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Abstract: In this study, kenaf-derived activated carbons (AK-AC) was prepared for auto-
mobile canisters via chemical stabilization and physical activation methods. The thermo-
gravimetric analysis and differential thermogravimetry revealed a crystallite change in the
kenaf with chemical stabilization. The AK-AC texture properties were studied using the
Brunauer-Emmett-Teller, Dubinin-Radushkevitch, and non-local density functional theory
equations, with Nj /77K isotherm adsorption—desorption curves. The AK-AC nanocrys-
tallite characteristics were observed through X-ray diffraction and Raman spectroscopy.
The AK-AC butane adsorption characteristics were analyzed via breakthrough curves
and compared with those of commercial coconut-derived activated carbon (Coconut AC).
As the activation time increased, the specific surface area and mesopore volume ratio of
the AK-AC increased to 1080-1940 m? /g and 10.6-50.0%, respectively. The AK-AC also
exhibited better mesoporous pore characteristics than the Coconut AC. The AK-AC butane
adsorption capacity increased from 0.31 to 0.79 g/g. In particular, the AK-AC had an
approximately 50% improved butane adsorption capacity compared to the Coconut AC. In
addition, the butane adsorption characteristics of the AK-AC were determined using the
mesopore volume, with a diameter of 3.0-4.0 nm. The results suggest that AK-AC may be
proposed as an adsorbent to improve evaporative emissions from automotive canisters in
the future.

Keywords: kenaf; chemical stabilization; mesoporous activated carbon; butane adsorption;
canister

1. Introduction

The past few decades have witnessed severe air pollution stemming from rapid
economic growth and increased fossil fuel consumption [1-3]. In urban areas, particu-
larly, internal combustion engine vehicles account for approximately two-thirds of air
pollution [4]. The emissions from internal combustion engine vehicles are classified as
(1) exhaust gas resulting from fuel combustion in engines, producing COx, NOx, and
SOx; and (2) evaporative gas resulting from fuel evaporation from fuel tanks, primarily
consisting of hydrocarbons (HCs) [5,6].
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Exhaust gas, which is produced during power generation in internal combustion
engine vehicles, can be reduced through various methods, including selective catalyst re-
duction, exhaust gas recirculation, and diesel particulate filter [7,8]. Conversely, evaporative
gas, which primarily emanates from vehicle fuel tanks during stationary periods (parking
or refueling), can only be reduced through adsorption reactions using activated carbons
(AQ) in canisters [9-11]. Therefore, these canisters have become a critical component of
evaporative emission control systems. During stationary conditions, the AC in canisters
captures the evaporative gas from fuel tanks. During subsequent driving conditions, the
adsorbed gas is desorbed into the engine’s air intake, where it undergoes combustion,
thereby reducing evaporative emissions [12]. Therefore, the performance of a canister
fundamentally depends on the pore characteristics of the AC within it. The environmental
regulations for vehicle emissions have become increasingly stringent, with evaporative gas
(HC) limits decreasing from 500 mg/test (LEV-II) to 300 mg/test (LEV-III) [13,14]. In other
words, to meet these stringent standards, AC with enhanced butane capacity is required.

Generally, the pore characteristics of AC are determined by the precursor and the
activation method [15]. Traditionally, the AC for canisters has been manufactured using
wood precursors through chemical activation to achieve a high specific surface area and a
high mesopore ratio [16,17]. Wood has a naturally porous structure composed of vascular
bundles and cell walls, making it advantageous for producing AC with a high mesopore
ratio. Additionally, chemical activation using phosphoric acid partially removes cellulose
and lignin from the wood, and the decomposition of phosphorus compounds leads to
the expansion of the crystalline structure, further promoting mesopore development [18].
However, although the demand for AC continues to increase, wood is also widely used
in various industries, such as pulp, furniture, and construction. Therefore, it is necessary
to find alternative precursors to replace wood. Among biomass precursors, kenaf has
been identified as a highly suitable precursor for AC production due to its high cellulose
content and fixed carbon [19]. In particular, several advantages have been attributed to
kenaf, including a fast growth rate, high yield per unit area, the potential for biannual
harvesting, and a reduction in air pollution due to its high CO, absorption capacity [20].
In addition, unlike other biomass precursors, kenaf has been confirmed to be less affected
by climate change, ensuring a stable supply. In our previous study, the AC prepared by
the chemical activation method used (phosphoric acid activation) was confirmed to have a
specific surface area of 1810 m?/g and a mesopore volume of 1.63 cm®/g. Additionally,
the produced kenaf-derived AC exhibited a 5% improvement in its butane adsorption
capacity compared to commercial AC [16], confirming that kenaf has sufficient potential as
an alternative precursor to wood for canister-grade AC.

However, although chemical activation using phosphoric acid is an effective method
for producing mesoporous carbon, it still presents several challenges, including high
treatment costs, significant wastewater generation, the need for additional post-treatment
(such as washing), and the risk of equipment corrosion due to the use of chemical activators.
In contrast, physical activation using steam or CO, offers advantages in terms of cost
efficiency and environmental impact. However, due to the physical activation mechanism,
where the micropores develop first and the mesopores form later, achieving mesoporous
carbons through this method results in low yields, making the process highly uneconomical.
Therefore, to produce AC for canisters, it is essential to develop a new activation process
that can serve as an alternative to conventional chemical and physical activation methods.

This research aimed to produce canister-grade AC via the physical activation method.
Kenaf was utilized as the primary precursor material, and a chemical stabilization process
was used to establish to the crystallite structure of the isotropic carbon material. The
stabilized kenaf was then manufactured into AC through the steam activation method,
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with careful control of the activation process (activation time) to achieve the desired pore
characteristics. The analysis of the pore development behavior of the kenaf-derived acti-
vated carbons (AK-AC) focused on examining the changes in both the crystallite structure
and textural properties. In addition, the butane adsorption characteristics of the AK-AC
were analyzed by comparing their breakthrough curves with those of commercial coconut
shell-derived activated carbons (Coconut AC).

