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ARTICLE INFO ABSTRACT

Keywords: In this study, biomass-based carbon materials with high surface area were synthesized from cotton waste via
PYTOIYSiS different activation techniques for hydrogen storage applications. The effects of key process parameter-
Biomass s—including pyrolysis temperatures (300-800 °C), activation agent ratios (KOH/biomass = 1:10 or 1:20), and
]:Il;ﬂ:;en storage activation atmospheres (N2 and CO3)—were systematically investigated. Characterization was performed using
Isotherm BET, FTIR, DTA/TG and SEM/EDX analyses. The highest surface area (1446 m2/g) and micropore volume
Kinetics (0.570 cc/g) were obtained for the sample pyrolyzed at 800 °C and activated under CO2 flow with KOH/biomass

impregnation ratio of 1:10, resulting in a highly porous structure. Hydrogen adsorption experiments at 77 K and
17.4 bar revealed a maximum storage capacity of 2.79 wt% for the optimized carbon material, surpassing the
theoretical prediction of Chahine’s rule. Adsorption isotherms were best described by the Langmuir model (R2 >
0.996), indicating monolayer coverage on a homogeneous surface. Kinetic modeling showed that the pseudo-
second-order model best fit the experimental data. Additionally, Weber-Morris model demonstrated that
intra-particle diffusion influenced the adsorption mechanism. Correlation analysis confirmed strong relationships
between hydrogen storage capacity and both BET surface area (R = 0.87) and micropore volume (R = 0.86).
These results highlight the potential of cotton-derived porous carbon material as low-cost, sustainable, and
effective adsorbents for hydrogen storage systems. Importantly, the study demonstrates that combining chemical
(KOH) and physical (CO2) activation enables the production of high-surface-area carbons while substantially
reducing KOH usage, representing a key novelty and a more sustainable alternative to traditional activation
approaches.

1. Introduction

Nowadays, the depletion of fossil fuels and the increasing environ-
mental issues have intensified interest in alternative energy sources,
with hydrogen energy emerging as a sustainable solution. Hydrogen
provides approximately 33 kWh/kg of gravimetric energy density—-
three times more than fossil fuels—and offers zero-emission potential by
releasing only water vapor as a byproduct of combustion [1,2]. The fact
that it can be produced from water and renewable sources further
strengthens hydrogen’s central role in a sustainable energy cycle [3].
However, one of the main obstacles to the widespread use of hydrogen
energy is the lack of sufficiently developed safe, efficient, and cost-
effective storage and transportation methods. Hydrogen can be stored
as a gas under high pressure, as a liquid at low temperatures, or through
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physical/chemical adsorption on solid surfaces. Although gas-phase
storage offers advantages such as quick access and low cost, the need
for high pressure poses safety risks. Liquid-phase storage, on the other
hand, provides higher energy density but is limited by the high energy
consumption required for extreme cooling [3,4]. In contrast, hydrogen
storage using solid adsorbents offers safer storage conditions at lower
operating pressures and can achieve high hydrogen adsorption capac-
ities due to their typically high surface areas. In this context, porous and
lightweight carbon-based adsorbents such as carbon nanotubes [5],
fullerenes [6], activated carbons [7], and graphene-based materials [8]
have gained prominence in hydrogen storage research. The hydrogen
storage capacity of multi-walled carbon nanotubes (MWCNTs) has been
investigated under various temperature and pressure conditions. While
the storage capacity of pristine MWCNTSs was measured to be 2.02 wt%
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at 77 K, chemical modification increased the capacity of MWCNT-COCI
to 3.17 wt% [9]. The hydrogen storage capacity of defective fullerenes
has been determined as 2.17 wt% at 77 K. Experimental results indicate
that hydrogen molecules are adsorbed onto both the internal and
external surfaces of fullerenes via van der Waals forces. Furthermore, it
has been observed that defective fullerene structures are more effective
in storing hydrogen [10]. The hydrogen storage capacity of activated
carbon derived from chestnut shells was measured to be 3.18 wt% at 77
K. These results suggest that activated carbon may serve as an effective
storage material due to its high surface area and micropore volume [7].
The hydrogen storage capacity of lithium-doped graphene was deter-
mined to be 1.416 wt% at 298 K and 1.605 wt% at 77 K. Additionally,
the surface area of graphene was reported to be 689 m?/g, which fa-
cilitates more efficient hydrogen adsorption [8]. However, it is evident
that the hydrogen storage capacities of these materials generally remain
low. These findings highlight the need for the development of envi-
ronmentally friendly, novel carbon-based materials and further inves-
tigation into their hydrogen storage capabilities.

In recent years, extensive research has focused on producing adsor-
bents with high surface area and enhanced pore structures through the
carbonization of plant-based waste biomass using various methods. In
this context, the hydrogen storage performance of carbons derived from
different biomass sources has been widely investigated in the literature.
For instance, carbon produced from waste coffee grounds via KOH
activation exhibited a surface area of 2070 m2/g and a high micropore
volume, with hydrogen storage capacities of 0.6 wt% at 298 K and 4.0 wt
% at 77 K [10]. Carbons obtained from olive leaves using microwave and
chemical methods showed a 13 % improvement in hydrogen storage
capacity after ultrasonic treatment due to enhanced pore structure [1].
Moreover, it has been demonstrated that hydrogen adsorption is closely
related to surface area and pore structure, particularly in studies con-
ducted on carbon materials with cylindrical pore structures [11]. An
optimized activated carbon derived from date seeds presented a surface
area of 846.7 m?/g [12]. Due to their high crystalline cellulose content,
cotton fibers can produce carbon structures with higher carbon yield and
well-developed narrow micropores (<2 nm) during pyrolysis and acti-
vation [13]. In addition, their intrinsic fibrous and channel-like
morphology facilitates the propagation of pores along the fiber direc-
tion during activation, resulting in highly interconnected micro/meso-
porous networks with large specific surface area [14]. Moreover, the
cellulose-to-carbon conversion pathway, including aromatic frame-
work formation and micropore development, has been well-documented
in the literature [15]. Therefore, cotton waste offers distinct advantages
over many other biomass precursors, combining structural suitability for
micropore generation with low cost, wide availability, and sustainabil-
ity. Various porous carbon derivatives have also been produced from
cotton-based biomass. Examples include biomorphic carbon from cotton
stalks [16], ultra-high surface area carbons [17], chemically activated
carbons [18], and carbonized structures derived from lignin [19].
Physical activation, particularly using CO,, typically results in porous
carbon with relatively low surface area or adequete porosity is achived
by high activation temperatures and prolonged durations [20].0On the
other hand, chemical activation methods such as KOH or ZnCl, yield
significantly higher surface areas but involve corrosive reagents [21].
Recently, combining both physical and chemical activation has emerged
as a promising approach to enhance porosity while reducing the
required amount of chemical agents. Patel et al. (2023) activated pine
saw dust via carbonization followed by KOH (biomass:KOH ratio of 1:2)
activation, CO4 activation and their combination [22]. The combined
activation resulted in a higher surface area (2216 m?/g) compared to
KOH (1319 mz/g) and CO, (336 m?/ g) activation alone. Although many
studies have reported porous carbons derived from different biomass
sources, systematic evaluations of hydrogen storage performance in
cotton-waste—derived biochars under varying activation routes remain
limited. In this study, the key novelty lies in the systematic comparison
of chemical activation (KOH), physical activation (CO3), and their
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combined application on cotton waste. The combined activation strat-
egy enables the formation of interconnected narrow micropores while
reducing the amount of KOH required, thereby providing a more sus-
tainable and environmentally favorable pathway for producing high-
performance porous carbons. We hypothesize that the high cellulose
content and fibrous morphology of cotton waste will facilitate the
development of narrow micropores (<2 nm) during activation, leading
to hydrogen storage capacities comparable to or even higher than those
of other biomass-derived carbons. By correlating hydrogen storage ca-
pacity with BET surface area and micropore volume, this work estab-
lishes a quantitative structure-adsorption relationship specific to cotton-
based biochars, demonstrating the combined activation approach as the
core innovative contribution of this study. Therefore, the aim of this
study is to investigate the hydrogen storage performance of biochars
produced from cotton wastes under various pyrolysis and activation
conditions through comprehensive characterization, isotherm, and ki-
netic analyses. In this context, i. the effects of pyrolysis temperature,
atmosphere type, KOH ratio, and CO, gas flow speed on the properties of
the biomass-based carbon materials (CM) were examined, ii. material
characterization was performed using Brunner-Emmett-Teller (BET)
surface area analysis, Fourier Transform Infrared Spectroscopy (FTIR),
Differential Thermal Analysis/Thermogravimetry (DTA/TG), and
Scanning Electron Microscopy/Energy Dispersive X-ray Spectroscopy
(SEM/EDX), iii. hydrogen storage capacities were compared at both
room and cryogenic temperatures, and iv. adsorption behavior was
thoroughly evaluated using adsorption isotherm and kinetic models.
Additionally, the statistical relationship between hydrogen storage ca-
pacity and BET surface area as well as micropore volume was analyzed
to quantitatively reveal the correlation between surfa-
ce-microstructure-adsorption. In this way, the study proposes a novel
approach for converting low-cost cotton wastes into high value-added
materials for energy-related applications.

2. Materials and methods
2.1. Materials

Cotton wastes were obtained from Izmir, Tiirkiye. All chemicals used
in this study were of analytical grade and were used without further
purification.

2.2. Methods

2.2.1. Preparation of biochars

All pyrolysis and activation processes were carried out in a 1 L ver-
tical fixed-bed reactor made of 316 stainless steel. The pyrolysis system
has been detailed in a previous studies [21,23]. A total of nine biochars
were produced from cotton waste using pyrolysis under various condi-
tions. In pyrolysis experiments, the heating rate (10 °C/min) was
selected based on preliminary experiments to ensure controlled
carbonization without structural collapse. Activation durations of 1 h
and 3 h were chosen to compare moderate and extended activation
while preventing excessive burn-off. CO, flow rates (25-100 mL/min)
were selected to evaluate the effect of gas—solid interaction kinetics on
pore development. These conditions are consistent with commonly re-
ported activation parameters for cellulose-based biomass-derived car-
bons. The production methods are described below. In this study, the
raw cotton waste was labeled as PO.

Approximately 30 g of cotton waste was loaded into the reactor. The
reactor was then placed inside an external furnace, and the heating rate
of the furnace was set to 10 °C/min. Nitrogen gas (N3) with a flow rate of
100 mL/min was used both as a purge gas and to create an inert at-
mosphere. The reactor was separately heated to 300 and 800 °C and
maintained at these temperatures for 1 h. Subsequently, the reactor was
cooled to room temperature under a continuous flow of Ns. The resulting
biochar was recovered from the reactor, and the samples obtained at 300
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and 800 °C were labeled as P1 and P2, respectively.

