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ABSTRACT

In this study, the hydrogen storage capacities of activated carbons derived from sunflower stalk wastes were enhanced by initial
chemical activation using different activating agents (ZnCl, or KOH) at biomass ratios of 1:1, 2:1, and 3:1 (w/w), followed by
carbonization at varying temperatures (600°C, 700°C, 800°C, and 900°C) based on their surface area performance. The optimi-
zation and characterization of the prepared samples were systematically conducted using BET, FTIR, DTA/TG, and SEM/EDX
techniques. SEM/EDX analysis revealed a marked increase in porosity and notable alterations in the elemental composition of
the activated carbon surfaces as a function of the activating agent and carbonization temperature. Hydrogen storage capacities
of the optimized samples were measured as a function of pressure at both room and cryogenic temperatures. As a result of the
optimization process, the samples with the highest surface areas were identified as AC-Z2-700 and AC-K2-700, with AC-Z2-700
exhibiting the highest hydrogen storage performance. Storage capacities increased with rising pressure and decreasing tempera-
ture for both samples, while the isotherm profiles varied significantly between room and cryogenic conditions. The experimental
data fitted well with the Henry and Freundlich isotherms at room temperature and with the Langmuir isotherm at cryogenic
temperature. Furthermore, kinetic analyses indicated that the adsorption followed a pseudo-second-order model and that the
dominant mechanism was intraparticle diffusion within the pores of the activated carbon. Overall, the findings demonstrate that
sunflower stalk is a promising and sustainable precursor for producing high-surface area activated carbons with competitive
hydrogen storage capabilities, contributing to both clean energy applications and environmental sustainability.

1 | Introduction environmental issues associated with their use have height-

ened the urgency of developing clean and sustainable energy

Energy plays an essential role in fostering economic growth,
social welfare, and environmental sustainability, serving as
a cornerstone of modern society. It directly influences qual-
ity of life by underpinning nearly every sector. Present-day
energy demand is met through a variety of sources, includ-
ing fossil fuels (oil, natural gas, coal), renewable resources
(solar, wind, hydro, biomass), and nuclear power. However,
the heavy reliance on fossil fuels, their finite reserves, and the
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carriers [1]. Renewable energy sources offer inexhaustible
and environmentally benign alternatives that can reduce
greenhouse gas emissions while enabling long-term energy
production. Nevertheless, their variable and intermittent sup-
ply profiles create challenges for continuous energy delivery,
making efficient storage systems indispensable. One promis-
ing approach to overcoming this intermittency is to store re-
newable energy in the form of hydrogen, which can stabilize
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supply and enhance energy security. Hydrogen stands out
among all known fuels due to its exceptionally high gravimet-
ric energy density (33.59kWhkg™') and its ability to produce
only water upon utilization, making it an attractive carbon-
neutral option for both stationary and mobile applications
[2-4]. Current storage methods include high-pressure gas cyl-
inders, cryogenic liquid storage, and chemical storage within
compounds such as metal hydrides. However, each method
has inherent limitations: high-pressure systems require ro-
bust containment and raise safety concerns, cryogenic storage
demands extremely low temperatures with substantial energy
penalties, and chemical storage often involves complex and
energy-intensive hydrogen release processes [5, 6].

Given these constraints, solid-state adsorption using porous
materials has gained increasing attention as an alternative [7].
Among the various adsorbents investigated, such as zeolites
[8], metal-organic frameworks (MOFs) [9], and carbon-based
nanostructures including graphene [10, 11], carbon nanotubes
[6,12-14], and fullerenes [15], activated carbon (AC) has emerged
as a cost-effective and efficient hydrogen storage medium. This
is largely due to its high specific surface area, tunable micropo-
rosity, low production cost, and the abundance of biomass feed-
stocks. Agricultural residues, including almond shells [16], olive
stones [17], horse chestnut shells [18], pomegranate peels [19],
lignin wastes [20], and tangerine peels [21], are particularly at-
tractive as AC precursors because they are renewable, inexpen-
sive, and their valorization mitigates the environmental issues
associated with uncontrolled disposal [22].

Sunflower stalks, in particular, present a distinctive lignocellu-
losic composition with high cellulose, moderate lignin, and low
hemicellulose content [23, 24]. This composition facilitates the
development of large surface areas and microporous structures
during chemical activation, while the inherently low ash con-
tent minimizes pore blockage. These structural attributes can
improve hydrogen adsorption by increasing the number of ac-
cessible sites and enhancing gas diffusion pathways, making
sunflower stalks a promising and underexplored precursor for
high-performance ACs. Although AC production from sun-
flower stalks has been reported, no study has yet investigated
their hydrogen storage performance, representing a significant
knowledge gap. Previous works have demonstrated AC synthe-
sis from sunflower stalks using hydrothermal carbonization,
yielding surface areas up to 1505m?g~! and total pore volumes
0f0.94cm3 g1 [25], and from sunflower pith via NaOH and KOH
activation, achieving BET surface areas of 2690 m?-g~! and 2090
m?>g~!, respectively [26]. Microwave-assisted K,CO, activation
of sunflower seeds produced AC with 1411.55m?g™! surface
area [27]. Studies on other biomass sources have shown that ac-
tivation conditions strongly influence hydrogen uptake: almond
shell-derived AC (AC600) reached 2.53wt% at 77K and 27bar
via microwave-assisted chemical activation [16], while ZnCl,-
activated horse chestnut shell AC achieved 4.46 wt% at 77 K with
a surface area of 2270m?g~! [18]. Similarly, ZnCl,-activated
tangerine peel-derived carbons displayed enhanced low-
temperature hydrogen storage capacities due to higher surface
areas compared to KOH-activated counterparts [21]. Although
ZnCl, activation generally yields higher surface areas and im-
proved hydrogen adsorption at cryogenic temperatures, its inter-
action with sunflower stalks owing to their distinctive cellulose/

lignin/ash profile may produce unique pore architectures. The
present work systematically compares ZnCl, and KOH activa-
tion of sunflower stalks under identical conditions, correlating
BET surface area, pore structure, surface chemistry, and hydro-
gen storage performance. Based on these considerations, the ob-
jectives of this study were to: (i) synthesize ACs from sunflower
stalk biomass using ZnCl, and KOH chemical activation and
compare their surface characteristics, (ii) elucidate the effects
of different activation mechanisms (ZnCl,-induced dehydration
vs. KOH-induced etching) on pore development, surface chem-
istry, and C/O ratio, (iii) characterize the obtained ACs using
BET surface area analysis, pore size distribution, FTIR, DTA/
TG, and SEM/EDX, (iv) evaluate hydrogen storage capacities
under various pressures and temperatures, comparing results
with literature data for other biomass-derived ACs, and (v) in-
vestigate adsorption kinetics and diffusion mechanisms using
model equations (pseudo-first order, pseudo-second order,
Weber-Morris, Boyd) to relate them to storage performance.
This integrated approach, combining detailed physicochemi-
cal characterization with adsorption kinetics, aims not only to
quantify storage capacity but also to clarify the underlying hy-
drogen adsorption mechanism in sunflower stalk-derived ACs.

2 | Material and Methods
2.1 | Materials

Sunflower stalks were obtained from agricultural lands within
the borders of Balikesir province. All chemicals to be used in
the study were purchased in analytical purity and used without
further purification.

2.2 | Methods
2.2.1 | Activated Carbon Production

Sunflower stalks were first dried in a 70°C oven for 2days.
The dried samples were ground in a Retsch PM100 model ball
mill at 500rpm for 30min and sieved through a 100um sieve
in a Retsch AS200 sieving device. Sunflower stalks with grain
sizes of 0-100 um were used in the production of AC. The dried,
ground, and sieved sunflower stalks with grain sizes of <100 um
were soaked with 50mL of water in a mixture of chemical ac-
tivation agents (KOH and ZnCl,)) at a ratio of 1/1, 2/1, and 3/1
by mass (chemical activation agent/sunflower stalk) and kept at
room temperature for 1day. Then, the sunflower stalks soaked
with the activation agent were dried in an oven at 110°C for
1day. The dried samples were pyrolyzed at a heating rate of 5°C
min~! for 2h under 10psi constant N, flow in a stainless steel
reactor vessel at 700°C for agent/sunflower stalk optimization,
and then the samples were allowed to cool under 10 psi constant
N, flow. The cooled samples were initially treated with a 0.1M
hydrochloric acid solution, followed by successive washings
with hot and distilled water until the filtrate reached a neutral
pH range of 6-7. After washing, the samples were dried in an
oven at 110°C for 24 h. BET surface areas of the dried samples
were measured. The same procedures were carried out at 600°C,
700°C, 800°C, and 900°C for the sample with the highest sur-
face area to optimize the pyrolysis temperature. BET surface
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areas of the pyrolyzed samples were measured again. In this
way, the hydrogen storage capacities of the highest surface area
samples optimized according to BET surface areas were mea-
sured [17, 19, 28].

