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ARTICLE INFO ABSTRACT

Keywords: A well-developed pore structure is essential for the application of biochar in agricultural and environmental
Banana straw fields, and its formation is largely determined by pyrolysis conditions and intrinsic feedstock properties. In this
Biochar

study, banana straw biochar (BSBC) was selected as a representative herbaceous biochar to investigate pore
formation mechanisms during pyrolysis. The results show that pore evolution follows a four-stage transition from
“biological inheritance” to “thermochemical reconstruction,” in which I pores are morphology-retaining struc-
tures inherited from plant tissues and organs; II pores are multilayer structures formed within stomata under
high-temperature pyrolysis; III pores are hemispherical surface features locally induced by moderate KOH
activation; and IV pores are interconnected networks generated through the synergistic effects of high pyrolysis
temperature and intensive KOH activation. Pore density increases progressively from Pore I to Pore IV, while
circularity reaches a minimum in Pore II and a maximum in Pore III. Further analysis indicates that endogenous
elements in the raw material play a significant regulatory role in pore evolution. Specifically, Si acts as a
structural stabilizing factor that partially suppresses the collapse of the carbon framework, whereas K promotes
pore formation and development by catalyzing carbon structural rearrangement and etching reactions. With
increasing thermochemical severity, the specific surface area of biochar increases markedly from 7.72 m2.g ! to
962.09 m?g~', indicating a transformation from natural biological structures to high-surface-area porous
functional materials, in which micropores dominate the overall surface area contribution. This study provides a
structural evolution framework and theoretical basis for the rational design of hierarchically porous biochars
derived from agricultural residues.

Pore evolution
Pore structure
Industrial crop residues

1. Introduction

Banana (Musa spp.) is one of the most important fruit crops world-
wide and plays a critical role in agricultural production, food supply,
and rural economies in tropical and subtropical regions (FAO., 2025).
However, banana production is severely threatened by Fusarium wilt, a
destructive soil-borne disease caused by Fusarium oxysporum f. sp.
cubense Tropical Race 4 (Foc TR4). Infected banana plants generate large
amounts of diseased straw, which can act as a persistent source of
pathogen inoculum if not properly managed (Zhang et al., 2025; Li et al.,
2022; Murali et al., 2021). Conventional disposal methods, such as open
burning or landfilling, are insufficient to eliminate disease transmission
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risks and may lead to secondary environmental pollution (Gao et al.,
2024). Therefore, the development of safe and effective strategies for the
treatment and valorization of diseased banana straw is essential for the
long-term sustainability of the banana industry.

Thermal conversion of biomass into biochar is widely recognized as a
promising approach for the safe treatment and value-added utilization
of agricultural residues (Fei et al., 2026; Jing et al., 2026; Mandal et al.,
2026). High-temperature pyrolysis can effectively inactivate plant
pathogens, while the resulting biochar has demonstrated multifunc-
tional applications in agricultural and environmental systems (Rana
et al., 2025; Wang et al., 2025a). Previous studies have shown that
porous biochar derived from diseased banana straw not only mitigates
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pathogenic risks but also exhibits strong adsorption capacity for heavy
metals, such as cadmium, in aqueous environments (Gao et al., 2024).
These findings highlight the potential of banana straw biochar as a
multifunctional material for addressing both agricultural residue man-
agement and environmental remediation challenges. The multifunc-
tional performance of biochar is closely linked to its pore architecture,
which governs mass transfer, adsorption behavior, and surface reac-
tivity. In particular, complex pore structures often facilitate enhanced
interactions between biochar and contaminants or nutrients. Although
banana straw-derived biochar has been reported to exhibit
well-developed porosity, the formation and evolution of its pore archi-
tecture during thermal conversion and chemical modification remain
poorly understood. This lack of mechanistic understanding limits the
rational design and broader application of banana straw biochar in
agricultural and environmental fields.

Pore formation in biochar is generally governed by both intrinsic
factors, such as the elemental composition and anatomical structure of
the feedstock, and extrinsic factors, including pyrolysis temperature and
chemical activation conditions. Intrinsic factors primarily involve the
inherent chemical composition of the feedstock, such as organic acid
salts and specific carbon precursors (Mian et al., 2023; Cheng et al.,
2019; He et al., 2019; Zhao et al., 2019a). Certain naturally occurring
components can function as self-activating agents, thereby promoting
pore formation. For example, Niu et al. (2017) reported that carbon
dioxide released from hydroxyapatite in bovine bone at high tempera-
tures facilitated the formation of porous biochar. Similarly, Chen et al.
(2012) demonstrated that the high potassium content in pokeweed acted
as a self-activator, enhancing pore development through the volatiliza-
tion and release of potassium species during pyrolysis. Zeng et al. (2018)
further observed the formation of circular pores in water hyacinth bio-
char, which was attributed to the escape of potassium vapor from the
carbon skeleton. In contrast, extrinsic factors mainly involve biochar
preparation conditions, among which pyrolysis temperature and
chemical activating agents play dominant roles in pore development.
Bonelli et al. (2007) reported that the surface area and porosity of bio-
char increased with increasing pyrolysis temperature, accompanied by
the gradual degradation of cellulose and lignin and the formation of
vascular bundle-like channel structures. In addition, pore-blocking
substances and volatile gases generated during pyrolysis can be
removed at elevated temperatures, thereby creating additional pore
space (Fang et al., 2023; Rafiq et al., 2016; Shaaban et al., 2014).
Chemical modification of feedstock using exogenous agents, such as
acids, alkalis, and metal salts, is also recognized as a major extrinsic
factor influencing pore development. Activating agents including NaOH,
KOH, HsPO., and KMnOa4 have been widely applied to biochar produc-
tion at both laboratory and industrial scales (Mustafa et al., 2026; Qiu
et al., 2019; Zhang et al., 2019; Brito et al., 2018). For instance, Herath
et al. (2021) obtained porous wood biochar with a high specific surface
area of 1049 m?.g~! by KOH activation of Douglas fir green wood chips,
while Peng et al. (2017) produced pine sawdust biochar with a surface
area of 900 m?-g™' using HsPO. modification. However, existing studies
have predominantly focused on the effects of individual extrinsic pa-
rameters, particularly pyrolysis temperature or activating agents,
whereas the roles of intrinsic feedstock characteristics have received
comparatively limited attention. Moreover, most investigations have
centered on woody biomass or major field crop residues, while herba-
ceous residues from industrial fruit crops, such as banana straw, remain
underexplored. This research bias may lead to an incomplete under-
standing of pore evolution mechanisms in biochar derived from herba-
ceous biomass.