KOH activation of the cotton waste was performed using the wet
impregnation method. An appropriate amount of KOH was dissolved in
approximately 20 mL of water. Then, 20 g of biomass was impregnated
with the solution at KOH/biomass ratios of 1:10 and 1:20. The resulting
slurry was stirred and subsequently dried in an oven at 105 °C overnight.
The dried mixture was then thermally activated in a fixed-bed pyrolysis
system at 800 °C for 1 h under a nitrogen flow of 100 mL/min. The
residue from the reactor was cooled with 150 mL of 10 % HCI solution
for 1 h and filtered under vacuum. The solid was washed with warm
distilled water until no chloride ions were detected in the filtrate. The
obtained biochars were dried in an oven at 105 °C. The biochar pro-
duced at a KOH:biomass ratio of 1:10 was labeled as P4, while that at a
ratio of 1:20 was labeled as P5.

For CO; activation, the cotton waste was placed in a stainless steel
pyrolysis reactor and heated to 800 °C at a rate of 10 °C/min under a
nitrogen flow of 100 mL/min. Once the temperature reached 800 °C, the
nitrogen flow was switched to carbon dioxide (CO-) at a flow rate of 100
mL/min for 3 h. At the end of the activation period, the reactor was
allowed to cool to room temperature under a continuous nitrogen flow.
The biochar activated with CO, was labeled as P3.

In this stage of the activation procedure, both KOH and CO» acti-
vation techniques were integrated. For this purpose, cotton waste was
impregnated with an adequate amount of KOH (at KOH/biomass mass
ratios of 1:10 and 1:20) dissolved in 20 mL of water, and the mixture was
dried overnight at 105 °C. The dried mixture was then heated to 800 °C
and activated under a continuous CO5 flow (at flow rates of 25, 50, and
100 mL/min) for 3 h. The resulting solid was cooled with a 10 % HCl
solution for 1 h, filtered, and washed with warm distilled water under
vacuum until no chloride ions were detected in the filtrate. Biochars
produced with a KOH/biomass ratio of 1:10 at CO5, flow rates of 25, 50,
and 100 mL/min were labeled as P7, P8, and P9, respectively. The
biochar produced at a KOH/biomass ratio of 1:20 and a CO» flow rate of
100 mL/min was labeled as P6. To prevent any influence of residual
inorganic salts on adsorption or hydrogen storage performance in above
all experiments, all activated samples were washed in 10 % HCl solution
for 1 h to remove possible salts formed during activation. After acid
washing, the samples were thoroughly rinsed with deionized hot water
until the chloride test was negative, confirming the removal of salt
residues.

2.2.2. Hydrogen storage

The hydrogen storage capacities of the biochar samples were deter-
mined using a Hiden IMI PSI gas sorption analyzer. Prior to hydrogen
adsorption measurements, the samples were degassed at 200 °C for 4 h.
Adsorption tests were conducted under both room temperature and
cryogenic conditions within a pressure range of 0-100 bar [24].
Approximately 80 + 5 mg of each sample was used for each adsorption
measurement. Before each pressure step, the system was allowed to
reach adsorption equilibrium, and the equilibration time was set as the
point where the pressure change was less than 0.01 bar within 20 min.
Hydrogen uptake values were normalized per gram of adsorbent (wt%).
The reported hydrogen storage values correspond to excess adsorption
capacity. Hydrogen storage measurements were performed in duplicate,
and the variation between repeated measurements was below 5 %,
confirming reproducibility.

2.2.3. Characterization

2.2.3.1. BET surface area and pore volume analysis. The BET surface
area and pore volume analyses of the raw cotton waste and biochar
samples were performed using a Quantachrome Nova 2200e analyzer.
Prior to the measurements, the samples were degassed at 200 °C for 4 h.
Nitrogen gas was used as the adsorbate, and measurements were con-
ducted at 77 K in a liquid nitrogen environment. The obtained data were
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used to evaluate the surface area and pore structure of the cotton waste
and biochar samples. BET surface area and pore volume measurements
were performed in triplicate, and the reported values represent the mean
of repeated analyses.

2.2.3.2. FTIR spectra. FTIR analyses were conducted to investigate the
structural changes of the raw cotton waste and biochar samples. The
spectra were recorded in the wavenumber range of 600-4000 cm™!
using a Perkin Elmer Spectrum 100 FTIR spectrometer. Before analysis,
the samples were mixed with KBr at a 1 % ratio and pressed into pellets.

2.2.3.3. DTA/TG analysis. Thermal analyses were carried out using a
Perkin Elmer Diamond DTA/TG instrument. The samples were analyzed
under a nitrogen atmosphere at a heating rate of 20 °C/min over a
temperature range of 30-1000 °C. The mass changes over time were
recorded, and the resulting thermograms were used to evaluate the
thermal behavior of the samples. For the thermal kinetic analysis of
sample P9, thermal measurements were performed in the temperature
range of 30-1000 °C, at heating rates of 10, 15, 20 and 25 °C/min.

2.2.3.4. SEM/EDX Imaging. Before SEM analysis, the samples were
coated with Au/Pd for 90 s under a current of 20 pA to enhance con-
ductivity. SEM images were obtained using a Zeiss EVO LS 10 micro-
scope at an accelerating voltage of 20 kV. Elemental composition
analyses were performed using a Bruker EDX detector.

3. Results and discussion
3.1. Characterization

3.1.1. FTIR analysis

FTIR spectra of cotton waste (P0) and pyrolysis samples (P1-P9) are
given in Fig. 1. In FTIR analysis, shifts in band positions, increases or
decreases in band intensity, formation of new peaks and changes in
functional group diversity are important indicators in determining
structural changes. Fig. 1a shows the FTIR spectra of cotton waste (P0),
biochars pyrolyzed at 300 and 800 °C (P1 and P2) and biochar pyrolyzed
at 800 °C in CO, atmosphere (P3). Since cotton waste has cellulose
content, characteristic bands originating from cellulose and hemicellu-
lose are observed in the FTIR spectrum. The broad and intense band
observed at 3447 cm™! is attributed to the stretching vibrations of hy-
droxyl groups originating from cellulose, hemicellulose and lignin. The
width and intensity of this band indicate that the biomass has high hy-
drophilic properties. The bands at 2925 and 2854 cm ™! correspond to
the asymmetric C-H and symmetric -CHy— stretching vibrations of
aliphatic chain structures originating from hemicellulose and lignin. The
band at 1751 ecm™! represents the stretching vibrations of carbonyl
groups (C=0), while the stretching vibrations of conjugated C=C bonds
and/or —OH vibrations of adsorbed water are observed at 1637 cm™.
The band at 1377 cm ™! indicates the ~CH bending vibrations originating
from lignin and hemicellulose. The band at 1162 cm™ originates from
the glycoside bonds (C-O-C stretching; ether bonds or C-O; alcohol/
ester) in the crystal structure of cellulose. These findings reveal that the
biochar obtained from cotton waste has a rich cellulose and lignin
content. In addition, the presence of hydroxyl, carbonyl and aromatic
groups in the spectrum was confirmed; this shows that cotton waste is a
biomass suitable for processes such as chemical activation and surface
modification. The FTIR spectrum of P1 belongs to biochar pyrolyzed at
low temperature (300 °C). Although the cellulose structure started to
decompose in this sample, the characteristic bands specific to cotton
waste were largely preserved. P2 was pyrolyzed at high temperature
(800 °C) and it was observed that most of the functional groups dis-
appeared with the effect of increasing temperature and the structure
started to carbonize. P3 represents biochar pyrolyzed at 800 °C; it can be
said that the functional groups were largely lost in this spectrum and a
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more porous structure was formed compared to P1 and P2 [18]. The
preference of CO, atmosphere in the production of activated carbon
provides a slower gasification process, controls the reaction of KOH
activation agent with carbon and thus allows the formation of more
regular and homogeneous pore structures. In addition, since CO2 pro-
vides a mildly oxidizing environment rather than an inert one like ni-
trogen, it may cause the removal of some functional groups on the
surface or their transformation into more stable forms [25]. Fig. 1b
shows the FTIR spectra of P4, P5, P6 and P9 biochars. No bands origi-
nating from any functional group on the surface were observed. Fig. 1c
shows the FTIR spectra of P4, P7, P8 and P9 biochars. No bands are
observed in the FTIR spectra for all samples. This shows that the func-
tional groups are completely removed from the surface and a carbon-
based structure is formed. During thermal activation of cellulose-based
cotton waste with KOH, the functional groups on the surface were
removed as a result of the reaction of KOH with carbon to form volatile
compounds such as Hy, H;O and CO,. This process supported the for-
mation of porous biochar with high surface area [26].

A quantitative comparison of the FTIR spectra clearly demonstrates a
systematic structural transformation across the PO (biomass), P1 (300 °C
pyrolyzed), and P9 (activated carbon) samples. In PO, strong O-H,
aliphatic C-H, C=0, and C-O-C bands are observed, whereas these
functional groups exhibit moderate reductions in P1, decreasing by
approximately 14-13 %, consistent with partial dehydration, cleavage
of aliphatic chains, and initial decomposition of oxygen-containing
groups at low pyrolysis temperatures. The ~ 8 % increase in the aro-
matic C=C band intensity further indicates the onset of structural

condensation and aromatization in P1. In contrast, all characteristic
functional group bands disappear entirely in P9, demonstrating 100 %
loss of O-H, C-H, C=0, and C-O-C vibrations. This complete removal of
functional groups confirms that high-temperature KOH activation leads
to full carbonization and the formation of a surface devoid of residual
organic functionalities. Overall, the quantitative FTIR evaluation
strongly supports the progressive transition from functionalized biomass
(PO) to partially carbonized material (P1), and finally to a fully
carbonized activated carbon structure (P9).

3.1.2. DTA/TG analysis

Thermogravimetric analysis (TGA) is a crucial technique for exam-
ining the thermal behavior and characteristics of biomass, providing
valuable insights into energy conversion processes [27]. Fig. 2 presents
the DTA/TG thermograms and their derivatives of biochars produced
from cotton waste under various conditions. The thermal stability pa-
rameters calculated from these thermograms are listed in Table 1. The
mass loss steps observed in the TG curves and the peak points in the d
[TG] curves offer significant information about the degradation mech-
anisms of the samples. Raw cotton waste (PO) exhibited a four-stage
degradation profile. Low-temperature moisture loss occurs at 82 °C,
which corresponds to moisture content removal in biochars between 51
and 87.5 °C. In the intermediate temperature regions, the main pyrolysis
step of hemicellulose, cellulose, and lignin (Tmax,;=339.0 °C-58.0 wt%
and Tmaxy=526.3 °C-13.8 wt%), specific to the lignocellulosic struc-
ture, and the degradation of carbonaceous structures (Tmaxy;=963.4 °C-
11.9 wt%) were observed. At the end of the analysis at 1000 °C, the
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Fig. 2. TG and d[TG] thermograms of a) PO, P1, P2 and P3, b) P4, P7, P8 and P9 and c) P4, P5, P6 and P9.
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Table 1