2.2.2 | Hydrogen Storage

Hydrogen adsorption-desorption measurements were car-
ried out using a Hiden IMI-PSI gas adsorption system (Hiden
Isochema Ltd., UK). Prior to measurements, the samples were
degassed under vacuum at 250°C for 4h. Experiments were
performed at 77K (liquid nitrogen) and 298K in the pressure
range of 0-100bar. The instrument has a pressure accuracy of
+0.1% of full scale and a temperature stability of +0.1°C. To en-
sure repeatability, each storage measurement was conducted in
triplicate under identical experimental conditions, and the av-
erage values are reported. The standard deviation of the mea-
sured storage capacities was within +2.5% of the mean value,
confirming the high reliability and consistency of the measure-
ments [29, 30].

2.3 | Characterization
2.3.1 | BET Surface Area

Before BET surface area measurements and pore size analyses
of the samples were performed, the samples were degassed at
250°C for 24h. Surface area measurements and pore size dis-
tributions of the degassed samples were performed using a
Quantachrome Nova 2200e series device using pure nitrogen
gas as an adsorbate in a liquid nitrogen environment (77 K).

2.3.2 | FTIR-ATR Analysis

FTIR-ATR spectra of the samples were taken in the wavelength
range of 650-4000cm™" using the PerkinElmer Spektrum 100
device.

2.3.3 | DTA/TG Analysis

Thermal properties of sunflower stalks and the optimized ACs
were carried out using PerkinElmer Diamond DTA/TG instru-
ment in the range of 25°C-1200°C under nitrogen atmosphere.

2.3.4 | SEM/EDX Images

The surface morphology of ACs derived from sunflower
stalks was imaged using a Zeiss EVO LS 10 Scanning Electron
Microscope operating at an accelerating voltage of 20kV
with various magnification levels. Prior to imaging, powder
samples were placed onto an SEM holder using double-sided
electrically conducting carbon adhesive tape and rendered
conductive through the application of an Au/Pd coating via
a sputter coater at 20 mV for a duration of 60s. Furthermore,
the elemental compositions of the samples were assessed
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FIGURE1 | Flow diagram of the study.

employing a Bruker EDX detector. Figure 1 shows the flow
diagram of the study.

3 | Results and Discussion
3.1 | Characterization

Activated carbons produced from sunflower stalks with dif-
ferent chemical agents at different carbonization temperatures
were tried to optimize with BET, FTIR, DTA/TG, and SEM/
EDX devices.

3.1.1 | BET Analysis

Figure 2 shows the N, adsorption/desorption isotherms of
ACs produced from sunflower stems at different agent ratios
and activation temperatures with ZnCl2 and KOH activations.
BET surface areas and pore volumes of ACs produced from
sunflower stalks by chemical and carbonization activation
methods are given in Table 1. The N, adsorption/desorption
isotherms of the AC samples exhibit a combination of Type I
and Type IV features, as defined by the IUPAC classification
[31]. The pronounced uptake observed at low relative pressures
(P/P,<0.1) indicates a high proportion of micropores, while
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FIGURE 2 | N, adsorption/desorption isotherms of activated carbons produced from sunflower stems with ZnCl, and KOH activations at differ-

ent agent ratios and activation temperatures.

TABLE1 | BET surface areas and pore volumes of activated carbons produced under different conditions.

Agents:

sunflower SgeT Vorr Vinicro Vinezo
Samples Agents stalk ratios Temperatures (m?/g) V, (cc/g) (cc/g) (cc/g) (cc/g)
AC-Z1-700 ZnCl, 1:1 700 475 0.32 0.29 0.24 0.05
AC-Z2-700 ZnCl2 2:1 700 1368 1.01 0.93 0.71 0.22
AC-Z3-700 ZnCl2 3:1 700 1016 1.01 0.99 0.54 0.45
AC-Z2-600 ZnCl, 2:1 600 1352 1.08 0.98 0.73 0.25
AC-Z2-800 ZnCl, 2:1 800 807 0.65 0.59 0.43 0.16
AC-Z2-900 ZnCl, 2:1 900 693 0.63 0.57 0.36 0.21
AC-K1-700 KOH 1:1 700 618 0.50 0.46 0.32 0.14
AC-K2-700 KOH 2:1 700 986 0.96 0.88 0.53 0.35
AC-K3-700 KOH 3:1 700 608 0.29 0.26 0.25 0.01
AC-K2-600 KOH 2:1 600 157 0.14 0.12 0.08 0.04
AC-K2-800 KOH 2:1 800 613 0.40 0.35 0.30 0.05
AC-K2-900 KOH 2:1 900 620 0.37 0.32 0.29 0.03

the well-defined hysteresis loop appearing in the intermediate-
to-high relative pressure region (P/P,~0.4-0.9) reflects the
contribution of mesopores and the occurrence of capillary con-
densation. Optimization of the synthesis parameters yielded
AC-Z2-700 and AC-K2-700 as the most promising samples,

outperforming other variants in adsorption capacity, micro-
pore volume, and balanced micro/mesopore ratio. AC-Z2-700,
benefitting from ZnCl, activation, developed a more advanced
microporous network, resulting in superior adsorption per-
formance at low relative pressures. In contrast, AC-K2-700,
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FIGURE3 | The changing of cumulative pore volumes of activated carbon samples versus pore diameter.

produced via KOH activation, displayed a distinct hysteresis
behavior linked to its unique pore morphology. Collectively,
these results demonstrate that both optimized samples pos-
sess high surface areas, well-distributed pore structures, and
favorable adsorption kinetics, making them strong candidates
for hydrogen storage applications. Figure 3 shows the changes
in cumulative pore volume of the produced ACs against pore
diameter. KOH and ZnCl, were used as chemical agents in
the production of AC. 600°C, 700°C, 800°C, and 900°C were
selected as carbonization temperatures. In the production of
AC, the samples were first activated at 1:1, 2:1, and 3:1 chemi-
cal agents by mass (KOH or ZnCl,)/sunflower stalk ratios and
subjected to carbonization at 700°C. BET surface areas of the
produced samples were measured and pore volumes were cal-
culated according to the DFT method. The results showed that
among the ACs produced by both KOH and ZnCl, activation,
the sample with the highest BET surface area was the sample
produced at 700°C at a ratio of 2:1. BET surface areas of AC-
K2-700 and AC-Z2-700 were determined as 986 and 1368 m?/g,
respectively. Again, when Table 1 is examined, it is seen that
both samples consist of micro and mesopores. While the micro
and mesopore volumes of AC-K2-700 are 0.53 and 0.35cc/g,
those of AC-Z2-700 are 0.71 and 0.22cc/g. When BET sur-
face areas for both samples are compared, AC-Z2-700 has a
higher BET surface area. KOH significantly affects biomass
in AC production by affecting pore development and surface
properties [32]. Activation with KOH promotes the develop-
ment of both microporous and mesoporous structures. As the
concentration of KOH increases, the specific surface area and
pore volume of the obtained AC also increase. From Table 1,

it is seen that when the KOH/biomass ratio increases, both
the surface area and pore volume increase. KOH increases the
porosity of the carbon by creating active points on the sur-
face of the carbon. In this process, KOH breaks some bonds
in the structure of the carbon, causing more pores to open
and the surface area to increase. However, it is also stated
that too much increase in the KOH ratio leads to deteriora-
tion of the pore structure [33]. ZnCl, is an effective chemical
activating agent used to produce AC from various plant-based
materials [17-19]. It is observed that the impregnation ratio
of ZnCl, to biomass and the carbonization temperature sig-
nificantly affect the surface area of the produced AC. There
may be several reasons why ZnCl, creates a more porous and
high surface area structure. During the impregnation stage,
ZnCl, promotes the dehydration of cellulosic material. During
carbonization, this dehydration leads to the charring and aro-
matization of carbon structures, resulting in the formation
of porous structures [34]. ZnCl, prevents tar formation and
promotes aromatization, resulting in porous AC [35]. ZnCl,
increases the carbon content of AC. High carbon content
provides more voids and surface area, which promotes pore
formation [36]. ZnCl, promotes the transformation from mes-
opores to micropores, which leads to the change of the surface
structure of AC and the formation of narrower slit-like pores
[37]. After optimization of the activation agent ratio, the ob-
tained sample was subjected to heat treatment under an inert
atmosphere at different carbonization temperatures. It was de-
termined that the samples with the highest BET surface area
among the produced ACs were AC-Z2-700 and AC-K2-700.
The activation agent ratio of 2:1 combined with an activation
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temperature of 700°C provides an optimal balance between
activation intensity and structural integrity. At this ratio, suf-
ficient reaction between the activating agent and the carbon
precursor occurs, leading to the development of a well-defined
micro- and mesoporous network and achieving the maximum
BET surface area. Lower ratios result in insufficient activa-
tion, limiting pore formation and surface area. Conversely,
higher ratios or activation temperatures above 700°C can
cause excessive etching of the carbon framework, leading to
pore widening, merging, or even collapse, thereby reducing
the overall surface area. The temperature of 700°C provides
enough thermal energy for uniform pore formation while pre-
venting severe structural degradation, ensuring the highest
accessible surface area for hydrogen adsorption. It is seen in
the literature that the optimal conditions vary depending on
the raw material, but in general, ACs with higher BET surface
areas are produced at higher impregnation ratios and medium
temperatures. For example, while AC with 946 m?/g surface
area was produced from peach pit at 500°C at a ratio of 3:1
[38], AC with 2170 m?/g surface area was produced from sheep
manure at 400°C at a ratio of 3:1 [39]. ZnCl, activation tends
to preserve the aromatic structure of carbon better than KOH
activation, resulting in the formation of structures with higher
micropore volumes [40]. These findings indicate that ZnCl,
is an effective activating agent for producing high-quality AC
from various biomass sources. Samples optimized with re-
spect to BET surface areas and pore volumes were used in hy-
drogen storage analyses. Similarly, Ates and Ozcan found that
ZnCl, activation of poplar sawdust produced higher surface
areas (1100m?/g) than KOH activation (761 m?/g) [41]. Suhdi
and Wang observed that ZnCl, activation of rubber fruit peels
produced higher specific surface areas than KOH activation at
all impregnation ratios [42].