2. Materials and Methods
2.1. Materials

Kenaf was obtained from Jeonbuk Agricultural Research & Extension Services (Iksan-
sim Jeonbuk-do, Republic of Korea). It was crushed into 2 x 3 cm size and dried in an oven
at 80 °C for 24 h. For kenaf stabilization, diammonium hydrogen phosphate (NH4),HPOy,)
was sourced from Daejung Chemical & Metals Co., Siheung, Republic of Korea. Also,
commercial Coconut AC was purchased from Haycarb PLC (Badalgama, Sri Lanka) and
used in this study.

2.2. Chemical Stabilization

Kenaf was stabilized using diammonium hydrogen phosphate. A 10 g sample of kenaf
underwent impregnation in 100 mL of diammonium hydrogen phosphate solution (4 M),
followed by stabilization at 100-300 °C for 24 h. Subsequently, the stabilized kenaf was
washed with distilled water at 100 °C until pH 7 was achieved, followed by drying in an
oven at 100 °C for 24 h.

2.3. Steam Activation

Three grams of stabilized kenaf samples were placed in alumina boats and activated
using a custom-designed cylindrical tubular furnace (SiC heater: 120 x 670 mm). The stabi-
lized kenaf was heated to an activation temperature of 900 °C at a rate of 10 °C/min under
nitrogen atmosphere (N3, 99.999%). Upon reaching the activation temperature, the nitrogen
atmosphere was replaced by steam flow at 0.5 mL/min for 10-100 min (activation period).

The AC samples were named K-AP-20-H-9-1 to K-AP-20-H-9-10, denoting kenaf
stabilization agent (AP: diammonium hydrogen phosphate), stabilization temperature, acti-
vation agent (H:H,O), activation temperature, and activation time. A comparative analysis
of the activated carbon manufactured by chemical stabilization (AK-AC, A: diammonium
hydrogen phosphate) and activated carbon manufactured by carbonization (CK-AC, C:
carbonization) was conducted.

2.4. Characterization

Thermal property analysis of kenaf under stabilization conditions (stabilization temper-
ature) employed thermogravimetric analysis (TGA, TA instrument, TGA550, New Castle,
DE, USA). The analysis utilized 8 mg samples in alumina boats, with measurements con-
ducted from 25 to 800 °C at a rate of 10 °C/min under nitrogen atmosphere (N3, 99.999%).

Crystallite structure change evaluation of AK-AC involved both X-ray diffraction
(XRD, MiniFlex 600, Rigaku, Akishima-shi, Japan) and Raman spectroscopy (HEDA-SERA,
NOST, Seongnam, Republic of Korea).

XRD measurements employed CuKa radiation (1.5406 A) over 10-60° at a rate of
2°/min. Interplanar spacing (dgo2 and dqg;) calculations utilized Bragg’s law (Equation (1)),
while crystallite structure dimensions (L, and L.) were determined via the Scherrer equation

(Equation (2)) [21].
¢ nA
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where A denotes X-ray wavelength, B represents full width at half maximum (FWHM), and

K corresponds to lattice constants (0.91 for L. and 1.84 for L,).

Raman spectroscopy analysis employed a 532 nm laser source over 800-2000 cm ™,
with the spectra deconvoluted into four peaks (G1, G2, D1, and D2) using Gaussian
equations [22].

The morphology of the AK-AC was analyzed by field-emission scanning electron
microscopy (FE-SEM, Hitachi SU8600, Hitachi High-Tech Corporation, Toranomon, Japan)
under vacuum conditions at a 5 kV acceleration voltage. The biomass precursor (kenaf) was
observed at 100 and 500 magnifications, followed by observation of all AK-AC at 1000 and
5000 magnifications.

Pore characteristics measurements utilized an isothermal gas adsorption analyzer
(BELSORP-max, MicrotracBEL, Suminoe-ku, Japan) after samples were dried at 300 °C
under 0.133 Pa for 12 h. The analysis involved the Brunauer-Emmett—Teller (BET) equa-
tion for specific surface area [23], Dubinin-Radushkevitch (DR) equation for micropore
volume [24], and non-local density functional theory (NLDFT) for determining pore size
distribution (PSD) [25].

The butane adsorption behavior of the AK-AC in relation to activation time was
analyzed through breakthrough experiments utilizing a quadrupole mass spectrometer
(Q-mass BELMASS, MicrotracBEL, Suminoe-ku, Japan). The schematic diagram of the
breakthrough experiment was shown in Figure 1. Kenaf-derived activated carbon (KAC)
was dried at 100 °C for 24 h, after which 1 g was loaded into a quartz reactor with a fixed vol-
ume (approximately 8.6 cc). Butane (99.99%) was continuously supplied at 50 mL/min until
reaching adsorbent saturation. Subsequently, N, (99.99%) was introduced at 50 mL/min
for 20 min for the desorption of adsorbed butane. Breakthrough time was determined at
the point when the butane concentration at the reactor outlet reached 10% of the initial
concentration, and the adsorption amount was determined using Equation (3).

Alg/g) = 221D ©

where A represents the mass-specific butane adsorption capacity, B denotes the butane flow
rate, C denotes the absolute density of butane at 25 °C, D corresponds to the breakthrough
time, and E signifies the mass of AC.

