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Abstract

Industrialization and modernization have significantly improved the quality of life but
have also led to substantial pollution. Cost-effective technologies are urgently needed to
mitigate emissions from major polluting sectors, such as the automotive and transport
industries. In this study, we synthesized naturally derived, kapok-based porous carbon
fibers (KP-PCFs) with hollow structures. We investigated their adsorption/desorption
behavior for the greenhouse gas n-butane following ASTM D5228 standards. Scanning
electron microscopy and X-ray diffraction analyses were conducted to examine changes in
fiber diameter and crystalline structure under different activation times. The micropore
properties of KP-PCFs were characterized using Brunauer-Emmett—Teller, t-plot, and non-
localized density functional theory models based on N, /77K adsorption isotherm data.
The specific surface area and total pore volume ranged from 500 to 1100 m? /g and 0.24 to
0.60 cm? /g, respectively, while the micropore and mesopore volumes were 0.20-0.45 cm? /¢
and 0.04-0.15 cm3 /g, respectively. With increasing activation time, the n-butane adsorption
capacity improved from 62.2% to 73.5%, whereas retentivity (residual adsorbate) decreased
from 6.0% to 1.3%. The adsorption/desorption rate was highly correlated with pore
diameter: adsorption capacity was highest for diameters of 1.5-2.5 nm, while retentivity
was greatest for diameters of 3.5-5.0 nm.

Keywords: kapok; hollow fiber; porous carbon; n-Butane adsorption/desorption

1. Introduction

Since the First Industrial Revolution, advancements in science, technology, and in-
dustry have significantly improved the quality of life. However, this progress has also
led to excessive fossil fuel consumption and the emission of carbon dioxide (COy), sulfur
oxides (SOx), nitrogen oxides (NOx), volatile organic compounds (VOCs), and other air
pollutants, contributing to severe global warming [1-5]. Greenhouse gases have caused
various environmental issues, including ecosystem degradation and rising sea levels, while
VOCs can have direct and potentially fatal effects on the human respiratory and circulatory
systems [6-8].
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To mitigate these issues, environmental regulations for internal combustion engine
vehicles have been strengthened, increasing the demand for high-performance adsorbents
in exhaust emission control systems. Evaporative emissions primarily originate from fuel
tanks during parking or engine start-up, where they are adsorbed by canister adsorbents
and later desorbed and combusted in the engine while driving [9-11]. Canister adsorbents
must withstand repeated adsorption-desorption cycles, necessitating a pore structure with
excellent adsorption and desorption characteristics [12-15]. Various adsorbents have been
studied for controlling hydrocarbon vapors such as n-butane. For example, mesoporous ze-
olite molecular sieves have been reported to exhibit high adsorption capacities (118.2 mg/g)
for n-butane under ambient conditions due to their well-defined pore channels [16]. MOF-
derived carbon composites and polymer-coated porous structures have also demonstrated
promising butane working capacity [17]. Additionally, biochar-silica hybrids and activated
polymer resins are under investigation as cost-effective and regenerable alternatives [18].
These studies highlight the need for adsorbents that balance high capacity, desorption effi-
ciency, and stability—criteria that porous carbon fibers (PCFs) aim to satisfy. Porous carbon
fibers (PCFs) are suitable as canister adsorbents due to their rapid adsorption rates for
low-concentration substances, attributed to the exposed micropores on their surfaces, and
their efficient desorption, facilitated by wedge-shaped pore structures. These properties
enable PCFs to outperform pellet-formed and powdered absorbents [19-23]. However,
the production of PCFs involves complex processing and fiber-shaped precursors, result-
ing in relatively high production costs [24-28]. Further research is necessary to identify
cost-effective alternatives to conventional precursors.

Kapok fiber (KF), derived from the fruit of the kapok tree, exhibits excellent resilience,
a soft texture, and low production costs, making it a popular material in textile appli-
cations [29]. KF has a hollow internal structure, providing a unique morphology that
facilitates efficient carbonization and activation processes. During pyrolysis in an inert
atmosphere, the volatile components in KF are released, while the remaining carbon frame-
work retains its fibrous and porous structure. This inherent property makes KF a promising
and cost-effective precursor for producing porous carbon materials. Additionally, its
abundance and low production costs enhance its feasibility for large-scale applications in
environmental and industrial sectors.