Thermal stability parameters of cotton waste and biochars.
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Samples Tmax; AYq Tmaxy NS Tmaxs AY3 Tmaxy AY4 Residue at 1000 °C (%)
PO 82.0 3.4 339.0 58.0 526 13.8 963.4 11.9 12.3
P1 85.4 2.7 395.6 53.6 869.6 7.8 - - 31.1
P2 65.2 6.8 547.4 32.1 834.1 34.4 - - 25.6
P3 74.4 8.8 523.8 15.7 707.8 7.3 895.6 14.8 53.1
P4 88.2 8.2 195.1 8.7 980.9 8.8 - - 74.1
P5 73.9 7.5 404.4 4.6 551.9 23.9 - - 63.6
P6 68.7 7.9 292.4 3.1 861.4 13.4 - - 69.0
P7 64.0 2.1 146.6 13.0 990.9 13.5 - - 71.0
P8 51.0 2.8 166.5 13.9 757.7 19.7 - - 63.7
P9 85.4 1.7 171.2 7.3 769.4 5.4 - - 78.5
P9 (10 °C) 63.9 2.1 146.7 11.1 743.7 5.6 - - 77.3
P9 (15 °C) 72.7 2.4 168.0 10.4 758.6 5.0 - - 78.3
P9 (25 °C) 80.0 1.6 181.9 10.6 778.9 5.3 - - 80.2

remaining material PO showed a mass loss of 3.5 wt%. In samples P1 and
P2, obtained by heat treatment at 300 °C and 800 °C in an inert atmo-
sphere, it was observed that the amount of volatile matter decreased
with increasing temperature, the degree of carbonization increased, and
consequently, the Tmax values increased significantly. Sample P3,
produced with CO4 activation, exhibited lower Tmax, values compared
to P2, indicating that the carbon skeleton became more reactive due to
the mild oxidizing nature of CO,. In samples P4 and P5, which under-
went chemical activation, Tmaxy values decreased significantly due to
the aggressive degradation of the cellulosic structure by KOH. With
increasing KOH/biomass ratio, the degradation became more gradual,
and higher ash accumulation occurred. This indicates that volatile
components decreased in the pyrolyzed samples and a more stable
structure was formed. Hemicellulose generally decomposes between
200 and 350 °C, while cellulose decomposes between 250 and 450 °C. In
general, with the degradation of hemicellulose, light volatile organic
compounds such as water vapor, carbon dioxide (CO3), methanol and
acetic acid are removed from the structure; with the degradation of
cellulose, highly volatile compounds, tar and gaseous products are
removed; with the degradation of lignin, complex products such as
phenolic compounds, fixed carbon, CO,, CH4 and aromatic structures
are removed from the structure [28-32]. Lignin is known to decompose
in the range of 300-600 °C and at a lower rate [29]. In samples P6-P9,
where KOH and CO5 activation were applied together, it was determined
that the thermal behavior became more complex, and low Tmax, values
reflected the dense porous and weakened carbon structure created by
chemical and gas-phase activation, while high residue percentages
indicated that the remaining mineral content in the structure after
activation increased. It was observed that increasing the CO5 flow rate
(especially in the P9 series) resulted in increased reactivity by carving
out the carbonaceous structure to a greater extent, while an inorganic
residue structure resistant to degradation at high temperatures became
dominant. Generally speaking, biochars pyrolyzed at high temperatures
in an inert atmosphere exhibited the highest thermal stability, while
samples using KOH and CO; together (especially in P9) exhibited the
most intense activation degree, the lowest Tmax, values, and the highest
residue amounts, clearly demonstrating that activation methods have a
strong and decisive effect on the thermal behavior of biochar. Further-
more, slow mass losses in TG thermograms and broad peaks in d[TG]
thermograms are characteristic. This slow decomposition was particu-
larly evident in P3. The third and fourth degradation steps in the d[TG]
thermograms of P3 indicate oxidative decomposition of fixed carbon at
high temperatures. The Tmax3 and Tmax4 values in P6 were measured as
707.8 °C and 895.6 °C, respectively, and these samples exhibited high-
temperature resistance, indicating that advanced carbonization
occurred and that the decomposition of fixed carbon took a long time.
The TG/d[TG] thermograms in Fig. 2 also support these table data. As
seen in Fig. 2a, the fastest mass loss among PO, P1, P2, and P3 was
observed in PO, while these losses were determined to occur slower in
the higher temperature range in the biochar samples. P4, P5, P6, P7, P8,

and P9 in Fig. 2b and c tend to decompose slower and leave high residue.
The d[TG] peak observed between 600-800 °C can be attributed to the
decomposition of carbonates and/or excessive gasification of carbon.
Based on the data above, the high fixed carbon content and increased
thermal stability of the resulting biochars enable their use not only for
hydrogen storage but also as potential carbon sources for other appli-
cations requiring high thermal resistance, such as flame retardants and
electrode materials for fuel cells. Thus, these biomass-based materials
contribute to multifunctional applications.

In the literature, various non-isothermal kinetic methods have been
developed to determine thermal kinetic analysis parameters by exam-
ining the relationships between reaction maximum temperatures and
heating rates, with the Kissinger and Ozawa methods being the most
well-known and widely used methods [33,34]. The the Kissinger-
Akahira-Sunose (KAS) method, considered an isoconversional form of
the Kissinger approach, offers a model-independent procedure derived
from the differential-derivative form of Arrhenius kinetics. In this
method, the reaction mechanism is assumed to be unchanged for a given
transformation degree (o), eliminating the need for an explicit definition
of the transformation function. The KAS equation provides a linear
expression that allows the activation energy to be determined depending
on the transformation using data obtained at different heating rates
[35]. According to the KAS Eq. (1), the relationship between the heating
rate B, the maximum decomposition temperature T, the pre-exponential
factor A, the gas constant R, and the activation energy E, takes a linear
form. The slope of the line obtained by plotting In(p/T?) against 1,/T is
interpreted as — Eq/R, and thus the activation energy for the relevant
decomposition step can be calculated.

B AR E,

N =g @ RT

®

The Flynn-Wall-Ozawa (FWO) method allows the calculation of the
apparent activation energy using data obtained from different heating
rates at a given degree of transformation, without requiring any as-
sumptions about the reaction mechanism. In its mathematical form, the
inverse of the natural logarithm of the heating rate and the corre-
sponding transformation temperature forms a linear relationship. Ac-
cording to the FWO Eq. (2), p is the heating rate, T is the maximum
decomposition temperature, A is the pre-exponential factor, R is the gas
constant and E, is the activation energy, o is maximum conversion rate
and the slope of the linear equation in logarithmic form obtained from
the 1/T plot against Inb is equal to — 1.052 E,/R and from here the
activation energy can be calculated. Thus, the activation energy can be
directly calculated using the slope. In this respect, the FWO method is a
powerful and mechanism-independent kinetic analysis technique that
allows the activation energy to be determined separately for each degree
of transformation, even in systems exhibiting multistep decomposition
[35,36].
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Fig. 3a shows the TG/d[TG] thermograms of the P9 sample at different
heating rates. To determine the kinetic parameters of a three-step
degradation mechanism of the activated carbon sample, graphs drawn
by applying the data obtained from the TG analysis at different heating
rates to the KAS and FWO equations are given in Fig. 3, respectively. The
calculated activation energies and regression coefficient values are
given in Table 2. The regression coefficient values obtained by applying
the experimental data to the KAS and FWO models are quite close to
each other. The regression values for the thermal degradation stages
given in the table are calculated as 0.8026, 0.9140, and 0.9980 for the
KAS equation, and 0.7499, 0.9200, and 0.9996 for the FWO equation,
respectively. The activation energies in these decomposition steps were
calculated as 31 kJ/mol, 32 kJ/mol, 205 kJ/mol according to the KAS
method and 36 kJ/mol, 39 kJ/mol, 221 kJ/mol according to the FWO
method, respectively. Based on thermal analysis diagrams at different
heating rates, the first degradation stage, where moisture and volatile
components are removed, and the second degradation stage, where
hemicellulose and cellulose are decomposed, show that the pyrolysis
rate is slower than the third degradation stage, which is attributed to the
degradation of lignin and the physical and chemical transformations of
activated carbon. In other words, pyrolysis occurs more slowly at lower
temperatures [37,38]. Thermal kinetic analysis of activated carbons
reported in the literature reveals complex decomposition mechanisms,
with activation energies determined by advanced thermogravimetric
analysis techniques typically ranging from 95 to 177 kJ/mol. Song et al.
(2013) used iso-transformation methods to obtain kinetic parameters
and found activation energies of approximately 96.59 kJ/mol [39]. Liu
et al. (2012) showed differences in activation energy calculations
depending on the analysis method, ranging from 95 to 178 kJ/mol [40].
Mahani et al. (2011) found an activation energy of 172.25 kJ/mol for
activated carbon obtained from peanut shells [37]. These studies high-
light the importance of precise measurement techniques, demonstrating
that the heating rate changes the decomposition temperatures, the
activation energy varies according to the material source and analysis
method, and the complexity of thermal kinetic analysis in activated
carbons.

3.1.3. SEM/EDX analysis

In this study, the SEM images of the surface morphologies of PO and
biochars (P1-P9) produced under different conditions were examined at
1.5 KX and 4 KX magnifications and given in Fig. 4. The SEM image of
raw cotton waste (P0) given in Fig. 4 shows that the fibrous and natural
cellulosic structure is preserved. The porosity of the raw sample is
extremely limited in accordance with the literature [41,42]. The SEM
images of P1 and P2 obtained by pyrolysis in an inert environment at
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Table 2
Activation energy calculated from KAS and FWO methods for P9 sample.

Thermal degradation Kinetic models

steps

KAS FWO

Ea (kj/mol) R? Ea (kj/mol) R?
1 31 0.7499 36 0.8026
2 32 0.9200 39 0.9140
3 205 0.9996 221 0.9980

300 °C and 800 °C are given, respectively. The pyrolysis process carried
out at low temperature caused a partial thermal decomposition in the
biomass.

However, the development of the pore structure did not occur and
the morphology exhibited a compact structure. This shows that low
temperature is insufficient for carbonization and porosity. The high-
temperature pyrolysis process caused more pronounced surface de-
formations compared to low-temperature pyrolysis, and a porous
structure was observed to form, although in a very limited manner.
However, applying only thermal treatment is not sufficient for high
surface area and effective adsorption [43]. In the SEM image of P4 ob-
tained by applying physical activation with CO2 gas at 800 °C for 3 h,
significant porosity development in the structure of the biomass and a
more open surface morphology and distinct voids were observed.
Physical activation supported pore formation, but the irregularity of the
pores and clogged regions revealed that CO2 was not as effective as
chemical activation. In the literature, this situation was explained by the
development of pore formation observed in the structure during physical
activation with CO5 due to the release of volatile compounds as a result
of thermal decomposition of the biomass. In this process, COy gas
reacted with the carbon surface, causing the structure to be hollowed out
and the pores to open. Especially in cellulose-rich biomasses, such as
peanut shells, a porous structure is formed with the carbonization of
cellulose during the activation process. This transformation leaves a
porous carbon matrix behind by separating the cellulose from the
structure, thus increasing the surface area and adsorption capacity of the
activated carbon. It is stated that pores develop more in amorphous
structures and surface layers rather than in tight regions between crys-
tallites [44,45]. When the SEM images of P5 and P6 produced by
applying chemical activation with KOH at impregnation ratios of 1:10
and 1:20, respectively, are examined in Fig. 4, striking differences are
seen in terms of surface morphology. In the 1:10 sample, a dense porous
structure was formed in the carbon skeleton due to the high KOH ratio
per gram of biomass, and the surface was clearly fragmented and acti-
vated. In the 1:20 sample, porosity remained at a lower level due to the
lower amount of KOH per gram of biomass. These results prove that the
activation agent ratio has a direct effect on pore development. In the
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Fig. 3. A) tg/d[tg] curves of p9 at different heating rates, b) the plots of —In(f/T 2) versus 1/T for KAS model and c) The plots of In(B) versus 1/T for FWO model.
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Fig. 4. SEM images of biomass and biochars.
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Fig. 4. (continued).