Vent

"F*

H Sample

N, butane

Figure 1. Schematic of butane adsorption simulation equipment.
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3. Results and Discussion
3.1. Thermogravimetric Analysis

TGA is an effective method for examining the thermal decomposition behavior of
materials during temperature elevation. Differential thermogravimetry (DTG), derived
from TGA curve differentiation, enables a more precise analysis of material mass changes
that are difficult to detect by a TGA analysis through differential curve variations. For
this investigation, both TGA and DTG analyses were employed to examine the thermal
decomposition behavior of kenaf under various stabilization conditions. Figure 2a,b present
the TGA and DTG curves of kenaf, respectively, according to the stabilization conditions.
Furthermore, Table 1 presents the stabilization, carbonization, and total (stabilization
yield x carbonization yield) yields of kenaf calculated from Figure 2.

o)

, 1
]
0.2 |
80 _ |
S
g -0.4 4 |
60 2 6l :
2 : |
<
= |
40 2 0.8 !
e— As-received 2 | As-received
e K-AP-10 = _1.04 | ——K-AP-10
——K-AP-15 .80 ——K-AP-15
209| ——K-AP-20 ! g 15 ! — K-AP-20
——K-AP-25 ! R ! ——K-AP-25
K-AP-30 ! ! K-AP-30
0 T T r T + -1.4 T T T
200 400 600 800 200 400 600 800
Temperature (°C) Temperature (°C)

Figure 2. (a) TGA and (b) DTG curves of the stabilized kenaf samples under N, atmosphere.

Table 1. Yield values of kenaf according to stabilization conditions.

Sample Stabiliza:’tion Yield Carbonizaotion Yield 2 Tota{) Yield
(%) (%) (%)

As received - 17.6 17.6
K-AP-10 93.3 25.9 24.1
K-AP-15 84.5 36.0 30.4
K-AP-20 67.2 51.9 349
K-AP-25 53.0 55.9 29.6
K-AP-30 43.1 56.3 24.2

Weight of reducted sample 100
Weight of sample input .

@ Carbonization Yield: yield at temperature of 800 °C;

Based on the mass reduction rate changes with an increase in temperature, the thermal
decomposition behavior of the stabilized kenaf, as shown in Figure 2, was analyzed for
two distinct phases at 400 °C. Step I (T < 400 °C) corresponds to the mass reduction
due to the thermal decomposition of the crystallite components (cellulose, hemicellulose,
and lignin) of the kenaf. Figure 2b reveals a decreasing DTG peak area and intensity
with an increasing chemical stabilization temperature. Notably, the DTG peak becomes
undetectable at stabilization temperatures above 200 °C. In addition, Table 1 indicates
a steady decrease in the stabilization yield of the kenaf, from 93.3% to 43.1%, with an
increasing stabilization temperature. Biomass materials such as kenaf contain cellulose,
hemicellulose, and lignin, which undergo thermal decomposition at 240-350, 200260, and
280-500 °C, respectively [26,27]. Phosphorous compounds induce crystallite decomposition
and crosslinking reactions in biomass materials such as kenaf, with their crosslinking
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density increasing at higher stabilization temperatures [16,28]. These results suggest that
some of the cellulose, hemicellulose, and lignin that make up kenaf are decomposed during
chemical stabilization processes, and some are transformed into a crystallite structure that
is not pyrolysis through crosslinking reactions.

(NHy),HPO, = 2NH,*+ HPO4%™, (4)

HPO,%~ + H,O = H,PO,~ + OH™ or HPO4>~ = PO,*>~ + H*, (5)

Step II (T > 400 °C) represents the carbonization phase of the kenaf crystallite.
Figure 2b demonstrates the increasing DTG peak intensity and area with a rising sta-
bilization temperature. In addition, Table 1 shows that the carbonization yield of the
kenaf increased from 17.6% to 56.3% as the stabilization temperature increased. Upon
dissolution, the diammonium hydrogen phosphate used in this study dissociated into
2NH,* and HPO42~ (Equation (4)), with the HPO,2~ partially converted into H,PO4 ™ in
water (Equation (5)) [29]. The resulting H,PO, ™ interacted with the OH groups in the OH
cellulose crystallite, leading to cellulose crosslinking through dehydration reactions [30,31].
As previously mentioned, the crosslinking reaction rate intensified with higher stabilization
temperatures. The cellulose component of the kenaf crystallite underwent crosslinking,
through the HPO,4 ™~ formed as a result of the diammonium hydrogen phosphate dissocia-
tion, and the accelerated crosslinking rates can be attributed to the elevated stabilization
temperatures. In other words, the crystallite structure of the kenaf, which was changed
through the crosslinking reaction in step 1, was carbonized as the temperature increased,
and it is concluded that the crosslinking density of the kenaf increased as the stabilization
temperature increased, resulting in an increase in the carbonization yield. In addition,
since phosphate linkages formed in the kenaf crystallite that decomposed above 450 °C,
the chemically stabilized DTG peak intensity and area of the kenaf increased with the
stabilization temperature.

Consequently, both the decomposition rate and crosslinking density of the kenaf
increased with the stabilization temperature. Among the chemically stabilized kenaf
samples, K-AP-20 demonstrated a superior total yield (stabilization yield x carbonization
yield). Therefore, K-AP-20 was selected as the optimal stabilization process for producing
butane adsorption AC for enhanced economic efficiency.

3.2. X-Ray Diffraction Analysis

An XRD analysis serves as an effective method for examining crystallite structure
changes in isotropic carbon materials. In this study, XRD techniques were employed to
evaluate the crystallite structure changes in the AK-AC as a function of activation time.