For instance, Wang et al. prepared activated carbon fibers from kapok using chemical
activation with diammonium hydrogen phosphate, achieving a specific surface area of
548 m?/g, and applied the material to adsorb phenol and methylene blue from aqueous
solution [30]. Thazin et al. synthesized kapok-based activated carbon fibers via KOH
chemical activation, reaching 1267 m?/g, and investigated their use in supercapacitor elec-
trodes [31]. Yu et al. fabricated hierarchical porous carbons from kapok fibers through KOH
activation and surfactant-assisted modification, yielding a high surface area of 2375 m?/g,
and applied them for removal of organic dyes in liquid phase systems [32].

In this study, we evaluated the potential of natural KF as a precursor for synthesizing
hollow PCFs through steam-based physical activation. We analyzed the microstructural
and pore structure changes in kapok-based PCFs (KP-PCFs) produced at various activation
times and examined variations in diameter and thickness resulting from carbonization and
activation. Finally, we elucidated the relationship between pore structure and the butane
adsorption/desorption behavior of KP-PCFs developed at different activation times, which
determines carbon canister performance.
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2. Materials and Methods
2.1. Carbonization of Kapok Fiber

Prior to carbonization, KFs were dried in an 80 °C oven for 24 h to completely remove
residual moisture. Subsequently, KF (20 g) was placed in an alumina boat crucible (length:
17 cm) inside a horizontal quartz tube furnace. Carbonization was performed by heating the
sample to 900 °C at a rate of 10 °C/min and maintaining this temperature for 1 h. During
heating, high-purity nitrogen (N3, 99.999%) was continuously introduced into the quartz
tube at 200 mL/min to prevent oxidation of the KFs by oxygen (Oy) or carbon dioxide (CO,)
from the ambient air. Additionally, this setup minimized the retention of volatile substances
generated during carbonization, reducing interference with pore structure formation. The
nitrogen flow was maintained until the furnace naturally cooled to room temperature to
prevent further oxidation or combustion.

The carbonization process resulted in a carbon yield of 19.0% for kapok fibers. While
this yield falls within the range observed for biomass precursors such as sugarcane bagasse
and wood, it is relatively low compared to the theoretical maximum carbon yield of
cellulose. The carbonization behavior of kapok fibers was further analyzed through TGA
data (Figure S1), providing insights into the decomposition process and the resulting
carbon yield.

2.2. Physical Steam Activation

Carbonized KF (KF-C, 3.5 g) was placed in a 17 cm alumina boat crucible at the center
of an activation tube furnace (Inconel, 1200 mm X 80 mm). Activation was performed
by heating the sample to 900 °C at a rate of 10 °C/min while continuously introducing
high-purity Ny 99.999%) at 200 mL/min. Upon reaching 900 °C, N, gas was replaced
with steam to initiate physical activation, maintaining a steam flow rate of 0.5 mL/min.
The activation times were set to 5, 10, 15, and 20 min. After activation, nitrogen gas was
reintroduced during natural cooling to room temperature to prevent additional oxidation
reactions. The resulting PCFs were designated as KP-PCE-5, KP-PCF-10, KP-PCF-15, and
KP-PCF-20 according to their respective activation times.

2.3. Surface Morphology of Porous Carbon Fibers

The morphological differences between KP-PCFs produced at different activation
times were analyzed using field emission scanning electron microscopy (FE-SEM, SU8600,
Hitachi, Tokyo, Japan) at an acceleration voltage of 10 kV. All samples were examined at
a magnification of 3000x. Additionally, variations in fiber diameter and thickness were
evaluated across the samples.

2.4. Functional Group Analysis of Porous Carbon Fibers

Changes in the functional groups of KP-PCFs at different activation times were ana-
lyzed using temperature-programmed reduction (TPR) with a BELCAT II system (Microtrac
BEL, Japan). The gases evolved during the TPR process were examined using FI-IR). The
TPR analysis was performed under an argon atmosphere (50 cc/min) with a heating rate
of 15 °C/min, from 25 °C to 900 °C. During this process, CO and CO, gases were de-
tected via FT-IR, and their evolution profiles at various temperatures were used to assess
oxygen-containing functional groups (OFGs).