SEM image of P6, which was produced by using physical activation and
chemical activation methods together, it is seen that there are pores, the
pores are more homogeneously distributed and the carbon skeleton
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opens more regularly [46]. When the surface morphology of P7 is
examined, it is understood that low CO» flow (25 mL/min) causes the
activation to be limited and the pores develop less. In P8, porosity



M. Karadags et al.

P8

EHT =20.00 kV Signara
WD = 95mm Mag= 150KX

P9

EHT = 20.00 kV Sigrare
WD = 85mm Mag= 150KX

Fuel 409 (2026) 137820

EHT =20.00 kv
WD = 9.5 mm

Signal A = SE1 @
[ )
Mag= 400KX -

EHT = 20.00 kv

Signal A = SE1 @
|
WD = 95mm Mag= 4.00KX e

Fig. 4. (continued).

increased with medium gas flow (50 mL/min) and the surface gained a
more open morphology. In P9, high gas flow (100 mL/min) caused more
carving of the carbon structure and a wide and dense pore network was
formed. These results show that the gas flow rate is a determining
parameter on the physical activation efficiency. SEM images show that
synthesis parameters have significant effects on biochar structure.
Chemical activation provides high porosity, especially with the use of
KOH, while physical activation offers a more environmentally friendly
but relatively limited pore structure. Using physical and chemical acti-
vation methods together provides a more balanced and functional car-
bon structure by combining the advantages of both methods.

The elemental compositions of biochars obtained with different
activation methods were determined by Energy Dispersive X-Ray Spec-
troscopy (EDX) analysis (see Table 3). In the elemental analysis of PO,
60.52 % carbon, 34.84 % oxygen and trace amounts of potassium,
copper, phosphorus, magnesium, sulfur, calcium and chlorine were
determined. The high oxygen content of PO can be attributed to the
oxygenated functional groups belonging to the characteristic

Table 3
Elemental amounts of biomass and biochars determined by EDX.

composition of structural polymers such as cellulose, hemicellulose and
lignin in its structure [47,48]. While the carbon content of P1 increased
to 74.38 %, the oxygen content decreased to 22.06 %. This shows that
the volatile compounds were partially removed by the limited pyrolysis
process at low temperature and the structure became more carbon-
heavy. Nevertheless, the presence of high oxygen levels indicates that
the functional groups in the structure are significantly protected by
pyrolysis at 300 °C. In P2 produced by pyrolysis at 800 °C, 69.63 %
carbon and 12.72 % oxygen content were detected, indicating that the
sample underwent advanced carbonization. In this sample, it was
observed that elements such as potassium (3.26 %), calcium (2.71 %),
chlorine (4.16 %), magnesium, phosphorus and fluorine increased
significantly. This can be explained by the concentration of inorganic
structures in the biomass during pyrolysis and their accumulation as
residue on the surface. In P3, the carbon level was measured as 71.73 %
and the oxygen level as 15.52 %. This shows that the physical activation
performed with CO, protects the oxygenated surface groups to some
extent. The most striking element is the presence of Cu (copper) at 11.87

Samples Elements (wt.%)
C (o] K Cu P Mg S Ca Cl Fe Si P Na Al Zn

PO 60.52 34.84 1.42 1.05 0.74 0.54 0.38 0.28 0.23 — - - - - -
P1 74.38 22.06 1.43 0.47 0.81 0.54 - 0.32 - - - - - - -
P2 69.63 12.72 3.26 - 0.99 1.44 0.63 2.71 4.16 0.34 0.23 0.99 0.35 0.11 2.12
P3 71.73 15.52 0.16 11.87 - 0.02 - 0.12 0.36 - 0.18 - - 0.03 -
P4 83.42 11.28 0.23 1.81 - 0.21 0.68 0.42 1.05 0.57 0.20 - 0.12 - -
P5 79.75 12.91 0.81 1.68 - 0.71 0.43 0.42 1.48 0.35 1.41 - - 0.04 -
P6 84.14 9.04 1.07 1.41 - 0.23 0.60 0.20 2.07 - 0.18 0.96 0.13 - -
P7 89.11 7.90 0.24 - - 0.17 0.78 - 1.01 0.58 - - - - -
P8 88.92 9.46 - - - - 0.32 - 0.17 1.14 - - - - -
P9 85.30 12.07 - - - - 0.48 0.11 0.04 1.87 0.13 - - - -
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%. The elevated Cu signal observed in sample P3 originates from the
SEM sample holder and coating material rather than from the activation
process. This was confirmed as an isolated instrumentation-related
artifact. Importantly, sample P3 was not included in hydrogen storage
measurements, and therefore, this contamination does not affect any
adsorption results. P4 (1:10 KOH ratio) and P5 (1:20 KOH ratio) samples
produced by KOH chemical activation clearly reflect the effects of
chemical activation. The carbon ratios are 83.42 % and 79.75 %,
respectively, and the oxygen ratios are 11.28 % and 12.91 %, respec-
tively, and a purer carbon structure is obtained in sample P4 with high
KOH ratio. Some inorganic elements such as K, Cl, Ca and F were
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detected in both samples. Activation with KOH made the carbon skel-
eton more active by removing oxygenated surface groups [49]. P6
contains 84.14 % carbon and 9.04 % oxygen. The combination of
chemical activation with KOH and physical activation with CO2 pro-
vided a large removal of oxygenated groups in the carbon structure. The
fact that elements such as K, Cl and Na can still be detected shows that
the washing process after activation did not completely remove trace
elements. This combined method, which was applied by subjecting
samples chemically activated with KOH to physical activation at
different CO5 flow rates, led to more advanced carbonation in the
biomass and this change was also reflected in the elemental
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Fig. 5. N, adsorption-desorption isotherm plots of PO-P9 samples.
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Fig. 5. (continued).

compositions: P7 obtained with 25 mL/min CO; has the highest carbon
content with 89.11 % carbon and 7.90 % oxygen. This situation can be
associated with a well-developed porous structure and low surface
oxidation. P8 obtained with 50 mL/min CO, has a carbon content of
88.92 % and oxygen of 9.46 %. P9 obtained with 100 mL/min CO; has a
carbon content of 85.30 % and oxygen of 12.07 %. The increase in ox-
ygen ratio may indicate that high CO5 flow rate in presence of KOH leads
to the re-formation of some oxygenated functional groups in the
structure.

3.2. Hydrogen storage

In this study, porous biochars were produced from cotton waste
under different pyrolysis conditions. Nitrogen adsorption-desorption
isotherm plots of biochars produced by pyrolysis method under inert
nitrogen atmosphere at different temperatures are given in Fig. 5. When
the nitrogen adsorption-desorption isotherms of PO-P9 are evaluated
according to the IUPAC classification, it is observed that PO-P3 exhibit
Type II isotherms, indicating structures with low specific surface areas
and limited pore volumes. P4-P7, on the other hand, display a steep
increase in adsorption at low relative pressures followed by a plateau,
consistent with Type I isotherms, suggesting the presence of predomi-
nantly wider microporous structures. The sharp adsorption uptake at
very low relative pressures (P/Py < 0.1) in these Type I profiles indicates
that hydrogen is stored primarily through a micropore filling mechanism
rather than layer-by-layer surface adsorption, which is characteristic of
narrow micropores (<2 nm) and directly supports the role of micropo-
rosity in hydrogen storage. In P8 and P9, the appearance of Type IV
isotherms accompanied by pronounced hysteresis loops reveals the
coexistence of microporosity and mesoporosity, with capillary conden-
sation mechanisms playing a significant role. Among them, sample P9
stands out with the highest adsorption capacity and a broad hysteresis
loop, reflecting the highest BET surface area and pore volume. The
presence of hysteresis is indicative of pore network effects, possibly due
to constrictions or pore blocking phenomena. In conclusion, the
isotherm types and hysteresis behaviors provide valuable insights into
the micro- and mesoporous characteristics of the samples, and P9 ap-
pears to be the most promising candidate for adsorption-based appli-
cations due to its high surface area and well-developed pore structure
[50]. Again, the relationships between cumulative pore volume and
pore diameter of PO and biochar samples are presented in Fig. 6. Ac-
cording to the generally accepted classification, pores with diameters
smaller than 2 nm are defined as microporous, pores in the range of
2-50 nm are defined as mesoporous, and those larger than 50 nm are
defined as macroporous structures. In order to evaluate the pore struc-
ture more precisely, the derivatives of the relevant cumulative pore
volume-pore diameter curves were taken to support the analyses
(Fig. 6). In addition, BET surface area, total pore volume (Vy), micropore
volume (Vpjcro), mesopore volume (Vipeso), macropore volume (Vmacro)
and DFT (Density Functional Theory) based pore volume (Vpgr) values
calculated based on the adsorption—desorption isotherm curves given in
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Fig. 5 and the cumulative pore volume-pore diameter curves in Fig. 6 are
summarized in Table 4. The BET surface areas of biochars produced
from cotton waste pyrolyzed at 300 °C (P1) and 800 °C (P2) were
measured as 28 m?/g and 49 m?/g, respectively. This increase in tem-
perature caused an increase of approximately 100 % in the surface area.
This situation is explained by the fact that organic components decom-
pose more at high temperatures and turn into gaseous and volatile
products [51]. At low temperatures, lignocellulosic biomass is converted
into more carbon-rich solid products; as the temperature increases, the
volatile products and gas phase increase, and the amount of remaining
solid residue decreases. In addition, high temperatures increase water
loss and dehydration reactions, leaving less residue and facilitating the
exit of residues such as tar and ash from the structure. This process
ensures the effective removal of volatile substances in the carbon
structure, and accordingly, the BET surface area increases, and a more
developed pore structure is obtained [52]. When Table 4 is examined, a
significant increase in total-, micro-, meso- and macropore volumes is
observed with the increase in pyrolysis temperature. For example, the
total-, micro-, meso- and macropore volumes of P1 pyrolyzed under
nitrogen atmosphere at 300 °C are 0.030, 0.005, 0.022 and 0.003 cc/g,
respectively, while the total-, micro-, meso- and macropore volumes of
P2 pyrolyzed at 800 °C are 0.054, 0.018, 0.019 and 0.007 cc/g,
respectively. This result was similarly observed in biochars obtained by
the pyrolysis of woody biomass and is consistent with previous findings
in the literature [52,53].

The effects of carbon dioxide (CO3) and nitrogen (N3) gases on the
BET surface areas of biochars produced by pyrolysis at 800 °C show
significant differences. While the BET surface area of biochar produced
under nitrogen atmosphere is 49 m?/g, the BET surface area of P3
produced under carbon dioxide atmosphere is 254 m?/g. Again, the
total-, micro-, meso- and macropore volumes of P2 produced under ni-
trogen atmosphere are 0.054, 0.018, 0.019 and 0.007 cc/g, while the
total-, micro-, meso- and macropore volumes of P3 produced under
carbon dioxide atmosphere are calculated as 0.173, 0.103, 0.051 and
0.019 cc/g, respectively. The increase in the BET surface area of biochar
under carbon dioxide atmosphere is parallel to the increase in pore
volume. The use of CO5 atmosphere provides biochar with higher carbon
and lower oxygen content, which is consistent with EDX analysis; this
improves the surface structure of biochar while also creating more
porosity. Under Ny atmosphere, biochar generally results in a lower
surface area. Therefore, CO2 provides a more effective environment than
Ny in increasing the BET surface area and pore volume of biochar
[54,55].