Figure 3a,b present the XRD patterns for the chemically stabilized kenaf and the
change in the AK-AC XRD patterns during the activation process. In Figure 3a, the XRD
pattern of the as-received specimen exhibits typical cellulose XRD pattern features (cellulose
(110) and (200) peaks). In contrast, the K-AP-20 displays a distinctly broad C(002) peak
at a diffraction angle of approximately 23°, deviating from the biomass XRD patterns. In
Section 3.1, the TGA analysis confirmed that the crystallite structure of kenaf undergoes
both decomposition and crosslinking reactions during chemical stabilization. This process
appears to transform the crystallite structure of kenaf from its original biomass form into
an isotropic carbon material configuration through stabilization reactions (decomposition
and crosslinking).

As shown in Figure 3b, all the AK-AC samples exhibit XRD patterns characteristic
of an isotropic carbon material, exhibiting both C(002) and C(101) peaks. These patterns
demonstrate a decreasing intensity with an extended activation time. This indicates ongo-
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(a)

ing oxidation reactions in the crystallite structure throughout the activation period, thus
explaining the progressive decrease in the XRD pattern intensity. In addition, the AK-AC
reveals a shift in the C(002) peak diffraction angle, from 23.2° to 21.9°, as the activation time
increases. Previous TGA analyses have reported that phosphate linkages formed during
the chemical stabilization of kenaf decompose above 450 °C [16,29]. In other words, the
AK-AC is considered to have the weak bond energy of a crystal structure. Consequently, as
the activation time increases, these weakly bound crystallite edges undergo continuous
oxidation by the physical activating agent (H,O), leading to increased interplanar spacing
and a reduced C(002) peak central diffraction angle. Notably, all the AK-AC samples show
exclusively isotropic carbon material XRD patterns, indicating an ash content below 1% for
all the samples.

(b)

C(002)

/

M
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Figure 3. XRD patterns derived as a function of various steam activation conditions: (a) stabilized
kenaf and (b) AK-AC.

Figure 4a,b illustrate the evolution of the structural parameters (Lc: crystal height; La:
crystal size) and interplanar distance (dggy, d1o;) in the AK-AC, respectively, with respect to
the activation time. The graphitic crystal structure exhibits strong hybridized sp? bonds in
the C(002) plane, whereas weak 7 bonds characterize the perpendicular direction. Physical
activation mechanisms create pores through the oxidation of both the amorphous regions
and crystallite edges in isotropic carbon materials [15,18]. Given that the AK-AC underwent
steam activation, oxidation reactions occurred predominantly in the amorphous regions
and crystallite edges, leading to more pronounced changes in dgg, relative to dyg;.

Figure 4a reveals that during the first 60 min, the AK-AC exhibited increases in the
Lc and La of 9.87-11.33 and 31.90-43.02 A, respectively. However, beyond 60 min, these
values decreased to 10.28 and 33.80 A, respectively. An XRD analysis provides statistical
data for the crystallite structure changes in porous carbon materials. As previously noted,
physical activation induces oxidation reactions in the amorphous regions and crystallite
edges [15,18]. The observed increases in the Lc and La reflect relative increases due to the
amorphous region’s oxidation rather than crystallite growth, whereas the La reduction
indicates a crystallite size decrease due to the crystallite edge oxidation. This suggests that
the AK-AC predominantly underwent oxidation in the amorphous regions during the first
40 min, followed by crystallite edge oxidation, causing the L, to decrease with extended
activation time.

Figure 4b demonstrates that the dyy, of the AK-AC increased from 3.84 to 3.94 A
during the first 80 min and then decreased to 3.82 A over time, whereas dqo; remained
relatively stable throughout. As shown in Figure 3a, the kenaf precursor underwent
crystallite reorganization during chemical stabilization. The phosphate linkages formed
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during this process decomposed during carbonization. The chemical stabilization process
likely induced the formation of the AK-AC’s crystallite edge, characterized by weak bond
energy due to the low crosslinking density. Notably, the expanded crystallite, resulting from
the phosphate linkage decomposition, enhanced the activating agent’s (H,O) penetration,
promoting the oxidation of the amorphous regions and the weakly bound crystallite edge.
This mechanism explains the increasing interplanar distance up to 80 min, followed by
a rapid dggp decrease due to the complete oxidation of the mono- or di-layer structures
during the extended activation time.

—=—AK-AC (L) —a— AK-AC(_ )
50 ¢ 4.0 002
e AK-AC(L) () —*_AK-ACd,) (b)
45 -
= ° B 39
5 w0 Ve £
b7 / =)
g / \ Z
$ 35 ' \. :/D 3.8
S .8
R - = ] = 4
= 2] | a ] 1
10_. ././Jl’—‘h._—.l—.\. 21 _- . e e
gl 2.0

40

60

Activation time (min)

T
80

100

20

40

60

Activation time (min)
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Figure 4. Structural characteristics of the AK-AC as a function of various steam activation conditions:
(a) structure parameters and (b) interplanar distance.

3.3. Raman Spectroscopy Analysis

Together with XRD, Raman spectroscopy serves as a valuable analytical method for
examining crystallite changes in porous carbon materials. As opposed to an XRD analysis,
Raman spectroscopy is a useful method for analyzing the crystallite changes in carbon
materials by providing information regarding the atomic bonding of different aspects of the
microstructures of carbon materials. This study employed Raman spectroscopy to conduct
a detailed analysis of the AK-AC evolution in terms of its carbon atomic bonding, structural
defects, and crystallite changes throughout the activation period. Figure 5a presents the
Raman spectra of the AK-AC at various activation times, revealing two characteristic peaks:
a G-band at 1580 cm~! (sp? hybridized graphitic structure) and D-band at 1360 cm™!
(disordered graphitic lattice) [23]. Furthermore, the valley between these bands exhibits an
increasing depth with extended activation time, indicating continuous oxidation reactions
in the amorphous region and crystallite structure, which aligns with the XRD results in
Section 3.2.

