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Optimization of cellulose extraction from pineapple crown waste
and its application in capacitor composites
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In this study, the optimization of cellulose extraction from pineapple crown waste and its
application in capacitor composites were investigated. Extraction was conducted through
delignification, bleaching, and sulfuric acid hydrolysis at 45, 50, and 55 °C, followed by
ultrasonication. Characterization results showed that cellulose obtained at 50 °C, denoted as
nanocellulose (NC)-50, exhibited particle sizes below 100 nm as determined by particle size
analysis (PSA). Fourier transform infrared spectroscopy (FTIR) confirmed the effective
removal of lignin and hemicellulose, while X-ray diffraction (XRD') analysis revealed the
highest crystallinity index for NC-50. To evaluate its functionality, NC-50 was composited
with polypyrrole (PPy) and fabricated into a symmetric capacitor using parallel flat
electrodes. Electrochemical measurements demonstrated a linear voltage—current (V-I)
response, voltage-dependent capacitance (V-C), and stable charge—discharge behavior
under operating voltages of 2—6 V. These results confirm that optimized cellulose from
pineapple crown waste is a promising and sustainable matrix for capacitor composites in
energy storage applications.
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1. Introduction

Nanocellulose (NC), a cellulosic material with at least one particle diameter or width of 1-
100 nm [1], has promising prospects in advanced material technology such as nanopaper,
nanocomposite, drug delivery, adsorbent, renewable energy, and energy storage [2-5]. Researchers
have tried to obtain NC from various sources, such as algae, bacteria, marine animals, or natural
plant fibers [6-8]. Considered agricultural waste, pineapple crowns have become a feasible source
for NC production, which unfortunately has not been widely applied [9]. Although many residues
are generated in pineapple consumption as the crown is mostly discarded during consumption, few
studies have been conducted regarding using pineapple crowns as a source of NC. The pineapple
crown accounts for approximately 10% to 25% of a pineapple’s total weight. With a cellulose
content of about 85%, hemicellulose of 7%, and lignin of 5%, the crown is suitable for getting
cellulose [9, 10].

Two main types of NC are distinguished: crystalline NC (CNC) and cellulose nanofibrils
(CNF). CNC refers to NC obtained via acid hydrolysis under controlled thermal and temporal
conditions [1], whereas CNF is mainly produced by mechanical disintegration [11]. The process of
producing CNC, including pretreatments and variation in hydrolysis stages of the material, is related
to the characteristics of the obtained CNC particle size [11, 12]. One of the most significant current
discussions in obtaining CNC from lignocellulosic material is getting the best conditions in the
hydrolysis process, mainly regarding the acid type and concentration used to hydrolyze the material.
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Various acids, including H2SO4, HCI, and CH20: have been used in the hydrolysis process
[10, 12-13]. A hydrolysis process utilizing orange juice and ball milling has been carried out [14]
while producing CNF from pineapple leaf fibers, as they tried to use an environmentally friendly
acid. However, the obtained cellulose diameter was still in the microsize range of 3.27-4.78 pm. The
three-hour ball milling process reduced the cellulose diameter to 48.5-51.7 nm, increasing its
crystallinity by 20%. H-SO4 is commonly employed as it introduces sulfate groups onto the cellulose
surface, imparting negative charges that enhance colloidal stability in aqueous suspension [15]. The
work in [10] converted pineapple crown leaves into CNC by hydrolysis using 60% H2SO. at 45 °C.
The obtained CNC displayed a whisker-like (needle-shaped) morphology, averaging 39 + 12 nm in
diameter, a mean longitudinal dimension of 245 £ 110 nm, with a crystallinity level reaching 73%.

Another study has also synthesized CNC from pineapple crown fibers using H>SO4 at 50°C
with acid concentrations of 50 and 64%, and hydrolysis time variations of 60- and 120-minute.
Hydrolysis using 64% sulfuric acid for two hours yielded the best results: a NC size of 140 nm,
zeta (z) potential -47.69 mV, and a crystallinity index of 87.44% [12]. Most studies have
emphasized optimizing hydrolysis parameters, such as acid concentration and reaction time, to
achieve NC with desirable properties such as small particle size, high crystallinity, and good
colloidal stability [1, 2]. However, limited research has thoroughly investigated how hydrolysis
temperature affects the properties and performance of NC obtained from pineapple crown biomass.
While optimizing extraction remains critical, NC has also gained attention for its role in energy
applications. Though not inherently redox-active, NC porous structure, hydrophilicity, and
mechanical strength make it an excellent scaffold for redox-active polymers like polypyrrole (PPy),
supporting ion transport and structural integrity [3, 4].

