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ABSTRACT

Activated carbon fibers (ACFs) were synthesized from palm fiber waste using a 15w/v% KOH solution at varying activation
temperatures. Structural characterization by Fourier transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD) con-
firmed the amorphous nature of the ACFs. Scanning electron microscopy (SEM) revealed that the fibers retained their fibrous
morphology even at 800°C. Electrical conductivity measurements showed that ACFs activated at 800°C (ACK800) exhibited the
highest conductivity of 0.64Scm™, attributed to efficient charge-carrier mobility along the extended fiber surface. Moreover,
ACK800 achieved a remarkable phenol adsorption capacity of 92.2%, driven by its significantly increased surface area of
2456 m* g~ compared to pristine carbon fibers (486 m*g™"). The porous morphology of the ACFs offers a sustainable pathway
for both energy storage and environmental remediation. These fibers demonstrate excellent potential for pollutant removal in
water purification, while their superior surface characteristics make them strong candidates for advanced energy-storage systems,
including supercapacitors, hydrogen storage, and carbon capture applications.

1 | Introduction plant residues, have been extensively investigated as alternatives
to traditional fossil-based carbon sources, contributing to both

The increasing demand for sustainable materials and the urgent o X
waste valorization and carbon neutrality goals |3, 4].

need to address environmental challenges, such as climate

change, water pollution, and energy storage, have accelerated
research on biomass-derived carbon materials [1]. Activated car-
bon fibers (ACFs) derived from renewable biomass precursors
offer significant advantages, including high surface area, tunable
pore structures, and versatility for multifunctional applications
such as adsorption, pollutant removal, and energy storage [2].
Biomass precursors, such as cotton, lignocellulosic waste, and

Porous carbon materials are widely recognized for their outstand-
ing capabilities in adsorption and energy storage due to their
interconnected networks of micro-, meso-, and macropores,
which facilitate rapid mass transport and high adsorption capac-
ities. Activated carbon materials with hierarchical porosity have
demonstrated promising performance in gas adsorption, CO,
capture, and electrochemical energy storage, making them
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suitable for addressing both environmental remediation and sus-
tainable energy demands [5]. In addition to electrical conductiv-
ity, the electrochemical properties of ACFs further enhance their
suitability for energy storage applications. Their large surface
area and well-defined pore structures provide abundant sites
for charge accumulation, enabling efficient charge storage and
release. These attributes are especially critical for supercapaci-
tors, which require rapid energy delivery, high power density,
and long cycle life [6].

Phenol adsorption on highly microporous activated carbons has
emerged as a critical area of research in environmental remedia-
tion. Numerous studies have investigated phenol removal using
activated carbons derived from low-cost waste materials such as
orange peel and hemp stalk [7]. With the increasing global pop-
ulation, rapid industrialization, and urban expansion, water
quality is continuously threatened by untreated industrial waste-
water, which is a major source of organic pollutants [8]. The U.S.
Environmental Protection Agency (EPA) classifies phenol and its
derivatives as priority pollutants due to their toxicity and poten-
tial carcinogenicity, even at trace concentrations [9]. The effi-
ciency of phenol adsorption depends on several parameters,
including pH, contact time, adsorbent dosage, and the physico-
chemical properties of the adsorbent material [10].

In one study, a novel adsorbent was synthesized by grafting phe-
nolic resin with urea via hydrothermal processing. The resulting

RFU microspheres demonstrated high adsorption capacity and
excellent selectivity for phenol removal from aqueous solutions,
particularly at concentrations around 1gL™" [11]. Similarly,
investigations using highly microporous activated carbons in
continuous fixed-bed systems have shown that adsorption effi-
ciency is strongly affected by variables such as adsorbent loading,
flow rate, metal ion concentration (Ni*"), pH, and temperature.
Under optimized conditions, these systems achieved phenol
removal efficiencies exceeding 99% [12, 13]. Recent advances in
biomass-derived activated carbon materials have demonstrated
that careful control of precursor selection, carbonization temper-
ature, and chemical activation strategies can yield materials with
exceptionally high surface areas, tailored pore structures, and
multifunctional performance [14-16]. In particular, ACFs and
porous carbons derived from agricultural and industrial waste
streams have gained considerable attention due to their com-
bined advantages of sustainability, cost-effectiveness, and high
functional efficiency in both environmental remediation and
energy storage applications [17, 18].

