In this phase,
the environmental impacts of each waste type, including
pollution potential and environmental hazards, were also
analyzed. Subsequently, samples of interest were pre-
pared, including rice straw and husk residues, vineyard
pruning residue, palm pruning residue, sawdust, vinasse,
poultry slaughterhouse waste, paper mill waste, and tis-
sue production residues. A general view of the selected
raw materials is shown in Fig. 2.

2.2 Production of Biochar

Biochar is a valuable environmental product produced
through thermally controlled processes using biomass
resources such as agricultural residues and industrial
biowastes (Kumar et al. 2025a, b). This process involves
several basic steps that are carried out continuously
and optimally to produce a high-quality product with
suitable performance for various applications. The raw
materials were prepared from rice field waste, vineyard
and palm tree pruning waste, sugarcane industry waste
(vinasse), poultry slaughterhouse waste, paper factory
waste, tissue paper factory waste, and sawdust from
the wood industry. After preparation, the raw materials
were dried and chopped into pieces. Then, the dried and
ground materials were pyrolyzed at 400 °C in an oxygen-
free environment. The time required for pyrolysis
varied depending on the moisture content and type of
raw material (Li et al. 2025). The initial samples were
ground to particles with a size between 1 and 2 mm after
complete drying at 105 °C for 24 h. In the next stage,
the pyrolysis operation was conducted in a horizontal
tubular reactor under a continuous flow of pure nitrogen
at a rate of 150 mL min~!. The temperature increased
at a rate of 10 °C min™' until it reached the target
temperature of approximately 400 °C. The material was
maintained at this thermal condition for about four
hours to complete the pyrolysis process.
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2.3 Production of Morph-Genetic Porous Carbon (MGPC)

MGPC was produced from the initial biochar as the base
material and included several structural and chemical
modification steps to optimize its properties for specific
applications (Li et al. 2023a, b). This porous, carbon-rich,
and fine-grained material was produced at a tempera-
ture of about 800 °C in an oxygen-free environment. The
production process included two primary physical and
chemical activation methods. In the chemical method,
the activating agents, KOH and H;PO,, were used on
the initial biochar samples in 1:1, 1:2, and 1:3 ratios. For
this purpose, five grams of biochar were mixed with pro-
portional amounts of 5, 10, and 15 g of KOH or H;PO,,
respectively, along with distilled water, until the mixture
was diluted. The mixture was then dried at 105 °C for
24-72 h. Subsequently, the samples were subjected to
thermal decomposition in an oven under argon gas flow
at high temperatures for about 5-8 h (Wang et al. 2023;
Kumar et al. 2025a, b). For physical activation, the initial
biochar was subjected to thermal decomposition in the
presence of CO, at high temperatures. CO, was injected
at a rate of 200 mL min™" to increase the porosity of the
structure through direct reaction with carbon, which is
highly effective in enhancing the thermal stability of the
material. The selection of these three activators was made
to compare the performance of different methods, and
they were evaluated in terms of efficiency, environmen-
tal compatibility, and impact on the structural proper-
ties of the samples. The samples were eventually washed
repeatedly with distilled water to neutralize their pH. If

Fig. 2 Raw materials for biochar production, including 1

)

paper factory waste, 6) Sawdust, 7) Poultry slaughtering waste cake, and 8) Paper factory waste

il 1.5 WO

W

Vineyard pruning waste, 2) Vinasse, 3) Rice straw, 4) Vineyard pruning waste, 5) Tissue
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Fig. 3 Steps for preparing Morph-Genetic Porous Carbon (MGPC) from biochar, including 1) Diluting with distilled water, mixing and drying five

grams of biochar with appropriate amounts of KOH or H;PO,, 2) Injecting argon gas in a furnace at a temperature of about 800 °C for some 5to 8 h,
3) Washing samples with distilled water and adjusting pH with nitric acid or sodium hydroxide solutions, 4) Drying the final samples in the oven, 5)
Weighing the final samples, and 6) Sending prepared samples for BET analysis

necessary, pH adjustments were performed by washing
with dilute nitric acid or sodium hydroxide solutions,
and the samples were then dried at 105 °C. This step was
usually performed empirically using a trial-and-error
approach (Zhang et al. 2024a, b). Ultimately, the final
samples were weighed after washing and drying in an
oven and prepared for visual and BET tests. The differ-
ent stages and the entire list of products are illustrated
in Fig. 3 and summarized in Table 1. The visual test was
performed based on the color of the product. The blacker
the color, the higher the carbon content. Gray products
that indicated ash were removed from the above list.

2.4 Application of BET analysis

To assess the suitability of the produced MGPCs for soil
and water conservation, BET analysis was employed
as a physical method for measuring the specific surface
area and porosity of solid materials. This method is
based on the adsorption of gas molecules (commonly
nitrogen) onto the material’s surface at a temperature of
liquid nitrogen (77 K). By gradually increasing the gas
pressure, the amount of gas adsorbed by the material
is measured, followed by desorption as the pressure
decreases. The results are presented as adsorption and
desorption isotherms, from which essential factors,

including specific surface area, pore volume, and pore
size distribution, can be derived. BET analysis is widely
used in studying materials such as catalysts, nano-
adsorbents, composites, additives, pharmaceuticals, and
nanostructures (e.g., metal nanoparticles, nanotubes,
and nanofibers). Overall, BET analysis is a powerful tool
for investigating the surface characteristics of porous
materials and plays a significant role in developing
and enhancing material performance across various
applications. For BET analysis in this study, all samples
were prepared according to laboratory protocols
and securely packaged for delivery to the designated
laboratory.

2.5 Application of game theory

Since some parameters of the produced MGPCs are
conflicting, decision-making on the priority produc-
tion needs robust MCDM approaches (Roy et al. 2023).
Accordingly, one of the most widely applied and easiest
game theory approaches. i.e., the Condorcet algorithm
was applied to help comprehensively select the top-
most MGPCs. The Condorcet algorithm, named after
the French mathematician Marie Jean Antoine Nico-
las de Caritat, Marquis de Condorcet, is a group deci-
sion-making method used to identify a winning option
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Table 1 Details on preparation of Morph-Genetic Porous Carbon (MGPC)
No. Biochar source Temperature for Activator Rate Symbol Temperature
biochar for MGPC
1 Rice straw (BRs) 400 °C KOH 1:1 BRsK1 800 °C
12 BR.K2
1:3 BRK3
H,PO, 11 BRsH]
1:2 BRsH2
1:3 BRH3
co, - BRC
2 Vineyard pruning waste (BV;) 400 °C KOH 1:1 BVpK1 800 °C
12 BV,K2
1:3 BV,pK3
H;PO, 11 BV,H1
1:2 BVpH2
1:3 BV,pH3
co, - BV,C
3 Palm tree pruning waste (BPy) 400 °C KOH 1:1 BP;K1 800 °C
12 BPK2
1:3 BP,K3
H;PO, 1:1 BPH1
1:2 BP;H2
1:3 BPH3
co, - BP,C
4 Sawdust (BSp) 400 °C KOH 1:1 BSHK1 800 °C
12 BSpK2
1:3 BSHK3
H;PO, 1:1 BSpH1
12 BSHH2
1:3 BSpH3
co, - BSyC
5 Poultry slaughtering waste cake (BSy,) 400 °C KOH 11 BSy K1 800 °C
1:2 BSK2
1:3 BSwK3
H;PO, 1:1 BSH1
12 BSyH2
1:3 BSyH3
co, - BS\C
6 Paper factory waste (BP) 400 °C KOH 1:1 BPK1 800 °C
1:2 BPK2
1:3 BP:K3
H;PO, 1:1 BPH1
12 BPH2
1:3 BP:H3
Co, - BP.C
7 Tissue paper factory waste (BTp) 400 °C KOH 1:1 BTpK1 800 °C
1:2 BT.K2
13 BT-K3
H;PO, 1:1 BT,H1
12 BT,H2
1:3 BTH3
co, - BT,C
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Table 1 (continued)
No. Biochar source Temperature for Activator Rate Symbol Temperature
biochar for MGPC
8 Vinasse (BV)) 400 °C KOH 1: BV[K1 800 °C
12 BVK2
13 BVK3
H,PO, 11 BVH
1:2 BV|H2
13 BVH3
Co, - BV,C