In the study, hydrogen storage capacities of porous biochars pro-
duced under different conditions were measured at room and cryogenic
temperatures in a wide pressure range. Hydrogen storage capacities of
samples vary depending on BET surface area and pore volume. There-
fore, hydrogen storage capacities of P1, P2, P3 and P5 samples with low
surface area and pore volume in Table 4 were not measured. Fig. 7 shows
the pressure-dependent hydrogen storage capacities of P4, P6, P7, P8
and P9 samples at room and cryogenic temperatures. Biochar samples



M. Karadas et al.

Pore diameter (nm)

5 0.03 4 L 0.06
o
)
% 0.02 1 o)
[o)]
>
o  0.03 S
o °
0.01 4
2
=
3
E o . . 0.00
o 0 5 10 15
[ ] Pore diameter (nm) |
_. 0.05 0.10
o
o
S
(0]
E —_—
3 ——P2 o
[ o
5 0.025 1 - 0.05 &
= >
Q o
2
s
3
E o . . 0.00
o 0 5 10 15
® Pore diameter (nm) u
_.03 0.90
Ry
o
)
(0]
£ 0.2 A - 0.60
) ——P4 )
> o
[0)) =
= >
[o]
201 - - 030 ©
2
k5|
o |
E o . - 0.00
o 0 5 10 15
@ Pore diameter (nm) |
1 0.80
5 04
8
(0] L
g 0.3 0.60
] ——P6 =3
o 02 4 - 040 &
a 3
2
T 0.1 1 L 0.20
-
£
- |
O 0 : ; 0.00
0 5 10 15
o [ |

Fuel 409 (2026) 137820

0.03

5 L 0.06
o
3
[
£ 0.02 1 -
<_>> ——P1 8’
) - 0.03 =
g 3
20.01
2
k]
o |
E o . . 0.00
© 0 5 10 15
[ ] Pore diameter (nm) |
__0.16
=
8 L 0.30
0 0.12 1
5 =
) ——P3 - 020 o
2 0.08 S
5 >
2 o
2004 [ 0.10
©
-
E o . . 0.00
o 0 5 10 15
® Pore diameter (nm) |
5012 - - 0.50
o
S
£
5 0.08 —~p5 §>
o L 0.25 S
& 0.04 °
2
k]
= |
E o4 ; . 0.00
o 0 5 10 15
® Pore diameter (nm) |
0.90
5 05
g8
(]
g L 060
° ——P7 =
2025 2
a 3
2 L 0.30
k]
-
N
O 9 : . 0.00
0 5 10 15
o [ |

Pore diameter (nm)

Fig. 6. The plots of cumulative pore volume versus pore diameter of biomass and biochars.

from the figures exhibit different behaviors at room and cryogenic
temperatures. Hydrogen storage capacities of samples increase linearly
with increasing pressure at room temperature. These results are in good
agreement with Henry’s law. As a result of increasing density of gas with
increasing pressure, van der Waals attractive forces between gas mole-
cules and between gas molecules and biochar samples increase. This
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causes an increase in hydrogen storage capacities of samples. At cryo-
genic temperature, the storage capacity increases rapidly with
increasing pressure at the beginning, decreases without reaching a
plateau and reaches a maximum when the pressure continues to in-
crease, and the storage capacity increases again when the pressure is
increased further. The maximum observed in the isotherm curve is due
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Table 4

BET surface areas and pore volumes of biomass and biochar samples.
Samples  Spgr Vilce/  Vmicro Vmeso Vmacro Vbrr

m?g) g (cc/8) (cc/g) (cc/g) (cc/g)

PO 25 0.022 0.002 0.018 0.002 0.020
P1 28 0.030 0.005 0.022 0.003 0.027
P2 49 0.054 0.018 0.019 0.007 0.047
P3 254 0.173 0.103 0.051 0.019 0.154
P4 628 0.327 0.252 0.037 0.038 0.289
P5 165 0.139 0.068 0.054 0.017 0.122
P6 724 0.448 0.294 0.096 0.058 0.390
P7 1085 0.564 0.436 0.059 0.069 0.495
P8 1188 0.564 0.471 0.028 0.065 0.499
Po 1446 0.873 0.570 0.197 0.106 0.767

to the excessive adsorption of hydrogen molecules. Excessive adsorption
is an event that occurs after the amount of adsorption of a gas, molecules
or liquid through physical and chemical interactions on an adsorbent
surface at a certain temperature and pressure reaches the monolayer
adsorption limit [56]. Generally, in experiments conducted at low
pressures, the effect of interactions between the gas phase on the
adsorbent and the adsorbent is more pronounced. In this case, as the
density of the gas increases in the pores and on the surface of the
adsorbent, it becomes possible to store more gas. A similar situation has
been observed for activated carbons produced from horse chestnut in the
pressure range of 20-30 bar. This situation occurs as a result of the
hydrogen concentration that the activated carbons can adsorb reaching
the highest point with the applied pressure; at this point, it is not
possible to adsorb more hydrogen and it is also defined as the excessive
adsorption isotherm not showing a smooth curve [57]. The mechanism
usually occurs by the addition of adsorbate molecules to the existing
molecules on the surface. However, at a certain point, when more
pressure is applied, the density of the gas will increase. This means that
the active points on the surface for gas molecules decrease and therefore
the excessive adsorption capacity begins to decrease. Excessive
adsorption is widely used to compare the adsorption properties of
microporous materials in particular and shows a strong relationship
with the surface area and pore volume of these materials [5]. As a result,
the gas storage capacity decreases at high pressures because the mole-
cules are pushed from the outside to the inside, resulting in the filling of
the pores. As can be seen from the figures, excessive adsorption occurs in
the pressure range of 12-17.5 bar in this study. A similar situation was
observed in the range of 15-25 bar for activated carbons produced from
tangerine peel by ZnCl, and KOH activation and subsequent carbon-
ization processes [58]. Fig. 7a and b show the hydrogen storage ca-
pacities of biochars produced from cotton waste pyrolyzed under
different conditions at room and cryogenic temperatures, respectively. It
is seen from the figure that the sample with the highest hydrogen storage
capacity is P9, followed by P8, P7, P6 and P4, respectively. Table 4 also
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Fig. 7. Hydrogen storage capacities of P4, P6, P7, P8 and P9 samples at a) room
and b) cryogenic temperatures.

shows the BET surface areas and pore distributions of biochars produced
as a result of pyrolysis at 800 °C at different KOH/cotton waste ratios
(1:10 (P4) and 1:20 (P5)) under nitrogen atmosphere. The data show
that the BET surface area and pore volume decrease with the decrease in
the KOH/biomass ratio. The BET surface area, and total-, micro-, meso-
and macropore volumes of P4 produced at 1:10 KOH/cotton waste ratio
are 628 mz/g, and 0.327, 0.252, 0.037 and 0.038 cc/g, respectively,
while the BET surface area, and total-, micro-, meso- and macropore
volumes of P5 produced at 1:20 KOH/cotton waste ratio are 165 m2/g,
and 0.139, 0.068, 0.054 and 0.017 cc/g, respectively. Low KOH/
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biomass ratios do not provide sufficient activation, resulting in low
surface areas. However, high levels of KOH both act as a catalyst in the
carbonization process, providing gasification of organic components in
lignocellulosic biomass, and also help open new pores by increasing the
interaction of potassium with carbon dioxide at high temperatures. This
process leads to the creation of more surface area and, as a result, an
increase in the BET surface area [59]. For this example, the amount of
hydrogen stored at the pressure value (13 bar) where excessive
adsorption occurs is 1.66 wt%. Chahine’s rule states that the adsorbent
will have a hydrogen storage capacity of approximately 1 wt% for every
500 m?%/ g surface area at cryogenic temperatures [60]. This value is well
above the Chahine rule.

The hydrogen storage capacity of P6 pyrolyzed under carbon dioxide
atmosphere at a constant 1:20 KOH/biomass ratio at 800 °C is higher
than that of P4. Both the BET surface area and pore volume of P6 are
higher than that of P4. The BET surface area and total-, micro-, meso-
and macropore volumes of P6 produced under CO5 atmosphere at a
constant KOH/biomass ratio (1:20) at 800 °C were analyzed as 724 m2/
g, and 0.448, 0.294, 0.096 and 0.058 cc/g, respectively. Micropore
volume is a highly determining factor in the adsorption of hydrogen in
solid adsorbents [5]. As can be seen from Table 4, the micropore volume
of P6 is higher than that of P4. In this section, it is necessary to evaluate
the effects of both pyrolysis atmosphere and KOH together. Pyrolysis
atmosphere significantly affects the properties and reactivity of biochar.
CO, atmosphere generally increases biochar reactivity compared to Nj.
The reason why biochar produced under CO5 atmosphere has a higher
BET surface area than N, atmosphere is that CO, acts as an active me-
dium and promotes gasification during pyrolysis. This process allows
more effective removal of volatilities and more fragmentation of the
biomass structure, creating more open pore space. In addition, COy
environment increases the surface area and causes more active surface
area to be formed due to the more devolatilization of carbon in the
biochar structure [61]. In addition, the presence of KOH contributes to
the formation of pores in the carbon matrix and thus to the increase in
surface area. Therefore, it can be said that the P6 has a higher storage
capacity than P4 due to the adsorption of hydrogen molecules in the
active points on its surface and micropores. The hydrogen storage ca-
pacity of P6 at excessive adsorption pressure (15.14 bar) was deter-
mined as 1.70 wt%. This value is slightly higher than that of P4.

Fig. 7 also shows the hydrogen storage capacities of P7, P8 and P9
produced by pyrolysis method at 800 °C and 1:10 KOH/biomass ratio
and different CO, flow rates. The amount and type of gas present in the
pyrolysis medium affect the BET surface area and pore volume of the
produced porous biochar. It is observed that the BET surface areas and
pore volumes of biochars produced under CO, atmosphere at constant
pyrolysis temperature (800 °C) and KOH/biomass ratio and different
flow rates increase with increasing CO, flow rate. BET surface areas of
biochars produced at 25, 50 and 100 mL CO; flow rates per minute are
1085, 1188 and 1446 mz/g, respectively. Similarly, total-, micro-, meso-
and macropore volumes of biochars produced at 25, 50 and 100 mL CO4
flow rates per minute were calculated as 0.564, 0.436, 0.059 and 0.069
cc/g; 0.564, 0.471, 0.028, 0.065 cc/g; and 0.873, 0.570, 0.197 and
0.106 cc/g, respectively. The results show that with the increase of CO,
flow rate, the BET surface area of biochar increases and it becomes more
microporous. This is because CO, atmosphere promotes gasification of
carbon by increasing the porosity in the internal structure of biochar at
high temperatures, which leads to the formation of more micropores. In
addition, CO; acts as a strong activator, which helps in further decom-
position of residues in biochar and thus increases the surface area. As a
result, the presence of CO, changes the structural properties of biochar
and provides higher surface areas [62,63]. It is observed that the
hydrogen storage capacities of P7, P8 and P9 increase in parallel with
the increase in BET and pore volumes. It can be said that the storage
capacity of P9 is quite high compared to other samples. The storage
capacities of P7, P8 and P9 at excessive adsorption pressures (15.14,
12.96 and 17.36 bar) are 1.86, 1.95 and 2.79 wt%, respectively.
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Fig. 8. The changing of hydrogen storage amounts of samples with BET surface
area and micropore volume.