Recent studies published between 2024 and 2025 have demon-
strated that biomass-derived activated carbons can achieve excel-
lent performance when optimized for specific applications,
including environmental remediation or energy storage [19-21].
However, as summarized in Table 1, the majority of these materi-
als are designed for single-function use, focusing either on the

TABLE1 | Comparison of biomass-derived activated carbon materials reported in 2024-2025.

BET surface Adsorption Electrochemical
Biomass source  Activation method area (m”g™") capacity performance Application References
Kenaf fibers Chemical activation 3359 — 312Fg™' @ 0.5A  Supercapacitor [19]
g—l
Hyparrhenia hirta Hydrothermal + 991 — 501.6Fg™' @ 2A  Supercapacitor [20]
grass microwave gt
Cellulose aerogel ZnCl,/KOH 1709.6 — 213.5Fg™! Energy storage [21]
activation
Palm waste fibers KOH activation 2456 Phenol: 92.2mgg™! 2234Fg™! Adsorption/SC [22]
Sugar beet pulp Physical-chemical 903.5 CO,: 7.45mmol g™* — Gas adsorption [23]
activation
Mixed agricultural Chemical activation 1146 Phenol: 183.8mgg™" — Water [24]
waste treatment
Coffee grounds KOH activation 1200 Dye adsorption — Wastewater [25]
Olive stone waste H;PO, activation 1450 CO, adsorption — Gas capture [26]
Kenaf biomass Diammonium 1940 Butane: 0.79gg ™" — vocC [27]
phosphate adsorption
Rice husk Chemical activation 1520 — 474F g™ Supercapacitor [13]
Walnut shell KOH activation 2380 CO, adsorption — Gas separation [28]
Corn cob ZnCl, activation 1820 Phenol: 150 mg g™ — Water [29]
purification
Coconut shell KOH activation 2100 Dye adsorption 298Fg* SC/adsorption [30]
Garlic peel Chemical activation 2582 — 340F gt Energy storage [31]
Biomass Hybrid activation 3000+ — 500Fg™" Multifunctional [32]

composite AC
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adsorption of gases or organic pollutants [22-24] or on electro-
chemical energy storage as supercapacitor electrodes.

For example, kenaf-derived activated carbons with extremely
high Brunauer—-Emmett-Teller (BET) surface areas (up to 3359
m? g~ ") have shown outstanding supercapacitor performance but
lack adsorption studies relevant to water treatment [19]. Simi-
larly, microwave-assisted biomass carbons reported by Zhao et al.
[20] achieved specific capacitances exceeding 500 Fg™', yet no
adsorption capability was evaluated. Conversely, biomass-
derived carbons optimized for phenol or dye adsorption often
report high adsorption capacities but provide no information
on electrical conductivity or electrochemical behavior [22, 24].
Importantly, the present material demonstrates a phenol adsorp-
tion capacity of 92.2mgg™", which is competitive with recent
high-surface-area biomass carbons used for phenolic wastewater
treatment [25], while simultaneously exhibiting enhanced elec-
trical conductivity (0.64Scm™") and stable AC conductivity
behavior relevant to energy-related applications. Such a combi-
nation of adsorption performance and electrical functionality is
rarely reported for recent biomass-derived carbons [26].

While some studies report higher specific capacitance values
through complex composite architectures or additive-assisted elec-
trode fabrication [13, 27, 28], the electrochemical and dielectric
performance observed in this work arises from the intrinsic prop-
erties of the ACF network, produced using a simple and scalable
KOH activation process applied to an abundant agricultural waste
precursor. This distinguishes the present approach from multistep
or material-intensive strategies reported elsewhere [29].