In this study, banana straw was selected as a representative herba-
ceous industrial crop residue to systematically investigate the coupled
effects of intrinsic feedstock characteristics and thermal-chemical per-
turbations on biochar pore evolution. By integrating SEM-EDS obser-
vations with BET analysis, the pore structures of banana straw biochar
produced under varying pyrolysis temperatures and KOH impregnation
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conditions were classified based on morphological features, and their
evolutionary pathways were examined. By elucidating the mechanisms
underlying pore formation and structural evolution, this work provides a
theoretical basis for the controlled design of banana straw biochar
(BSBC) and broadens its potential applications in agricultural and
environmental systems.

2. Materials and methods
2.1. Feedstocks and reagents

Feedstocks, including banana, rice, and maize straw, were collected
separately from the research station of the Guangdong Provincial En-
gineering Technology Research Center of Low-Carbon Agriculture and
Green Inputs, South China Agricultural University (SCAU). All feed-
stocks complied with relevant institutional, national, and international
guidelines and legislation, as well as the IUCN Policy Statement on
Research Involving Species at Risk of Extinction and the Convention on
International Trade in Endangered Species of Wild Fauna and Flora
(CITES). The collected feedstocks were washed with tap water, oven-
dried at 105 °C to constant weight, and then crushed to pass through
a 2 cm sieve. This particle size was selected to retain the original
structural features of the feedstocks, facilitating subsequent impregna-
tion and morphological observation. Potassium hydroxide (KOH, 90%
purity) was an industrial-grade reagent purchased from Fuchen
(Guangzhou) Chemical Reagents Co., Ltd.

2.2. Preparation of biochar from different raw material

The carbon materials prepared in this study were modified biochars
rather than commercial activated carbon. The crushed banana, rice, and
maize straw samples were separately pyrolyzed using a programmable
tubular carbonization reactor (TF12P100, Tianjin Taisite Instrument
Co., Ltd., China). Pyrolysis was conducted by heating the feedstocks at a
rate of 3 °C-min to 800 °C and maintaining this temperature for 2 h
under controlled conditions. After cooling the reactor naturally to room
temperature, the resulting biochars were collected and denoted as
BSBCggo, RSBCggo, and MSBCgqo for banana straw biochar, rice straw
biochar, and maize straw biochar, respectively.

2.3. Preparation of biochar from different pyrolysis temperature and
KOH impregnation

Potassium hydroxide (KOH) was selected as the chemical modifying
agent for banana straw biochar to promote pore development, based on
preliminary screening experiments (see Section 3.4 for details). Banana
straw was impregnated with 0.5 M and 1.5 M KOH solutions for 2 h,
respectively. After impregnation, the samples were oven-dried at 105 °C
to constant weight. The dried banana straw was then pyrolyzed at 500
°Cor 800 °C for 2 h. The resulting biochars were designated as BSBCq su-
KoH-500, BSBC1.5M-x0H-500, BSBCo.sm-koH-800, and BSBCi sm.koH-800,
respectively.

2.4. Characterization of pore morphology of biochar

The dried biochar samples and their corresponding feedstocks were
sputter-coated with a gold layer (~2 nm thickness) using a Polaron
sputter coater, with the coating process repeated four times to ensure
adequate conductivity. The pore morphology and elemental composi-
tion of the samples were subsequently characterized using scanning
electron microscopy coupled with energy-dispersive X-ray spectroscopy
(SEM-EDS; EVO 10, Carl Zeiss, Germany). According to the experi-
mental design, the SEM was operated at an accelerating voltage of 10 kV
with a probe current of 15 mA to obtain stable imaging conditions and
reliable elemental analysis.
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2.5. Measurement of textural properties of biochar

Specific surface area (Spgr), average pore diameter (PD) and pore
volume (PV) were measured by use of Brunauer-Emmett-Teller (BET)
specific surface area analyzer (ASAP 2020, USA). Nitrogen adsorption
was selected as the method of analysis, which was widely recognized for
its efficacy in characterizing porous materials. The operational tem-
perature was deliberately maintained at 77 K, a standard condition that
corresponds to the boiling point of liquid nitrogen and was instrumental
in minimizing the effects of thermal motion, thereby enhancing the
accuracy of the adsorption measurements. This approach was chosen
based on its proven ability to yield reliable and reproducible results,
which were critical for the comparative analysis presented in this study.
In addition, to quantitatively characterize the pore morphology in SEM
images, ImageJ software was used for statistical analysis. Through
image thresholding and binarization, pore contour information was
extracted, and morphological parameters including pore density,
porosity, circularity, and aspect ratio were calculated.

2.6. Determination of elemental compositions of biochar

The elemental composition of biochar (Table 1), including carbon
(C), hydrogen (H), nitrogen (N), and oxygen (O), was determined using
an elemental analyzer (Vario EL cube, Elementar, Germany). Prior to
analysis, the biochar samples were finely ground and homogenized to
ensure representative and consistent measurements.

2.7. Data processing

Raw experimental data were organized and preliminarily processed
using Microsoft Excel 2020. Statistical analyses were performed with
SPSS Statistics v26.0 (IBM Corp., Armonk, NY, USA). Prior to analysis,
data normality and homogeneity of variance were assessed where
appropriate. Origin 2024 (OriginLab Corporation, Northampton, MA,
USA) was used for plotting Figures.