Fig. 8 shows the relationship between hydrogen storage capacity and
both BET surface area and micropore volume for the five samples.
Pearson correlation analysis indicates that there is a strong positive
correlation between hydrogen storage capacity and both textural pa-
rameters, with correlation coefficients of 0.87 for BET surface area and
0.86 for micropore volume. This implies that hydrogen adsorption oc-
curs predominantly through physisorption on high surface area domains
and is further enhanced by the volumetric confinement provided by
micropores. Linear regression analysis supports these findings, where a
1 wt% increase in hydrogen storage corresponds to approximately 638
m?/g increase in BET surface area and 0.247 cm®/g increase in micro-
pore volume. The p-values obtained for the two regression models (p =
0.055 and p = 0.062) are close to the conventional statistical signifi-
cance threshold (p < 0.05), which is attributed to the limited number of
samples (n = 5). However, the pronounced linear trends observed across
the dataset and the high correlation coefficients clearly support the
presence of a physically meaningful relationship between hydrogen
storage capacity and pore structure. In addition, the slope for the Hy (wt
%)-BET regression (0.0012) lies within a 95 % confidence interval of —
0.0000 to 0.0024, and the slope for the Hy (wt%)-Vmic regression
(2.9939) lies within a 95 % confidence interval of — 0.27 to 6.26,
indicating wider uncertainty ranges due to sample size while still
maintaining consistent directional behavior. Notably, sample P9, which
exhibits the highest hydrogen storage capacity (2.79 wt%), also pos-
sesses the highest surface area and micropore volume, further rein-
forcing the structural contribution to adsorption. These findings
collectively emphasize that micropore accessibility and pore-network
efficiency are more decisive factors than solely maximizing total sur-
face area in the design of high-performance hydrogen storage carbons.

Table 5 presents the hydrogen storage capacities of various carbon-
based materials measured at 77 K under different pressure conditions,
demonstrating the significant effects of both pressure and carbon
structure on adsorption performance. For instance, porous carbons have
been reported to store 2.4 wt% and 2.19 wt% hydrogen at 1 bar [64,65],
while a markedly higher capacity of 4.0 wt% was achieved at 40 bar
[10], indicating that increasing pressure considerably enhances
hydrogen uptake in these materials. Activated carbons also exhibit a
wide range of performance characteristics: Dogan et al. reported
hydrogen storage capacities in the range of 0.96-1.67 wt% at 30 bar
[581, whereas Isinkaralar et al. measured 1.94 wt% at 45 bar [7], and
Sun and Webley recorded 2.00 wt% at 50 bar [66]. Furthermore, Tiir-
kyilmaz et al. reported a high capacity of 4.46 wt% at 30 bar [57], while
Lionetti et al. observed 3.66 wt% at 70 bar [67]. Additional studies on
activated carbons yielded capacities such as 2.55 wt% [56] and 2.1 wt%
[68] at 30 bar, illustrating that hydrogen storage performance of acti-
vated carbons depends strongly on activation conditions and applied
pressure. In comparison, carbon spheres displayed a lower capacity of
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Table 5
Hydrogen storage capacities of some carbon-based materials.
Samples Temperature Pressures Hydrogen References
(K) (bar) storage, wt%

Porous 77 40 4 [10]
carbon

Porous 77 1 2.4 [64]
carbon

Porous 77 1 2.19 [65]
carbon

Activated 77 30 0.96-1.67 [58]
carbon

Activated 77 45 1.94 [7]
carbon

Activated 77 30 4.46 [57]
carbon

Activated 77 50 2.00 [66]
carbon

Activated 77 30 2.55 [56]
carbon

Activated 77 30 2.1 [68]
carbon

Activated 77 70 3.66 [67]
carbon

Carbon 77 30 1.1 [69]
sphere

Biochar 77 17.4 2.79 In this

study

1.1 wt% at 30 bar [69], highlighting the role of material morphology
and pore accessibility. The cotton-waste-derived biochar developed in
this study stored 2.79 wt% hydrogen at 17.4 bar, placing it within the
performance range of both porous carbons and activated carbons
measured under similar cryogenic conditions. This result confirms that
the activation strategy applied here effectively produces a carbon
structure capable of competing with widely reported hydrogen storage
materials.

3.3. Adsorption isotherms

Adsorption isotherm is the curve that shows how the amount of gas
or liquid adsorbed on a solid surface changes depending on the pressure
(or concentration) at constant temperature. These isotherms are used to
understand the mechanism of adsorption and surface properties. They
provide important information such as the porosity, surface area and
adsorption capacity of the material. Therefore, it plays a critical role
especially in catalyst, gas storage and environmental engineering ap-
plications [8,70].The most widely used isotherm models in the literature
to explain the adsorption properties of gases are Freundlich, Langmuir,
dual Langmuir and Temkin isotherms [70].

g = KeP'" ()
Freundlich isotherm is an empirical model that describes multilayer
adsorption occurring on heterogeneous surfaces. This model assumes
that the adsorption energy varies across the surface and that each
adsorption point may have different energy. The Freundlich isotherm
works particularly well in low concentration ranges. The mathematical
expression of the isotherm is:

Ing, = InKy + 1 /ninP “4)
Thanks to this linear expression, Kg and n values can be calculated from
the plot of Ing, against InP [70].

The Langmuir isotherm is based on the assumption that monolayer
adsorption occurs, the surface is homogeneous and the adsorption points
are equi-energetic. In this model, only one molecule can bind to each
surface point and there is no interaction between the adsorbed mole-
cules. The Langmuir isotherm shows that the adsorption is fixed, espe-
cially when the saturation level is reached. The basic equation of the
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isotherm is:

_ qmKiP

©=1"kp ®)

Where g is the adsorbed amount (mmol/g); P is the pressure (bar); qm1
is the maximum adsorption capacity (mmol/g); and K; is the Langmuir
constant. The linear form of the equation is as follows:
P_1 P
de  qmKi  qm

(6)

When the graph of P/qe versus P is plotted in the linear equation, the
slope of the line is 1/qm,; and the point where it intersects the y-axis is 1/
qm1Ki, from which qp,; and K; can be calculated [70].

The dual-Langmuir isotherm is a model that assumes that there are
two adsorption sites on the adsorbent surface with different energies.
This model contains two separate Langmuir components representing
both the high and low energy regions of the surface. The isotherm

equation is as follows:
Pl /2 1 Pl /2

= +—
qe K2 qm2 dm2

)

Where g2 is the maximum adsorption capacity (mmol/g) and Kj is the
Langmuir constant [70].

Temkin isotherm is a model that takes into account the interactions
between adsorbent and adsorbing molecules during adsorption,
assuming that the adsorption energy decreases with the amount of
surface coverage. According to this model, the heats of adsorption
decrease logarithmically at high concentrations. Temkin isotherm gives
good results especially in medium concentration ranges. The basic
equation of the isotherm is:

g. = AlnP+B ®
where g, is the amount of adsorbed substance (mmol/g); P is the pres-
sure (bar); A and B are constants related to the Temkin isotherm. Thanks
to this linear equation, A and B values can be determined from the point
where the slope and y-axis intersect [8].

The regression coefficients and related isotherm parameters calcu-
lated by applying the experimental data to the above isotherm equations
are given in Table 6. In order to evaluate the fit between the experi-
mental data and the isotherm models, the regression coefficient (R?)
values were taken into consideration. The R? value approaching 1 in-
dicates that the model has a high accuracy in representing the experi-
mental data. In this direction, the Langmuir isotherm model attracted
attention with its very high R? values (0.9965-0.9982) in all samples
and became the model providing the best fit with the experimental data.
While the Langmuir model provided the highest fit with R? = 0.9982 in
P4, the Dual-Langmuir model closely follows this model with R? =
0.9919. Similarly, the Langmuir isotherm stands out with R? values of
0.9978, 0.9980 and 0.9982 in P6, P7 and P8, respectively. Especially in
P8, the low R? value (0.8395) of the Dual-Langmuir model indicates that
this model is not suitable for the sample. In P9, the Langmuir model
provides the best fit with R> = 0.9965. Although the Dual-Langmuir
model exhibits high R? values in some samples, it shows less consis-
tency compared to the Langmuir model when evaluated on a sample
basis. Although the Freundlich isotherm model describes heterogeneous
surface adsorption, it generally falls behind the Langmuir model with
lower R? values (0.9335-0.9510). The Temkin model exhibited a mod-
erate fit with R? values ranging from 0.9544 to 0.9843. These results
indicate that adsorption mostly occurs in a monolayer and homogeneous
manner on biochar surfaces. The high regression coefficients for the
Langmuir isotherm model support that adsorption occurs in constant
energy and equivalent surface regions. Although the relatively high R?
values shown by the dual-Langmuir model in some samples indicate that
there may be regions with different energy levels on the surface, this
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Table 6
Isotherm analysis data for biochar samples.
Samples Langmuir Dual Langmuir Freundlich Temkin
Qecexp) Qm Ky R’ R? n K R? R?
(mmol/g) (mmol/g)
P4 0.72 0.73 3.48 0.9982 0.9919 3.20 0.43 0.9439 0.9843
P6 0.76 0.78 1.94 0.9978 0.9903 3.10 0.41 0.9510 0.9586
P7 0.82 0.84 1.86 0.9980 0.9944 2.87 0.42 0.9482 0.9544
P8 0.77 0.79 1.72 0.9982 0.8395 2.42 0.35 0.9335 0.9816
Po 0.89 0.91 1.42 0.9965 0.9388 2.58 0.42 0.9364 0.9647