The comparative analysis in Table 1 highlights that the present
work uniquely demonstrates true dual functionality, combining
efficient phenol adsorption and favorable electrical properties
within a single biomass-derived material. This multifunctional
behavior directly addresses a critical gap in the recent literature
and positions palm-fiber-derived ACFs as a promising platform for
integrated environmental remediation and energy-related applica-
tions [30]. Biomass-derived activated carbons and carbon fibers
have emerged as highly versatile materials with excellent adsorp-
tion capacities, electrochemical performance, and sustainability
advantages. The tailoring of porous architectures and surface func-
tionalities through controlled carbonization and activation routes
enables improved performance across diverse applications [31].
Despite significant progress, challenges remain in optimizing syn-
thesis conditions, enhancing selectivity, and improving scalability,
which the current work aims to address by systematically investi-
gating palm-waste-derived ACFs for dual applications in adsorp-
tion and energy storage [32].

In this study, ACFs were synthesized from palm fiber waste at
activation temperatures of 500 and 800°C using a 15w/v% KOH
solution. Structural properties were characterized by Fourier
transform infrared (FTIR) spectroscopy and X-ray diffraction
(XRD), while surface morphology was examined using scanning
electron microscopy (SEM). Electrical conductivity was evaluated
using the DC Kelvin two-probe method, complemented by imped-
ance spectroscopy for AC conductivity analysis. Thermal stability
was assessed by thermogravimetric analysis and differential scan-
ning calorimetry (TGA-DSC). The adsorption performance of the
synthesized ACFs was further investigated for phenol removal
from both industrial and laboratory wastewater.

2 | Materials and Methods

Chemical activating agents included potassium hydroxide (KOH,
analytical grade, SD Fine Chem/Merck India, 56.11 gmol ™), phos-
phoric acid (H;PO,, 85%, Merck India, 98 gmol ™), and zinc chlo-
ride (ZnCl,, >98%, SD Fine Chem, 136.3 gmol™"). Solvents, such
as deionized water (Millipore), ethanol (>99.5%, SD Fine Chem,
46.08 gmol_l), and acetone (>99%, SD Fine Chem, 58.08 gmol_l)
were used for washing and cleaning the fibers. Hydrochloric acid
(HCI, 37%, Merck India, 36.46 gmol™") was used to neutralize
residual activating agents after chemical treatment.

2.1 | Preparation of Carbon Fiber

Palm fiber waste was collected, thoroughly washed with tap
water, and subsequently rinsed several times with distilled water
to remove surface impurities. The cleaned fibers were then
soaked in n-hexane for 24 h to eliminate residual oils. After fil-
tration, the fibers were rinsed with hot distilled water to ensure
complete removal of n-hexane and subsequently soaked in 30%
sulfuric acid (H,SO,) for 24 h. Finally, the treated fibers were
repeatedly washed with distilled water until neutral pH was
achieved and then dried at 110°C for 24 h [33].

2.2 | Preparation of ACF

ACFs were synthesized from palm fiber waste following the
Taguchi experimental design method [18]. A 30-50g portion of
pretreated fibers was placed in an alumina horizontal tubular
furnace (maximum operating temperature: 1700°C; tube diame-
ter: 100 mm; heating zone length: 350 mm). The furnace was
equipped with a PID-based automatic temperature controller
(30 segments) regulated by a silicon-controlled rectifier (SCR).
Prior to heating, the chamber was purged with nitrogen gas at
a flow rate of 85cm>®min~" for 20 min [34].

The carbonization step was carried out at 300, 400, or 500°C for 1
h with a constant heating rate of 10°C min~". After carboniza-
tion, the samples were cooled to room temperature under a nitro-
gen atmosphere. The resulting char and pretreated fibers were
then impregnated with a 15% (w/v) KOH solution and soaked
overnight to ensure thorough activation. The impregnated sam-
ples were dried at 105°C and subsequently subjected to activation
in the furnace under continuous nitrogen flow. The carboniza-
tion duration of 1h was selected based on prior literature and
preliminary optimization studies, which indicate that 1 h is suffi-
cient to achieve effective devolatilization and formation of a sta-
ble carbon matrix for lignocellulosic precursors [22-24]. Longer
carbonization times (e.g., 2h) generally do not result in signifi-
cant improvements in carbon yield or pore development but may
instead lead to unnecessary energy consumption and partial pore
collapse. Similar carbonization durations have been successfully
reported for biomass-derived activated carbons in previous stud-
ies [25-27, 35].