3. Results
3.1. Pore morphology of banana straw biochar

The evolution of biochar pore architecture revealed by SEM-EDS was
well supported by BET analysis, together demonstrating a progressive
transition from biologically inherited pores to newly developed pores.
Based on their morphological characteristics, the pore structures were
systematically classified into four categories. Category I pores preserved
the original anatomical structures of banana straw. As shown in Fig. 1A
and B, the pores highlighted by red circles originated from vessels (A1),
veins and intercellular spaces (A2), cellular compartments (B1), and
stomata (B2). This category also included pores associated with the
epidermis, vascular bundles, and other plant tissues and organs.

Table 1

Elemental composition results of biochar.
Biochar Samples C H o N S H/C o/C
BSBCsoo 55.56 1.85 17.32 0.72 0.21 0.40 0.23

BSBCosmxomsoo 4711  1.50  20.94  0.64 028 038 033
BSBCysmromsoo  33.22  1.09 3467 024 015 039 078
BSBCsoo 28.86 1.42 3574 019 023 059 093
BSBCosmxomsoo ~ 21.52 142 3760 0.15 018 079  1.31
BSBCysmxomsoo 1458 150  37.20 010 0.06 1.24  1.91

Notes: BSBCo smxon-500 and BSBCo smxon-soo refer to the biochars obtained by
pyrolysis of banana straw (impregnated in 0.5 M KOH solution) at 500 °C and
800 °C, respectively. BSBC; smkon-500 and BSBCy smvkomn-soo refer to the biochars
obtained by pyrolysis of banana straw (impregnated in 1.5 M KOH solution) at
500 °C and 800 °C, respectively. BSBCsoo and BSBCgg refer to the biochars
obtained by pyrolysis of banana straw at 500 °C and 800 °C, respectively.
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Category II pores formed as multilayer structures on the internal carbon
skeleton within Category I pores and resulted from partial tissue
destruction at elevated pyrolysis temperatures. The development of
these pores significantly increased mesopore abundance and total pore
volume. As illustrated in Fig. 1B, the first-layer (yellow circles) and
second-layer pores (green circles) formed on the inner walls of cellular
compartments or stomata were classified as Category II pores. At this
stage, the biochar largely retained the external morphology of the
feedstock, although the internal carbon skeleton was progressively dis-
rupted and replaced by layered pore structures. Category III pores were
characterized by hemispherical concavities on the biochar surface
(Fig. 1C2), which promoted the development of both mesopores and
micropores and led to a marked increase in specific surface area (SSA).
Notably, Category I pores were still present at this stage (Fig. 1C1).
Category IV pores consisted of interconnected pore networks formed on
a newly reorganized carbon skeleton (Fig. 1D). These pores were
dominated by micropores and small mesopores, corresponding to the
highest SSA and pore volume among all categories. This pore type
developed through the combined evolution of the preceding pore cate-
gories. At this stage, the biochar completely lost the original morphology
of the feedstock (D1) and transformed into a highly perforated porous
material (D2). Overall, this classification highlights a continuous tran-
sition from inherited biological pores (Fig. 1E) to newly generated pores
during pyrolysis and chemical activation, providing a structural
framework for understanding biochar pore evolution. The underlying
formation mechanisms are further discussed in the following section.

3.2. Formation of category I and II pores

As shown in Fig. 1A and B, Category I pores (red circles) exhibited
non-proportional shrinkage while largely retaining the original
morphology of the feedstock tissues and organs. This shrinkage was
associated with the volatilization of bound water and thermally unstable
components in banana tissues during pyrolysis, leading to mass loss and
overall volume reduction in the biochar. However, the extent of
shrinkage varied among different tissues and organs due to their het-
erogeneous contents of bound water and unstable components.
Following the volatilization of these components, the middle lamella of
the cell wall disappeared, resulting in a denser pore structure and a more
clearly defined carbon skeleton. Notably, this pore morphology mainly
reflects the intrinsic anatomical characteristics of banana straw and
represents an early-stage pore structure formed under relatively mild
thermal conditions.

The development of Category II pores was influenced by both the
intrinsic composition of the feedstock and the pyrolysis temperature. As
shown in Fig. 1B, Category II pores (yellow and green circles) appeared
as multilayer pore structures formed within Category I pores (red cir-
cles). Specifically, Category I pores constituted the outermost layer,
while the pores indicated by the yellow circles represented the second
layer formed within the carbon skeleton of the first-layer pores. Subse-
quently, third-layer pores (green circles) developed within the second-
layer pores, resulting in a hierarchical, layer-by-layer pore architec-
ture. Notably, Category II pores were not observed in maize or rice straw
biochars. As shown in Fig. 2A1, 2B1, and 2C1, similar stomatal struc-
tures (blue circles) were present in the raw banana, maize, and rice
straws, although more granular materials were attached around the
stomata in rice straw. After pyrolysis at 800 °C, the stomatal structure of
banana straw biochar exhibited pronounced morphological changes
compared with the raw material. The stomata not only lost their original
shape but also developed distinct multilayer pore structures (Fig. 2A2).
In contrast, the stomatal morphology of maize and rice straw biochars
(Fig. 2B2 and 2C2) remained largely similar to that of their respective
feedstocks, with minimal changes in size and shape. Overall, the for-
mation of this pore type was closely associated with the thermal
decomposition behavior of banana straw, indicating that its inherent
elemental composition was more favorable for the development of



C. Gao et al. Industrial Crops & Products 246 (2026) 123382

Ot 14505 2021 1IN

EHT = 020 ke

Fig. 1. Four pore categories of banana straw biochar. Notes: The red circles in A and B refer to Category I pores. The yellow and green circles in B refer to Category I
and second layers of the Category II pores, respectively. C and D refer to the Category III and IV pores, respectively. E refer to the pores of banana straw.
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Fig. 2. SEM images of the stoma of Banana straw (A1), Maize straw (B1), Rice straw (C1) and their biochars of BSBCggg (A2), MSBCggo (B2) and RSBCgoo (C2). Notes:
BSBCgoo, MSBCggo and RSBCgq refer to the biochar obtained by pyrolysis of banana, maize and rice straw at 800 °C, respectively.

multilayer pore structures.