2.5. Microcrystalline Structure of Porous Carbon Fibers

We analyzed the microcrystalline structural characteristics of KP-PCFs using X-ray
diffraction (XRD) spectroscopy (Miniflex, Rigaku, Tokyo, Japan) over a 10-60° range at a
scan rate of 2° /min, employing Cu-Ke radiation (1.5406 A). To examine differences in the
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crystalline structure at different activation times, all diffraction patterns were fitted using
Gaussian calculations, from which the central diffraction angle and the full width at half
maximum of each crystallite peak were determined. The interplanar distances (d002, d101)
of KP-PCFs were calculated using Bragg’s Equation (1). Additionally, crystallite size (La)
and height (Lc) were determined based on Scherrer’s Equation (2) [33].

o A

d(A) = 2sinf M
. KA

L(a) = Bcost @

Here, A represents the wavelength of the incident X-ray (1.5406 A), and B is the full
width at half maximum (FWHM) of the diffraction peak. The shape factor k was set to 0.9
for the (002) peak (used to calculate Lc) and 1.84 for the (101) peak (used to calculate La),
based on standard values commonly adopted for carbon materials [33].

2.6. Pore Characteristics of Porous Carbon Fibers

The pore characteristics of KP-PCFs were analyzed using an N, /77K isothermal
adsorption analyzer (BELSORP-maxll, MicrotracBEL, Osaka, Japan). Before analysis, all
KP-PCF samples were degassed at 300 °C for 12 h under a pressure of <0.1 Pa. The
specific surface area was calculated using the Brunauer-Emmett-Teller (BET) equation,
while the total pore volume was determined from the amount of nitrogen adsorbed at
P/Py =0.99 [34]. The micropore volume was calculated using the t-plot method, based on
adsorbed gas thickness in the range of 0.6-1.6 nm [35]. The mesopore volume was obtained
by subtracting the micropore volume from the total pore volume. The pore size distribution
(PSD) of KP-PCFs was determined using a nonlocalized density functional theory (NLDFT)
model, fitted with a slit model method, and computed using the log-normal method [36].

2.7. Measurement of Butane Working Capacity

The butane working capacity (BWC) measurements were conducted by ASTM
D5228 [37]. Each KP-PCF sample (~1.0 g) was packed into a U-shaped cell of the same
volume for analysis. Before analysis, all samples were degassed by flowing high-purity N»
(99.999%) at 300 mL/min. Butane adsorption was performed at a flow rate of 250 mL/min.
If saturation was not reached in the first measurement, the adsorption experiment was
repeated at 10 min intervals using the same flow rate until a stable KP-PCF weight was
achieved. The samples were then degassed for 40 min at a flow rate of 300 mL/min.
This process was repeated three times, and the average of the three measurements was
used. Butane activity (BA), butane retention (BR), and BWC were calculated using
Equations (3)—(5) below.

_ weight of butane adsorbed PCF — original weight of PCF y

BA original weight of PCF 100 ®)
BR — weight of PCF after nl’Fr(?gen pu.rgmg — original weight of PCF 100 )
original weight of PCF
_ weight of butane adsorbed PCF — weight of PCF after nitrogen purging 100 5)

original weight of PCF
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3. Results and Discussion
3.1. SEM Analysis

FE-SEM analysis revealed that the KFs had a hollow structure, with an initial diameter
and wall thickness of 18.1 pm and 1.4 um, respectively (Figure 1a and Figure S2). As activa-
tion time increased from 5 to 20 min, the diameter and wall thickness further decreased
from 14.6 um to 11.2 pm and from 0.65 um to 0.41 pm, respectively, due to progressive
oxidation of the carbon surface. In KF-C, the diameter decreased to 15.1 um, while the
wall thickness was reduced to 0.65 um, likely due to volume contraction associated with
thermal decomposition and structural changes during carbonization. As the activation
time increased, both the fiber diameter and wall thickness gradually decreased. KP-PCFs
activated for 5 min exhibited a diameter of 14.6 um and a wall thickness of 0.65 um, whereas
those activated for 20 min had a diameter of 11.2 um and a wall thickness of 0.41 um. These
reductions were attributed to the oxidation of surface carbon through reactions with steam
during activation. The progressive decrease in both diameter and wall thickness with
longer activation times suggests that oxidation is the primary factor driving these changes.