Recent advances in supercapacitor development have reported well-designed hierarchical
carbon superstructures with high surface area and efficient ion diffusion channels, enabling
exceptional energy and cycling performance in zinc-ion hybrid capacitors [16, 17]. These works
highlight the rapid progress of high-energy supercapacitor research and provide context for
exploring sustainable electrode materials, such as NC-based composites. This study extracted NC
from pineapple crown under varying hydrolysis temperatures. The sample exhibiting the most
favorable characteristics was subsequently composited with PPy and fabricated into a parallel-plate
capacitor. Electric parameter measurements were employed to assess the electrochemical response
and validate its charge storage behavior. This approach evaluates the suitability of pineapple-
derived NC as an energy material component and highlights a sustainable pathway for valorizing
agricultural residues in advanced material applications.

2. Experimental methods

The experimental work utilized the following materials: distilled water, 95-97% ethanol,
ice cubes, and filter paper. Pineapple crowns were collected from a local market in Pontianak City,
Indonesia, and served as the main cellulose starting material. The reagents comprised sulfuric acid
(H2S0O.) for acid hydrolysis, NaOH and NaOCI (12%, technical grade) for bleaching, and NaHCOs
for pH adjustment. Commercial cellulose (CC) was used as a reference material for comparative
characterization. Pyrrole, Ferric chloride (FeCls), and Polyvinyl alcohol (PVA) were incorporated
into the cellulose matrix to form a composite material, enabling evaluation of electrochemical
properties. All analytical-grade chemicals, unless otherwise stated, were obtained from Merck. The
methodology comprises three main stages: preparation of NC from pineapple crown biomass via
chemical pretreatments and acid hydrolysis; physicochemical characterization of NC; and
fabrication of NC—PPy composite electrodes, followed by electrochemical analysis to evaluate their
charge storage performance.

2.1 Extraction of NC from pineapple crown biomass

Figure 1 illustrates the stepwise procedure for obtaining NC from pineapple crown biomass.
The process involved delignification and bleaching of Pineapple Crown Powder (PCP) to yield
Cellulose After Bleaching (CAB), followed by sulfuric acid hydrolysis and ultrasonication to obtain
NC (Figure 1(f)). Then, a series of characterizations was performed to evaluate the physicochemical



1677

transformation at each stage. The raw pineapple crown waste was collected from traditional markets
in Pontianak, West Kalimantan, Indonesia (Figure 1(a)). The crown was manually peeled, cleaned
(Figure 1(b)), and chopped into 5 mm x 1 cm fragments. These pieces were sun-dried for 3—5 days
(Figure 1(c)), followed by grinding and sieving through a 200-mesh screen to obtain PCP, as shown
in Figure 1(d).

a. Pineapple b. Pineapple Crown ¢. Dried Pineapple
Crown Leaves Crown Leaves

fr.rNanoceIIquse (NC) e. Cellulose After Bleaching d. Pineapple Crown
colloid (CAB) Powder (PCP)

Fig. 1. The stages and outcomes in nanocellulose (NC) extraction derived
from the pineapple crown biomass.

The process consisted of stirring PCP in 10% NaOH at a 1:10 (w/v) solid-to-liquid ratio,
maintained at 80 °C and 400 rpm for 1 hour to break down the lignin—cellulose matrix. Filtration and
subsequent washing continued until it reached a near-neutral pH. Bleaching was followed in a 7%
NaOCl solution was applied at a 1:20 (w/v) ratio, the mixture was maintained at a constant
temperature of 50 °C and agitated at 200 rpm for a duration of two hours.

This process produced a cellulose-enriched material, labeled CAB and illustrated in Figure
1(e). The cellulose yield corresponding to this stage was calculated using (1)

vield (%) = ("1, ) x 100 (1)
Where W1 and W2 are the CAB and PCP mass, respectively.

To produce NC from CAB, the material underwent hydrolysis in 40% H2SOa solution (1:20
w/v) for 2 hours at 45, 50, and 55 °C, then was promptly quenched by introducing cold distilled
water in a 1:5 ratio. The resulting suspension was then homogenized and spun at 3000 rpm over a
100-minute duration, followed by thorough washing of the precipitate with cold distilled water, and
subsequently neutralized with 0.5M NaHCOs to adjust the supernatant pH to 7.0-7.5.
Ultrasonication at 20 kHz for 10 minutes was applied to the final suspension using a Branson
Sonifier 250 to produce NC, as illustrated in Figure 1(f). Samples were designated as NC-45, NC-
50, and NC-55, corresponding to hydrolysis temperatures of 45, 50, and 55 °C, respectively. Each
colloid was heated at 105 °C to achieve a constant mass.