To further elucidate the influence of intrinsic feedstock composition
on the development of Category II pores, the elemental compositions of
banana straw, maize straw, rice straw, and their corresponding biochars
were analyzed by SEM-EDS. The results indicated that the contents of C,
Si, and K in the feedstocks were closely associated with the formation of

Table 2
EDS results of the stoma of banana straw, maize straw, rice straw and their
biochar from BSBCgoo, MSBCggo, and RSBCgpo.

Sample Ccontent (%) O content (%)  Sicontent (%) K content (%)
Banana straw 71.61 23.93 1.95 1.9

Maize straw 50.2 41.48 5.59 2.28

Rice straw 47.17 33.67 15.92 2.85
BSBCgoo 55.38 22.2 6.27 5.29
MSBCggo 28.58 37.48 21.3 10.89
RSBCso 13.08 38.8 31.71 15.99

Notes: BSBCgoo, MSBCggo and RSBCgy refer to the biochar obtained by pyrolysis
of banana, maize and rice straw at 800 °C, respectively.

Category II pores. Compared with maize and rice straw (Table 2), ba-
nana straw exhibited the highest C content (71.61%) and the lowest Si
(1.95%) and K (1.90%) contents. This compositional pattern was largely
preserved after carbonization. Specifically, the C content of banana
straw biochar (55.38%) remained higher than that of maize (28.58%)
and rice straw biochars (13.08%), whereas its Si (6.27%) and K (5.29%)
contents were markedly lower than those of maize straw biochar
(21.30% and 10.89%) and rice straw biochar (31.71% and 15.99%).
These results further demonstrate that the development of Category II
pores is strongly dependent on the intrinsic elemental composition of the
feedstock.

On the one hand, SEM-EDS analysis shows that the silicon content in
banana straw is only 34.88% and 12.24% of that in corn and rice straw,
respectively, and its biochar silicon content is also only 29.43% and
19.77% of the latter two (Table 2), indicating that corn and rice straw
retain a higher proportion of silicon under the same pyrolysis condi-
tions. Previous studies have reported that silicon, as a thermally stable
element, can protect the carbon framework during pyrolysis (Koyama
and Hayashi, 2017). Rice husk biochar, in particular, is rich in silicon,
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and its thermal stability is closely related to the protective effect of Si-C
structures in the feedstock (Guo and Chen, 2014; Xiao et al., 2014).
Subsequent studies further confirmed that higher silicon content en-
hances biochar stability (Liu et al., 2020; Zhao et al., 2019b). This is
because Si is mainly converted into thermally stable amorphous SiO2
during pyrolysis. This inorganic phase exhibits high thermal stability
and chemical inertness, which helps stabilize the carbon framework
during carbonization (Zheng et al., 2024). Therefore, the relatively low
silicon content in banana straw implies weaker protection of the carbon
skeleton during pyrolysis, which in turn favors the formation of a
multilayered pore structure.

On the other hand, the potassium content of all three feedstocks
increased significantly after pyrolysis (Table 2), but their potassium
enrichment ratios (defined as the ratio of potassium content in biochar
to that in the corresponding raw material) differed markedly. The po-
tassium enrichment ratio of banana straw biochar (2.79) is much lower
than that of corn straw biochar (4.77) and rice straw biochar (5.61),
indicating that banana straw experienced a greater loss of potassium
under the same pyrolysis conditions. Previous studies have confirmed
that K exhibits strong catalytic activity at high temperatures and can
promote local rearrangement of the carbon framework (Tan et al., 2026;
Fu et al., 2019; Hunsom and Autthanit, 2013). The mechanism of
KOH-induced pore development can be summarized as follows (Gao
etal., 2020; Fu et al., 2019; Hunsom and Autthanit, 2013): (i) the carbon
framework is etched by KOH through redox reactions; (ii) gaseous
products undergo secondary reactions with carbon; and (iii) metallic
potassium causes expansion of the carbon lattice. During pyrolysis, KOH
decomposes and reacts with carbon to form K0, H;0 vapor, and a small
amount of Hy. The generated K5O further reacts with CO5 to form K,COs.
When the temperature exceeds 762 °C, K20 or KoCO3 reacts with carbon
to produce potassium vapor and CO gas. The release of potassium vapor
and CO leads to surface damage of the biochar, forming hemispherical
pits. Meanwhile, metallic potassium intercalates into the carbon lattice,
causing deformation of the carbon layers and thereby promoting pore
formation. Therefore, the greater loss of potassium during pyrolysis in
banana straw indicates a more pronounced pore-forming effect.

Combined with the BET analysis (Table 2), the results show that
biochar prepared at 800 °C exhibits significantly higher specific surface
area and pore volume than that produced at 500 °C. The increase in
micropore surface area (341.32 mz-g’l) accounts for 82.68% of the total
increase in specific surface area (412.8 m2.g~1). Similarly, the total pore
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volume, micropore volume, and mesopore volume of BSBC800 are all
significantly higher than those of BSBC500, reaching 9.04, 69.5, and
3.59 times those of the latter, respectively. The increase in micropore
volume (0.137 cm3~g’l) accounts for 70.98% of the total pore volume
increment (0.193 cm®g™!). Overall, despite non-proportional volu-
metric shrinkage, Category I pores largely retain the morphological
characteristics of the original anatomical structures. The intrinsic
elemental composition, particularly silicon and potassium, together
with high-temperature pyrolysis, jointly promotes the formation of
Category II pores and significantly enhances micropore development.