The Raman spectra analysis of the AK-AC employed Gaussian equation fitting for the
four peaks (G1, G2, D1, and D2), with Figure 5a illustrating the evolution of the FWHM for
each peak during activation. The Raman spectrum components represent distinct structural
features: G1 corresponds to sp? hybridized bonding (C-C bond) in the carbon crystallite
basal plane, G2 indicates amorphous carbon and small crystallites, D1 represents crystallite
edges, and D2 signifies a disordered graphitic lattice [32]. First, in Figure 5b, the FWHM of
G1 shows no significant changes. As mentioned earlier, physical activation occurs through
oxidation reactions in the amorphous regions of the porous carbon and at the edges of the
crystallite. In addition, it must be taken into consideration that the basal plane of the sp?
hybridized bonding (C-C bond) cannot be oxidized by the physical activation method [32].
Therefore, the FWHM and intensity of the G1 peak does not change.
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Figure 5. (a) Raman spectra of AK-AC as a function of various activation conditions. (b) Band
parameters derived from raw spectra decompositions.

Second, both G2 and D1 show a progressive FWHM decrease during activation, with
G2 exhibiting a more pronounced reduction. In the earlier XRD analysis, the oxidation
reaction of AC-AC predominantly occurred in the amorphous region, followed by crystallite
edge oxidation. The more rapid decrease in the FWHM of G2 compared to that of D1
reflects the faster oxidation rate of the amorphous regions versus the crystallite edges under
physical activation conditions. Lastly, in contrast to G2 and D1, D2 displays a distinct
peak, showing a continuous FWHM increase with activation time. As shown in Figure 4b,
AK-AC exhibits an increased dgo; as the crystallite edge with weak bond energy oxidizes.
Thus, as shown in Figure 6b, AK-AC exhibits an increasingly disordered graphite lattice
due to the oxidation reactions of the crystallite edge with weak bond energy, resulting in
an increased D2 peak FWHM with activation time.

P=20-H-9-10

Figure 6. FE-SEM images for (a) as-received sample, (b) K-AP-20-H-9-1, (c) K-AP-20-H-9-2, (d) K-AP-
20-H-9-3, (e) K-AP-20-H-9-4, (f) K-AP-20-H-9-6, (g) K-AP-20-H-9-8, and (h) K-AP-20-H-9-10.
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3.4. Field-Emission Scanning Electron Microscopy Analysis

FE-SEM is an effective technique for examining the surface morphology of materials.
Figure 6 presents the SEM images to compare the AK-AC at various activation times.

As shown in Figure 6, the as-received sample initially displayed a characteristic herba-
ceous plant structure with a layered bark formation [33,34]. After that, the morphology
of the AK-AC changed to a rod shape, and the void number and size increased as the
activation time increased. The XRD analysis in Section 3.2 demonstrated the structural
transformation of kenaf from typical cellulose crystallinity to an isotropic carbon material
after stabilization. Therefore, the kenaf likely underwent a morphological change from
a typical herbaceous plant form before stabilization to a rod-like form after stabilization,
corresponding to its crystallite changes. Moreover, the voids formed on the AK-AC surface
increased in number and size after 40 min. Figure 4a shows that crystallite edge oxidation
in the AK-AC was initiated after 40 min. After this point, the progressive oxidation of the
crystallite edges appears to have caused an increase in both the quantity and dimensions of
the surface voids in the AK-AC.

Consequently, the ammonium phosphate stabilization process induced transforma-
tions in the crystallite structure and morphology of the kenaf, followed by the formation
of surface voids during activation as the oxidation reactions proceeded in the crosslinked
crystallites with weak bond energy.

3.5. N»/77K Isotherm Adsorption—Desorption Analysis

An N, /77K isotherm adsorption—-desorption analysis is a highly useful analytical
method for evaluating the pore characteristics of AC. This study employed N;/77K
isotherm adsorption—desorption curves to examine the changes in the pore character-
istics of the AK-AC across the activation period. According to the IUPAC standards, these
curves can be categorized into eight distinct types, with each curve pattern allowing for the
analysis of the AC pore characteristics [35].

Figure 7 illustrates the N, /77K isotherm adsorption-desorption behavior of both the
CK-AC and AK-AC in relation to the activation time. Figure 7a reveals that the CK-AC
consistently exhibited Type I (a) behavior, as defined by the International Union of Pure and
Applied Chemistry (IUPAC) standards, independent of the activation period. In particular,
the nitrogen adsorption amount of the CK-AC decreased as the activation time increased.
Type I (a) adsorption—desorption curves manifest when mono-layer adsorption takes place
through strong Van der Waals force interactions between the pore wall of an AC and an
adsorbate (N), mostly signifying ACs with microporous characteristics. In other words, the
specific surface area and pores characteristic of CK-AC did not develop despite an extended
activation time, and the CK-AC is considered to have a microporous structure. In contrast,
the AK-AC demonstrated three distinct N, /77K isotherm adsorption—-desorption patterns
across the different activation periods. Initially, the AK-AC exhibited IUPAC TypeI (a)
characteristics during the first 30 min, transitioned to Type I (b) behavior up through 60 min,
and ultimately exhibited Type IV characteristics beyond 60 min. IUPAC Type I (b) patterns
indicate that ACs possess a wider range of pore diameters than Type I (a), encompassing
both micropores and narrow mesopores [35]. IUPAC Type IV patterns can be observed in
ACs with well-developed mesoporous structures [35]. These observations indicate that
the AK-AC differed from the CK-AC and underwent progressive mesopore development,
with the pore characteristics transitioning from microporous to micro-mesoporous to
mesoporous as the activation time increased. The N, /77K isotherm adsorption—desorption
analysis of the Coconut AC revealed IUPAC Type I (b) patterns. Therefore, the Coconut AC
is considered to have micropores and narrow mesopores.
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Figure 7. N, /77K isotherm adsorption/desorption curves of the AK-AC as a function of various
activation conditions: (a) CK-AC and (b) AK-AC.