among a set of choices. This algorithm relies on pairwise
comparisons of options, where the option receiving the
most support against others is declared the winner. The
Condorcet algorithm is designed to analyze decision-
making scenarios and optimal strategies. The Condorcet
algorithm specifically finds applications in prioritizing
choices and making decisions involving multiple options
and stakeholders. The Condorcet algorithm is often used
to address group selection problems, particularly when
conflicting criteria are present. This method can prior-
itize options based on a comparative evaluation of crite-
ria (Felsenthal and Machover 1998; Tideman et al. 2006;
Akhavan et al. 2023). This study employed the Condorcet
algorithm within the framework of game theory to pri-
oritize and optimally select 62 applicable MGPC samples
derived from various sources. The genetically modified
porous carbon samples were comprehensively compared
based on 12 key criteria, namely, (1) Point surface area at
p/p° (m*g™), (2) BET surface area (m? g%), (3) Langmuir
surface area, (4) t-plot external surface area, (5) BJH (Bar-
rett-Joyner-Holland index) adsorption cumulative sur-
face area, (6) BJH desorption cumulative surface area, (7)
t-plot micropore volume, (8) BJH desorption cumulative
volume, (9) BJH adsorption mean pore width (4V/A), (10)
BJH desorption mean pore width (4V/A), (11) Cumula-
tive surface area of pores (m* g™!), and (12) Mean pore
hydraulic radius (V/A) directly affecting the MGPC per-
formance in soil and water conservation and agricultural
productivity (Akhavan et al. 2023). For each criterion,
an initial weighting indicated the relative importance of
that criterion in achieving the project objectives. In the
next step, pairwise comparisons were performed among
all 62 samples. In this comparison of how the Condorcet
decision-making algorithm was used to select the most
optimal sample, a decision matrix was first created based
on technical criteria (such as specific surface area, pore
volume, structural stability, production efficiency, etc.).
If the units of the criteria were different, the min—max

normalization method was used to standardize the data.
Then, pairwise comparisons were made between all
options, such that for each pair of options, the number
of criteria for which one option performed better than
the other was calculated according to the weight of each
criterion. The weighting of the criteria was determined
based on expert opinion and pairwise comparisons to
assess their relative importance in the decision-making
process. In this algorithm, an option is selected as the
final winner that performs better than all other options
in a pairwise comparison (i.e., the dominant option or
Condorcet Winner). In cases where preference cycles
between options were established and it was not possi-
ble to identify a clear winner (a phenomenon known as
Condorcet’s paradox), the Borda Count method was used
for alternative ranking, whereby options were prioritized
based on the sum of the points they obtained from their
rankings in pairwise comparisons. This procedure ena-
bles a final decision to be made, even in the presence of
conflict or uncertainty regarding the relative superiority
of the options.

3 Results and discussion

As mentioned above, eight raw materials were used to
produce initial biochar. The produced biochars were
then subjected to three activators (i.e., KOH and H;PO,
in three levels and CO, in one level). As shown in
Table 2, 64 samples (i.e., eight initial biochar, 24 KOH-
activated, 24 H;POj-activated, and 8 CO,-activated)
were ultimately prepared, two of which did not produce
appropriate products for further analyses.

3.1 BET analyses

Table 2 presents the BET analysis results for MGPC
derived from various materials. It also provides a com-
prehensive set of physical and surface properties (e.g.,
surface area, adsorption mean pore diameter, total pore
volume, and t-plot micropore volume) of porous carbons
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produced from diverse bio-sources (i.e., rice straw, palm
pruning waste, vineyard pruning waste, sawdust, poul-
try slaughterhouse waste, paper mill residues, and tis-
sue paper manufacturing by-products). The BET surface
area, adsorption mean pore diameter, total pore volume,
and t-plot micropore volume were included in the BET
analysis. A detailed analysis of these data demonstrates
the impact of bio-sources, production process conditions,
and structural modifications on the porous properties of
these materials. Overall, BET analysis results show that
parameters such as specific surface area, pore volume,
and mean pore diameter highlight the influence of struc-
tural changes and genetic modifications. In the present
study, to produce and select optimal MGPC samples, the
use of BET parameters, especially pore volume (t-plot),
has been prioritized because these parameters, such as
specific surface area and pore volume, have a direct and
fundamental relationship with the physical structure of
carbon materials and indicate the amount of space avail-
able for physical water and nutrient absorption. These
characteristics play a fundamental role in improving soil
moisture retention capacity and nutrient absorption and
are the basis for the initial evaluation of the functional
potential of these materials. In addition, the pore volume
extracted through t-plot analysis provides valuable infor-
mation about microscopic pores that play a decisive role
in physical absorption and is considered a suitable crite-
rion for prioritizing research samples. Finally, since field
performance data are not yet available, focusing on BET
parameters enables the identification and selection of
samples with optimal structures, a prerequisite for more
comprehensive performance evaluations in subsequent
stages. Therefore, prioritizing BET parameters at this
stage of research is a scientific approach that aligns with
the research objectives and provides a solid foundation
for the development and completion of applied studies
(Kwiatkowski and Broniek 2020). Enhancing these criti-
cal factors improves the performance of porous carbons
in molecular adsorption, energy storage, and catalytic
applications, making them suitable for various purposes,
particularly in soil and water conservation. The findings
underscore that those materials with higher specific sur-
face area and pore volume, such as BySK, and B;DK|,
exhibit superior performance. Additionally, cellulosic
bio-sources, such as rice straw and sawdust, showed
better performance in producing porous carbons with
balanced structures. Scientific analysis of BET results
further reveals that the porous properties of produced
carbons are highly dependent on the bio-source and
production process conditions. Optimizing activation
conditions, such as temperature, duration, and chemical
activators, can significantly enhance specific surface area
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and pore volume. The results of this study emphasize the
importance of materials with high specific surface area
and pore volume for applications in adsorption, catalysis,
energy storage, and the conservation of the quantity and
quality of soil and water.