3.1.2 | FTIR Analysis

FTIR spectra of ACs prepared under varying chemical agent
ratios and activation temperatures reveal significant struc-
tural transformations compared to the sunflower stalk. The
disappearance of characteristic cellulose and lignin absorption
bands, along with the emergence of new peaks, indicates the de-
composition of the plant's original biopolymeric structure and
the formation of new functional groups characteristic of AC.
FTIR spectra of ACs produced from sunflower stalk with dif-
ferent chemical agents under different conditions are presented
in Figure 4. FTIR spectrum of the sunflower stalk exhibits
characteristic absorption bands associated with its main bio-
polymeric components, including cellulose, hemicellulose, and
lignin. A broad absorption band around 3337cm™! is attributed
to O—H stretching vibrations from hydroxyl groups, while the
peak near 2904 cm™! corresponds to C—H stretching vibrations
of aliphatic structures, with additional bending vibrations ap-
pearing at 1452, 1425, and 1314cm™!. The peak observed at
1682cm™! is assigned to C=O0 stretching vibrations, indicating
the presence of carbonyl-containing functional groups such as
ketones, aldehydes, and carboxylic acids. The peaks at 1609 and
1512cm™! correspond to aromatic C=C stretching, which are
characteristic of lignin. Additionally, strong and broad peaks at
1056 and 1030cm™! are attributed to C—O stretching vibrations,
primarily originating from cellulose and hemicellulose. The

peak at 897cm™! has been associated with twisting vibrations
between aromatic carbon and hydroxyl groups, while the peak
at 661cm~! is linked to O—H twisting vibrations [43].

FTIR spectra of ACs synthesized using KOH as an activat-
ing agent show the disappearance of the O—H stretching
(~3337cm™), aliphatic C—H stretching (~2904cm™!), and C—O
stretching (~1030cm™) vibrations, suggesting the degradation
of cellulose and lignin during activation. Instead, a distinct peak
emerges in the 1530-1560cm™! range, corresponding to C=C
stretching vibrations, which are characteristic of graphitic and
aromatic structures, indicating the formation of an extended
conjugated m-electron system. When analyzing FTIR spectra of
ACs produced at different temperatures, a similar C=C stretch-
ing vibration around 1530 cm™! is observed, reinforcing the pres-
ence of conjugated aromatic structures at moderate activation
temperatures. However, as the activation temperature increases,
this peak gradually diminishes and eventually disappears. This
shift suggests that at elevated temperatures, C=C bonds un-
dergo structural degradation, leading to the formation of ali-
phatic functionalities. The loss of aromatic C=C vibrations at
high temperatures implies increased carbonization and possible
graphitization, resulting in a material with a different surface
chemistry and functional group distribution [44].

A similar trend is observed in ACs produced using ZnCl, as an
activating agent. FTIR spectra confirm that lignin and cellulose-
derived peaks disappear, while C=C stretching vibrations ap-
pear in the 1530-1560cm™' range, indicating the formation of
aromatic structures. Additionally, C—O stretching vibrations
are detected in the 1070-1100cm™ range, further supporting
the development of oxygen-containing functional groups during
activation. These results demonstrate that both the choice of ac-
tivating agent and temperature significantly influence the struc-
tural and chemical composition of the resulting AC. Regardless
of the activating agent used, the loss of cellulose and lignin char-
acteristic peaks and the emergence of C—C and C—O vibrational
bands confirm the successful conversion into a carbonaceous
structure [16].

3.1.3 | DTA/TG Analysis

Thermal gravimetric analysis plays an important role in under-
standing biomass behavior and optimizing AC production by
revealing mass loss events and chemical transformations during
thermal processes. It also provides information on the pyrolysis
of biomass in nitrogen or air atmosphere. Thermograms of the
thermal gravimetric analysis of the sunflower stalk and the op-
timized samples were carried out in the range of 25°C-1200°C
and given in Figure 5a,b. The data obtained from these ther-
mograms are summarized in Table 2. The most general way to
analyze the results obtained from non-isothermal thermograv-
imetric measurements of biomass and ACs is to show the mass
loss-temperature (TG) curve. From this curve, the residue at the
final temperature can be obtained quantitatively, and it is seen
at what temperatures thermal decomposition occurs. The ther-
mal characteristic behavior of a sample and the separation of dif-
ferent masses from this sample at various temperatures become
more apparent in the mass loss-temperature (differential or
d[TG]) curve. Since both curves are important for understanding
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FIGURE4 | FTIR spectra of activated carbons produced from sunflower stems with ZnCl, and KOH activations at different agent ratios and ac-

tivation temperatures.

the thermal behavior, the data obtained from both curves are
discussed. Lignocellulosic biomass typically contains cellulose,
hemicellulose, and lignin. According to the literature, the mass
losses observed in TG-d[TG] thermograms are related to the
content of the biomass [45]. The first mass loss due to water loss
from the sample is completed up to 200°C, and this step is the
preheating stage. This temperature value varies from biomass to
biomass. In this study, the sunflower stalk completed this stage
up to 200°C, in accordance with the literature, and it is clear from
Figure 5a that it showed a mass loss of approximately 6.7% [46].
In the second step, where the second mass loss occurs, lighter
volatile substances are removed from the biomass structure be-
tween 200°C and 320°C. This step is defined as hemicellulose
and cellulose decomposition [45, 46]. Hemicellulose pyrolysis is
completed up to 350°C, while cellulose pyrolysis is completed
between 250°C and 500°C [35]. Cellulose decomposes in a nar-
row temperature range and gives a sharp, single d[TG] peak, and

this behavior is consistent with the simple chemical structure of
cellulose. In Figure 5a, which shows the pyrolysis of sunflower
stalk under nitrogen atmosphere, the second step is completed
in the range of 180°C-600°C. The temperature at which the
maximum mass loss occurs is 301.3°C, and the mass loss is ap-
proximately 62%. Lignin, which represents heavier volatile sub-
stances, is relatively more thermally stable than hemicellulose
and cellulose, and is the most valuable component in the pro-
duction of AC from biomass due to its carbon content, since it
is converted to phenolic substances. Therefore, lignin pyrolysis
occurs in a pyrolysis temperature range of 150°C-900°C, and no
sharp mass loss peak is observed [35]. The maximum mass loss
caused by lignin in the pyrolysis of sunflower stalk occurred at
T,,ax Value of 749°C, and the calculated mass loss was about 14%.
The residue determined as a result of the analysis carried out
in the range of 25°C-1200°C was about 16%. This is due to the
carbonized carbon structure.
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Activated carbons were produced from sunflower stalk using
basic potassium hydroxide (KOH) and acidic zinc chloride
(ZnCl,) as activation agents. The physicochemical proper-
ties of AC also differ depending on the operating conditions
and the agent used in chemical activation in AC production
[47]. Thermograms showing TG and d[TG] curves of two op-
timized ACs are given in Figure 5b. From the general profile,
it is seen that the degradation mechanism of the AC samples
consists of four steps when ZnCl, agent is used and three steps
when KOH is used. These maximum degradation tempera-
tures were observed as 61.6°C, 255.6°C, 677.3°C, and 898.5°C
for AC-Z2-700, respectively. The mass losses in four steps for
this sample are 2.6%, 1.6%, 34.0%, and 14.5%, respectively.
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FIGURE 5 | The TG and d[TG] thermograms of (a) sunflower stalk
and (b) activated carbons.

TABLE 2 | Thermogravimetric data calculated from DTA/TG analyzes of sunflower stalk and optimized activated carbons (T
maximum decomposition temperature, and AY the percentage weigh loss).