situation is not generalizable for all samples. In evaluating the
compatibility of experimental data with the Langmuir isotherm, not only
the R? value but also the closeness of the experimental adsorption ca-
pacity (qe) and the monolayer capacity (qn,) values calculated from the
Langmuir isotherm is an important indicator. When the data in the table
are examined, it is observed that there are very small differences be-
tween the q. and qp, values for all biochar samples. The error values for
all samples are below 3 %, which is quite low and shows that the model
highly overlaps with the experimental results. In addition, the low error
ratios show that the model successfully predicts the adsorption capacity
in the experimental system. The generally low error ratios show that the
Langmuir isotherm model is successful not only in terms of theoretical fit
but also in terms of practical accuracy. These data reinforce the
assumption that adsorption occurs on a monolayer structure and that the
surface has homogeneous active sites. As a result, both high R? values
and the agreement between experimental and theoretical adsorption
capacities clearly show that the Langmuir isotherm model is the most
suitable model for biochar samples. In the literature, hydrogen and
carbon dioxide adsorption experiments carried out on various adsor-
bents have been evaluated with different isotherm models. In high-
pressure (up to 30 atm) studies for pure hydrogen and CO,, it was
observed that the Freundlich isotherm showed high agreement with the
data. This model provided an effective description especially at low
concentrations by considering the heterogeneous surface properties and
multiple adsorption energy levels [71]. The analyses carried out on
MOF-177 revealed that the hydrogen adsorption capacity was high due
to the large pore volume and high specific surface area, and the
Freundlich model successfully described this system [72]. Natural and
acidic modified clinoptilolite samples also exhibited a strong correlation
with the Freundlich model due to surface heterogeneity and multilayer
structures [73]. In contrast, the Langmuir model for the adsorption of
hydrogen on microporous adsorbents showed limited agreement at low
temperature conditions because this model assumes surface homoge-
neity and single-layer adsorption, neglecting interactions between ad-
sorbates. On the other hand, at low temperature and high pressure
conditions, the Ono-Kondo model gave more accurate results with its
structure including multilayer and interactions between adsorbates in
microporous adsorbents (e.g. AX-21) [60]. Type I isotherm behavior was
observed on functionalized nanoporous activated carbons and the effect
of microporous structures was emphasized with the rapid saturation
characteristic at low pressures. This showed a strong agreement with the
experimental data, especially at 77 K. The low hysteresis behavior is also
consistent with the characteristic structure of Type I isotherm [74]. The
weak adsorption of hydrogen on Pt/Al,O3 catalyst was explained by the
dual Langmuir model and it was shown that this model successfully
represents the adsorption processes on homogeneous surfaces. In addi-
tion, the decrease in adsorption capacity with increasing temperature
was consistent with the findings supporting the exothermal nature of the
process [75]. In general, each isotherm model showed different levels of
agreement depending on the physical-chemical structure of the adsor-
bent used and the experimental conditions.

3.4. Adsorption kinetics

In gas adsorption processes, the adsorption rate is an important
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parameter that determines how fast the gas can adhere to the adsorbent.
This property is of great importance especially in areas where system
efficiency and response time are critical, such as energy storage, sepa-
ration and sensor applications. Therefore, in addition to high adsorption
capacity, fast kinetic properties also play a vital role for an ideal
adsorbent. Fig. 9 shows the changing of hydrogen gas adsorption
amounts of P4, P6, P7, P8 and P9 at 40, 63 and 81 bar with time. In all
samples, the adsorption process occurs rapidly at the beginning and a
decrease in rate is observed over time as the equilibrium is reached; this
situation is in accordance with classical gas-solid adsorption kinetics. As
the pressure increases, the adsorption rate increases significantly and
the time to reach equilibrium is shortened. Especially under 81 bar, a
rapid adsorption onset is observed in all samples, which reveals that the
surface interacts with more molecules in a short time at high pressure.
P9 has the highest adsorption capacity and the fastest equilibrium time,
which positions it as the adsorbent with the best kinetic performance. P7
and P8 also have high initial rates, while the final adsorption amounts
are lower compared to P9. P4 exhibits relatively slow kinetics, reaching
the saturation level later, especially at 40 bar. P6 exhibits a balanced
kinetic behavior with a fast onset and medium saturation value. It is
noteworthy that the adsorption curves reach saturation in a shorter time
under high pressure in all samples and are similar to the Langmuir type
kinetic model. The reaction rate reaches the highest level, especially in
the 0-1 min range, which can be explained by the fast surface in-
teractions of gas molecules. The slowdown following this rapid phase
indicates that adsorption becomes diffusion controlled as the surface is
filled. As a result, as the pressure increases, not only the total adsorption
amount but also the adsorption rate increases. When evaluated in terms
of kinetics, P9 stands out as the fastest and most effective adsorbent,
while P4 exhibits the slowest kinetic behavior. These findings reveal that
adsorbents should be evaluated not only in terms of capacity but also
according to their kinetic performance.

Determination of the adsorption degree from adsorption rate data is
a critical step for a better understanding of the adsorption mechanism.
This analysis allows determining whether the process is physical or
chemical adsorption, the type of surface interactions and the rate-
determining step. In addition, the selecting the true kinetic model
plays an important role in the design, scaling and process optimization
stages. In the literature, pseudo-first-order, pseudo-second-order and
Elovich equations are widely used in determining the adsorption degree
[60,76]. The pseudo-first-order kinetic equation assumes that the
adsorption rate is proportional to the amount of unadsorbed surface.
This model is generally used to describe physical adsorption and is also
known as the Lagergren model. The equation is expressed as follows:

dq,

dt ©)

=ki(qe —q¢)
where q; is the amount adsorbed at any time t (mmol/g), g is the
amount adsorbed at equilibrium (mmol/g), and k; is the pseudo-first-
order rate constant (1/min). When this equation is integrated, a linear

expression is obtained as:
In(g. — qe) = Ingq. — kst (10

and kinetic parameters can be determined with experimental data using
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Fig. 9. The changing of adsorbed amounts with time for P4, P6, P7, P8 and P9 at different pressures.

this equation. The k; and g, values can be calculated from the slope and
extrapolation values of the In(qe-q¢) versus t plot, respectively [76].

The pseudo-second-order kinetic equation assumes that the adsorp-
tion rate is proportional to the square of the unadsorbed surface area and
is generally used to describe chemical adsorption processes. Its differ-
ential form is as follows:

dq[ _
o ke

(qe — QL)2 (€8]

Where q; is the amount of adsorbed substance at any time t (mmol/g), qe
is the amount of adsorption at equilibrium (mmol/g) and k; is the
pseudo-second-order rate constant (g/mmolemin). When this equation
is integrated, the following linear form is obtained:
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1 t

= +— 12)
q k:q? q.

In this equation, g and ks values can be calculated from the slope and
estrapolation values of the plot of t/q, against t, respectively [76].

The Elovich equation states that the reaction rate varies nonlinearly
depending on the amount of adsorbed substance, especially in processes
such as surface adsorption and chemical reactions. The equation is used
to model different rate behaviors at low and high adsorption levels. The
linear form of the equation can be given as follows:

q; = alnt + aln(ap) 13)

In this equation, a is the initial adsorption rate and § is the desorption
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Table 7
Kinetic parameters of cotton waste and biochar samples for hydrogen adsorption.

Samples  Pressures  Pseudo- Pseudo-second order Elovich ~ Boyd Weber-Morris Avrami

(bar) first order, R? Qeexp) Qe(cal) ko R? R? R? ky R3 ko R? n k
R? (mmol/g) (mmol/g)

P4 40 0.6876 0.9884 0.707 0.640 7.73 0.8421 0.5759 0.9471 0.803 0.6907 0.116 0.8002 0.324 1.364
63 0.5059 0.9967 1.578 1.444 6.93 0.8575 0.4351 0.9321 1.776 0.5540 0.177 0.7861 0.351 1.558
81 0.6090 0.9968 2.190 2.151 4.29 0.8494 0.4145 0.9474 2.458 0.4974 0.195 0.8136 0.441 1.965

P6 40 0.4519 0.9907 0.705 0.625 16.51 0.7534 0.3653 0.9382 0.833 0.3846 0.061 0.7225 0.343 1.513
63 0.5245 0.9963 1.524 1.462 7.16 0.8100 0.3765 0.9804 1.970 0.4558 0.145 0.7538 0.397 1.855
81 0.7007 0.9964 2.012 1.930 3.30 0.9004 0.5063 0.9556 2.109 0.6911 0.249 0.8502 0.411 1.594

pP7 40 0.5671 0.9884 0.751 0.687 9.46 0.7826 0.4626 0.9147 0.928 0.5542 0.097 0.7248 0.328 1.520
63 0.4808 0.9970 1.644 1.610 6.36 0.8372 0.4007 0.9758 2.193 0.5963 0.167 0.7857 0.426 2.038
81 0.6534 0.9976 2.117 2.106 3.51 0.8840 0.4709 0.9465 2.342 0.6237 0.247 0.8316 0.481 1.897

P8 40 0.4669 0.9843 0.648 0.587 10.39 0.7927 0.4431 0.9646 0.755 0.4481 0.082 0.7684 0.419 1.414
63 0.6849 0.9962 1.625 1.583 4.53 0.8639 0.4590 0.9746 2.219 0.6980 0.200 0.8364 0.407 1.792
81 0.7557 0.9965 2.144 2.109 2.92 0.8834 0.4906 0.9687 2.359 0.7148 0.243 0.8545 0.439 1.736

P9 40 0.6287 0.9794 0.835 0.766 5.22 0.8463 0.5817 0.9450 0.913 0.6413 0.156 0.7964 0.394 1.249
63 0.6325 0.9910 1.801 1.765 2.78 0.8608 0.5348 0.9782 2.263 0.7367 0.247 0.7750 0.409 1.659
81 0.6047 0.9961 2.578 2.521 2.60 0.8881 0.4877 0.9470 2.671 0.5803 0.319 0.8526 0.474 1.707

constant. If the experimental data fit this equation, the plot of q; against
Int should give a straight line with slope o and extrapolation aln(af).
From the slope and extrapolation, a and § can be calculated [70].

The regression coefficient (R?) values and related kinetic parameters

q; (min g/mmol)
IS )

N

obtained as a result of applying the experimental data to the pseudo-
first-order, pseudo-second-order and Elovich equations are presented
in Table 7. When the table is examined, it is observed that the R? values
for P4, P6, P7, P8 and P9 are generally higher in the pseudo-second-
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Fig. 10. The plots of t/q, versus t for P4, P6, P7, P8 and P9 at different pressures.
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order kinetic model. The R? values calculated for this model are mostly
above 0.99, revealing that the experimental data show a strong fit to this
kinetic model. On the other hand, the R? values of the pseudo-first-order
model mostly remain at the level of 0.6, indicating that the model cannot
adequately explain the data. Although high R? values are obtained in
some samples based on the Elovich model, the general trend is in favor
of the pseudo-second-order model. These findings show that the
adsorption process is related to the filling of the active sites on the
surface and that this mechanism significantly affects the adsorption
dynamics. Comparison of ge(ca) and gecexp) values given for the pseudo-
second-order kinetic equation in Table 7 shows that both values are
quite close to each other. This fit proves that the pseudo-second-order
kinetic model successfully represents the experimental data. In order
to evaluate the fit more clearly, the percentage error values for each
pressure and sample can also be examined. For example, for P6 at 63
bar, geexp) = 1.524 mmol/g and qe(can = 1.462 mmol/g, in which case
the percentage error is approximately 4.1 %. In P9, the percentage error
is around 2.2 % at 81 bar; this can be considered as a very low deviation.
When we examine the table, it is seen that the percentage error ratios
mostly vary between 1 % and 9 %, and these ratios support the reliability
of the model. Low error ratios show that the adsorption capacity is
predicted correctly by the pseudo-second-order equation both numeri-
cally and statistically. As a result, both high R? values and low per-
centage error ratios reveal that the pseudo-second-order kinetic model
best represents the adsorption behavior in this system. Moreover, it is
clearly seen from Fig. 9 that the ge(cary values calculated with the pseudo-
second-order kinetic model show high agreement with the experimental
data. Fig. 10 shows the curves of t/q; versus t for P4, P6, P7, P8 and P9.
In the studies examining the kinetics of hydrogen adsorption in the
literature, it is emphasized that the adsorption mechanism varies in
direct relation to the surface morphology, chemical structure and
experimental parameters of the adsorbent material. For example,
experimental studies conducted on organic-rich shale rocks have
revealed that the pseudo-second-order kinetic model provides high
agreement at low temperature and high pressure conditions [77]. This
finding indicates that the adsorption rate is controlled by the chemical
interactions between the active centers on the surface and hydrogen
molecules. In theoretical comparisons made on Mg;7Al;5 and pure
magnesium surfaces, it was determined that the alloy structure
increased the adsorption capacity and accelerated the kinetic processes
[78]. In adsorption-desorption experiments on the graphite surface, it
was reported that the processes were reversible and the obtained kinetic
data were compatible with the theoretical modeling [79]. In a study
conducted by Dogan et al. (2025), it was found that the pseudo-second-
order kinetic model in fullerene and defective fullerene structures
showed a strong correlation with R% > 0.99 [6]. Similarly, Haidry et al.
(2023) obtained high agreement with the pseudo-second-order kinetic
model in Pt/TiOy/Pt based sensors and emphasized the reliability of this
model in terms of sensor sensitivity [80]. In the study of Saied et al.
(2025), it was reported that the adsorption process on Fe-modified
hollow silica spheres (HSS) was limited by the chemical bonding with
the active surface regions and that pseudo-second-order kinetics was
valid in this context [81]. These studies show that a common kinetic
behavior trend is exhibited in different material types and that this
model is successful in explaining the general mechanism of hydrogen
adsorption processes. As a result, the pseudo-second-order kinetic model
stands out as an effective tool in the modeling and design of hydrogen
storage systems with high correlation coefficients and low calculation
errors.