The BET surface area is one of the most critical char-
acteristics of porous carbons, representing the material’s
ability to establish surface interactions with gases, liquids,
and dissolved molecules. In this study, the BET surface
area ranged from 3.15 m? g™! for BRg to 1071.47 m? g™
for BRgK,. The BRgK, sample (carbon derived from rice
husk) exhibited the highest BET surface area, indicating
that the carbonization and thermal activation processes
in this sample were optimized, leading to an extensive
porous structure. Samples with very low surface areas,
such as BRg, indicate non-optimal production processes
or pore blockage. Insufficient chemical or thermal acti-
vation likely failed to open the pores or remove obstruc-
tive materials. Comparisons between samples reveal that
biomass wastes, such as sawdust (BSpK;) and date palm
pruning residues (BP;K;), also exhibit high surface areas
of 846.75 m? g~! and 887.32 m? g~!, respectively. This
finding highlights the regular cellulose structure and
organic richness of these materials, which contribute to
the effective formation of pores during carbonization.

Total pore volume is another characteristic that evalu-
ates the material’s ability to adsorb various molecules.
The pore volumes of the samples ranged from 0.09 cm?
g ! to 0.36 cm® g7!. A higher pore volume means greater
access to the surface and increased capacity to adsorb
larger molecules. For instance, the BP;K; sample, with
a pore volume of 0.36 cm® g~!, exhibited the highest
value, demonstrating an extensive porous structure and
higher efficiency in molecular adsorption processes. The
reduced pore volume in some samples (e.g., BRg and
BSyy) indicates limiting processes, such as pore blockage
or structural breakage of the carbon, which negatively
affect the adsorption performance.

The mean pore diameter determines the size distribu-
tion of pores and the type of porous material (i.e., micro,
meso, or macroporous). In this study, the mean pore
diameters ranged from 11.8 to 16.3 A. Larger diameters
suggest that the pores in the material can accommodate
larger molecules. The BRgK; sample, with a mean pore
diameter of 16.3 A, demonstrated the best performance,
indicating a predominantly mesoporous structure.
Smaller pore diameters, such as 11.81 A in the BSyK,
sample, indicate a predominantly microporous structure.
These materials are more suitable for adsorbing smaller
molecules and energy storage. A decrease in pore diam-
eter below 13.2 A indicates restricted structures that may
reduce the adsorption of larger molecules. Materials with
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diverse pore size distributions can combine capabilities
for adsorbing small and large molecules, making them
more effective for multipurpose applications.

This property indicates the presence of pores smaller
than 2 nm, which are crucial for adsorbing gases and
storing energy. The micropore volumes ranged from
0.009 cm® g™* to 0.35 cm® g~*. With high micropore vol-
umes, samples such as BRK, and BSK; demonstrated
efficiency in adsorbing minor gases, including CO, and
CH,. A reduction in this property in samples like BRg
and BSy, suggests that these materials lack sufficient
microporous structures and may not be suitable for spe-
cific applications.

Studies by Fard et al. (2021), Patel and Panwar (2023),
and Zhou et al. (2025) on porous carbons derived
from biomass residues emphasized the production of
porous carbons from agricultural residues such as rice
straw and wood waste. They examined the effects of
biomass resources on their BET surface area and pore
volume. Their studies revealed that Iranian biomass
has a high potential for producing porous carbons
with suitable structures. Some studies have shown that
the source of raw materials has a significant influence
on the structural and physical properties of porous
carbons. Zhao et al. (2023) investigated the impact of
biomass resources, including rice straw, wood, and
industrial waste, on the characteristics of porous car-
bons. Their findings revealed that carbons produced
from cellulosic residues exhibited high BET surface
area and pore volume, which could adsorb both small
and large molecules also investigated the impact of
various raw materials on the properties of porous car-
bon. They concluded that agricultural residues and
biomass increased pore structures due to their higher
organic content, which plays a role in activation pro-
cesses. Chemical and thermal activation processes are
essential for improving the pore structure of porous
carbons. Sharma et al. (2020) studied activating agents,
such as KOH and ZnCl,, which can remove obstruc-
tive materials and create new pore structures, thereby
enhancing the BET surface area and pore volume. Okoli
et al. (2016) examined the effects of chemical activa-
tion on the properties of carbons derived from wood
waste and reported significant improvements in sur-
face area and pore volume. Porous carbons, with their
high surface area and pore volume, are highly effec-
tive in energy storage (supercapacitors and batteries),
water and air purification, and adsorption of pollutant
gases, mainly CO,. Wang et al. (2019) examined the
effects of porous carbons on gas adsorption (e.g., CO,
and CH,) and demonstrated that optimized porous
structures enhance adsorption performance for small
and large molecules. These applications go beyond
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gas absorption and are also very effective in improv-
ing soil quality. Several studies have emphasized that
adding activated carbon to soil increases porosity and
improves soil structure, thereby enhancing water per-
meability and promoting better soil ventilation, which
helps stabilize soil particles and reduce erosion (Al-
Soudany et al. 2018). This helps increase soil-activated
carbon and stabilize it in the long term, improving agri-
cultural performance (Chamberlin et al. 2021).

3.2 Priority MGPCs

In the present study, a game theory approach using the
Condorcet method has been applied to determine the pri-
oritization and evaluate the efficiency of morph-genetic
porous carbon. This method allows the analysis of qualita-
tive and quantitative differences between samples in com-
petitive scenarios. The Condorcet model involves pairwise
comparisons, where the option that has achieved the
most victories over other options is identified as the win-
ner. The primary feature of this model is the identification
of the winner that has the advantage in all or the majority
of comparisons. In the case of cycles, the option with the
fewest failures is recognized as the final winner. Therefore,
using the game theory-based concordance algorithm, the
prioritization of 62 genetically modified porous carbon
samples was examined based on 12 key criteria related to
the project missions (i.e., optimizing MGPC to regulate
efficient use of soil and water resources in sloping farm-
land on the Loess Plateau) and directly impacted the per-
formance and prioritization of the samples. The case-wise
ranking of the study samples based on the desired criteria
has been summarized in Table 3. Accordingly, the samples
under study were initially ranked in each criterion. In this
regard, the first rank was assigned to the superior sample,
and the last rank was assigned to the last sample from the
viewpoint of the study criterion and in interaction with
the expected performance for the study purpose. After
ranking the samples in each criterion, pairwise com-
parisons were made between all samples based on their
rankings across all criteria. Accordingly, a 62 X 62 matrix
was set up. In this matrix, the samples entered the game
in pairs. Each sample that achieved the highest number
of wins according to the study criteria was identified as
the superior sample and received a point in the matrix.
Finally, the score of each sample was determined based
on the total number of achieved in the game. The results
of the pairwise comparisons and the final comprehensive
rankings are reported in Tables 4 and 5.

Analyzing the results of the game theory application
helps understand the performance of the samples and
identify the superior samples. KOH samples produced
by the chemical process showed the highest rank and the
best performance. Conventional biochars were ranked
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low; the first conventional biochar, ranked 48th, is at a sig-
nificant distance from the superior samples. Furthermore,
biochars activated by chemical processes using KOH and
H;PO, and those exposed to CO, gas ranked high. These
results indicate that conventional biochars cannot meet
the project’s expected requirements in terms of both qual-
itative and quantitative criteria. The difference in scores
showed that the superior KOH samples not only had a
higher number of wins but also had a significant differ-
ence in most cases.