The residue at 1200°C was recorded as 50.9%. The maxi-
mum decomposition temperatures for AC-K2-700 are 62.6°C,
671.7°C, and 943.4°C. The maximum mass losses in three
steps for the same sample are 5.8%, 22.4%, and 24.9%, respec-
tively. The residue recorded at 1200°C is 46.7%. Studies show
that the effectiveness of KOH and ZnCl, activation may vary
depending on the biomass source [48-50]. In this study, bet-
ter results in terms of surface area and porosity development
were generally obtained for ZnCl,. This tendency may have af-
fected the thermal stability of ACs and caused them to decom-
pose with a different mechanism. During the carbonization
of ZnCl,-impregnated biomass, ZnCI, works as a dehydrating
agent. Dehydration causes carbonization and aromatization
of the biomass. In this case, biochar formation is limited at
low temperatures. The factor that provides high carbon yield
is low temperature because less volatile components are re-
moved from the structure at low temperatures [51]. When the
temperature increases, much larger-molecule compounds de-
compose into small-molecule compounds, and more volatile
components are removed from the structure. This situation
caused the carbonization efficiency to decrease with the in-
crease in carbonization temperature.

3.1.4 | SEM/EDX Analysis

SEM technique shows the morphological surface and porous
structure of sunflower stalk and ACs obtained by chemical ac-
tivation methods using different carbonization temperatures
and different activation agents ZnCl, and KOH [52]. Figures 6
and 7 show SEM images of sunflower stalk and ACs synthe-
sized with ZnCl, and KOH. It is clear from the SEM images
that the surface of the sunflower stalk has a non-porous struc-
ture at 5000x magnification and there are some occasional
cracks on its surface. When the surface morphologies of the
ACs were examined, it was seen that there were abundant
pores formed by the activating agents during carbonization,
and this shows that there was a significant difference in the
morphological surface of the ACs compared to the raw ma-
terial [53, 54]. SEM micrographs of ACs activated with ZnCl,
and KOH were viewed at 1000x and 5000x magnification lev-
els, respectively, and these magnification levels are relatively
low to view mesopores or micropores, as can be understood
from the scales in the images; these visible pores are macropo-
res above 100 nm [40, 42]. However, large pores or macropores
are quite evident in all samples and it is very clear that the
pore structure of ACs activated with ZnCl, and KOH is dif-
ferent from each other. These results revealed that activating
agents affect the topographic properties of carbon surfaces.
The use of ZnCl, and KOH as chemical activating agents in

'nax TEPTESENtS the

Samples T, Ay, T, ax2 AY, T, axs AY, T, axa AY, Residue (wt%) at 1200°C
Sunflower stalk 79.1 6.7 301.1 62.0 749.0 14.0 — — 16.0
AC-K2-700 62.6 5.8 671.7 22.4 943.4 24.9 — — 46.7
AC-Z2-700 61.6 2.6 255.6 1.6 677.3 34.0 898.5 14.5 50.9
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FIGURE 6 | (a) SEM images and (b) EDX spectrum/mapping of sunflower stalks.

AC production leads to distinct morphological differences due
to their unique activation mechanisms. While KOH tends to
produce AC with a smaller porous structure, ZnCl, generally
results in a larger and heterogeneous porous structure. These
differences are attributed to chemical interactions and physi-
cal changes caused by each activator during the activation pro-
cess. The activation mechanism of KOH is more complex, and
the structure can result in an explosive-style fragmentation
after intercalation and even some gasification by hydroxide
oxygen molecules. ZnCl,, on the other hand, can remove H,O
molecules from the lignocellulosic structure of the raw mate-
rial [55]. In the literature, it has been reported that ACs with
a distinct surface morphology characterized by a decrease
in surface area and pore volume with increasing activation
temperature are obtained with ZnCl, activation [56]. On the
other hand, it has been reported that KOH activation leads to
high surface area and well-developed porous structure in ACs
[57]. In other words, KOH activation tends to produce a well-
developed porous structure, while ZnCl, activation results in
a different morphological pattern. These differences are very
important for applications such as adsorption and energy stor-
age. SEM analysis of ZnCl-activated salak wedi bark shows a

different pore distribution, fewer and less evenly distributed
pores, compared to KOH [58].

When Figure 7 is examined, it is seen that in the AC-Z2-600
activated with ZnCl, at a ratio of 2:1, carbonization did not
occur completely due to the low temperature and pore for-
mation was limited. It is thought that when the temperature
was increased, more pronounced pores were formed at 700°C
and the structure became more porous due to the dehydration
effect of ZnCl,. When the carbonization temperature was in-
creased to 800°C, enlarged pores and fragmentation were seen
in the structure; at 900°C, structural collapses and collapsed
pores in some areas were observed at extremely high tempera-
tures. When the agent ratio was increased to 3:1, it was seen
that the use of excess ZnCl, caused excessive pore growth.
When Figure 7 is examined, it is seen that limited activation
occurred in the AC-K2-600 activated with KOH at a ratio of
2:1 and some small pores started to form. At 700°C, homo-
geneously distributed pores became more prominent and the
surface became rougher due to the strong activation effect of
KOH. When the temperature increased to 800°C, larger pores
were formed and there were fragments on the surface in some
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TABLE 3 | Elemental composition and distribution of sunflower
stalk biomass and selected activated carbon samples.

Samples C (0} K Ca Mg Cl

Sunflower 39.30 35.51 19.40 3.79 0.97 1.02
stalk

AC-Z2-700  79.11  13.03 — — — —
AC-K2-700 64.11 24.58 — — — —
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FIGURE 8 | Hydrogen storage capacities of (a) AC-Z2-700 and (b)
AC-K2-700 at 298 and 77K.

areas. At 900°C, it was observed that pores collapsed in some
areas due to excessive temperature. Since KOH has a more
aggressive activation mechanism than ZnClL,, structural dete-
rioration can occur faster at high temperatures and tempera-
tures of 800°C and above can cause excessive pore growth or
surface collapse in some areas. In the SEM images of ACs pro-
duced with both activating agents, the best pore structure was
observed at 700°C and the activation of the activating agent at
aratio of 2:1 is generally optimum.

The elemental composition of sunflower stalk and optimized
ACs was determined by energy dispersive X-ray microanaly-
sis (EDX) and the results are given in Table 3. The elemental
content of sunflower stalk contains 39.30% carbon and 35.51%
oxygen. This relatively high oxygen content belongs to the oxy-
genated components of biomass such as cellulose, hemicellulose,

and lignin. In addition, 19.40% potassium, 3.79% calcium, 1.02%
chlorine, and 0.97% magnesium detected indicate the presence
of elements that can exist in biomass. As shown in Figure 6, the
presence of carbon and oxygen was detected in the EDX spectra
of ACs. The carbon percentage of the optimized AC-Z2-700 in-
creased significantly to 79.11%, while the amount of oxygen de-
creased to 13.03%. This shows that ZnCl, increased the carbon
content by removing oxygenated components during carbon-
ization. In the AC-K2-700, 64.11% C and 24.58% O were found,
and it was understood that this sample contained slightly more
oxygen compared to the ZnCl, activation. This indicates that
the activation mechanism is different. As a result, EDX results
showed that oxygenated components decreased and the amount
of carbon increased with activation, which proves that carbon-
ization was successful. Moreover, spectral analysis revealed the
presence of trace concentrations of activating agents in ACs that
were not eliminated during the washing process.

The EDX analysis revealed a significantly higher C/O ratio for
AC-Z2-700 compared to AC-K2-700. This difference in elemen-
tal composition suggests variations in the surface chemistry and
porosity that are related to the activation process. The signif-
icant difference in carbon/oxygen content observed between
AC-Z2-700 and AC-K2-700 can be attributed to the distinct
activation mechanisms of ZnCl, and KOH. ZnCl, activation
proceeds primarily via a dehydration mechanism, where ZnCl,
acts as a Lewis acid to promote dehydration of the carbon pre-
cursor, facilitating cross-linking and aromatization reactions.
This process reduces the formation of oxygen-containing sur-
face functional groups, leading to a higher carbon content and
lower oxygen content in the final product. In contrast, KOH
activation involves an etching mechanism, where KOH reacts
with carbon at elevated temperatures to produce metallic potas-
sium, potassium carbonate, and potassium oxide. These species
intercalate into the carbon lattice and create additional poros-
ity but also introduce and retain more oxygen-containing func-
tionalities on the surface. Consequently, the different chemical
pathways explain the higher oxygen content in AC-K2-700 com-
pared to AC-Z2-700, as reported in previous studies on chemical
activation with ZnCl, and KOH [59, 60]. To remove activating
agent residues, repeated washing with 0.1M HCI followed by
deionized water was performed. The residual levels detected by
EDX are too low to significantly affect the structural stability
or hydrogen adsorption performance of the materials. The use
of higher-concentration acid was avoided, as it could lead to ex-
cessive dissolution of the carbon framework or pore collapse.
Furthermore, repeated hydrogen adsorption—-desorption cycling
tests confirmed that these residuals do not negatively influence
the reproducibility or stability of the storage capacity.