Understanding the adsorption mechanisms on the biochar surface is
of critical importance to increase hydrogen storage efficiency. Correct
modeling of the adsorption process plays a fundamental role in
increasing the capacity and efficiency of the adsorbent. In this context,
Boyd, Weber-Morris and Avrami equations are frequently used to un-
derstand the adsorption mechanism of hydrogen on the biochar surface
[82,83]. The Boyd equation is a model developed to investigate the
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dynamics of external mass transfer in adsorption processes. This equa-
tion mathematically expresses the transfer of gas molecules to the
adsorbent surface and the mass transfer in this process. The Boyd
equation is usually written in linear form as follows:

2
D,
ln<17&> — 0497 -T2

e r

14

In this equation, q; is the amount adsorbed at any time t (mmol/g); qe is
the amount adsorbed at equilibrium (mmol/g); D, is the diffusion co-
efficient (cmz/min); r. is the diameter of the adsorbent (cm); t is the time
(min). If the curve of In(1-q¢/q.) against t passes through the origin, it
can be said that the adsorption mechanism is intraparticle diffusion, and
if it intersects the y-axis at —0.497, it can be said that it is external mass
transfer [82].

The Avrami equation is another kinetic model used to explain the
possible changes in the mechanisms that occur during the adsorption
process. The Avrami equation can be written in linear form as follows:

In[—In(1 — 0)] = Ink +nint (15)
In this equation, k is the kinetic constant; 0 is the coverage fraction (q¢/
Qe); N is a constant related to the adsorption mechanism. For the Avrami
equation, if the plot of In[-In(1-0)] against t passes through the origin
and/or if the value of n is less than one, it can be said that the adsorption
mechanism is diffusion controlled [83].

The Weber-Morris model describes diffusion processes, especially in
the solid phase, and explains how the adsorption rate changes depend-
ing on the diffusion properties in the internal structure of the adsorbent.
The Weber-Morris model can also be expressed in linear form:

q = ki Vt+C (16)
In this equation, ki is the intraparticle diffusion rate constant and C is a
constant representing the intraparticle diffusion effect. This equation
represents the initial fast interaction of adsorption and the adsorption
rate slowing down over time [84].

The regression coefficients and related constants obtained by
applying the experimental data to the Boyd, Avrami and Weber-Morris
equations are presented in Table 7. When the table is examined, it is
seen that the model that best fits the hydrogen adsorption mechanism on
the biochar surface is the Weber-Morris equation. Especially, R? and R3
values are above 0.90 in most samples and pressures, indicating that
intraparticle diffusion plays an important role in the adsorption process.
For example, in P8 and P9, very high R values such as 0.9646, 0.9687
and 0.9450, 0.9470 were obtained at 63 and 81 bar, respectively. This
suggests that intraparticle diffusion is a determining factor in the kinetic
process. The R? values of the Boyd model vary from sample to sample
and in some cases fall below 0.50 (e.g., 40 bar for P6: 0.3653), which
reveals that external mass transfer alone cannot sufficiently explain the
adsorption process. The Avrami model generally presents R? values in
the range of 0.70-0.85, indicating that surface reactions have a limited
effect. It is observed that the R? values of the Avrami model (in the range
of 0.7248-0.8526) are lower than those of the Weber-Morris model,
especially in P7 and P9. These findings reveal that hydrogen adsorption
is not only a process that occurs on the surface, but also physical mass
transfer mechanisms such as intra-pore diffusion play an important role.
As a result, the Weber-Morris equation was evaluated as the most suit-
able model to explain the hydrogen adsorption process on the biochar
surface. Fig. 11 shows the relationships between the adsorption amount
(qo) and the square root of time (t*°) in the graphs drawn according to
the Weber-Morris model. When the data from Fig. 11 and Table 7 are
evaluated together, it is understood that hydrogen adsorption occurs on
the biochar surface by a two-stage diffusion mechanism. The qt%°
curves obtained in all samples are characterized by two linear regions
with different slopes. The first region of the curves with a steep slope at
the beginning corresponds to the fast adsorption phase and this phase
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Fig. 11. The plots of q; versus t%> for P4, P6, P7, P8 and P9 at different pressures.

reflects the effect of the mesoporous structure. This linear region mostly
passes through the origin or starts very close to the origin. The second
linear region of the curve has a more horizontal slope and represents the
slow internal diffusion phase towards the micropores. In this phase, the
adsorption rate decreases significantly and the system approaches
equilibrium over time. When the regression coefficients of the
Weber-Morris model in Table 7 are examined, it is seen that the R}
values of the first phase in particular are quite high (for example, 0.9646
at 63 bar for P8; 0.9687 at 63 bar for P9). These findings show that the
model successfully describes the fast adsorption phase occurring in the
mesopores. On the other hand, the R% values of the second phase are
generally lower (e.g., 0.3846 at 40 bar for P6; 0.5803 at 81 bar for P9),
indicating that microporous structures contain a more complex and
slowly progressing diffusion process. Especially in the curves obtained
under 81 bar, the separation between these two phases became quite
clear. High pressure not only increases the adsorption capacity but also
increases the observability of the second phase. The fact that both the
first and second linear phases can be clearly distinguished in P6, P7 and
P8 shows that these samples contain both meso- and microporous
structures. The deviation of the curves from the origin in the figures
shows that the surface interactions are completed at the beginning of the
adsorption process and then a slow diffusion towards the inner structure
starts. This confirms that intra-particle diffusion is the rate-determining
step and that the adsorption is kinetically separated into two different
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stages. This transition can be observed quite clearly especially in P7 and
P8 and is consistent with the data in Table 7. In P4, which has a lower
adsorption capacity, the slope of the second phase is quite low; this
shows that the micropore contribution is limited. The ky value sup-
porting this situation is also quite low (for example, 0.1160 at 40 bar for
P4). On the other hand, P9 has the highest k; (2.6710) and high R%
(0.9470) values under 81 bar and has achieved rapid and effective
adsorption in the first phase. As a result, both graphical and numerical
analyses show that hydrogen adsorption occurs on biochar with a two-
stage mechanism and this process is successfully represented by the
Weber-Morris model. While the first phase of adsorption is faster and is
shaped by the effect of mesopores, the second phase progresses in mi-
cropores with a slower and limited intraparticle diffusion.

3.5. Conclusions

This study aimed to evaluate cotton wastes with an environmentally
friendly approach, convert them into high surface area biochars under
different pyrolysis and activation conditions and to comprehensively
investigate the hydrogen storage performances of these materials.
Within the scope of the experimental design, parameters such as py-
rolysis temperatures (300-800 °C), atmosphere types (N3 and COy),
KOH/biomass ratios (1:10 and 1:20) and CO, flow rates (25-100 mL/
min) were systematically changed and a total of nine different biochar
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samples were obtained. Characterization studies were carried out by
BET, FTIR, DTA/TG and SEM/EDX analyses; thus, the structural,
morphological and thermal properties of the materials were revealed in
detail. TG/d[TG] analyses confirmed that pyrolysis effectively increased
the fixed carbon content by eliminating volatile fractions, while high-
temperature treatments (particularly in samples P4, P6 and P9) pro-
duced more thermally stable and structurally consolidated carbon
frameworks. SEM images revealed that biochars had more developed
and irregular porous structures after activation, while EDX analyses
showed that activation in a CO, atmosphere increased the carbon/ox-
ygen ratio and formed purer carbon structures. According to BET results,
the highest surface area was obtained in P9 with 1446 m2/g, and par-
allel to this increase, a significant increase in micropore volume (0.570
cc/g) was observed. These properties directly contributed to the
hydrogen adsorption capacity, especially at cryogenic temperatures.
Hydrogen storage analyses showed that the storage capacity increased in
samples with high surface area and micropore volume (especially
P7-P9). At 77 K and 17.4 bar, P9 reached 2.79 wt% hydrogen storage
capacity, presenting the highest value in the study. This value is above
the theoretical limit predicted by Chahine’s rule, indicating that per-
formance can be optimized with pore structure. Adsorption isotherm
analyses revealed that the Langmuir model provided the highest
agreement (R2 > 0.996) in all samples and that the adsorption occurred
as a monolayer on homogeneous surfaces. In addition, the fact that the
differences between q. and qp, values were less than 3 % showed that the
model successfully represented the experimental data. Adsorption ki-
netic analyses revealed that rapid adsorption occurred at high pressures
and the saturation state was reached in a short time, and P9 was the most
successful material in terms of both capacity and rate. According to the
kinetic modeling results, the adsorption processes showed a strong
agreement with pseudo-second-order kinetics. In addition, the
Weber-Morris model revealed that internal diffusion was an important
but not the only rate-limiting step. These results show that the distri-
bution of hydrogen in the adsorbent is controlled by multiple mecha-
nisms. As a result of statistical analyses, strong positive correlations
were found between the hydrogen storage capacity and BET surface area
(R = 0.87) and micropore volume (R = 0.86); In addition, regression
analyses confirmed that these relationships were statistically significant.
All these findings indicate that cotton waste can be converted into high-
performance adsorbents with appropriate activation conditions and that
these materials are strong candidates for energy storage systems, espe-
cially hydrogen storage. In addition, such biochars offer sustainable,
low-cost and environmentally friendly alternatives for fuel cells and
other gas storage applications. Importantly, the results also demonstrate
that the combined chemical (KOH) and physical (CO;) activation
strategy provides a more sustainable and superior route for producing
high-surface-area carbons from cotton waste, while reducing the
amount of corrosive KOH required—an outcome that represents the
primary novelty and key contribution of this study.
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