The findings of this study are consistent with the results
of previous studies. For instance, Tang et al. (2021) have
emphasized that the chemical activation process using
KOH and H;PO, significantly enhances the quality of
biochar, particularly in terms of adsorption capacity
and structural stability. Lehmann et al. (2006) have also
shown that conventional biochars have a lower ability in
specific applications, such as soil improvement and car-
bon sequestration, due to their less developed structural
characteristics. These findings indicate that the samples
produced by chemical activation methods have shown
much better performance than conventional samples.
After applying game theory and analyzing the available
strategies, five priority samples, including BP;K,, BR¢K,,
BSpK,, BTpK,, and BV, K,, were selected from the studied
options, whose BET results are illustrated in Fig. 4.

The graphs in Fig. 3 illustrate the adsorption and des-
orption behavior of a porous material as a function of
relative pressure and the amount adsorbed. Addition-
ally, the determination of the pore size (Fig. 4) provides
more detailed information about the material’s structural
characteristics. A closer analysis reveals that in BP{K,,
the main graph illustrates the relationship between the
amount of adsorbed gas (cm® g 'STP) and the rela-
tive pressure (Op/p). This figure resembles a type IV iso-
therm, which is related to the mesoporous structure of the
material. At low relative pressures (<0.4), the adsorption
amount increases continuously, which is related to the ini-
tial molecular adsorption on the inner walls of the pores.
This stage involves gas adsorption as monolayers or mul-
tilayers on the surface. In contrast, at higher relative pres-
sures (>0.4), a sharp increase in adsorption is observed,
indicating an increase in pressure within the mesoporous
structure of the material. The hysteresis loop is visible in
the relative pressure region between 0.4 and 1.0. This loop
is typically associated with a slower desorption rate than
adsorption due to capillary action within the drilled pores.
This behavior is typical for materials with uniformly sized
mesoporous structures. The small graph in the image
illustrates the pore size distribution, which is based on the
variation of pore volume with pore width (dV/dw). This
graph indicates that the pores in the material are predom-
inantly in the range of 12 to 18 A, with a relatively uniform
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pore size distribution throughout the material and a peak
in the same range. As the pore width increases beyond
18 A, the dV/dw value decreases, indicating a decrease
in the contribution from pores larger than 18 A. This
behavior suggests that the material comprises uniformly
sized mesopores with fewer micropores or macropores. A
Type IV isotherm and hysteresis loop indicate a structure
with mesoporous pores suitable for various applications.
The uniformity of pore size generation, ranging from 12
to 18 A, demonstrates that the material can be optimized
for processes such as gas adsorption, energy storage, or
molecular separation (Fig. 4).

In BR(K,, the adsorption curve increases steeply in
the low relative pressure regions. This stage indicates
the presence of tiny pores and the openness of gas
adsorption pathways. At approximately 0.4, the slope
of the curve decreases and continues to decrease with
increasing pressure relative to the saturation pressure.
This indicates the beginning of saturation of the mate-
rial, meaning that most of the tiny pores are filled, and
the adsorption capacity approaches its maximum. As
the pressure increases, the desorption curve gradually
decreases in slope. This trend indicates the material’s
resistance to gas desorption from its pores. The desorp-
tion curve has a lower slope than the adsorption curve,
indicating the presence of gas traps in the pores. Gases
that have been adsorbed gradually leave the material as
the pressure increases below the initial value. The gap
between the adsorption and desorption curves indicates
that the adsorption and desorption capacities do not
overlap and that the adsorption and desorption processes
follow different mechanisms, resulting in hysteresis.
The small graph in the image indicates that the highest
adsorption rate occurs at pore widths of approximately
6 to 12 A. This indicates that pores of this size have the
highest adsorption capacity. As the pore width increases,
the adsorption rate decreases sharply. This decrease
indicates that gases cannot quickly enter pores of larger
sizes. As a result, the adsorption efficiency in these pores
decreases (Fig. 4). In BSpK,, the graph shows that the
adsorption increases nonlinearly with increasing partial
pressure and reaches saturation near a partial pressure of
1. This behavior is usually observed in materials with a
porous structure and a limited adsorption capacity. The
amount of substance released during the pressure reduc-
tion process is shown. The release curve is typically lower
than the adsorption curve, indicating hysteresis (a delay)
between the adsorption and release processes. This phe-
nomenon depends on the material’s structural character-
istics and the intermolecular forces it exhibits. The peak
at about 6 A indicates that pores of this size provide the
highest adsorption capacity. As the pore size increases,
the adsorption capacity decreases, indicating a decrease
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Table 3 Ranking of study samples in each of the desired criteria
Sample Criterion

1 2 3 4 5 6 7 8 9 10 11 12
1 2 2 62 18 18 18 13 18 7 54 2 8
2 18 18 18 25 25 25 10 25 59 37 24 12
3 25 25 2 17 2 17 11 17 51 40 16 14
4 24 24 25 2 17 2 14 2 33 32 44 Il
5 17 17 17 44 44 44 12 47 55 62 18 58
6 16 16 24 9 9 9 8 26 60 45 17 42
7 44 44 44 29 29 29 24 9 49 48 25 39
8 29 29 16 20 20 20 16 39 23 55 1 5
9 27 27 29 27 27 47 2 44 15 5 26 43
10 26 26 9 8 39 26 26 37 23 9 45
Inl 9 9 26 39 8 39 1 58 61 20 18
12 20 20 20 4 4 44 48 38 36 28 25
13 1 1 27 47 47 29 20 46 33 47 31
14 47 47 47 24 26 27 27 16 36 34 4 17
15 28 28 1 26 24 16 28 29 52 60 3 2
16 8 8 8 16 16 30 47 30 42 35 30 30
17 4 28 28 6 4 20 24 35 59 6 21
18 3 3 4 6 30 24 9 1 54 46 19 9
19 6 19 3 30 28 1 27 41 58 22 44
20 30 6 6 21 21 21 17 4 57 53 39 48
21 19 30 30 1 1 48 3 21 32 7 21 29
22 39 39 39 12 48 28 25 12 45 38 43 4
23 21 21 19 48 3 12 6 43 56 51 48 27
24 22 22 21 3 12 43 30 28 61 49 53 20
25 12 12 22 43 43 3 19 45 62 57 5 3
26 48 48 12 19 19 19 18 53 31 15 45 19
27 43 43 48 22 22 53 22 3 34 47 31 28
28 53 53 43 53 49 45 21 33 50 56 29 22
29 45 45 15 34 33 22 39 34 40 52 27 24
30 5 5 53 53 53 33 43 32 48 31 58 1
31 14 14 49 49 34 49 48 37 47 50 14 16
32 Il 34 45 45 41 41 53 55 53 41 12 53
33 34 11 41 41 45 34 5 49 5 26 8 47
34 33 33 33 57 57 57 45 5 6 6 I 26
35 55 55 5 5 55 55 31 40 26 42 42 6
36 57 57 34 14 5 5 58 57 43 39 7 7
37 50 20 32 55 50 32 55 41 30 43 10 10
38 41 41 55 50 37 37 59 19 1 1 13 13
39 31 31 57 32 40 50 42 22 22 16 15 15
40 40 49 14 40 14 40 51 50 39 30 23 23
41 49 40 50 37 32 14 7 14 16 22 32 32
42 32 32 37 56 56 56 60 56 24 24 33 33
43 56 56 11 1 11 58 38 58 21 21 34 34
44 37 37 40 10 15 Il 57 1 3 35 35
45 58 58 56 58 10 15 62 62 20 36 36
46 42 42 31 15 58 42 35 10 19 25 37 37
47 62 62 58 62 36 36 61 15 9 20 38 38
48 54 54 52 36 52 62 54 54 2 19 40 40
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Table 3 (continued)
Sample Criterion