3.2 | Hydrogen Storage

As aresult of BET surface area and pore volume optimization,
the hydrogen storage capacities of AC-Z2-700 and AC-K2-700
were investigated in a wide pressure range at room and cryo-
genic temperatures. Figure 8 shows the amount of hydrogen
stored against pressure at room temperature for AC-Z2-700
and AC-K2-700. The amount of hydrogen adsorbed on both
ACs at room temperature increases in direct proportion to
the pressure. This situation can often be explained by Henry's
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Law. Henry's Law states that the adsorption of a gas onto a
solid surface is proportional to the pressure of the gas and
the proportionality constant is the Henry constant. Increased
pressure increases the probability of hydrogen molecules hit-
ting the surface. This affects the balance between adsorption
and desorption. According to Henry's Law, under high pres-
sure, the adsorption rate is greater than the desorption rate,
which leads to more hydrogen binding to the surface. At the
same time, as the pressure increases, the density of the gas
also increases. Higher density means that more hydrogen mol-
ecules are present in a certain volume. This states that more
hydrogen reaches the adsorbent surface and is retained there
[61]. A similar situation was observed for the adsorption of
hydrogen on NaA zeolites at 77 and 300 K. The study revealed
that the Henry's Law constant for hydrogen adsorption on
NaA zeolites varied with temperature, and there was a lin-
ear relationship between hydrogen removal and inlet pressure
at low loading conditions [62]. In another study, Henry's Law
was successfully applied to describe the adsorption of hydro-
gen onto AC samples. In the measurements made at 273 and
298K, the dependence of the adsorbed hydrogen amount on
the equilibrium pressure showed a linear relationship. In par-
ticular, the Henry coefficient reached the highest values for
the RMS-AC sample, which indicated that the adsorption ca-
pacity of hydrogen was higher than the others [22]. Again, the
curve shows that the hydrogen storage capacity of AC-Z2-700
at room temperature is higher than that of AC-K2-700. The
hydrogen storage capacity of the adsorbents is greatly affected
by the BET surface area and pore volume, especially the mi-
cropore volume. From Table 1, it is seen that the BET surface
area of AC-K2-700 is lower than that of AC-Z2-700. The sur-
face area determines how much gas molecules can interact
with the surface. Since AC-Z2-700 has a higher surface area, it
can be said that there will be more active points on its surfaces
and as a result, more hydrogen molecules will be adsorbed on
its surfaces. Therefore, its storage capacity is higher. Another
parameter affecting the hydrogen storage capacity is the pore
volume. From Table 1, it is seen that both samples have a mi-
croporous structure and that the micropore volume of AC-
Z2-700 is higher. Micropores are pores that generally have
diameters smaller than 2nm. Such pores offer a large surface
area for the adsorption of hydrogen molecules. Materials with
a high micropore volume allow more hydrogen molecules to
be stored, which increases the storage capacity. At 298K and
20bar, the hydrogen storage capacity of AC-K2-700 was calcu-
lated as 0.11 wt%, while the storage capacity of AC-Z2-700 was
calculated as 0.15wt%. In the literature, it was determined that
the AC produced as a result of zinc chloride activation of tan-
gerine peel had a higher hydrogen storage capacity than the
AC produced by potassium hydroxide activation. Activation
with ZnCl, provided higher surface areas and porosity, allow-
ing more hydrogen to be adsorbed. Although ACs produced
by KOH activation had the advantage of microporosity, they
generally reached a lower hydrogen storage capacity [21].

The hydrogen adsorption behaviors at cryogenic temperature
largely depend on the physical adsorption mechanism caused
by the textural properties of the adsorbent materials. Especially
for microporous carbon materials, hydrogen removal is domi-
nant in the micropore volume and pore size [63]. The isotherm
curves at room and cryogenic temperatures are different from

each other. At cryogenic temperature, the stored amount in-
creases rapidly with increasing pressure at the beginning, and
when the pressure continues to increase, the stored amount
decreases after the maximum point without a plateau. The de-
crease in the stored amount of hydrogen after a certain pres-
sure value can be explained by the excess adsorption behavior.
Excess adsorption is a process that refers to the accumulation
of a gas or liquid on a solid surface in a higher amount than
that of the gas in the liquid. This mechanism generally occurs
under high pressure and low temperature conditions and is
related to the tendency of the adsorbed substance to remain
on the surface. During excessive adsorption, hydrogen mole-
cules bind strongly to the AC pores, causing concentration in
the pores [22]. It is observed that when the pressure is contin-
ued to be increased after the excessive adsorption event, the
storage capacities of the samples start to increase again. This
secondary increase in storage capacity after the apparent satu-
ration point can be attributed to the gradual filling of ultrami-
cropores and the possible compression-induced densification
of adsorbed hydrogen layers within the pore network at higher
pressures. As the applied pressure continues to rise, hydrogen
molecules may penetrate into narrower pores that were ini-
tially less accessible due to kinetic limitations, or additional
adsorption layers may form through enhanced van der Waals
interactions. Similar behaviors have been reported in high-
pressure adsorption studies, where multi-layer adsorption
and pore wall interactions become more significant beyond
the initial saturation stage. In the literature, AC samples pro-
duced from agricultural waste materials such as red mombin
seeds, cocoa shells, mango seed outer parts, and coffee pulp
exhibited similar behaviors at around 10bar at 77K [22] and
ACs produced from tangerine peel using different activation
methods exhibited similar behaviors in the range of 10-15bar
at cryogenic temperature [21].

As can be seen from the figures, the hydrogen storage capac-
ities of ACs at cryogenic temperatures are higher than those
at room temperature. The hydrogen storage capacities of
AC-Z2-700 and AC-K2-700 at 20bar and 298K are 0.15 and
0.11wt%, while at 77K they are 2.39 and 1.31 wt%, respectively.
These results are also in good agreement with Chahine's rule.
This rule is accepted as a reference value for carbon materials
at cryogenic temperatures and establishes a relationship be-
tween surface area and hydrogen storage capacity. According
to this rule, approximately 2wt% hydrogen storage capacity
is expected per 1000 m?/g surface area [64]. This means that
the hydrogen storage capacity will increase with increasing
surface area. The results obtained are consistent with the
expected theoretical value for the adsorption of hydrogen in
the \/3 configuration on double-sided graphene sheets [65].
Activated carbon obtained from horse chestnut by activation
of ZnCl, at 600°C has a storage capacity of 1.48 wt% at 298K,
while it has a storage capacity of 4.46 wt% at 77K. In another
study, the hydrogen storage capacities of ACs produced by acti-
vation of ZnCl, and KOH from tangerine peel were calculated
as 0.14wt% and 0.10wt% at approximately 20bar and 298K,
respectively, while they were 1.7 and 1.25wt% at 77 K. The rea-
son for the higher hydrogen storage capacity at 77K (approxi-
mately —196°C) is that lower temperatures reduce the kinetic
energy of gas molecules, thereby minimizing the probability
of desorption and significantly enhancing the effectiveness of
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TABLE 4 | Hydrogen storage capacities of some activated carbon
samples at 77K.

Activated carbon  Pressure

sources (bar) H,wt% References
Rich-coal fly ash 1 1.35 [66]
Tangerine peel 20 1.70 [21]
Tangerine peel 20 1.22 [21]
Almond shells 25 2.53 [16]
Rice husks 1 2.85 [63]
Chestnut shell 30 4.46 [18]
Olive pomace 25 2.59 [67]
Tamarind seeds 20 1.97 [68]
Sunflower stalk 30 2.55 In this study
(AC-Z2-700)

Sunflower stalk 24 1.34 In this study
(AC-K2-700)

van der Waals interactions. At this temperature, the overlap of
potential energy fields within the micropores strengthens the
adsorptive forces, while the increased gas-phase density raises
the probability of hydrogen molecules colliding with the pore
walls, thus maximizing adsorption likelihood. The synergis-
tic effect of reduced thermal mobility and increased poten-
tial field overlap constitutes the primary mechanism for the
markedly higher hydrogen storage capacity observed in ACs
at 77K compared to room temperature. In addition, physical
adsorption mechanisms become more effective at lower tem-
peratures, which helps more gas to penetrate into the pores of
ACs. As a result, the energy required to store hydrogen at 77K
decreases, leading to higher storage capacities.

It is stated in the literature that the hydrogen storage capacities
of ACs vary depending on the plant material used in AC pro-
duction, production method, chemical agent, and measurement
conditions. Table 4 summarizes the hydrogen storage capaci-
ties of various ACs at 77K under different pressures. Reported
values span a wide range due to variations in biomass precur-
sors, activation protocols, and measurement conditions. For
instance, rich-coal fly ash exhibits 1.35wt% at 1bar [66], while
tangerine peel-derived carbons yield 1.70 and 1.22 wt% at 20 bar
[21]. Almond shells show 2.53wt% at 25bar [16], and rice husks
present a notable 2.85wt% at 1bar [63], demonstrating that ef-
fective storage is possible even under low pressure. At higher
pressures, capacities generally increase; chestnut shell carbons
reach 4.46wt% at 30bar [18], olive pomace yields 2.59wt% at
25bar [67], and tamarind seeds show 1.97wt% at 20bar [68]. In
the present work, sunflower stalk-derived AC-Z2-700 achieved
2.55wt% at 30bar, while AC-K2-700 recorded 1.34 wt% at 24 bar.
Although absolute values cannot be directly compared due to
methodological differences, these results demonstrate that sun-
flower stalk carbons are competitive withand in some cases su-
perior to, other biomass-derived carbons with similar surface
characteristics. Notably, AC-Z2-700 reached 1.92wt% at 77K
and 10bar, matching or exceeding values reported for almond

shells (1.65wt%) and tangerine peel (1.72wt%) under compara-
ble conditions. While certain precursors such as peanut shells
have shown slightly higher capacities (~2.05wt%), these typi-
cally require harsher activation temperatures or compromise
carbon yield.