During activation, the temperature was increased at a rate of 2°C
min~" until reaching 500 and 800°C, designated as ACK500 and
ACK800, respectively, and maintained for 1h. The ACFs were
then cooled under an inert atmosphere, thoroughly washed with
distilled water until neutral pH was achieved, and finally dried at
105°C for 12 h [36]. The Taguchi design method was employed to
evaluate the effects of process parameters on adsorption capacity
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and to optimize the preparation conditions. The selected carbon-
ization temperatures (300, 400, and 500°C) correspond to key
thermal decomposition stages of biomass constituents, including
hemicellulose, cellulose, and lignin [37].

At approximately 300°C, hemicellulose decomposition initiates;
at around 400°C, cellulose degradation becomes dominant; and
at about 500°C, lignin decomposition and aromatic carbon struc-
ture formation are enhanced. Investigating these temperatures
enabled evaluation of the influence of carbonization severity on
pore development, structural stability, and adsorption perfor-
mance of the final ACFs [38].

2.3 | Characterization

The structural and morphological properties of pristine and
ACFs (synthesized at 300 and 500°C) were investigated using
FTIR, XRD, SEM, TGA-DSC, and electrical/electrochemical
analysis techniques.

2.3.1 | FTIR Spectroscopy

FTIR spectra were recorded using a Nicolet 750 spectrometer
(Spectra Lab Scientific Inc., Canada) in the wavenumber range
of 4000-400 cm ™. Samples were prepared by mixing ACFs with
KBr in a 1:25 ratio and compressing the mixture into 10 mm
pellets using a hydraulic press.

2.3.2 | XRD

The crystalline structure of the fibers was analyzed using a Sie-
mens D-5000 powder X-ray diffractometer with Cu Ka radiation
(A=1.54 A). Diffraction patterns were collected over a 26 range of

10-80" at a scanning rate of 2" min™%

233 | SEM

Surface morphology was examined using a Hitachi S-520 scan-
ning electron microscope (Hitachi Ltd., USA). Prior to imaging,
the samples were sputter-coated with a thin layer of gold to
improve surface conductivity.

2.3.4 | TGA and DSC

Thermal stability and heat-flow characteristics were evaluated
using a NETZSCH STA 449 Jupiter system (NETZSCH Technol-
ogies India Pvt. Ltd.) under a controlled atmosphere.

2.3.5 | Electrical and Dielectric Properties

DC conductivity was measured using the Kelvin two-probe tech-
nique over a temperature range of 25-200°C with a Keithley 2400
Source Measure Unit (SMU). Dielectric and impedance proper-
ties were determined using a HIOKI LCR-Q Hi Tester (Model
3532, Japan).

3 | Results and Discussion

The FTIR spectra of pristine carbon fibers and ACFs synthesized
at 500 and 800°C are presented in Figure 1. Palm fiber waste

serves as a cost-effective precursor for carbon fiber production;
however, pristine carbon fibers exhibit relatively low electrical
conductivity, necessitating surface modification using a 15w/v%
KOH solution. To identify surface functional groups and struc-
tural modifications induced by chemical activation, the samples
were analyzed by FTIR spectroscopy [39, 40]. The spectrum of
pristine carbon fibers shows distinct absorption bands at 1636
cm™, attributed to C = O stretching vibrations, and at 1501 cm ™,
corresponding to C—C bending. An additional band at 1332cm™
is assigned to C-O stretching, while a broad peak at 3402 cm™"
indicates the presence of hydroxyl (-OH) groups, confirming the
existence of oxygen-containing surface functionalities [41].

In comparison, the FTIR spectra of ACFs synthesized at 500 and
800°C in the presence of KOH displayed notable modifications.
The broad absorption band at 3432 cm™ is assigned to hydroxyl
(-OH) stretching, while the peak at 2880cm™" corresponds to
K-OH stretching vibrations, suggesting the introduction of
alkali-derived functionalities [42]. Similar to pristine fibers, the
band at 1636 cm ™" is attributed to C=0 stretching, and the peak
at 1501 cm™" is assigned to C-C bending [43, 44]. Additional
absorption at 1326 cm™ indicates C—O stretching, whereas bands
at 1242 and 608cm ™' are associated with in-plane and out-of-
plane C-H bending vibrations, respectively [45-47]. These spec-
tral features confirm successful surface activation and functiona-
lization of the carbon fibers, with the introduction of oxygen- and
alkali-related groups enhancing surface chemistry and adsorp-
tion capability, as shown in Figure 1.