Figure 1. Field emission scanning electron microscope images of kapok-based porous carbon fiber.
(a) As-received, (b) KF-C, (c) KP-PCF-5, (d) KP-PCF-10, (e) KP-PCF-15, and (f) KP-PCF-20.

3.2. Temperature-Programmed Desorption Infrared Spectroscopy Analysis

TPR-IR was employed to analyze the oxygen-containing functional groups (OFGs) of
porous carbon fibers (PCFs) by observing changes in gas concentration as the temperature
increased linearly. KP-PCFs were activated under varying activation times. The changes in
OFGs of KP-PCFs under different activation conditions were investigated using TPR-IR.
During the TPR process, KP-PCFs underwent thermal decomposition, and the evolved
gases were detected using FT-IR. The decomposition temperatures and the types of gases
released varied depending on the specific OFGs present.

Figure 2 presents the TPR-IR curves of KP-C and KP-PCFs. CO and CO, emissions
from KP-C and KP-PCFs were detected within the temperature ranges of 200-1000 °C
and 100-900 °C, respectively. The functional groups corresponding to CO, were primarily
carboxyl and lactone groups, with a slight increase in carboxyl groups observed as acti-
vation time increased. Similarly, the functional groups associated with CO were mainly
hydroxyl and carboxyl groups. In KP-C, carboxyl groups were dominant, with hydroxyl
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Figure 2. TPR-IR curves of KP-C and KP-PCFs under varying activation times. (a) KF-C, (b) KP-PCE-5,
(c) KP-PCF-10, (d) KP-PCF-15, and (e) KP-PCF-20.

Overall, as activation time increased, carboxyl and carbonyl groups tended to increase,
while hydroxyl groups decreased, likely due to exposure to high temperatures (900 °C).
This trend highlights the impact of activation time and temperature on the evolution of
oxygen-containing functional groups in KP-PCFs.

3.3. X-Ray Diffraction Analysis

XRD is a valuable analytical method for examining the crystalline structure of carbon
materials [38,39]. To establish a baseline for comparison, we first analyzed the XRD pattern
of KF before carbonization. The XRD results revealed the semi-crystalline nature of KF,
characterized by a prominent diffraction peak at approximately 21.9°, corresponding to
the (200) crystalline plane of cellulose 1. Additional low-intensity peaks were observed
around 15°, which are attributed to the (110) and (1-10) planes, in agreement with typical
diffraction patterns of cellulose I. These findings indicate the coexistence of crystalline and
amorphous regions within the kapok fibers. The semi-crystalline structure suggests that
the crystalline regions provide structural integrity, while the amorphous regions facilitate
pore formation during carbonization through the release of volatile components.

Following carbonization and activation, we used XRD to investigate changes in the
crystalline structure relative to activation time (Figure 3). Generally, as the crystalline
structure of carbon materials develops, the C(002) peak becomes sharper, and the diffrac-
tion angle approaches 26.5° [40,41]. However, the broad XRD curve indicated that, with
increasing activation time, peak intensities decreased due to increased burn-off.

The microstructural parameters are presented in Figure 3b. The crystallite height
(Lc), calculated from the (002) plane peak, increased continuously as the activation time
was extended to 15 min; however, a decrease was observed at 20 min, likely due to the
preferential oxidation and removal of amorphous carbon and small crystallites during early
activation, leading to an increase in average crystallite size. Further activation initiated
the oxidation of crystallites. The crystallite width (La), derived from the (10l) plane peak,
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exhibited a similar trend to that of Lc: it initially increased up to 15 min, which can
be attributed to the oxidation and removal of amorphous carbon and small crystallites.
However, prolonged activation beyond 15 min initiated the oxidation of crystallite edges,
resulting in a decrease in La due to structural degradation [14,41].
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Figure 3. (a) X-ray diffraction patterns and (b) crystallite sizes of KP-PCFs according to the various
activation times.