The favorable performance of sunflower stalk carbons arises
from their high micropore volume, narrow pore size distribu-
tion, and low oxygen content, which enhance hydrogen ad-
sorption efficiency at cryogenic temperatures. Additionally,
their hydrogen uptake at 298K falls within the upper range for
biomass-based carbons, underscoring their suitability for prac-
tical applications. These attributes position sunflower stalk—
derived ACs as sustainable, high-performance candidates for
hydrogen storage, offering a competitive balance of capacity,
precursor availability, and production efficiency.

3.3 | Adsorption Isotherms

Adsorption isotherms are mathematical relations that de-
scribe the concentration of molecules adsorbed on an adsor-
bent surface and the interaction of these molecules with the
surface. The most commonly used isotherms to study the ad-
sorption process from the gas phase to the solid surface are the
Freundlich, Langmuir, Dual-Langmuir, Temkin, and Henry
isotherms.

The Freundlich isotherm is an empirical formula used to
model adsorption processes on heterogeneous surfaces. The
mathematical expression of the Freundlich isotherm is as
follows:

n=KppP/" 6))
In linear form,

In(n) = InKy + — InP )
ng

Here, n is the adsorption amount at P pressure (mmol/g); Ky
and ny are constants specific to the Freundlich isotherm; Ky
represents the adsorption capacity and n represents the in-
tensity of adsorption processes. If the experimental data are
compatible with the Freundlich isotherm, the extrapolation of
the curve of In(n) against InP should give a straight line with
InK and a slope of 1/n. The n; and K values are calculated
from the slope and extrapolation. One of the basic features of
this model is that if the n value is greater than 1, it indicates
that the adsorption capacity of the system increases, while if
the ng value is less than 1, it indicates a lower adsorption ca-
pacity. The Freundlich isotherm is commonly used in various
applications for adsorbents with heterogeneous surfaces in
cases where adsorbate-adsorbent interactions are relatively
weak. This is because the Freundlich model can account for
the presence of adsorption sites with different energies and for
multilayer adsorption [69].

The Langmuir isotherm is a model developed to describe ad-
sorption processes on homogeneous surfaces. The Langmuir
isotherm is a frequently used tool for characterizing adsorption
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processes and is important in many areas for the analysis of ad-
sorption data. The mathematical expression of the Langmuir
isotherm is as follows:

N "
no King o ngy

where n is the density of adsorption at a pressure of P, n_, is the
saturated adsorption value, and K| is an equilibrium coefficient.
According to this equation, the plot of P/n against P should give
a straight line with slope 1/n_; and extrapolation 1/n_, K, [70].
Similarly, a dual Langmuir equation, where each hydrogen mol-
ecule dissociates and occupies two sites, can be given as follows:

P1/2 1 Pl/Z
e @

n Koty

Note that the monolayer capacity n_, and equilibrium coeffi-
cient K, have different numerical values in the Equations (3) and
(4) and thus have been, respectively, subscripted [16].

Temkin isotherm is a model used to explain adsorption pro-
cesses and is preferred especially in cases where the interaction
between the adsorbate and the adsorbent is important. This
model is based on the fact that the interactions of molecules on
the surface increase with the increase of the adsorption tem-
perature. Mathematically, Temkin isotherm is expressed by the
following formula:

n=AlnP+B ©)

here n is the adsorption amount at pressure P (mmol/g); A and
B are constants specific to the Temkin model; A represents the
adsorption capacity and B represents the term related to the heat
dependent on temperature. According to the Temkin model, the
curve of n against InP should give a straight line with slope A
and extrapolation B [16].

Henry Law states that the adsorption of a gas on a solid surface
is proportional to its pressure in the gas phase. This law is es-
pecially valid under low pressure conditions and is widely used
in understanding the behavior of gases on solid surfaces. The
mathematical expression of Henry Law is as follows:

n=KyP 6)
here n is the amount of adsorption at pressure P; K is the Henry

coefficient; and P is the pressure of the gas. According to this

TABLE 5 | Isotherm and regression coefficient values.

equation, the curve of n against P should give a straight line with
a slope of K;; passing through the origin [62].

Table 5 shows the regression coefficient values and the correspond-
ing isotherm constant values for different isotherm equations.
As explained in the hydrogen storage analysis section, the ACs
exhibit different behaviors at different temperatures. The experi-
mental data exhibited a linear relationship with pressure at room
temperature, while excessive adsorption behavior was observed at
cryogenic temperature. It is seen from the table that the regression
coefficients at room and cryogenic temperatures are also different.
The regression coefficients calculated at room temperature from
Freundlich, Langmuir, Dual-Langmuir, Temkin, and Henry equa-
tions for AC-Z2-700 and AC-K2-700 are 0.9954 and 0.9804, 0.0383
and 0.0370, 0.2915 and 0.2651, 0.6265 and 0.6543, and 0.9913 and
0.9914, respectively. These results show that the experimental data
at room temperature are in good agreement with the Freundlich
and Henry equations due to the high regression coefficient values.
From Table 5, the n values for AC-Z2-700 and AC-K2-700 are
0.93 and 0.92, respectively. These values are less than one, indi-
cating that the storage capacity of the adsorbents is also low. At
cryogenic temperature, the regression coefficients calculated from
Freundlich, Langmuir, Dual-Langmuir, Temkin, and Henry equa-
tions for AC-Z2-700 and AC-K2-700 are 0.9266 and 0.9431, 0.9977
and 0.9959, 0.9217 and 0.9739, 0.9552 and 0.9613, and 0.5964 and
0.6438, respectively. According to these results, the isotherm
with the highest regression coefficient is the Langmuir isotherm.
Another parameter that shows that the experimental data at cryo-
genic temperature are in good agreement with the Langmuir
isotherm is the fact that the experimental and computational n
values are in good agreement with each other. For samples AC-
7Z2-700 and AC-K2-700, Nexp) values are 1.254 and 0.635umol/g,
while n_ values are 1.300 and 0.658umol/g, respectively. These
data show that the adsorption dynamics of hydrogen gas change
depending on temperature and each model is more successful in
certain temperature ranges. In the literature, hydrogen adsorp-
tion isotherm analyses of ACs produced from almond shells were
investigated with Langmuir, Temkin, and Freundlich isotherms.
The obtained data showed that the Freundlich isotherm provided
the best agreement with the experimental results. The maximum
hydrogen adsorption values calculated according to the Langmuir
model did not agree with the experimental values. This showed
that the active sites on the AC surface were not homogeneous and
the adsorption was not monolayered. Isotherm analyses revealed
the physical adsorption properties of hydrogen and the importance
of adsorption temperature and pressure conditions [15]. Different
isotherm models for hydrogen adsorption were compared in terms
of their agreement with the experimental data and the accuracy

Langmuir Freundlich
Dual
Samples TK) ng, n, K, R? Langmuir R*>  n, K, R? Temkin R> Henry R?
AC-Z2-700 77 1.254 1.300 0.648 0.9977 0.9217 2.599 0420 0.9266 0.9552 0.5964
298 — — — 0.0383 0.2915 0.928 0.003 0.9954 0.6265 0.9913
AC-K2-700 77 0.635 0.658 0.889  0.9959 0.9739 2.733  0.259 0.9431 0.9613 0.6438
298 — — — 0.0370 0.2651 0.920 0.002 0.9804 0.6543 0.9914
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of the parameters they estimated. In particular, it was determined
that the Langmuir model exhibited poor performance at high
pressures, while models such as Levenberg-Marquardt, Toth, and
Unilan gave better results [71]. The adsorption data of hydrogen
at the Pd-SiO, interface were found to be in good agreement with
the Temkin isotherm. The suitability of the Temkin isotherm for
describing hydrogen adsorption at the Pd-SiO, interface arises
from its assumption that the adsorption energy varies with sur-
face coverage. The model predicts that adsorption initially occurs
at high-energy sites, and as the hydrogen concentration increases,
the adsorption energy gradually decreases. This behavior indicates
that hydrogen binds to active sites with different energies at the
Pd-SiO, interface and that the surface electrostatic potential and
charge distribution influence this process. The experimental data
showed good agreement with both the maximum hydrogen con-
centration and the practical upper limit predicted by the Temkin
model. This agreement demonstrates that electrostatic interac-
tions play a dominant role in the adsorption process and that the
energy distribution within the system is a determining factor for
hydrogen retention [72].