1 2 3 4 5 6 7 8 9 10 11 12
49 15 15 42 42 62 10 40 36 17 17 41 41
50 52 10 7 54 42 52 52 42 25 2 46 46
51 61 52 35 52 46 54 23 52 18 18 49 49
52 35 36 54 31 54 35 56 23 28 28 50 50
53 10 61 61 61 23 23 50 35 4 29 51 51
54 36 35 59 35 61 46 34 61 29 44 52 52
55 7 23 38 46 35 61 46 46 44 4 54 54
56 23 7 60 23 31 7 33 7 8 27 55 55
57 46 60 46 7 7 31 36 31 27 12 56 56
58 59 59 13 13 13 60 15 13 12 8 57 57
59 13 13 51 60 60 59 37 60 1 10 59 59
60 60 51 36 38 51 51 32 59 14 1 60 60
61 51 38 23 59 59 13 41 51 13 13 61 61
62 38 46 10 51 38 38 49 38 10 14 62 62

Features used to prioritize Morph-Genetic Porous Carbon samples (1) Point surface area at p/p° (m?/g), (2) BET surface area (m?/g), (3) Langmuir surface area, (4)
t-Plot external surface area, (5) BJH adsorption cumulative surface area, (6) BJH desorption cumulative surface area, (7) t-Plot micropore volume, (8) BJH desorption
cumulative volume, (9) BJH adsorption mean pore width (4 V/A), (10) 9BJH desorption mean pore width (4 V/A), (11) Cumulative surface area of pores (m?/g), (12)

Mean pore hydraulic radius (V/A)

in the efficiency of larger pores in the adsorption process.
The material under study has a significant capacity for
adsorption at high pressures, and the adsorption process
reaches saturation. The hysteresis between adsorption
and release indicates the porous structure and specific
surface properties of the material (Fig. 4).

In BV;K,, the adsorption curve, represented by black
squares, shows a nonlinear increase in the amount of gas
adsorbed with increasing relative pressure. Adsorption
starts significantly at low pressures and reaches satura-
tion near 1, a behavior attributed to the gradual filling of
the material’s pores. The release curve, marked by red cir-
cles, shows the gas released from the material during the
pressure reduction process. The curve is located below
the adsorption, indicating hysteresis. This phenomenon
is typically observed in materials with mesopores (2-50
nm) or micropores and is related to strong intermolecu-
lar forces or a complex material structure. A clear peak is
observed at the pore width of about 6 A, indicating the
crucial role of this size in the adsorption process, as these
pores provide the highest gas adsorption. Beyond 6 A,
the adsorption rate decreases sharply (Fig. 4).

The graph associated with BT K2 shows the gas
adsorption and desorption isotherm for a porous mate-
rial, which presents the volume of adsorbed gas as a
function of the relative pressure. The adsorption and des-
orption curves are marked with square and circular dots.
The hysteresis loop observed in this isotherm usually
indicates the presence of mesoporous pores (pores with