3.3. Formation of the category III pores

To promote pore development in banana straw biochar, several
chemical modifiers were screened prior to further experiments. Banana
straw was impregnated separately with 0.5 M HNOs, 0.5 M FeCls, and
0.5M KOH solutions. To exclude the influence of high-temper-
ature—induced Category II pores, the pyrolysis temperature was fixed at
500 °C. SEM images of the three modified biochars are presented in
Fig. 3. Distinct surface pores were observed on the KOH-modified bio-
char (BSBCy smxon-500; Fig.- 3A and B), indicating that KOH impregna-
tion altered the carbon skeleton and induced pore formation. In contrast,
the surfaces of FeCls-modified biochar (BSBCy smrecis-500; Fig. 3C and D)
and HNOs-modified biochar (BSBCg smunos-500; Fig. 3E and F) remained
largely intact, with no observable pore development. These results
demonstrate that impregnation with 0.5 M KOH effectively induced the
formation of new pores, whereas 0.5 M FeCl; and HNO3 showed negli-
gible effects. Accordingly, KOH was selected as the modifying agent for
inducing Category III pores.

As reported by Tan et al. (2026), low-concentration KOH is primarily
accumulated on the biochar surface and induces pore formation (Effects
of intrinsic and external potassium on biochar structure evolution in
volatile-char interactions during biomass pyrolysis). SEM observations
(Fig. 1C) further confirm that, in addition to Type I pores, hemispherical
pores are formed on the biochar surface. BET analysis (Table 3) showed
that, compared with BSBCsgp, the specific surface area of
BSBCo smron-s00 and BSBCismkon-s00 increased by 281.14 and
564.95 m?.g~! , respectively. Of these increases, the micropore surface
area contributed 249.44 and 496.81 m?.g™! , accounting for 88.72% and
87.99% of the total surface area increment, respectively. Correspond-
ingly, the pore volume increased by 0.16 and 0.29 cm?® -g™! , while the

Fig. 3. SEM images of BSBCo smkom-500 (A, B), BSBCo smreciz-s00 (C, D) and BSBCo smino3-500 (E, F). Notes: BSBCo smkom-500, BSBCo.smrecis-s00 and BSBCo smino3-500
refer to the 0.5 M KOH, 0.5 M FeCl3 and 0.5 M KNO3 modified banana straw biochar prepared at 500 °C, respectively.
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Table 3
BET results of biochar.

Industrial Crops & Products 246 (2026) 123382

Biochar Specific surface area Micropore area External Pore Volume Micropore Volume Mesoporous Volume Pore Diameter
Samples (mz»g’l) (mz-g’l) surface (cm3~g’1) (cm3»g’1) (cms-g’l) (nm)
area (m2~g’1)

BSBCs00 7.72 4.64 3.08 0.024 0.002 0.022 12.31

BSBCo.smkoH- 288.86 254.08 34.78 0.179 0.103 0.076 2.48
500

BSBC; smkoH- 572.67 501.44 71.23 0.309 0.200 0.108 2.16
500

BSBCgoo 420.55 345.96 74.59 0.217 0.139 0.079 2.07

BSBCo.smkoH- 627.68 510.54 117.14 0.335 0.206 0.129 2.13
800

BSBC1 smkoH- 962.09 737.04 225.05 0.524 0.302 0.222 2.18

800

Notes: BSBCo smxon-500 and BSBCo smkon-goo refer to the biochars obtained by pyrolysis of banana straw (impregnated in 0.5 M KOH solution) at 500 °C and 800 °C,
respectively. BSBC sykon-s00 and BSBCy smkom-soo refer to the biochars obtained by pyrolysis of banana straw (impregnated in 1.5 M KOH solution) at 500 °C and 800
°C, respectively. BSBCsoo and BSBCgqg refer to the biochars obtained by pyrolysis of banana straw at 500 °C and 800 °C, respectively.

micropore volume increased by 0.10 and 0.20 cm? -g™' , accounting for
66.45% and 70.18% of the total pore volume increase. Similarly, the
specific surface area (627.68 m?-g™') and pore volume (0.335 cm?>-g™') of
BSBCy.smron-800 Were 1.49 and 1.54 times higher than those of BSBCgq,
respectively. The increase in micropore surface area (164.58 m2.g™)
accounted for 79.46% of the total surface area increase (207.13 m2.g™),
while the increase in micropore volume (0.067 cm®.g™') contributed
57.26% of the total pore volume increase (0.12 cm®.g™'). SEM observa-
tions (Fig. 1C) further confirmed that, in addition to Category I pores,
hemispherical surface pores were formed on the biochar. These results
indicate that KOH modification effectively induced the formation of
Category III pores in BSBC, and that both the specific surface area and
pore volume increased with increasing KOH concentration.

3.4. Formation of the category IV pores

Category IV represents an intensified pore architecture that evolves
from previously identified pore types under strong chemical activation
conditions. With increasing KOH impregnation concentration, the car-
bon skeleton of banana straw biochar undergoes pronounced etching
and expansion, resulting in the formation of interconnected micro-
mesoporous networks accompanied by partial pore wall collapse. BET
analysis indicated that at 500 °C, increasing the KOH concentration from
0 to 1.5 M led to a substantial rise in the specific surface area from 7.72
to 572.67 m?-g~!, accompanied by an increase in pore volume from
0.024 to 0.309 cm®- g’l. At 800 °C, under the same concentration range,
the specific surface area further increased from 420.55 to
962.09 m2.g~!, while the pore volume expanded from 0.217 to
0.524 cm®.g~!. Further examination of the microporous structure
revealed that both micropore surface area and micropore volume
increased with rising KOH concentration at both temperatures, with a
more pronounced enhancement observed at 800 °C. These results sug-
gest that the activating effect of KOH on pore development is signifi-
cantly intensified at higher temperatures, indicating a strong interaction
between temperature and KOH concentration in regulating pore struc-
ture parameters. In other words, temperature and KOH concentration do
not act independently during pore formation; rather, they synergisti-
cally enhance the etching and reconstruction of the carbon framework,
thereby jointly promoting the development of a Category IV pore
structure.