3.4 | Adsorption Rate and Kinetics

Studies on hydrogen adsorption show that pore size significantly
affects the adsorption behavior, with the highest capacity being
observed at 0.7nm pore size. It has been shown that adsorption
rates vary between microporous and mesoporous materials, and
that there is a linear relationship between adsorption capacity
and specific surface area [73]. Carbon-based adsorbents are
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FIGURE 9 | The changing of hydrogen storage capacities with time
of (a) AC-Z2-700 and (b) AC-K2-700 at different pressures.

promising for hydrogen storage [74]. Figure 9 shows the change
in the stored amount of hydrogen with time for AC-Z2-700 and
AC-K2-700. Experiments were carried out at 10, 30, and 40bar
pressures at cryogenic temperature. It is seen that the adsorption
process for both ACs is fast and reaches dynamic equilibrium
within 2min. The initial rapid adsorption is due to the empty ac-
tive sites on the AC surface and pores. As these high-energy sites
become occupied by hydrogen molecules, fewer vacant sites re-
main, and adsorption progressively shifts to less favorable re-
gions. This results in a decrease in the covering fraction and a
slowdown in the adsorption rate until equilibrium is reached.

Since the adsorption process involves mass transfer of adsor-
bate from any phase to the solid surface, the investigation of ad-
sorption kinetics and mechanism is very important in terms of
process efficiency. Different methods have been used in the lit-
erature for the analysis of adsorption kinetic data. In this study,
the adsorption kinetic data on the surface and pores of AC were
analyzed by pseudo first order, pseudo second order, mass trans-
fer, and intraparticle diffusion methods. The method that best
fits the experimental data was determined according to the lin-
ear regression correlation coefficient value and equation param-
eters. The pseudo-first-order model is generally used for systems
with low concentration and/or pressure and shows that adsorp-
tion is accelerated, that is, it depends on the interaction of the
adsorbate with the surface or the rate of transfer from the bulk
phase to the surface. This model is important for analyzing the
behavior of the system before it reaches an equilibrium point.
The pseudo-first-order kinetic equation describes the dynamics
of an adsorption process and is usually expressed as:

d
% =k (q. - q:) )
here g, is the adsorbed amount of adsorbate at any time ¢
(umol/g); tis time (min); k, is the pseudo first order rate constant
(min™); q, is the amount of adsorbate adsorbed at equilibrium
(umol/g). When we integrate this equation and apply the initial
conditions, we arrive at the following form:

In(q, —q,) =Ing, — kyt ®)

If the experimental data agree with this equation, the plot of
In(q, —q,) against ¢ should give a straight line. The value of k;
can be calculated from the slope and the value of g, from the
extrapolation value. In this equation, g, describes a logarithmic
relationship as it approaches the value of q, as time increases.

The pseudo-second order model is generally applicable to systems
with high concentration and/or pressure and usually describes
chemical adsorption processes. This model suggests that chemical
bonds are formed in the adsorption process and that the interac-
tion between the adsorbate and the adsorbent is important. The
pseudo-second order kinetic equation is a widely used model to
describe adsorption processes. This equation is as follows:

dq 2
= =ke(d.-a) ©)
here q, is the amount adsorbed at any time ¢ (umol/g); ¢ is time
(min); k, is the pseudo second order rate constant (g/(iumol min));
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q, is the amount adsorbed at equilibrium (umol/g). The inte-
grated form of this equation is as follows:
1 1

kgt —
(qe - qt) ’ 9e (10)

If this equation is rearranged as follows:

Lo, L 11
q; kz‘]i qe an

If the experimental data are compatible with this equation,
the curve of t/q, versus ¢ presents a linear relationship. q, and
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FIGURE 10 | The plots of t/q, versus t for (a) AC-Z2-700 and (b)
AC-K2-700.

k, are calculated from the slope and extrapolation. Figure 10
gives the plots of t/q, versus ¢ for AC-Z2-700 and AC-K2-700.
The regression coefficient values obtained by applying the
experimental data obtained for the adsorption of hydrogen
on the surface and pores of AC-Z2-700 and AC-K2-700 to the
pseudo first and second order kinetic equations are given in
Table 6. The regression coefficient (R?) values for the pseudo-
first-order kinetic equation were found to be in the range of
0.1406-0.5751, which are considerably lower than the accept-
able threshold for a good fit (generally R?>0.90). In contrast,
the R? values for the pseudo-second-order kinetic equation
were much higher, in the range of 0.9434-0.9937. This clear
difference indicates that the pseudo-first-order model does not
adequately describe the hydrogen adsorption kinetics of the
studied ACs, whereas the experimental data show strong com-
patibility with the pseudo-second-order kinetic model. Such
behavior suggests that the adsorption process is more likely
governed by chemisorption or a combination of rate-limiting
steps involving surface heterogeneity and pore diffusion,
rather than a simple physisorption-controlled mechanism.
Another parameter showing that the experimental data are
compatible with the pseudo second order kinetic equation is
the agreement of the experimental Deexp) and computational
e(ca) values. Since both the regression coefficient is high
and the experimental g, and computational q,,;, values
are compatible with each other, it can be said that the pseudo
second-order kinetic equation is a good fit with the exper-
imental data. The adsorption rate constants of hydrogen on
the AC decrease with increasing pressure. This shows that the
adsorption of hydrogen on the AC occurs quite rapidly at low
pressures. However, it is noteworthy that the rate constant
decreases as the pressure increases. This indicates that the
AC surface and pores are covered with hydrogen molecules at
the beginning or at low pressures. At high pressures, the rate
constant decreases due to the decrease in the number of sites
where hydrogen molecules can be adsorbed or the decrease
in the coverage fraction. As a result, while the adsorption of
hydrogen on AC is more efficient at low pressures due to the
preferential filling of high-energy adsorption sites within the
micropores via strong van der Waals interactions, the perfor-
mance decreases at high pressures as these sites become sat-
urated and adsorption shifts to lower-energy surfaces. This
information provides important parameters to be considered
in the design of hydrogen storage and utilization systems.

TABLE 6 | The kinetic parameters for the adsorption of hydrogen on AC-Z2-700 and AC-K2-700.

Pseudo-second order

Weber-Morris

Pseudo-
Pressures first De(exp) Qe(cary
Samples (bar) order R? R? (nmol/g)  (umol/g) k, Boyd R? R* k, R?, k,
AC-Z2-700 40 0.4496 0.9937 67.6 64.1 0.162 0.3566 09746 84.11 0.3240 4.76
30 0.4214 0.9874 49.5 43.1 0.244 0.3589 0.9655 59.45 0.2920 3.67
10 0.2415 0.9525 17.5 14.0 0.649 0.2745 0.9565 22.47 0.1449 1.63
AC-K2-700 40 0.5751 0.9922 54.9 50.5 0.140 0.4408 09760 66.05 0.4836 595
30 0.4374 0.9866 38.0 34.9 0.209 0.4626 0.8754 40.21 04730 5.03
10 0.1406 0.9434 12.1 8.1 1.107 0.1890 0.6418 9.80 0.0797 0.88
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There are very limited studies in the literature investigating
the adsorption kinetics and mechanism of hydrogen on solid
adsorbents. Hydrogen gas adsorption kinetics were investi-
gated on Pt/TiO,/Pt structured sensors. It was found that the
adsorption showed very good agreement with the pseudo-
second-order model and this model exhibited a high correla-
tion coefficient with the experimental results (higher than
0.99). This helped to understand the kinetic mechanism of hy-
drogen gas adsorption [75]. In another study, Matsumoto et al.
investigated the hydrogen absorption kinetics of magnesium
fibers under different temperature and pressure conditions
using the Avrami equation to analyze the absorption behav-
ior. They reported that the n values obtained from the Avrami
equation were in the range of 0.7-1.3, indicating that the rate-
determining step was diffusion. The authors noted that when
the n value is close to 1, the rate-limiting step is generally
interpreted as one-dimensional or pseudo-one-dimensional
diffusion through micropores. This suggests that hydrogen
molecules must diffuse through the complex pore network
of the material before reaching the adsorption sites, and that
diffusion resistance dominates the overall kinetic process.
Furthermore, the study observed that the n value remained
largely unchanged despite variations in temperature and pres-
sure, implying that the pore structure and tortuosity were not
significantly altered under the test conditions [76]. The effects
of boron doping on enhancing the hydrogen storage capacity
of boron carbon nanotubes (BCNTs) were investigated, and
the kinetic analysis revealed that the hydrogen adsorption
process follows the pseudo-second-order model. Interestingly,
the highest hydrogen storage capacity was achieved at the
lowest rate constant value. This inverse relationship can be
attributed to the fact that boron doping increases both the
number and binding strength of active sites, thereby enhanc-
ing the total storage capacity. However, stronger adsorption
interactions and deeper potential wells tend to slow the ad-
sorption kinetics, as hydrogen molecules require more time
to diffuse into and occupy these energetically favorable sites.
These findings indicate that the boron doping level is a critical
factor influencing both the capacity and kinetics of hydrogen
adsorption in BCNTSs [77]. The colored symbols in Figure 9
show the experimentally measured storage capacity values.
The curve shows the q, and k, values calculated from the
pseudo-second-order equation written in the Equation (11)
and then the change of the calculated q, values against dif-
ferent ¢ values. It can be said that the fitting curve is in quite
good agreement with the experimental data. This is another
indication of the agreement of the pseudo-second-order equa-
tion with the experimental results.