2.2 Characterizations of NC

Fourier Transform Infrared (FT-IR) spectroscopy was performed using a Shimadzu IR
Prestige-21 to identify functional groups in PCP, CAB, and NC, with spectra acquired in the 4000—
600 cm ' range. The crystallinity of PCP, CAB, and NC was analyzed using an X-ray diffractometer
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(XRD). The XRD type that has been used was D8 Advance from Bruker. XRD was conducted using
a source emitting at 1.54060 A, under operating conditions of 40 kV, and 40 mA, with a rotation rate
of 5000°/min. Radiation intensity was recorded over the 20 range of 5° to 100°. Crystallinity indices
were determined by deconvoluting the XRD diffractograms using Origin 2018 software and
calculated using (3), where CI represents the crystallinity index (%), Ac represents crystalline peak
area, whereas Aa corresponds to the amorphous region.

AC
Ac+Aq

CI (%) =

x 100 3)

We employed a Particle Size Analyzer to examine the particle size distribution and (-
potential of the NC-45, NC-50, and NC-55 suspensions. The analysis used a Malvern Zetasizer
v7.01, covering a size range of 0.1-10,000 nm. Each sample underwent five repeated measurements
to determine the average values.

2.3 Composite formation and electrode preparation

PPy/cellulose composites were synthesized via in situ polymerization, adapting a previously
reported method for conducting polymer composites [18]. To initiate the process, 0.3 g of the
optimally extracted cellulose was suspended in 80 mL distilled water along with 1.5 mL of pyrrole
monomer. The suspension was then sonicated for one hour to ensure uniform dispersion. FeCls
solution was introduced dropwise as the oxidizing agent, and the polymerization was conducted at
room temperature for over 4 hours. The resulting composites were collected and prepared for
electrode fabrication. Aluminum sheets (3 x 3 cm) were pretreated in 1 M NaOH solution and dried.
To form the electrode gel, PPy/cellulose composites were blended with PVA previously dissolved
at 40 °C, and the mixture was uniformly applied to the aluminum substrates, followed by ambient
drying. Graphite electrodes were prepared following the same procedure, substituting the composite
with graphite powder.

3. Results and discussions

3.1 Cellulose extraction from pineapple crown into NC

The CAB yield obtained from PCP was 14.11 £ 0.607% using (1). The amount is similar to
other research results [14], which got 11.0 = 4.0% cellulose yield from pineapple crown. This
similarity supports the reproducibility and reliability of the extraction procedure for recovering
cellulose from agricultural waste sources. Hydrolysis was done to remove the amorphous cellulose
part to increase the crystallinity. As reported [19], hydrolyzing pineapple crown cellulose with 40%
H>SO4 produced the most favorable visual and structural quality result. The sample appeared
noticeably whiter and brighter than those treated with 30% and 60% H>SO., which yielded yellowish
and blackened residues, respectively. The lower acid concentration (30%) was insufficient for
complete hydrolysis, while the higher concentration (60%) likely caused excessive degradation of
cellulose into glucose, leading to carbonization. In contrast, the treatment with 40% acid enabled
efficient breakdown of the fibrous matrix, yielding a well-bleached suspension with minimal by-
product formation. The remaining H.SO4, sugar, and dissolved salts in the cellulose suspension were
separated by centrifugation, leaving the cellulose in the precipitate [12, 19]. To neutralize residual
H2SOu4 in the cellulose, we introduced NaHCO:s into the washing water, allowing it to react as follows
[20]:

2NaHCOs3 (aq) T H>SOq4 (aq) —> Nast4(aq) + 2H2CO3(aq)

Three different hydrolysis temperatures were employed in this study to determine the
optimal conditions for producing NC with superior characteristics, particularly in terms of particle
size and crystallinity index. Hydrolysis temperature significantly influences cellulose degradation
behavior. Very high temperatures may lead to over-hydrolysis, resulting in cellulose degradation
into glucose, often indicated by a dark brown discoloration of the sample [21]. On the contrary, low
temperatures may not effectively eliminate amorphous regions, yielding cellulose with lower
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crystallinity. Therefore, evaluating multiple temperature points is essential to balance effective
hydrolysis and structural preservation.

Ultrasonication was employed to disperse NC and inhibit its agglomeration [22], as the
ultrasonic waves generate acoustic energy capable of inducing cavitation. This process generates
gas bubbles that implode at high speed, applying mechanical force to disrupt hydrogen bonding
within the cellulose matrix [23, 24]. When applied at sufficient intensity, this energy also facilitates
the diffusion of dissociated H* ions from H2SOa4 into the cellulose matrix, thereby degrading its
amorphous regions [25].