SEM observations (Fig. 1D) showed that the biochar completely lost
the morphological features of the original feedstock and transformed
into a highly perforated material. The pore morphology evolved from
multilayer and hemispherical pores to an interconnected pore network.
The Nj adsorption-desorption isotherms further demonstrate the for-
mation characteristics of a hierarchically interconnected pore network.
As shown in the Fig. 4, Category I pores exhibit relatively low adsorption
capacity over the entire relative pressure range, with almost no evident
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Fig. 4. Nitrogen adsorption-desorption isotherms of the four pore categories.

hysteresis loop, indicating a predominance of microporous structures
with strong pore independence and limited connectivity. This feature is
consistent with the preserved anatomical structure of the original
biomass. In contrast, Category II, III, and IV pores display typical I/IV
hybrid isotherm characteristics, accompanied by varying degrees of
hysteresis loops in the medium-to-high pressure region (P/Py > 0.4),
suggesting the development of a certain proportion of mesoporous and
microporous structures. Further comparison reveals that, as the pore
structure evolves from Category II to Category IV, the area of the hys-
teresis loop gradually increases, while the adsorption uptake in the high
relative pressure region (P/Py—1) becomes more pronounced. This in-
dicates that capillary condensation is significantly enhanced in Category
IV pores, leading to the formation of a more complex hierarchical pore
system.

These results demonstrate that simultaneous increases in pyrolysis
temperature and KOH concentration are effective in promoting pore
development and inducing the formation of Category IV pores. This
transformation is attributed to the combined effects of extensive loss of
cellular constituents and severe disruption of the carbon skeleton
induced by KOH impregnation, which are further intensified at high
pyrolysis temperatures. The volatilization of unstable components leads
to collapse and reorganization of the carbon framework, while contin-
uous etching by reactive gaseous species, including potassium vapor,
carbon monoxide, and water vapor, facilitates the formation of inter-
connected pores. Importantly, Category IV pores do not represent a
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simple amplification of pore quantity generated in earlier stages, but
rather a qualitative structural transition involving carbon skeleton
collapse and reassembly. This process results in a pore network domi-
nated by micropores and small mesopores, highlighting the synergistic
role of high-temperature pyrolysis and intensive KOH activation in
driving the transformation of Category I-III pores into Category IV pores.
However, although higher KOH concentrations and elevated pyrolysis
temperatures resulted in maximum specific surface area and pore vol-
ume, their practical applicability should be evaluated in terms of
chemical consumption and process cost. From an industrial perspective,
moderate KOH impregnation combined with high-temperature pyrolysis
may offer a more feasible balance, enabling substantial pore develop-
ment while limiting chemical input. The pore classification framework
proposed in this study provides a useful basis for balancing porosity
enhancement and process practicality in the production of biochar from
industrial crop residues.

4. Discussion

Banana Fusarium wilt is widely recognized as one of the most
destructive diseases affecting global banana production, posing persis-
tent and severe threats to the sustainability of the banana industry
(Herrera et al., 2023; Acuna et al., 2022; Maymon et al., 2020; Stokstad,
2019). The disease is characterized by high infectivity, long-term
persistence, and difficulty of control. Once established in the field, it is
often resistant to conventional agronomic and chemical management
practices (Chen et al., 2024; Dehkhoda et al., 2016; Gan et al., 2015).
These challenges do not arise from a single cause but result from the
combined effects of pathogen biological characteristics, cultivation
systems, and soil environmental conditions. Foc TR4 is a typical
soil-borne pathogen capable of surviving in soil for prolonged periods,
even in the absence of host plants, with reported survival times
exceeding 20 years (Gao et al., 2020). In addition, Foc TR4 can persist in
asymptomatic alternative hosts (Sing et al., 1985), limiting the effec-
tiveness of crop rotation or fallow strategies. As a vascular-invading
pathogen, once Foc TR4 colonizes plant tissues, it can largely evade
non-systemic fungicides and non-endophytic biocontrol agents, thereby
substantially reducing the efficacy of field-level disease control (Wang
et al., 2024). Moreover, the pathogen spreads through multiple path-
ways, including infected planting materials, contaminated soil carried
by farm workers and machinery, and irrigation water (Cheng et al.,
2019). Long-term monoculture of banana, particularly the large-scale
continuous cultivation of Cavendish cultivars, creates a highly homo-
geneous host environment that facilitates the establishment and spread
of Foc TR4 (Chen et al., 2024; Yu et al., 2018). Concurrently, soil
acidification further enhances pathogen adaptability and increases the
likelihood of disease outbreaks (He et al., 2019). Under these combined
constraints, reliance on a single control strategy is insufficient to effec-
tively suppress banana Fusarium wilt. Instead, integrated management
approaches spanning multiple stages, including resistant cultivar
breeding, cultivation management, and end-of-life treatment of agri-
cultural residues, are required. The rapid expansion of banana cultiva-
tion has generated large quantities of agricultural residues, particularly
banana straw, which is typically discarded after harvest (Karim et al.,
2015). If improperly managed, these residues can serve as reservoirs for
pathogen survival and potential sources of reinfection. Previous studies
have shown that high-temperature pyrolysis can effectively inactivate a
broad range of plant pathogens, while biochar derived from banana
straw exhibits strong adsorption capacity for heavy metals, such as
cadmium, in aquatic environments.