3.4. N»/77K Isotherm Adsorption/Desorption Analysis

N, /77K isothermal adsorption/desorption analysis is a highly effective method for
characterizing the pore properties of porous materials [42—44]. In Figure 4, filled symbols
indicate N, adsorption, while unfilled symbols indicate desorption. We utilized N, /77K
isothermal adsorption/desorption analysis to examine the pore characteristics of KP-PCFs
produced with different activation times (Figure 4). The adsorption/desorption curves
of KP-PCFs initially showed an increase in N, adsorption with longer activation times,
followed by a decline. The N, /77K isothermal adsorption/desorption curve was classified
as Type I according to the International Union of Pure and Applied Chemistry, with H4
hysteresis loops [45]. Type I curves are typical of porous materials in which monolayer ad-
sorption occurs between the pore walls and adsorbate, a phenomenon commonly observed
in materials with well-developed microporosity [45]. Thus, the manufactured KP-PCFs
exhibited well-developed micropores. Additionally, as activation time increased, P/ Py < 0.1
rose to 15 min of activation but declined by 20 min, likely due to the conversion of some
micropores to mesopores as a result of crystallite edge oxidation.

Table 1 presents the textural properties of KP-PCFs produced with different activation
times. For comparison, the KP-C sample obtained through carbonization without activation
exhibited a specific surface area of approximately 500 m?/g. The formation of pores in
KP-C is attributed to the decomposition of cellulose, hemicellulose, and lignin during
the carbonization process. These components undergo thermal decomposition under
an inert atmosphere, releasing volatile gases such as CO, CO,, and H,O, which create
pores within the carbon matrix. Although the pore structure in KP-C is less developed
than in activated samples, this initial porosity serves as a foundation for subsequent
activation processes, which further enhance surface area and pore volume. During steam-
based physical activation, pore development was primarily driven by oxidation of the
carbon framework, particularly at the edges of crystalline regions. As shown in Table 1,
this structural transformation is accompanied by a progressive decrease in activation
yield, from 60.0% at 5 min to 29.0% at 20 min, confirming that increased activation time
leads to higher burn-off. The specific surface area and total pore volume ranged from
500 to 1100 m?/g and 0.24 to 0.60 cm3/g, respectively. In particular, the KP-PCF-15
sample exhibited the highest specific surface area (1100 m?/g) with a corresponding
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activation yield of 53.0%, indicating an optimal balance between porosity enhancement
and structural retention. While micropore and mesopore volumes increased with activation
time, both began to decline slightly at 20 min, likely due to overburning of the carbon
matrix. Thazin et al. (2022) reported a specific surface area of 487 m?/g for KP-PCFs
produced via KOH activation [31], while Chung et al. (2013) observed a maximum specific
surface area of 753 m?/g using steam activation [46]. These variations highlight the
differences in pore characteristics and material retention depending on activation method
and fabrication conditions.

500
- —a—KF-C
= —e— KP-PCF-5
N 4004 ——KP-PCF-10
S0 KP-PCF-15
= —&— KP-PCF-20
o
N
S 300
[0
= o
S
3
S 200-
o)
g
=
© 100+
>
0- |

T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P )

Figure 4. N, /77K isothermal adsorption/desorption curves of KP-PCFs as a function of various
activation times.

Table 1. Textural parameters of KP-PCFs produced with different activation times.

Sger ?

Viotal b Vinicro ¢ Vineso d Fiicro € Activation Yield

Sample  (121g)  (mlg)  (ecmlg) (cm®/g) (%) (%) Reference
KF-C 500 0.24 0.20 0.04 83.3 -
KP-PCE-5 810 0.40 033 0.07 82.5 60.0
KP-PCE-10 1080 0.58 0.4 0.14 75.9 53.0 This study
KP-PCE-15 1100 0.60 0.45 0.15 75.0 41.0
KP-PCF-20 920 053 038 0.15 71.7 29.0
ACF-300 487 0.26 021 0.05 80.8 - 31]
KAHCF 753 0.62 ] - - - [46]

a . Ly . P _ 1 c—=1. P b
Sper: Specific surface area, BET method; =P — o T ome By

at P/Py =0.99. ¢ Vyicro: Micropore volume, t-plot. 4V, oo Mesopore volume, Viptar — Viicro- € Fmicro: Micropore
volume fraction, Vi1 / Viicro % 100.