Figure 2 presents the XRD patterns of pristine and ACFs treated
at 800°C. The crystalline structure of both materials was exam-
ined after calcination at this temperature to evaluate the effect of
KOH activation on structural ordering. The results indicate that

Percentage of transmittance

T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™t)

— CF
— ACKS500

—— ACKS800

FIGURE 1 | FTIR spectra of pristine carbon fiber and activated car-
bon fiber prepared at temperatures of 500 and 800°C.
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FIGURE 2 | X-ray diffraction patterns of pristine carbon fiber and
activated carbon fiber prepared at a temperature of 800°C.

the fundamental framework of the carbon fibers remains largely
unchanged, even after overnight treatment with a 15w/v% KOH
solution [48].

The diffraction patterns are characterized by broad peaks in the
range of 22°-24°, confirming the predominantly amorphous
nature of the carbon fibers. A prominent peak at 22.6" is assigned
to the (002) plane, corresponding to the interlayer spacing typical
of turbostratic carbon structures. The absence of sharp, well-
defined peaks indicates a low degree of graphitization, consistent
with disordered carbon frameworks. Importantly, despite the

activation process, the essential structural characteristics of the
carbon fibers remain preserved, demonstrating good structural
stability [49].

Figure 3 presents the surface morphology of pristine and ACFs
synthesized at 500 and 800°C, as observed by SEM.

Figure 3a shows the pristine carbon fibers derived from palm
fiber waste without activation. The surface is characterized by
irregular, agglomerated spherical grains with an average size of
approximately 35nm. Such surface features are susceptible to
modification during service due to mechanical stress, chemical
exposure, or ultraviolet radiation, potentially leading to micro-
cracks and increased surface roughness over time [50, 51].
Figure 3b illustrates carbon fibers activated at 500°C. At this
stage, grain boundaries appear to merge, forming larger agglom-
erated structures, while the average particle size remains around
35nm. Partial development of a fibrous and porous texture is
evident, which is critical for adsorption processes, as it facilitates
contaminant—adsorbent interactions and enhances surface acces-
sibility [52].

Figure 3c depicts the fibers activated at 800°C, showing a well-
developed fibrous morphology. The fibers exhibit lengths of
approximately 176 nm from the joint nodes and an average diam-
eter of approximately 32 nm. This structural refinement not only
enhances the surface area but also improves adsorption perfor-
mance, making the material suitable for water and air purifica-
tion applications. Furthermore, the robust fibrous framework
contributes to long-term durability, strengthening the suitability
of ACFs for industrial applications, including energy storage and
environmental remediation [53].

FIGURE3 | SEM images of carbon fibers. (a) Pristine, (b) activated at 500°C showing partial porosity, and (c) activated at 800°C with well-developed

porous structure.
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FIGURE 4 | TGA-DSC curve of activated carbon fibers prepared at 800°C.

Figure 4 shows the TGA-DSC curves of ACFs synthesized at
800°C. The high thermal stability of ACFs enables them to with-
stand elevated temperatures and harsh conditions, making them
attractive candidates for applications in filtration, catalysis, and
energy storage. In particular, their stability under oxidative con-
ditions is critical for long-term performance in devices such as
fuel cells and batteries [54]. The TGA-DSC profile of KOH-
activated fibers reveals distinct thermal events associated with
oxidation reactions. The DSC trace exhibits an exothermic peak
typically observed near 820 K; however, in the present samples, a
shift toward approximately 670K is observed, which can be
attributed to the fibrous microstructure and high surface area
of the material [55]. The initial oxidation onset occurs at approx-
imately 534 K, with significant mass loss beginning around 600K,
indicating that the fibrous network facilitates earlier oxidation
compared to bulk carbons [56].