a size of 2-50 nm) and is considered a type IV isotherm.
The smaller graph in the figure displays the pore size dis-
tribution, which illustrates the pore volume as a func-
tion of pore width. At low relative pressures, the gradual
increase in the adsorbed volume is due to the formation
of a monomolecular layer on the surface of the mate-
rial. At moderate relative pressures, multilayer adsorp-
tion occurs in the pores. A sharp increase in adsorption
is observed at high relative pressures due to vapor con-
densation in the pores. The hysteresis loop between the
adsorption and desorption paths reflects the specific fea-
tures of the mesoporous structure and gas evaporation
in the pores. The smaller plot indicates that most pores
have a width of approximately 10-12 A, confirming that
the material exhibits a dominant mesoporous structure.
The volume of larger pores (>20 A) is lower, indicating a
concentration of pores in the mesoporous range (Fig. 4).
Sing (1984) demonstrated that this decrease in the
slope of the desorption curve is attributed to the pres-
ence of gas in the larger pores, which prevent the rapid
escape of gases. Similar results were also reported by
Rouquerol et al. (1999), who showed that hysteresis loops
are common in materials with uniform mesoporous
structures and are dependent on the capillary behavior of
the pores. The small graph in the image shows that the
highest adsorption rate is observed in the pore size range
of 6 to 12 A. In general, Wang et al. (2018) demonstrated
that at higher pressures, the faster filling of larger pores
and the formation of liquid within the pores prevail. This
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Table 4 Comparison matrix between study samples and game theory score
1 2 3 [ 4 ] 5 Jel7[8[oJwoufi2[13]14]15[16] 17 [ 18192021 [22]23]24[25]26] 27 [ 28 [ 29 [ 30 [ 31 | 32
1 * 2 1 =T ]*]o 1 1617 [ 181 [20 1 2425 [26] 27 [ 1 | 29 * 1
2 2 * 2 2 22 *J2]2]22]2]2]* 2
3 1 2 * 4 3 [*[37]8]9 3 16| 17 [18 [ 3 [20]21[3[3[24[25[26][ 27 [ 28 [ 29 [ 30 3
4 1 2 4 * 4 819 4 16| 17 [ 18 4 [20] 4 [4[4[24[25[26] 27 [ 28 | 29 4 4 [ 4
5 1 2 3 4 * 6] 5]8]9 5 J12] 5 1617 [18 1920 21 [22] 5 [24]25[26] 27 [ 28 29 30 5
6 * 2 * 4 6 |*[6]8]9 6 16| 17 [ 18 [ 6 [20] 6 [22]23] 6 [25 [26] * * 29 6
7 1 2 3 4 5 Jel *[s|ofroJuJ2][7]1a]* 16|17 |18 [19]20]|21[22]23]24[25]26] 27 [ 28 29 30 [ 31 [ 7
8 * 2 8 *19 8 17188 [20[ 8 [8[8[8[25][26] * * 29 B
R 2 9 *oToTolololol* 1718999 [9]9]*25]26 9
10 [ 1 2 3 4 5 61089 * [1r][12]10]14[15]16 [ 17 [ 18 [19] 2021 [22]10[24[ 25 [26] 27 [ 28 | 29 [ 30 | * | 32
11 1 2 3 4 5 |61 [ 891 [* 121|141t 16 17 | 18 [19]20 21 [22]11[24[ 25 [26] 27 | 28 | 29 30 | 11 | 32
12 | 1 2 3 4 [ 261289 12 [* 12 16 [ 17 [18 12|20 21 12]12][24] 25 [26] 27 | 28 | 29 [ 30 12
13 1 2 3 4 5 |67 [8[910]1r[12]*[14[15] 16| 17 | 18 [19] 20|21 [22]23[24[ 25 [26] 27 | 28 | 29 30 | 31 | 32
14 | 1 2 3 4 5 Jel14]8] o] 14 Jr2[na]* 14617 181920 21 [22]14]24]25]26] 27 [ 28 | 29 | 30 14
15 | 1 2 3 4 5 |6 * [8[9 15 1r[12][15][14[ * [16 ] 17 | 18 [19] 2021 [22]15[24[ 25 [26] 27 | 28 | 29 30 | * | 32
16 | 16 | 2 16 8 [ * 16 171816 * 16 24|25 [ 26 16
17 [ 17 [ 2 17 * 118 17 2425 17
18 | 18 [ * 18 * 18
19 1 2 3 ] 4 J19J6]19]8]9 19 [12] 19 1617 [18] * J20]21[ 19 [24]25[26] 27 [ 28 29 30 19
20 [ 20 | 2 20 9 20 * 171820 * 20 * 125 26 29 20
21 1 2 21 4 [ 21 [6]21]8]9 21 1617 [18 2120 * [ 21 [24]25[26] 27 [ * 29 30 21
2 | 1 2 3 4 22 819 22 Ji2] 22 16| 17 [ 18 [19]20 21 [ *[22]24 2526 27 [ 28 | 29 30 22
23 1 2 3 4 5 [ 23 [8[9fu1oJui]12]23]14]15]16 ] 17 |18 [19]20[21 [22] * [24 [ 25 [26] 27 | 28 29 30 [ * [ 32
24 | 24 | 2 24 [6]24]8]* 24 18 [24 ] * 24 * 25 * 24 * * 24
25 | 25 | * 25 18 25 * 25
26 | 26 | 2 26 17 [ 18 26 125 *[ * 26 * 26
27 [ 27 ] 2 27 [*[27]*]9 27 16 [ 17 [18]27]26 27 24|25 [ * [ * | 27 29 * ] 27
28 1 2 28 [*]28]*[9 28 1617 [18 28|26 * [ 28 [24]25[26] 27 | * 29 30 | 28
29 [ 29 | 2 29 9 29 16| 17 [ 18 [29]29 29 * 25 * 29 * 29
30 | * 2 30 4 130 [6]30[8]9 30 16 | 17 [ 18 [30 [ 20 30 * 12526 * [ 30 [ 29 * 30
31 [ 1 2 3 4 5 6|38 o * [uJ2[31]1a]* 16| 17 |18 [19]20 |21 ]22]* [24[25[26] 27 [ 28 | 29 30 [ * [ *
2 | 1 2 3 4 5 |67 [8]932[32]12]32]14[32]16] 17 | 18 [19]20[21[22[32]24[25 26| 27 | 28 [ 29 [ 30 | * | *
33 [ 1 2 3 4 * 6338933 * [12[33] *[33] 16| 17 | 18 | 19] 20|21 [22]33] 24|25 [26] 27 | 28 | 29 30 33
34 | 1 2 3 4 5 (6348934 [34]12[34] *[34]16 ] 17 [ 18 19] 202122 *[24[25[26] 27 | 28 | 29 [ 30 | 34 | 35
35 | 1 2 3 4 5 [6[35[ 89|10 [1r[12[35[14[15] 16| 17 | 18 [ 1920 |21 [22]23] 24|25 [26| 27 | 28 | 29 30 [ 35 | 32
36 | 1 2 3 4 5 6368 o 1ofnn|i2][36]1a]15[ 16 17 [ 181920 21 [22]* 242526 27 [ 28 | 29 [ 30 [ * | 32
37 | 1 2 3 4 5 |6[3718] 937 * [12]37] *[37]16] 17 | 18 | 19]20 |21 [22]37] 2425 [26] 27 | 28 | 29 30 | * [ 32
38 1 2 3 [4]5[6 78] 9 Jto[11]12]13]14[15] 16 [ 17 [ 18 [19] 20 [21]22]23] 24 [ 25 [26]27] 28 29 30 [ 31 [ 32
39 * 2 39 *[39[8 ]9 39 16 [ 17 [ 18 [20] 39 [39]39[39] 25 [ 26 [ 39 * 39
40 1 2 3 [4]5 6408 9 40 [12]40] *[40] 16 [ 17 [ 18 [20] 21 [22]40]24[ 25 |26 [40[27] 28 | 29 [ 30 [ 31 | 40
41 1 2 3 (4[5 64189 [a4r]*[12]41] *[41] 16| 17 [ 18 [20] 21 [22]41[24] 25 [ 26 [27]28] 29 30 41
42 1 2 3 (45 6428 9 Ja2]uf12]42]14]* 1617 [18]20] 21 [22]42]24[ 25 [ 26 [26]27] 28 | 29 [ 30 | 42 [ 32
43 1 2 3 [4]43]6(43[8] 9| 43 |12 43 16 | 17 [ 18 [20] 21 | 43 |24 25 |26 [26]27] 28 | 29 [ 30 43
44 44 2 44 16 |17 ] 18 44 * |25 44
45 1 2 3 [4]45[6]45]8] 9 45 J12] 45 16 [ 17 | 18 [19] 20 [21] * [45] 24 [ 25 [26]27] 28 29 30 | 45
46 1 2 3 [4]46]6]46] 8 9 J1o]11]12]46]14]15] 16 [ 17 [ 18 [19] 20 [21][22]23] 24 | 25 [26[27] 28 29 30 [ * ] 32
47 47 2 47 9 47 17 |18 [47] 20 [21[47[47[ 47 [25 [47] * | 47 | 29 47
48 1 2 48 [4[48]6[48][8 ] 9 48 16 | 17 [ 18 [48[ 20 |21 48 |24 [ 25 [26] * | * * 30 48
49 1 2 3 [4[*[6[49[ 8] 9 [49] *[12]49] * [49] 16 | 17 [ 18 [19] 20 [21[22]49[ 24 [ 25 [26]27] 28 | 29 | 30 | * [ 49
50 1 2 3 (456789 [50[*[12]50] *[50] 16| 17 [ 18 [19] 20 [21[22]50[ 24 | 25 [26]27] 28 | 29 30 | * |50
51 1 2 3 [4]5]6[7[8]9 [tofur[r2]13]t4[15] 16|17 [ 18 [19] 20 [21[22]23] 24 [25[26]27] 28 | 29 | 30 | 31 | 32
52 1 2 3 [4]5]6[*[8]9 [tof[1r|12]52]14[15] 16 | 17 [ 18 [19] 20 [21[22[52[ 24 | 25 [26]27] 28 | 29 30 | 52 | 32
53 1 2 3 [4]53]6]53[8] 9 53 |12 53 16 | 17 | 18 [19] 20 [21[22]53] 24 [ 25 [26]27] 28 | 29 30 53
54 1 2 3 [4[5]6[55[8]9 [t0]11]12 54 16 | 17 [ 18 [19] 20 [21[22[54[ 24 [ 25 [26]27] 28 | 29 30 | 54 | 32
55 1 2 3 |45 65689 |55 * [12]55[55]55] 16 | 17 | 18 [19] 20 [21[22[55[ 24 | 25 [26]27] 28 | 29 30 55
56 1 2 3 [a]5]6[*[8]9 ] 56 [12]56[14]56] 16 |17 [ 18 [19] 20 [21]22] * [24 [25[26]27] 28 | 29 [ 30 | * [ 32
57 1 2 3 (a5 e[ * 89 [57]*[12]57] *[57] 16 [ 17 [ 18 [19] 20 [21]22]57[ 24 [ 25 [26[27] 28 | 29 30 [ 57 | 57
58 1 2 3 (4565889 [58]*[12]58]14[58] 16| 17 [ 18 [19] 20 [21[22]58] 24 [ 25 [26]27] 28 | 29 | 30 | 58 | 32
59 1 2 3 [4]5]6 789 [tof1r[12]59[14[15] 16 | 17 | 18 [19] 20 [21[22]23] 24 | 25 [26]27] 28 | 29 30 | 31 | 32
60 1 2 3 (456789 [tofin[r2]13[t4[15] 16|17 [ 18 [19[ 20 [21[22]23[ 24 [25[26]27] 28 | 29 | 30 | 31 | 32
61 1 2 3 (4[5 661 8] 9 [tof1r|r2]et|14[15] 16 | 17 [ 18 [19] 20 [21[22]23] 24 | 25 [26]27] 28 | 29 30 [ * | 32
62 1 2 3 (45 662 8] 9 Je2]ui]12]e2]14]62] 16 [ 17 [ 18 [19] 20 [21]22]62] 24 |25 [26]27] 28 | 29 [ 30 | 31 | 32
Win-Count | 44 | 59 | 39 [4430[41]7 [48] 53 [14]18]38] 2 [20]16] 51 | 58 [ 60 |36 51 [42|34]| 9 | 48 | 59 [37[44 | 41 50 | 43 [ 8 | 21
Equal | 4 | 2 1 Jof2]4f43[2[3]8]ofJos[1]2]o 1t fJol2 1146|136 4 4 [ 3 [0 ]3
Total 92 | 120 | 79 [88]62]|86[18]99]108]|31[44|76] 4 [48]33]104]116[121[72]104]85]69[22]102]119[77]94] 86 [ 104 | 89 [ 27 | 45