Beyond residue sanitization, the functional performance of banana
straw-derived biochar is primarily governed by its pore structure, which
regulates mass transfer, adsorption behavior, and surface reactivity
(Somboon et al., 2025; Yang et al., 2024; Mian et al., 2023). From a
pyrolysis perspective, pore formation in biochar is a complex physico-
chemical process involving the thermal decomposition of biomass
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components, the progressive construction of the carbon skeleton, and
the continuous release and migration of volatile matter (Wang et al.,
2025b; Zhylina et al., 2025; Lu and Zong, 2018). In previous studies,
biochar pores have generally been classified using two main approaches.
One approach distinguishes pores based on their connectivity to the
external surface, categorizing them as open or closed pores, while the
other classifies pores according to size, including micropores (< 2 nm),
mesopores (2-50 nm), and macropores (> 50 nm) (Gao et al., 2020; Sing
et al., 1985). Although widely adopted, these classification schemes
mainly emphasize geometric or physical attributes and are largely
descriptive, which limits their ability to capture the diversity of pore
morphologies and the underlying evolutionary mechanisms during
biomass pyrolysis and chemical activation.

To overcome this limitation, this study combined SEM-EDS charac-
terization with pore structure analysis to track the structural evolution
during the transformation of banana straw into porous biochar under
thermochemical coupled activation conditions. The results indicate that
the pore structure of the biochar can be classified into four types,
including biogenic pores directly inherited from the anatomical struc-
ture of banana straw (Pore I), as well as thermochemically derived pores
(Pore II, III, and IV) that gradually develop during pyrolysis and sub-
sequent chemical activation. Specifically, Category I pores exhibit
higher circularity and lower aspect ratio, reflecting their origin from the
native anatomical structure of the biomass and thus their relatively
regular geometry (Fig. 5A). Correspondingly, this stage shows the lowest
pore density (5458 mm~2) but the highest porosity (60.44%) (Table 4).
This suggests that the pore structure at this stage is dominated by large-
scale pores, where individual pores contribute substantially to the total
pore volume; therefore, despite the limited number of pores, they still
account for a high overall porosity.

As pyrolysis proceeds, the Category II pores show a decrease in
circularity, while the distribution of aspect ratio becomes significantly
broader (Fig. 5B), indicating layered structural breakdown and tensile
deformation induced by volatile release and the action of inherent
minerals. Correspondingly, the pore density increases markedly to
3.50 x 10° mm ™2, whereas the porosity decreases to 37.74% (Table 4).
This change suggests that although the number of pores increases, the
overall pore size decreases, leading to a reduced contribution of indi-
vidual pores to the total pore volume and thus a decline in porosity.

In the Category III pore structure formed under KOH activation,
circularity increases significantly and the aspect ratio distribution be-
comes more concentrated, indicating a trend toward more regular pore
geometries (Fig. 5C). At this stage, pores are mainly generated by
localized etching effects and exhibit relatively uniform hemispherical
morphologies. As shown in Table 4, the pore density further increases to
3.08 x 10° mm™2, while the porosity reaches its minimum value
(20.59%). This indicates that the pore structure has evolved into a sys-
tem dominated by a large number of small-scale pores. Despite the
substantial increase in pore number, their limited individual volume
results in a restricted contribution to the total pore volume, thereby
exhibiting a typical “high pore density-low porosity” characteristic.

Further under the synergistic effect of high temperature and inten-
sified chemical activation, the Category IV pore structure tends to sta-
bilize, with circularity and aspect ratio distributions becoming relatively
concentrated (Fig. 5D). Notably, although the pore density continues to
increase to 4.55 x 10® mm™2, the porosity rises from 20.59% to 23.11%.
This is mainly attributed to partial pore expansion and interconnection,
which increases the effective pore volume and consequently breaks the
previously decreasing trend in porosity.

The BET results and pore size distribution (Table 3) further confirm
the evolutionary characteristics of the pore structure at the pore-scale
level. As the pyrolysis temperature increases from 500 °C to 800 °C,
the micropore volume fraction rises from 8.3% to 64.1%, while the
mesopore volume fraction decreases from 91.1% to 35.9%, indicating a
gradual transition from a mesopore-dominated structure to a micropore-
dominated system. Meanwhile, under the same carbonization
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Fig. 5. Two-dimensional morphological feature distributions of pores in banana straw biochar at different evolutionary stages. (A-D) correspond to marginal scatter
plots of circularity and aspect ratio for Category I to Category IV pores, respectively.

Table 4
Quantitative morphological characteristics (pore density and porosity) of the
four categories of biochar pores.

Pore classification

2

Pore density (mm )

Porosity (%)

Category I 5458 60.44
Category II 349600 37.741
Category III 3874500 16.85
Category VI 4547200 23.105

temperature, increasing KOH dosage further promotes micropore
development, suggesting that chemical activation effectively enhances
the etching of the carbon framework and facilitates pore wall frag-
mentation and micropore generation. Mesopores mainly serve as tran-
sitional structures during the conversion from macropores to
micropores, reflecting an intermediate stage of progressive pore
shrinkage. In contrast, the continuous formation and accumulation of
micropores are the primary contributors to the increase in specific sur-
face area and pore volume.

Based on the above results, this study constructed a distribution di-
agram (Fig. 6) using pore density as the x-axis and mean circularity as
the y-axis to clearly distinguish pore types. The results show that the
four types of pores exhibit distinctly separated distributions within this
morphological parameter space, demonstrating good discriminability.
Specifically, Category I pores are mainly located in the region of low
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Fig. 6. Distribution characteristics of the four pore categories in the two-
dimensional morphological space defined by pore density and mean circularity.

pore density and high circularity; Category II pores fall within the region
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of low circularity and medium pore density; Category III pores are
distributed in the region of high pore density and high circularity; and
Category IV pores are situated in the region of high pore density and
medium circularity. The independent distribution domains of different
pore types in the parameter space indicate that the combined parame-
ters of pore density and circularity can effectively characterize structural
differences, providing a reliable basis for pore type identification.