As presented in Table 1, the NC obtained from hydrolysis at 55 °C exhibited the lowest
average solids content, followed by samples prepared at 50 °C and 45 °C. This trend qualitatively
indicates that NC-55 contains the smallest amount of dispersed NC particles among the three. The
reduced solids content in NC-55 suggests that partial degradation of cellulose into glucose may have
occurred at this higher temperature. Furthermore, the lower solids content in NC-50 compared to
NC-45 suggests a more extensive degradation of the non-crystalline zones within the cellulose
matrix, contributing to a reduced yield of solid NC.

Table 1. Average solids content of NC at various hydrolysis temperatures.

Notation Hydrolysis Temperature (°C) Average Solids Content (%)
NC-45 45 2.040
NC-50 50 1.930
NC-55 55 0.665

3.2 FT-IR spectral analysis

The PCP spectrum showed general peaks of lignocellulose composed of cellulose,
hemicellulose, and lignin. A distinct peak at 1431.2 cm™ confirms the presence of cellulose in PCP
[26]. Stretching vibrations of hydroxyl (O—H) groups, associated with intra- and intermolecular
hydrogen bonding, were observed between 3270-3418 cm™' [10, 12, 24, 26-28]. The symmetric and
asymmetric C—H stretching from CH: groups appear at 2901-2922 cm™. The broadband at 1631—
1641 cm™ corresponds to O—H bending of water absorbed by cellulose [10, 12, 24, 26-28].
Glycosidic C—O—C stretching vibrations, typical of the bonds linking glucose units, are detected at
894-897 cm™' [12, 18, 24, 27]. A characteristic lignin peak appears near 1602 cm™, corresponding
to phenolic and conjugated C—H stretching in aromatic rings [21]. Another lignin-related signal at
~1251 cm™ is attributed to syringyl ring vibrations [8]. The peak around 1730 cm™ indicates C=0
stretching of uronic acids from hemicellulose, which may also originate from acetyl ester groups or
ester linkages between cellulose, hemicellulose, and lignin [10, 12, 26-28].

The CAB spectrum in Figure 2 shows the absence of peaks at 1251, 1602, and 1730 cm™,
indicating successful removal of lignin and hemicellulose through pretreatment and bleaching. New
peaks emerging at 1053—-1059, 1095-1105, and 1369-1390 cm™ confirm the presence of cellulose,
corresponding to C—O—C stretching of pyranose rings [27], symmetric stretching of glycosidic bonds
[21], and pyranose skeletal vibrations [27], respectively.

Compared to PCP, CAB also exhibits stronger peak intensities, suggesting a higher cellulose
content. These results demonstrate that the pretreatment and bleaching steps effectively purified
cellulose from pineapple crown waste, making CAB a suitable precursor for NC synthesis.
Subsequent hydrolysis with sulfuric acid introduced new absorption bands at 606611 and
~845 cm™, corresponding to C—O—S symmetric stretching of sulfate hemiesters [29, 30]. Additional
peaks at ~952 and 1278-1279 cm™ are associated with S—O and asymmetric S=O stretching,
indicating sulfate groups attached to the cellulose surface [31, 32]. Bands at 1426-1428 cm™ are
associated with crystalline cellulose, while the ~1549 cm™ peak corresponds to aldehydic C=0O
stretching, indicating cellulose degradation into glucose [33].
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Fig. 2. FT-IR spectra of pineapple crown powder (PCP), cellulose after bleaching (CAB),
commercial cellulose (CC), NC-45, NC-50, and NC-55.

As shown in the NC-45 spectrum, new peaks appear at 1279 and 1427 cm™, indicating that
hydrolysis and ultrasonication successfully enhanced cellulose crystallinity. However, the absence
of peaks around 606611, ~845, and ~952 cm™! suggests minimal sulfate group presence, implying
incomplete hydrolysis at 45 °C. The lack of a ~1549 cm™ peak confirms that cellulose was not
broken into glucose [19, 25]. The NC-50 spectrum displays new peaks at 606.8, 1279.3, and
1427.5cm™, indicating that hydrolysis and ultrasonication successfully increased cellulose
crystallinity. The distinct 606.8 cm™ peak suggests the presence of sulphate groups, confirming that
hydrolysis at 50 °C was effective. Meanwhile, the absence of a ~1549 cm™ peak indicates that
cellulose was not converted into glucose [34, 35]. In the NC-55 spectrum, peaks appear at 611, 846,
952, and 1549 cm™!, suggesting hydrolysis at 55 °C led to cellulose decomposition into glucose. The
absence of peaks at 894—897 and 1158—1165 cm™! further supports the cleavage of glycosidic bonds.
This degradation reduces the crystalline structure of cellulose, as indicated by the missing 1426—
1428 cm™ peaks [20, 24].