The hysteresis phenomenon in N, /77K isotherm adsorption-desorption curves encom-
passes six distinct types under the IUPAC classification, with the pore morphology of each
AC being differentiated based on the hysteresis loop shape [35]. Hysteresis is known to
occur due to capillary condensation at pressures below saturation pressure after single- or
multi-layer adsorption by mesopore walls [35]. Figure 7a reveals that the CK-AC exhibited
minimal hysteresis with regard to the activation duration. In a previous study on the
crystallite changes in kenaf during chemical stabilization, crystallite transformation from a
cellulose crystallite to an isotropic carbon material crystallite structure was demonstrated.
The CK-AC developed wedge-shaped pores in its cellulose structure without structural
transformation, and the absence of capillary condensation in these pores explains the lack of
hysteresis in its adsorption—desorption curves [35]. In contrast, as shown in Figure 7b, the
AK-AC exhibited IUPAC H4-type hysteresis from 40 min, with a progressively increasing
hysteresis area over longer activation periods. H4-type hysteresis is typically observed in
ACs with slit-shaped pore characteristics [35]. Moreover, Figure 4a shows crystallite edge
oxidation after 40 min. Thus, although the AK-AC initially formed wedge-shaped pores
due to the amorphous oxidation of the surface during early activation, as the activation
time increased, the oxidation reaction of the crystallite proceeded from the exterior to the
interior, and the oxidation of the crystallite edges progressed, leading to its transformation
into a slit-shaped pore structure. Therefore, K-AP-20-H-9-10, with the longest activation
time, is considered to have the largest hysteresis. In addition, the Coconut AC was observed
to have IUPAC H4-type hysteresis, as shown in Figure 7b. Therefore, this indicates that the
Coconut AC concurrently developed micropores and narrow mesopores with slit-shaped
pore characteristics.

Table 2 presents the evolution of the textural properties of the CK-AC and AK-AC
across the activation period. Since ACs produced by the physical activation method have
a pore development mechanism that is activated through the oxidation reactions of the
crystallite structure (amorphous or crystallite edge) via an activating agent (HO), the
crystallite and pore characteristics are closely correlated [15,18]. In addition, previous
research has confirmed that pore development behavior in ACs by the physical activa-
tion method proceeds through micropore development from amorphous oxidation and
mesopore development from crystallite edge oxidation [15]. Therefore, in this study, the
textural properties of the AK-AC were analyzed based on the previous analysis of crystallite
structure changes as a function of the activation time. According to Table 2, both materials
exhibited declining activation yields, 34.7% to 4.3% for the CK-AC and 27.7% to 3.0% for
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the AK-AC, with an extended activation time and through ongoing crystallite structure
oxidation. The CK-AC exhibited a decrease in the specific surface area and mesopore
volume, from 1200 to 760 m?/g and 0.08 to 0.07 cm?/g, respectively. Note that the pore
characteristics of K-C-H-9-3 could not be analyzed due to the complete oxidation of the
carbon crystallite that left only ash residue. Conversely, compared to the CK-AC, the
AK-AC demonstrated superior pore characteristics, achieving specific surface area and
mesopore volume increases, from 1080 to 1940 m? /g and 0.05 to 0.63 cm® /g, respectively. In
particular, K-AP-20-H-9-6, K-AP-20-H-9-8, and K-AP-20-H-9-10 surpassed the commercial
Coconut AC in both specific surface area and mesopore ratio. As evidenced by Figure 3a,
the kenaf underwent a structural transformation from cellulose to an isotropic carbon
material during stabilization. Previous research has reported that biomass-derived AC
produced without a stabilization process underwent activation reactions primarily at the
crystallite edges, resulting in no micropore development, even with an increased activation
time [36]. Therefore, in this study, since the CK-AC was produced through a physical
activation process without any particular stabilization, the activation reactions occurred
primarily at the crystallite edges, resulting in no development of a specific surface area,
despite the increased activation time. In contrast to the CK-AC, the AK-AC underwent
crystallite decomposition, dehydration, and crosslinking reactions through a chemical
stabilization process, leading to crystallite establishment. Although derived from the same
precursor as the CK-AC, the AK-AC developed distinct pore characteristics due to different
chemical stabilization processes. Therefore, the pore development behavior of the AK-AC
was divided into two stages based on the crystallite structure oxidation reactions. First,
the initial activation reaction (initial 30 min) showed oxidation predominantly in the amor-
phous regions (Figure 4a). Subsequently, during the later activation reaction (after 40 min),
the AK-AC exhibited oxidation reactions predominantly at the crystallite edges (Figure 4a).
Therefore, the AK-AC underwent amorphous oxidation in the first 30 min of the activation
period, resulting in a significant increase in the micropore volume, from 0.42 to 0.58 cm3/ g.
In addition, after 40 min, the AK-AC exhibited a greater increase in mesopore volume
(0.24 to 0.63 cm?®/g) compared to its micropore volume (0.58 to 0.63 cm?/g), due to the
crystallite edge oxidation reactions.

The NLDFT method provides the most effective approach for analyzing AC PSD.
Figure 8 illustrates the PSD curves for the CK-AC and AK-AC as a function of the activation
time. The PSD curves exhibit distinct patterns corresponding to the changes in the texture
properties. Figure 8a reveals that all the CK-AC samples developed both micropores
(less than 2 nm in diameter) and mesopores (less than 3 nm in diameter). The physical
activation method generates pore development through two distinct mechanisms: pore
deepening (maintaining pore diameter) and pore drilling (expanding pore diameter) [37].
As previously noted, Table 2 reveals that the crystallite of the CK-AC, derived from cellulose,
underwent oxidation primarily at the crystallite edges, limiting the specific surface area
development. Consequently, since the CK-AC developed pores through pore drilling due
to the oxidation reaction of the crystallite edges, we determined that not only micropores
but also mesopores developed for all activation times.