TGA analysis further shows that weight loss below 400K is pri-
marily due to the desorption of residual moisture and volatile
compounds. Between 500 and 800K, the DSC curve confirms
carbon oxidation accompanied by CO, release, corresponding
to a substantial reduction in sample mass [57]. Beyond this range,
no further major mass changes are observed, confirming the
thermal stability of the residual structure. Additionally, the final
TGA residue provides insight into inorganic content, as the
remaining mass largely corresponds to stable carbon ash and
potassium-containing species formed during air oxidation.

4 | Electrical Conductivity Analysis

The electrical conductivity of both untreated pristine carbon fibers
and ACFs derived from palm fiber waste was examined over the
temperature range of 25-190°C. Recent studies have increasingly
emphasized improving the thermal and electrical transport prop-
erties of carbon-based materials through surface modification, het-
eroatom doping, and controlled carbonization [58]. Enhanced
conductivity is particularly important for industrial applications
in energy storage, where ACFs can serve as efficient electrode
materials in supercapacitors and batteries, thereby improving
device performance and energy efficiency [59].

Figure 5 illustrates the temperature-dependent variation of DC
conductivity in pristine and activated fibers. Conductivity in
ACFs is influenced by several intrinsic factors, including porosity,
surface chemistry, and structural defects. To address these limita-
tions, pristine carbon fibers were chemically treated with a 15w/v%
KOH solution, which effectively improved conductivity [60]. The
experimental results demonstrate a positive correlation between
conductivity and temperature, likely attributed to thermally acti-
vated charge carriers and to the contribution of K* ions introduced
during activation, as well as enhanced charge-transport pathways
created by the extended fibrous network [61]. The ACFs exhibit
semiconducting behavior, characterized by three distinct conduc-
tivity regions. In the first region (25-80°C), conductivity remains
nearly constant, reflecting limited carrier mobility. Between 80 and
100°C, conductivity begins to increase gradually as charge carriers
move more freely through the carbon matrix. In the third region
(above 100°C), conductivity rises sharply in an exponential man-
ner, reaching a maximum value of 0.64Scm™ at 190°C [62].

These findings confirm that KOH activation significantly
enhances the electronic properties of palm-fiber-derived ACFs,

0.7

,o’;

o
o m”

T e C

0.0 T T T
20 40 60

T T T T T T
80 100 120 140 160 180 200
Temperature (°C)

—m— Carbon fiber
—e— Activated carbon fiber

FIGURE 5 | The variation of DC conductivity as a function of
temperature.
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making them suitable for electrode applications where high con-
ductivity and thermal stability are critical.

5 | Dielectric Properties
5.1 | Dielectric Constant (g')

Figure 6 shows the variation of the dielectric constant (&) with
applied frequency for pristine carbon fibers and ACFs synthesized
at 800°C in the presence of KOH. In both cases, strong frequency-
dependent dispersion of permittivity is observed. At higher fre-
quencies, particularly above 4kHz, the dielectric constant of
ACFs levels off, indicating nearly frequency-independent behavior.

The dielectric constant of ACFs is a key parameter influencing
their overall electrical performance and directly affects their suit-
ability for electronic and energy-storage applications [63]. A clear
decrease in ¢’ with increasing frequency is observed, which is com-
monly attributed to dielectric relaxation phenomena. At lower fre-
quencies (~2kHz), ¢ is relatively high due to interfacial
(Maxwell-Wagner) polarization and dipolar hopping of K* ions,
as well as electronic charge carriers within the ACF network [64].
As the frequency increases, these charge carriers cannot follow the
rapidly oscillating electric field, leading to a gradual reduction in ¢'.
Beyond a threshold frequency, the dielectric constant becomes
nearly constant, likely due to confinement of charge carriers at
junctions within the fibrous network [65]. These results confirm
that the dielectric response of ACFs is strongly frequency depen-
dent, reflecting the combined influence of ion hopping, polariza-
tion effects, and the structural characteristics of the activated fibers.