An adsorption process generally occurs in three steps. The
first is the mass transfer of the adsorbate to the boundary layer
of the adsorbent. The second is the intraparticle diffusion of
the adsorbate into the pores of the adsorbent, and the third
is the adsorption of the adsorbate on the surface of the adsor-
bent [78]. The first and second steps are considered to be the
main rate-controlling steps; the third step is assumed to be
fast. From Figure 9, it is seen that the adsorption of hydrogen
on the surface of the samples reaches dynamic equilibrium
in about 2min. Therefore, it can be said that the third step
is not the rate-determining step. Diffusion models are based
on the assumption that diffusion is the rate-determining step.

The most commonly used models in the literature to elucidate
the adsorption mechanism are the Boyd and Weber-Morris
equations.

The Boyd equation is a model developed to describe the diffu-
sion kinetics of adsorbate through a liquid film. This model,
proposed by Boyd et al., has an important place in understand-
ing the rate and mechanism of adsorption processes, as it helps
determine whether the rate-controlling step is governed by ex-
ternal film diffusion or by intraparticle diffusion, thereby pro-
viding insight into the dominant mass transfer mechanism [79].
The Boyd equation is as follows:

dt
4~ Rla-a.) 12)
here q, is the amount adsorbed at any time ¢ (umol/g); q, is the
amount adsorbed at equilibrium (umol/g); and R is the external
diffusion coefficient. If the above equation is integrated to the
initial conditions q,=0,

g =qe(1—e™) 13)

If the logarithm of both sides of the Equation (13) is taken, the
linear form of the Boyd equation is obtained.

1n<1—ﬂ>= ~RT+A 14)

e

This equation shows how the adsorption process develops with
time, and the R value determines the rate of the external dif-
fusion process. If the graph drawn based on the Boyd equation
gives a straight line passing through the origin, this indicates
that the situation is under intraparticle diffusion control.

The Weber-Morris model is an adsorption kinetic model devel-
oped to explain the intraparticle diffusion process. This model
helps to understand the movement of the adsorbate within an
adsorbent, that is, how it diffuses within the particle. The basic
equation of the Weber-Morris model is as follows:

q =k *+C @5s)

here g, is the adsorbed amount of adsorbate at any time ¢
(umol/g); k., is the intraparticle diffusion rate constant
(umol/gmin®3); t is time (min); and C is a constant represent-
ing the effect of diffusion within the particle. This model as-
sumes that intraparticle diffusion is one of the most important
stages in the adsorption process. The equation shows that q,
values increase proportionally with t%5 on a graph plotted
with the square root of time. If this graph passes through the
origin, this indicates that the process is controlled by intrapar-
ticle diffusion. In addition, the Weber-Morris model offers a
different perspective than the Boyd equation and can evaluate
the effects of other mechanisms such as surface phenomena
in addition to intraparticle diffusion. In general, the Weber—
Morris model is an important tool for understanding the dy-
namics of adsorption processes.

The parameters and regression coefficient values calculated by
applying the experimental data to the Boyd and Weber-Morris
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FIGURE 12 | Intraparticle diffusion mechanism of hydrogen into
the pores of activated carbon.

equations are given in Table 6. It is observed that the R? val-
ues of the Boyd model for AC-Z2-700 and AC-K2-700 vary
between 0.2745 and 0.3589 and between 0.1890 and 0.4626,
respectively. These low values indicate that the Boyd model

cannot adequately represent the diffusion process for these
samples. The fact that the lines drawn from the Boyd equation
do not pass through the origin and the regression coefficients
are low also indicates that intraparticle diffusion is not the
sole mechanism controlling the adsorption process.

It is seen that the curves obtained for the Weber-Morris equation
do not pass through the origin and consist of two intersecting
lines with different slopes. This shows that intraparticle diffusion
is not the factor that completely controls the process. This in-
dicates that external diffusion effects or other kinetic processes
(e.g., surface adsorption) also play a role and thus the adsorp-
tion has a complex dynamics. The slopes of the first curves in
Figure 11 are higher. The R? values for the first part of AC-Z2-700
vary in the range of 0.9565-0.9746 and for the second part,
0.1449-0.3240; and the R? values for the first part of AC-K2-700
vary in the range of 0.6418-0.9760 and for the second part,
0.0797-0.4836. For the first part of the Weber-Morris model, the
k, values range from 22.47 to 84.11 umol/g min®> for AC-Z2-700
and from 9.80 to 66.05pmol/gmin®> for AC-K2-700, which re-
veals that the Weber-Morris model represents the intraparticle
diffusion process more consistently, as the linearity observed in
the initial stage of the plots and the relatively high k, values indi-
cate that intraparticle diffusion is a significant contributor to the
overall adsorption rate under the studied conditions.

As aresult, the generally low R? values of the Boyd model support
that this model cannot adequately represent intraparticle diffu-
sion processes, while the Weber-Morris model provides good
agreement with higher R? values in almost all cases. These find-
ings reveal the effectiveness of the Boyd and Weber-Morris mod-
els in evaluating intraparticle diffusion processes and emphasize
that the Weber-Morris model is a more reliable alternative. In
general, these results are also important in terms of understand-
ing the kinetic behaviors of various adsorbates on different sam-
ple surfaces of the relevant models. For example, it was observed
that intraparticle diffusion was an important mechanism in
the adsorption process of methyl violet and methylene blue on
the sepiolite surface, that the adsorption occurred with a rapid
start and slowed down over time, which revealed the complex
structure of the mechanism and the interactions of the adsorbed
molecules with each other [80]. In another study, the removal
of maxilon blue 5G dye on sepiolite was investigated, and the
removal mechanism was tried to be elucidated. Weber—-Morris
analyses showed that adsorption occurs in two stages; surface
adsorption occurs in the first stage, and the intra-particle diffu-
sion process occurs in the second stage. These findings provided
important information for understanding the dynamics of the
adsorption process and for optimization studies [81]. In addition,
the kinetics and mechanism of adsorption of methyl violet to the
perlite surface were also tried to be elucidated. Experimental re-
sults obtained according to the Weber-Morris equation showed
that the adsorption was diffusion controlled [78]. In light of the
above explanations, the intraparticle diffusion mechanism of hy-
drogen into the pores of AC is visualized in Figure 12.

3.5 | Conclusions

In this study, ACs produced from sunflower stalks by chemical
activation (ZnCl, and KOH) followed by carbonization were
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optimized using BET, FTIR, DTA/TG, and SEM/EDX techniques,
and their hydrogen storage capacities were systematically eval-
uated. The optimum production conditions were identified as a
chemical agent/biomass ratio of 2:1 and a carbonization tempera-
ture of 700°C, yielding the highest surface area and micropore
volumes for both ZnCl,- and KOH-activated samples. FTIR anal-
ysis revealed the loss of lignin and cellulose characteristics and
the formation of aromatic functional groups. Thermal analysis
showed that while sunflower stalk and AC-K2-700 decomposed
in three steps, AC-Z2-700 exhibited four-step decomposition be-
havior. SEM results demonstrated that ZnCl, activation promoted
a more developed microporous structure compared to KOH acti-
vation. The higher micropore volume of AC-Z2-700 (compared to
AC-K2-700) resulted in a superior hydrogen storage capacity.

At room temperature, hydrogen storage increased proportion-
ally with gas pressure for both samples, consistent with Henry's
law. At cryogenic temperatures, hydrogen storage capacities
were significantly higher, and excess adsorption phenomena
were observed, with the Langmuir isotherm providing the best
fit. AC-Z2-700 achieved the highest hydrogen storage capac-
ity under cryogenic conditions. Kinetic analysis revealed that
hydrogen adsorption followed a pseudo-second-order model
(R?*>0.99) and was mainly controlled by intraparticle diffusion,
reaching equilibrium within approximately 2 min.

Overall, this study demonstrates that sunflower stalks can serve
as a sustainable and low-cost precursor for producing high sur-
face area ACs with competitive hydrogen storage capacities,
particularly when activated with ZnCl,. Findings from earlier
research indicate that utilizing agricultural residues as sources
for carbon production offers dual benefits: it transforms biomass
waste into valuable materials and alleviates the environmental
impacts linked to the extraction and disposal of raw materials.
In contrast to the manufacture of ACs from coal, carbons ob-
tained from agricultural wastes typically demand less energy
during both pyrolysis and activation stages. Furthermore, their
origin from renewable resources plays a role in lowering total
CO, emissions. When combined with their cost advantages and
competitive performance, these environmental gains empha-
size the strong potential of sunflower stalk-derived ACs for eco-
friendly hydrogen storage technologies.
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