The AK-AC demonstrated distinct PSD curve evolution patterns. The initial activation
phase (up to 30 min) produced sharp PSD curves characterized by micropores less than
2 nm in diameter. The subsequent activation phase (beyond 40 min) revealed the devel-
opment of both micropores (less than 2 nm in diameter) and mesopores (exceeding 2 nm
in diameter), with the PSD curves showing a significantly broader distribution than those
of K-AP-20-H-9-1, K-AP-20-H-9-2, and K-AP-20-H-9-3. As evidenced by Figure 4a, after
40 min of activation time, the crystallite oxidation reaction of the AK-AC was dominant
at the crystallite edge. This indicates that although during early activation micropores



Technologies 2025, 13, 89

13 of 18

developed through amorphous oxidation-induced pore deepening, from 40 min, mesopore
development occurred through pore drilling by the crystallite edge oxidation reactions,
resulting in broadened PSD curves. Figure 8b reveals, from its PSD curves, that the Coconut
AC developed micropores ranging from 1.5 to 2 nm and mesopores from 2 to 2.5 nm.
According to Table 2, although the Coconut AC achieved a comparable specific surface
area (1820 m?/ g) to that of K-AP-20-H-9-6, it exhibited a lower mesopore volume ratio.
Furthermore, although both materials utilized biomass precursors, the AK-AC underwent
chemical stabilization processing, distinguishing it from the Coconut AC. Thus, the crystal-
lite structure differences between the AK-AC (chemically stabilized kenaf) and Coconut
AC (coconut shell) precursors caused the Coconut AC to exhibit a different PSD than that
of K-AP-20-H-9-6, despite having similar specific surface areas. Consequently, the utiliza-
tion of diammonium hydrogen phosphate is considered highly effective for the chemical
stabilization process to develop specific surface area and mesopore volume in ACs.
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Figure 8. PSD as a function of various steam activation conditions by the NLDFT method: (a) CK-AC
and (b) AK-AC.

Table 2. Textural properties of the AK-AC as a function of various activation conditions.

Sample Name ﬁig}ga) Xﬁt"a/lgl; Xﬁgr/; ; \(/Cl\;less;,g:‘ RI\(/[;s)o e Activatz((;:; Yield f
K-C-7-H-9-1 1200 0.55 0.47 0.08 14.5 34.7
K-C-7-H-9-2 760 0.36 0.29 0.07 222 137
K-C-7-H-9-3 - - - - - 4.3

K-AP-20-H-9-1 1080 0.47 0.42 0.05 10.6 27.7

K-AP-20-H-9-2 1300 0.56 0.50 0.06 10.7 24.7

K-AP-20-H-9-3 1490 0.69 0.58 0.11 15.9 18.7

K-AP-20-H-9-4 1680 0.82 0.58 0.24 29.3 14.0

K-AP-20-H-9-6 1800 0.93 0.59 0.34 36.6 10.0
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Table 2. Cont.

SampleName  oPELS Vow S Gl Wagel Kuee®  Adivationyield!
K-AP-20-H-9-8 1860 1.04 0.60 0.44 423 7.0
K-AP-20-H-9-10 1940 1.26 0.63 0.63 50.0 3.0
Coconut AC 1820 0.85 0.66 0.19 224 -
2 Spgt: specific surface area; BET method WP*P) = # + g;cl p%, P Vopotal: total pore volume; amount adsorbed,
P/Pg = 0.99. € Vifiero: micropore volume; DR method In(V,gs) = In(VpR) — % X [In%‘)}z. 9 Vpeso: mesopore vol-

. _ § e . : . VMeso f . . . . Weight of reducted sample
ume; Votal— VMiicro- ¢ RMeso: mesopore volume ratio; Vieey X 100. * Activation yield; Weight of sample input ~ < 100.

3.6. Butane Breakthrough Analysis

The breakthrough curve technique is commonly utilized to evaluate the harmful
gas adsorption characteristics of porous carbon. In this study, breakthrough curves were
employed to evaluate the butane adsorption characteristics of the AC. The breakthrough
point of the breakthrough curve was set at C/Cy = 0.1.

Figure 9a illustrates the adsorption and desorption behavior of butane (99.999%) for
both the AK-AC and Coconut AC. Figure 9 provides a magnified view of the break-
through points on the breakthrough curves. The complete breakthrough curve results are
summarized in Table 3.

(a) Adsorption y Desorption (b)
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Figure 9. Breakthrough curves of the AK-AC as a function of various activation conditions: (a) break-
through curve and (b) breakthrough point.

Table 3. Adsorption properties of the AK-AC.

Sample Name Breakt};;:)itrllg)h Time Adsorpt(i;)/r; )Capacity
K-AP-20-H-9-1 2.66 0.31
K-AP-20-H-9-2 3.58 0.42
K-AP-20-H-9-3 3.80 0.45
K-AP-20-H-9-4 477 0.56
K-AP-20-H-9-6 5.52 0.65
K-AP-20-H-9-8 6.43 0.76
K-AP-20-H-9-10 6.68 0.79

Coconut AC 4.38 0.52

The analysis of Figure 9 and Table 3 reveals an increasing trend in the breakthrough
points and butane adsorption capacity in the following order: K-AP-20-H-9-1 (2.66 min,
0.31 g/g) < K-AP-20-H-9-2 (3.58 min, 0.42 g/g) < K-AP-H-20-9-3 (3.80 min, 0.45 g/g) < Co-



Technologies 2025, 13, 89

15 of 18

conut AC (4.38 min, 0.52 g/g) < K-AP-20-H-9-4 (4.77 min, 0.56 g/g) < K-AP-20-H-9-6
(5.52 min, 0.65 g/g) < K-AP-20-H-9-8 (6.43 min, 0.76 g/g) < K-AP-20-H-9-10 (6.68 min,
0.79 g/g). For the AK-AC, both the breakthrough point and capacity increase with longer
activation times. Conversely, although Table 2 shows that the Coconut AC has a specific
surface area (1820 m?/g) similar to that of K-AP-20-H-9-6 (1800 m?/g), it exhibited a lower
breakthrough point and capacitance values. In other words, it is concluded that the butane
adsorption characteristics of the AC were significantly affected by the pore characteristics
rather than the specific surface area.