5.2 | Dielectric Loss (tan §)

Figure 7 shows the variation of the dielectric loss tangent (tan &)
with applied frequency for pristine and ACFs. At lower frequen-
cies, particularly around 4 kHz, a noticeable decrease in tan § is
observed with increasing frequency [66]. This behavior is attrib-
uted to dipolar polarization effects, where dipoles can reorient
at low frequencies but progressively lose their ability to follow

150
125 -\I
ou
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FIGURE 6 | The variation of the dielectric constant as a function of

applied frequency.

the alternating electric field as frequency increases. Beyond approxi-
mately 6 kHz, the dielectric loss stabilizes, indicating a transition to
frequency-independent behavior [67]. This response suggests that
ACFs can act as effective dielectric-loss materials. The imaginary
component of permittivity (¢”) plays a key role in this process, as it
is associated with bound charge polarization and low-frequency
dipole relaxation. These mechanisms contribute to energy dissipation
through dielectric heating and are intrinsically linked to reduced free
ionic conduction along the ACF surface at higher frequencies [68].

5.3 | AC Conductivity (6,c)

Figure 8 presents the variation of AC conductivity (e,.) with applied
frequency for ACFs synthesized at 800°C. The results show that o,
remains nearly constant up to approximately 4 kHz, after which it
gradually increases with frequency. This frequency-dependent rise
is attributed to enhanced charge-carrier hopping and reduced polar-
ization losses at higher frequencies, which facilitate charge trans-
port through the porous fibrous network [69].

The maximum AC conductivity of ACFs reaches 0.43Scm™,

representing a significant improvement compared with untreated
pristine carbon fibers. This enhancement demonstrates the
positive impact of KOH activation, which introduces additional
conductive pathways through pore development, surface functio-
nalization, and improved inter-fiber charge transport [70]. These
findings confirm that ACFs exhibit stable conductivity at low
frequencies and enhanced performance at higher frequencies,
underscoring their suitability for advanced electronic and electro-
chemical applications, particularly in supercapacitors and high-
frequency energy-storage devices [71].

6 | Phenol Adsorption Studies
6.1 | Phenol Adsorption Capacity

Figure 9 illustrates the equilibrium adsorption capacity of phenol
as a function of the specific surface area of pristine and ACFs.
Adsorption experiments were performed using untreated pristine
carbon fibers and ACFs prepared at 800°C with KOH activation.
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FIGURE 7 | The variation of tangent loss as a function of applied
frequency.
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The adsorption capacity of ACFs was found to be strongly depen-
dent on their BET surface area and porosity characteristics.

The highest phenol adsorption capacity of 92.2mgg™" was

recorded for ACK800, which exhibited a markedly larger surface
area of 2456 m” g~ compared with 486 m* g~ for pristine carbon
fibers. This substantial enhancement clearly demonstrates the
role of KOH activation in developing micro- and mesoporous
structures, thereby increasing the number of accessible adsorp-
tion sites. The improved porosity and surface chemistry of
ACKB800 contribute to its superior adsorption efficiency, confirm-
ing that chemical activation with 15w/v% KOH significantly
enhances the environmental remediation performance of palm-
fiber-derived carbon fibers [72].

6.2 | Adsorption Kinetics

The adsorption kinetics of phenol on ACFs synthesized at 800°C
were analyzed using the Lagergren pseudo-first-order (PFO) and

pseudo-second-order (PSO) kinetic models. The calculated
kinetic parameters are summarized in Table 2, and the corre-
sponding kinetic plots are presented in Figure 10 (or Table 3 as
appropriate). The rate constants (k; and k,) and correlation coef-
ficients (R*) were obtained from linear plots of log(q. — q;) versus
time for the PFO model and t/q; versus time for the PSO model.
Both models provide reasonable fits to the experimental data;
however, the PSO model exhibits higher correlation coefficients
(R?), indicating that it better describes the adsorption kinetics of
phenol on ACFs [72-75].

Moreover, the observed decrease in both k; and k, with increasing
phenol concentration suggests a diffusion-limited process, where
the availability of active adsorption sites decreases at higher solute
concentrations. This behavior implies that both physisorption and
chemisorption contribute to the overall adsorption mechanism,
with the better fit of the PSO model emphasizing the role of elec-
tron sharing or exchange between phenol molecules and the func-
tionalized ACF surface [76].