Viotar: Total pore volume, amount adsorbed

Figure 5 presents the PSD curves of KP-PCFs obtained using the NLDFT equation. Pore
sizes ranged from 1.0 to 3.0 nm as activation time increased. Between 5 and 15 min, pores
measuring 0.7-2.0 nm developed, whereas at 20 min, fewer pores in the 0.7-1.0 nm range
were observed. Additionally, pore sizes of 1.5-2.0 nm increased linearly with activation time.
These results suggest that KP-PCFs developed pores of 0.7-2.0 nm due to amorphous and
edge oxidation of crystallites, while excessive oxidation at 20 min reduced the formation of
narrower micropores.
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Figure 5. Pore size distribution of KP-PCFs produced with various activation times.

3.5. Butane Working Capacity

Figure 6 presents the BWC of KP-PCFs produced with varying activation times, along
with the BA and BR values calculated from n-butane adsorption and desorption experi-
ments. As activation time increased, BA rose from 62.2% to 73.5%, whereas BR decreased
from 6.0% to 1.3%, likely due to the expansion of micropore and mesopore volumes with
prolonged activation. BA and BR were correlated with the volumes of micropores and
mesopores, respectively, with BA closely associated with pore diameters of 1.5-2.0 nm
and BR with diameters of 3.0-5.0 nm [47]. BA exhibited a notable increase at 10 min of
activation, likely due to the development of 1.0-2.0 nm pores. The linear expansion of

mesopores with increasing activation time was presumed to account for the corresponding
linear decrease in BR.

100 - 80
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Figure 6. n-Butane adsorption/desorption parameters of KP-PCFs produced with different activation times.
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Figure 7 illustrates the factors influencing changes in BA and BR, plotted against pore
volume as a function of pore diameter. These values were calculated using the NLDFT
method and presented in 0.5 nm increments along the X-axis. BA and BR exhibited strong
correlations with pore volumes of 1.5-2.5 nm and 3.5-5.0 nm, respectively. Notably, BA
showed a strong correlation (>0.95) with pores measuring 1.5-2.0 nm, while BR was associ-
ated with an increasing average pore diameter. These findings are consistent with previous
reports, which indicate that butane adsorption and desorption capacities are strongly
influenced by sub-micropores (1.5-2.0 nm) and mesopores (>3 nm), respectively [47].

1.0

0.8 1

0.6 1

0.4 1

0.2 1 °®

00 T T T I
0 1 2 3 4 5

Pore diameter (nm)

Figure 7. Correlations between the butane activity and retentivity of kapok-based porous carbon
fibers and pore diameter.

4. Conclusions

KP-PCFs were prepared from KFs at various activation times for n-butane adsorption.
The specific surface area of the KP-PCFs increased from 500 to 1100 m? /g with longer
activation times. The micropore and mesopore volumes ranged from 0.20 to 0.45 cm®/g
and 0.04 to 0.15 cm® /g, respectively. The micropore volume increased over the first 15 min
of activation due to the oxidation of amorphous structures during physical activation,
whereas the mesopore volume increased thereafter as a result of crystallite edge oxidation.
The adsorption capacity of n-butane increased linearly with activation time, whereas the
retention amount decreased linearly. BA was correlated with pore sizes of 1.5-2.0 nm, while
BR was associated with pore diameters greater than 3.0 nm. These results demonstrate the
potential of KP-PCFs as efficient adsorbents for hydrocarbon vapor recovery applications
such as fuel vapor control in automotive carbon canisters. Future work should evaluate their
long-term regeneration stability and performance under dynamic operation conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fib13070092/s1, Figure S1. TGA curve of kapok fiber under a
nitrogen atmosphere, Figure 52. SEM images and standard deviation of fiber diameter and wall
thickness for KP, KP-C and KP-PCFs under varying activation times. (a) As-received, (b) KF-C,
(c) KP-PCF-5, (d) KP-PCF-10, (e) KP-PCF-15, (f) KP-PCF-20 and (g) Fiber diameter and wall thickness
changes with activation time, Table S1. Microstructural Parameters of KF-PCFs as a Function of
Activation Times.
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