In previous studies, it has been confirmed that the gas adsorption characteristics of
porous carbon are affected by the pore diameter rather than the specific surface area [38—42].
In other words, even if the specific surface area of porous carbon increases, it is difficult to
improve its gas adsorption characteristics, but the gas adsorption characteristics of porous
carbon improve as the pore volume of the pore diameter that can be involved with the
adsorbed gas increases [38-42]. Additionally, our previous research demonstrated that the
butane adsorption characteristics of AC are predominantly influenced by the development
of mesopores with diameters between 2.8 and 3.8 nm, rather than by the specific surface
area [16]. Figure 8 shows that as the activation time increases, the PSD curves of the AK-
AC show the progressive development of both the micropores and mesopores. Notably,
after 40 min, the AK-AC exhibits a significant development of mesopores, with diameters
ranging from 2 to 4 nm. In contrast, the Coconut AC only shows the development of
micropores and mesopores with diameters less than 3 nm. As a result, despite having a
similar specific surface area to that of K-AP-20-H-9-6, the Coconut AC exhibits a lower
breakthrough point and capacitance values, which can be attributed to its underdeveloped
PSD in the 2.8-3.8 nm diameter pore range.

In Figure 9, the butane desorption amount of the AK-AC increased with an increased
activation time. Previous research has established that the butane desorption characteristics
of AC improve with an increasing mesopore volume [16]. Table 2 indicates that the
mesopore volume ratio of the AK-AC increased from 10.6% to 50.0% according to the
activation time. That is, the butane desorption characteristics of the AK-AC improved due
to an increase in the mesopore volume. In particular, K-AP-20-H-9-10 was observed to have
a similar butane desorption rate as the Coconut AC due to its having the highest mesopore
volume ratio, despite having the highest butane adsorption capacity.

The previous breakthrough curve experiments revealed that the butane adsorption
capacity of AC is primarily influenced by the PSD rather than by the specific surface area.
Therefore, the correlation coefficient between the butane adsorption capacity and PSD
was analyzed. First, in Figure 8, the PSD curves of each activated carbon were divided
into 0.5 nm increments over a pore diameter range of 0.0-5.0 nm. The sum of the pore
volumes of each activated carbon over the range of pore diameters was then calculated and
plotted with the butane adsorption capacity of each activated carbon (X-axis: pore volume
according to pore diameter, Y-axis: butane adsorption capacity). Finally, the correlation
between the pore volume and butane adsorption capacity as a function of the pore diameter
for each calculated activated carbon is shown in Figure 10 [16]. The activated carbons
(AK-AC and Coconut AC) demonstrate that the strongest correlation between the PSD
and butane adsorption capacity occurs in a pore diameter range of 3.0-4.0 nm, with a
correlation coefficient of 0.87. This indicates that the butane adsorption capacity is most
significantly influenced by the development of mesopores within this specific diameter
range. These findings align with those of the breakthrough curve results, as well as with
previous research [16].

In conclusion, the chemical stabilization process employing diammonium hydrogen
phosphate successfully established an optimal crystallite in kenaf through decomposition



Technologies 2025, 13, 89

16 of 18

and crosslinking reactions. Thus, kenaf was manufactured into porous carbon for butane
adsorption. Notably, the fabricated AC demonstrated superior butane adsorption char-
acteristics, achieving up to a 52% higher butane adsorption capacity than the Coconut
AC. Therefore, the results suggest that AK-AC can potentially be utilized in automotive
canisters rather than AC manufactured through chemical activation methods in the future.
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Figure 10. Correlation between the butane capacity and pore volume of the AK-AC.

4. Conclusions

In this study, AK-AC was developed for automobile canister applications through
a combination of chemical stabilization and physical activation methods. The crystallite
of kenaf was established through chemical stabilization using diammonium hydrogen
phosphate, with K-AP-20 selected as the optimal stabilization conditions for canister AC
due to its superior total yield (34.9%).

The specific surface area and total pore volume of the AK-AC increased with acti-
vation time, from 1080 to 1940 m?/g and 0.47 to 1.26 cm®/g, respectively. Notably, the
mesopore volume ratio of the AK-AC increased substantially, from 10.6% to 50.0%, with
an extended activation time, indicating a transition from predominantly microporous to
mesoporous characteristics.

The butane adsorption capacity of the AK-AC improved from 0.31 to 0.79 g/g with
an increasing activation time, with K-AP-20-H-9-10 demonstrating an approximately 50%
higher butane adsorption capacity compared to the Coconut AC. Consistent with previous
research, this study confirmed that butane adsorption characteristics are primarily influ-
enced by the development of mesopores in the 3.0-4.0 nm pore diameter range, rather
than by the specific surface area. In conclusion, an AC was successfully manufactured
with superior butane adsorption characteristics through a cost-effective and industrially
viable physical activation method. The results demonstrate that this AC has the poten-
tial to replace AC manufactured through a chemical activation method for automobile
canister applications.
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