is also observed in the present study, indicating that our
material exhibits similar behavior. Zhu et al. (2018) con-
firmed that this pore size range increases the efficiency
of gas adsorption. As the pore size increases, the adsorp-
tion rate decreases sharply. The gradual decrease in the
desorption curve after saturation indicates the material’s
resistance to gas escape from the pores. This finding is
consistent with Zhao et al. (2020), who also demonstrated
that this pore size range exhibits the highest adsorption

capacity. They further explained that the lower slope in
the desorption curve is due to resistance to gas escape
from the larger pores.

It is worth mentioning that the selection of the KOH
activator over other activators was associated with com-
prehensive study properties, particularly the specific
surface area obtained using the BET assessment. In this
process, various criteria related to the performance of
the activators were quantitatively weighted, and the
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Table 4 (continued)
34]35[36[37[38[39[40[41[42[43[44[45[46]47[48[49]50[51[52[53[54[55[56]57[58[59][60]61]62
1 1 I 1 [44] 1 [47] 1
2 2
3 3 39 3 44] 3 [47]48] 3
4 4 39 4 4] 4 |47 4
5 5 39 5 [43[44[45]46]47[48] * | 5 [53] 5
6 6 * 6 4] 6 |47 6
7 [34]35]36[37] 7 [39[40[41]42]43[44[45[46[47]48]49] 76 *[53][55]56] * [ *[358] 6 6162
8 8 4] 8 |47 8
9 9 44 9
10[34] 10 [37]10]39[40[41[42]43]44[45[10]47]48]49[50] 10 [53]10[55[56[57[58] 10 [62
u[34] 11 [ * 13940 * [11]43]44]45]11 4748 * | *| 11 [53[11]*[s6] * ]| *] 11
12 12 39 12 44[12]12]47]48 12
13[34[35[36[37]13[39[40[41[42]43 |44 [45[46[47[48]49[50[13][52]53]54[55[56[57[58]59][13]61]62
14] * (1414 * [14]39[ * [ * [14]43]44[45[14]47]48] * [ * [ 14 [53]54[55[14] * 14
15[34[15]15[37]15]39[40[41] * [43[44[45]15[47[48]49[50] 15 [53]54[55[56[57[58] 15 Je2
16 16 47 16
17 17
18 18
19 19 [39] 19 [43[44] 19 [47]48] 19
20 20 44 20
21 21 39 21 44 21
22 22 39 22 4344 * [22]47]48] 22
23| * [23]36[37]23[39[40[41]42[43]44[45[23[47]48]49[50]23]52[53]54]55] * [57]58] 23  [e2
24 24 39 24 *| 24 [47 24
25 25
26 26 4] 26 |47 26
27 27 44 27 x| 27
28 28 39 28 44 28 [47[* 28
29 29 * 29 44] 29 [29]* 29
30 30 39 30 44 30 |47 30
313435 * [ * [31[39[31[41[42]43[44[45] * [47]48] * [ * [31[52]53[54][55] * [57][58] 31 [*[31
32[35] 32 39[40[4132[43]44[45[32[47[48]49[50] 32 [53]32[55[32]57] 32
33 33 39 33 43[4445(33[47[48 33 53 33
34 34 39 34 44145]34[47]48 34 53 34
3534 * [36[37]35([39]40[41[42]43[44]45[35[47[48[49]50[35] * [53[54[55]56][57][58][35]35]61[62
36[34[36] * [37]36][39]40 41 [ * [43[44[45[36[47]48[49]50[36[36]53[36]55[56[57][58]36]60]61]62
3734 37 | *[37]39[37] 37 [43]44[45[37[47]48]49 37 53[37]55]37]57 37
38 34[35[36[37] * [39[40]41[42]43] 44 [45[46] 47 [48[49]50]51]52]53[54[55[56]57[58]59[60]61]62
39 39 39 44 [39]39] 47 39
40 34]40]40]37]40 |39 * [41[42]43 | 44 [45]40| 47 [48[49[50] 40 [53]40[55[40]57 40
41 34 41 3714139 (41| * [41]43| 44 [45[41| 47 [48|49 40 53|54 [55|40(57 *| 40
42 3442 * [37]42]39 42 41 * [43] 44 [45]42] 47 [48[49]50[41[41]53[41[55]56]57]58] 41
43 34 43 39 43 * | 44 143143 47 |48 43
44 44 * 44
45 45 [39] 45 [43] 44 [ * [45] 47 [48] 45 [53] 45
46 34[35[36]37]46[39]40 414243 44 [45] * | 47 [48[49]50]46[52[53[54[55[ * [ * [58] 46 [ *[62
47 47 * 47
48 48 39 48 44 ] 48 |47 [+ 48
49 34 49 39 49 43144 [45]49 47 [48] * 49 53 49
50 34 50 [37]50[39]50]40[50[43] 44 [45][50] 47 [48[49[ * [ 50 [53[50[55[50[57] * 50
51 34[35[36]37]51]39 40 |A1[43]44 [45]46] 47 [48]49]50 * [ * |53 * [55] * | * [58[59]60]61]62
52 34[52]36]37]52]39 41[43] 44 [45] * | 47 [48]49]50] * | * 53 52]60]61]52
53 53 39 53 4344 | 53 |47 48 53 * 53
54 34[54]36]37]54[39 40544143 44 [45]54] 47 [48]49]50] * *[55] * [54]58] 54 [62
55 34 55 39 55 43] 44 [45]55] 47 [48]49] 55 55] * 55
56 34 56 [37]56|39] 40 [56|43| 44 [45] * |47 [48|49|50] * | 53 [54[55[ * [56] * 56
57 34 57 39 57 43] 44 45| * | 47 [48[49]57] * 54155]56] * [ * 57
58 34| 58 [37]5839[40] * [58]43 | 44 [45]58] 47 4849 * |58 s8lss[* [+ [+ 58
59 34]35]36]37]59]39 41[43] 44 [45[46] 47 [48[49|50]59[52[53|54]55[56[57|58] * [60] 59
60 34[35]60]37]60[39] ,  [41]d3]44 [45]46] 47 [48[49[50] 60 [53]54]55[56]57]58]60] * [61[60
61 34 61 [37]61]39 41[43] 44 [45] * [ 47 [48]49|50]61[61[53|54]55[56[57|58]60] 61 |62
62 34| 62 [37]62]39 4143 44 [45]62] 47 [48]49]50] 52 |53|62]55|56|57]58 60| 62 | *
Win-Count | 28 37[9 201 0 [47[20|12| 8 |37 55 (33| 5|52 4125|181 |6 [33[13|24[13|14][16] 2 4[8 12
Equal 2 |3]ol3]2]7]2 1 s 1369430 1 [8[8[5]0] 2
Total |58]76]20[43] 0 [o7]42]31]18]75[111]67]15]105[85]56]45] 6 |15]66]27[49]34[36]37] 4 [10]18]26