The thermodynamic parameters for phenol adsorption on ACFs
synthesized at 800°C are summarized in Table 2. The ACFs pre-
pared at pH 6.9 exhibit a slightly basic surface character, which is
favorable for phenol adsorption due to the weakly acidic nature
of phenol molecules [77]. The adsorption mechanism is likely
governed by a combination of interactions, including n—x stack-
ing between the aromatic ring of phenol and the carbon matrix,
electron donor—acceptor (EDA) complex formation, and hydro-
gen bonding, all of which can operate concurrently on the ACF
surface. In addition, the high porosity of the ACFs, as confirmed
by BET surface area analysis, plays a critical role in facilitating
adsorption by providing abundant accessible active sites [78].

Table 4 summarizes recent phenol adsorption studies, combining
adsorption capacities and thermodynamic parameters for a range
of biomass-derived and modified adsorbents. Most reported
materials exhibit negative AG® values and positive AH® and
AS° values, confirming the spontaneous and endothermic nature
of phenol adsorption, governed primarily by physisorption
mechanisms. The palm-fiber-derived activated carbon developed
in this work shows thermodynamic behavior comparable to
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FIGURE 9 | The variation in the equilibrium adsorption capacity of phenol for the activated carbon fibers with respect to the surface area.
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TABLE 2 | Thermodynamic parameters of activated carbon fiber preaped at 800°C.

Ce qe AG AH AS
Temperature (°C) (mgL™) (mgL™) InK, (kT mol™) (kJ mol ™) (kJ mol ™)
25 50 46.2 2.46 —6.54 —64.81 -212.14
30 50 46.1 2.44 —5.82 — —
35 50 45.8 2.31 —4.34 — —
40 50 45.3 2.27 —4.11 — —
25 100 58.6 1.97 —4.82 —43.87 —154.27
30 100 58.2 1.95 —3.98 — —
35 100 57.9 1.93 -3.76 — —
40 100 57.3 1.88 -3.16 — —
25 200 92.2 1.34 -3.54 —42.87 —138.21
30 200 91.8 1.33 -2.24 — —
35 200 91.7 1.21 -1.18 — —
40 200 91.5 1.07 -1.12 — —
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FIGURE10 | Phenol removal percentage as a function of contact time

at different temperatures for activated carbon fibers (ACFs) synthesized
at 800°C.

recent literature, with negative AG°® and positive AH° and AS°
values, indicating favorable and entropy-driven adsorption.
Although the adsorption capacity of the present material is mod-
erate relative to highly optimized or catalyst-assisted carbons, it

falls within the typical range of conventional biomass-based
adsorbents and is achieved using a simple and scalable activation
route. These results demonstrate that the present material offers
balanced adsorption performance with consistent thermody-
namic characteristics, supporting its suitability for practical phe-
nol removal applications.

Figure 10 shows the percentage of phenol removal as a function of
time at different temperatures. The results indicate that phenol
removal is more efficient in synthetic wastewater, which typically
contains higher phenol concentrations and fewer competing
solutes, compared with real industrial effluents, where the pres-
ence of other organic and inorganic contaminants may interfere
with adsorption processes [91]. The adsorption process was found
to be reversible, as phenol could be effectively desorbed from the
ACFs using a 0.1 N NaOH solution. The desorption efficiency
increased with temperature (25-40°C), which may be attributed
to enhanced interactions between phenol and NaOH, leading to
the formation of soluble phenoxide salts (C¢HsO™—-Na™) and
thereby facilitating the release of phenol from the ACF surface
[92]. The thermodynamic analysis further confirms that phenol
adsorption on palm-fiber-derived ACFs is a surface-driven process
influenced by multiple interaction mechanisms, and the observed
reversibility provides an additional advantage in terms of adsor-
bent regeneration and potential reusability.

TABLE 3 | Kinetic parameters of adsorption of phenol on activated carbon fibers prepared at 800°C.
First order kinetics Second order kinetics
Ce qe (mgL™) q. (mgL™") qe (mgL™)
(mg L™ (Exp) k (Cal) R/ k; (Cal) R;’

ACKS800

50 46.2 0.123 45.8 0.923 0.0031 54.6 0.991

100 58.6 0.136 60.2 0.978 0.0046 110.8 0.995

200 92.2 0.1287 98.1 0.998 0.0126 184.2 0.998
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