In addition, to quantitatively evaluate the effects of pyrolysis tem-
perature (T) and KOH activation concentration (C) on pore structure
development, a regression analysis was performed based on the exper-
imental data in Table 3. Considering that linear models are insufficient
to capture the nonlinear variations of the parameters, a second-order
polynomial response surface model was established. The model incor-
porated quadratic terms (Tz, Cz) and an interaction term (T x C).
Through multiple regression analysis, empirical predictive equations for
specific surface area (Sggr) and total pore volume (PV) were derived as
follows:

SpeT= -224.54 + 561.31 C+0.000986T2-119.44C2-0.0205TC

(R?=0.997 )
PV=-0.078 + 0.265 C+ 4.46 x 10~7T2-0.0757C?+ 0.00007TC
( R?=0.996 )

The model exhibits high fitting accuracy within the studied range. As
an empirical model developed based on experimental data, it can be
used to estimate the specific surface area and pore volume of biochar
within the defined conditions (T = 500-800 °C, C=0-1.5 M), thereby
providing a useful reference for experimental parameter optimization
and result prediction.

From a broader perspective of research and application, banana
straw biochar shows significant potential in adsorption, soil amend-
ment, and carbon sequestration. In terms of functional applications, a
well-developed pore structure increases the specific surface area and the
number of active sites, thereby enhancing its adsorption capacity for
pollutants. Meanwhile, an appropriate porous architecture can also
improve soil aeration and water retention, supporting its application in
soil remediation. From an ecological perspective, the stability of biochar
as a carbon sink is primarily determined by its carbon structural char-
acteristics. Previous studies have shown that highly aromatic and
structurally stable carbon in biochar can persist in soils over long pe-
riods, thereby acting as an effective carbon sink and contributing to
climate change mitigation (Biswal and Balasubramanian, 2025; Enebe
et al.,, 2025). In general, lower H/C and O/C ratios correspond to a
higher degree of aromaticity and a lower level of oxidation, respectively,
indicating a more stable carbon structure that is more favorable for
long-term carbon sequestration. As shown in Table 1, the unactivated
sample BSBC500 exhibits the lowest H/C ratio (0.40) and O/C ratio
(0.23), indicating a higher degree of aromaticity and stronger structural
stability. Therefore, it shows the greatest carbon sequestration potential
among all samples. In contrast, with increasing KOH dosage, although
the pore structure is significantly enhanced, the O/C ratio increases
markedly (up to 0.78), indicating an increase in oxygen-containing
functional groups and a more reactive carbon structure. This trans-
formation is beneficial for improving adsorption performance and sur-
face reactivity. At 800 °C, both H/C and O/C ratios increase
substantially across all samples (with H/C up to 1.24 and O/C up to
1.91), suggesting that under high temperature and strong chemical
activation, the carbon framework undergoes more intense etching and
reconstruction, leading to a higher degree of structural disorder.
Although such structural features favor pore formation and functional
applications, they are unfavorable for long-term carbon stability.
Overall, low-temperature and unactivated or mildly activated biochar
(e.g., BSBC500) exhibits higher structural stability and is more suitable
for long-term carbon sequestration, whereas high-temperature and
strongly activated samples, due to their well-developed pore structures
and higher surface reactivity, are more suitable for adsorption and
environmental remediation applications.

Given the inherently high moisture content of banana straw, future
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studies may also explore the production of hydrochar via hydrothermal
carbonization without complete drying pretreatment (Jelena et al.,
2024; Wang et al., 2018). Existing research suggests that hydrothermal
carbonization is particularly suitable for high-moisture biomass feed-
stocks, enabling efficient carbon conversion under relatively mild re-
action conditions and demonstrating promising potential for soil
conditioning and crop production (Wang et al., 2025¢; Yan et al., 2024).
However, the practical implementation of thermochemical conversion
technologies for banana straw may be constrained by regional vari-
ability in production infrastructure, energy availability, and waste
management systems. In major banana-producing regions, especially in
developing or remote areas, limitations in processing facilities, trans-
portation networks, and energy supply could increase operational costs
and hinder large-scale deployment. Moreover, the environmental foot-
print associated with equipment manufacturing, energy consumption,
and by-product management may vary substantially across regions,
potentially offsetting some environmental benefits if not properly
addressed. Therefore, region-specific assessments integrating feedstock
availability, processing conditions, economic costs, and environmental
impacts are essential for evaluating the feasibility and sustainability of
different thermochemical conversion pathways for banana straw.

5. Conclusion

In this study, banana straw, an abundant industrial crop residue, was
successfully converted into hierarchical porous biochar, and the mech-
anisms underlying pore formation were systematically elucidated. Based
on pore morphology, the pores in banana straw biochar were classified
into four categories. Category I pores retained the anatomical features of
the original biomass (low pore density and high circularity), whereas
Category II pores developed as multilayer structures promoted by
intrinsic mineral composition and elevated pyrolysis temperature (low
circularity and medium pore density). Category III pores, characterized
by hemispherical concavities, were induced by KOH activation and
became more pronounced with increasing alkaline concentration (high
pore density and high circularity). Category IV pores consisted of an
interconnected pore network formed through the synergistic effects of
high-temperature pyrolysis and intensive KOH impregnation, accom-
panied by reorganization of the carbon skeleton (high pore density and
medium circularity). The composition of the feedstock plays a key reg-
ulatory role in pore structure evolution. Si primarily suppresses the
reconstruction of the carbon framework through a structural stabiliza-
tion effect, whereas K promotes the formation and development of pore
structures via catalytic activity. In addition, pyrolysis temperature and
KOH impregnation intensity significantly regulate pore evolution; with
increasing temperature and KOH concentration, carbon framework
etching and reconstruction are progressively enhanced, thereby facili-
tating further pore development. Based on these mechanistic insights,
this study further proposes pore structure regulation strategies tailored
to different application requirements. For applications that require
preservation of the native structure (e.g., microbial carriers), feedstocks
with high Si and low K contents combined with mild pyrolysis condi-
tions are recommended. In contrast, for the preparation of high-specific-
surface-area materials (e.g., adsorbents or energy storage materials),
feedstocks with low Si and high K contents, together with intensified
thermochemical coupling, are more suitable. Overall, this study pro-
vides a theoretical basis for feedstock selection and pore structure
regulation, offering important guidance for the rational design and high-
value utilization of biochar materials.
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