optimal activator was prioritized and selected using the all samples activated with different KOH levels were
Condorcet algorithm. This multi-criteria approach ena-  grouped among the optimal samples, with insignificant
bled accurate decision-making based on multidimen-  differences. Therefore, to optimize material consump-
sional data. In addition, the results showed that almost tion, reduce costs, and facilitate the process, KOH level
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Table 5 Prioritizing study samples based on a game theory

(2026) 8:35

approach

Sample Rank Winner Equal Score
BP1K, 1 60 1 121
BR.K, 2 59 2 120
BSHK, 3 59 1 119
BP.K, 4 58 0 116
BPeH; 5 55 1 111
BVpK, 6 53 2 108
BT,K, 7 52 1 105
BP:K, 8 51 2 104
BP;H, 9 51 2 104
BSoH; 10 50 4 104
BSpK;, 11 48 6 102
BV,K, 12 48 3 99
BPK; 13 47 3 97
BSoH, 14 44 6 %
BRK; 15 44 4 92
BS,C 16 43 3 89
BRsH, 17 44 0 88
BRC 18 41 4 86
BSoH, 19 41 4 86
BPH; 20 42 1 85
BT,K, 21 41 3 85
BRsH, 22 39 1 79
BSpKs 23 37 3 77
BV:H, 24 38 0 76
BSwH, 25 37 2 76
BP:H, 26 37 1 75
BP;H, 27 36 0 72
BP,C 28 34 1 69
BP:C 29 33 1 67
BT.C 30 33 0 66
BR.H, 31 30 2 62
BSWK, 32 29 2 60
BSwK; 33 28 2 58
BTpK, 34 25 6 56
BVIK, 35 24 1 49
BV,C 36 20 8 48
BSWK, 37 21 3 45
BT,H, 38 18 9 45
BVH, 39 18 8 44
BS/C 40 20 3 43
BP.K, 41 20 2 42
BVH, 42 16 5 37
BV/K, 43 14 8 36
BV, 44 13 8 34
BVP 45 16 1 33
BVpKs 46 14 3 31
BPK 47 12 7 31
BSD 48 8 1 27
BTP 49 13 1 27
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Table 5 (continued)
Sample Rank Winner Equal Score
BVI 50 12 2 26
BPT 51 9 4 22
BSyH, 52 9 2 20
BRS 53 7 4 18
BP:H, 54 8 2 18
BV,C 55 8 2 18
BPF 56 5 5 15
BToH; 57 6 3 15
BV/H, 58 4 2 10
BT-H, 59 1 4 6
BV,H; 60 2 0 4
BVH, 61 2 0 4
BSW 62 0 0 0

1 is recommended for activating the produced biochar.
The combination of experimental data, specific property
analysis, and weighting within the framework of the Con-
dorcet algorithm provided a scientific and coherent basis
for selecting the KOH activator and determining its opti-
mal level.

4 Conclusion

The present study provides a detailed analysis of
the performance of 62 MGPC samples using the
Condorcet game theory method with a weighting of
the difference in scores. In this method, game theory,
as a powerful MCDM tool, has enabled a detailed
and comprehensive evaluation of various options
and has ultimately led to the selection of prioritized
samples with the highest performance. This systematic
approach, which integrates comprehensive physical and
chemical data from parameters extracted from BET
analysis, provides a scientific and reliable framework
for evaluating and prioritizing porous materials. This
framework can help optimize the production and
application of biochar in various fields, particularly in
protecting soil and water resources. The results of this
study demonstrate the importance of carefully selecting
raw materials and optimizing biochar production
processes. The appropriate selection of raw materials
for biochar production has a significant impact on
the physical, chemical, and functional properties of
the final product. In addition, the comparison of the
performance of MGPC and conventional biochar has
shown the high potential of MGPC for study. Therefore,
this approach can be an effective tool in future
research in the design and optimization of advanced
materials, especially in the agricultural, industrial, and
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Fig. 4 BET results of adsorption and desorption behaviors of better-performed Morph-Genetic Porous Carbon (MGPC) produced from various
wastes. Notes for optimal MGPC: BP;K, (Palm tree pruning waste biochar, level 2 KOH), BTk, (Tissue paper factory waste biochar, level 2 KOH), BRsK,
(Rice straw biochar, level 2 KOH), BSpK, (Sawdust biochar, level 2 KOH), and BV,K, (Vineyard pruning waste biochar, level 2 KOH)
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environmental fields. In addition, more laboratory
and field experiments are needed to evaluate how
better-performing MGPCs behave in soil matrix in
terms of improving soil compaction, preventing water
loss, meeting plant water requirements, and affecting
crop productivity. The findings of this study play a
significant role in advancing global waste management
policies, as they enable the conversion of agricultural
and industrial wastes into highly valued biochar and
MGPC. It is possible to recycle organic resources into
a value-added by-product while reducing the volume
of waste and mitigating environmental pollution. In
summary, this research bridges the fields of materials
science and environmental policy, advocating for
waste management strategies that are ecologically
sound, economically viable, and scientifically validated.
This process helps achieve multiple sustainable
development goals, maintains the quality of soil and
water resources, and provides a scientific framework
for sustainable waste management and improved
agricultural productivity. Although more endeavors
are needed to examine other game theory approaches,
various types of porous materials, additional governing
mechanisms, and even raw materials under different
preparation conditions and scales are required to draw
comprehensive conclusions.
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