3.3 XRD analysis

All peaks that appear on the diffractogram indicate the crystalline portion of cellulose. In
contrast, the amorphous portion has the lowest intensity at around 18° in Figure 3. The cellulose
diffraction pattern obtained has the highest intensity peak at 20 = 22° with a double peak at 15 and
16° and another peak at 34°. Each of these peaks has a Miller index (200) for 22-22.5°, while (11 0),
(110), and (004) are owned by 15, 16, and 34°, respectively. All the peaks were characteristic of the
type I cellulose structure with semicrystalline properties [36-40]. Cellulose type I is a crystalline
biopolymer composed of two natural allomorphs: Ia (triclinic) and I (monoclinic) [1], [39].
Cellulose o can only be found in lower plants, such as bacterial and algal cellulose, while cellulose
Ioe comes from higher plants with cell walls, such as pineapple [40].
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Fig. 3. X-ray diffraction profiles of PCP, CAB, NC-45, NC-50, and NC-55.

The increase in the crystallinity index in CAB (Table 2) indicates the loss of hemicellulose
and lignin components, which FT-IR spectra have proved in the previous discussion. In addition,
the appearance of a 20 ~ 34° peak, which is more pronounced in the CAB diffractogram than PCP,
indicated an increase in the crystallinity of cellulose. Pineapple crown and cellulose extracted in this
study had a lower crystallinity index than in the literature. Other research has a pineapple crown
crystallinity index of 39.6% and cellulose of 43.05% [14]. Variations in crystallinity index are
influenced by residual hemicellulose and lignin content. Additionally, the presence of amorphous
parts in cellulose is a factor causing the small CAB crystallinity index. Elimination of amorphous
domains enhanced crystallinity and resulted in smaller CNC crystallites. Hydrolysis of cellulose at
a temperature of 45°C has increased the crystallinity index by 8.5% compared to CAB. This shows
that the amorphous portion of cellulose has been reduced, and its rigidity has increased. Hydrolysis
at 50 °C led to a 15.7% increase in cellulose crystallinity relative to CAB.

Table 2. Crystallinity index of pineapple crown-derived samples at various processing stages.

Notation Crystallinity Index (%) Crystal Size (nm)
PCP 19.8 332
CAB 34.4 14.7
NC-45 429 8.9
NC-50 50.1 33
NC-55 4.6 11.6

However, the crystallinity of cellulose decreased to 4.6% when hydrolysis was carried out
at 55°C compared to CAB. As a result, the NC-50 diffraction pattern has a narrower peak than CAB,
NC-45, and NC-55. The decrease in the crystallinity index was caused by H,SO, attacking the
crystalline part of cellulose because the amorphous part had been lost [8]. In this research, the most
effective hydrolysis temperature for increasing the crystallinity of cellulose is 50°C. Similar
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diffraction positions have also been reported in the literature for bacterial cellulose, although when
PPy was incorporated into the cellulose framework, the intensity of these peaks was reduced and a
broad amorphous background around 20-25° appeared due to the presence of PPy [41]. A
comparable broad amorphous contribution of PPy is also visible in the XRD patterns of other PPy-
based composites, such as PPy@V:0s@C, where the PPy phase contributes a diffuse peak in the
same 20-25° region [42]. These comparisons confirm that while the fundamental diffraction angles
remain consistent with cellulose I, the absence of PPy in our sample results in sharper and more
defined peaks, highlighting the unmodified crystalline structure of the cellulose.

3.4 Particle size analysis and {-potential measurements

To evaluate the effect of hydrolysis temperature on particle size, all measurements were
conducted in five replicates and summarized using mean values with standard deviations (mean +
SD). The analysis prioritized the number-based size distributions, as these more accurately reflect
the actual particle population in suspension. The small particle size indicates the stability of the NC
suspension in water. This stability arises from the substitution of hydroxyl groups with negatively
charged sulfate ions, enhancing electrostatic repulsion [23]. Table 3 indicates that NC-45 has the
smallest average particle size, suggesting superior colloidal stability relative to NC-50 and NC-55.

Table 3. Particle size distribution, Z-average and {-potential of NC
with variations in hydrolysis temperature.

NC sample Particle Size (nm) Z-Average (nm) {-Potential (mV)
NC-45 19.5+43 571.2+£0.8 25+1.4
NC-50 259+5.6 860.7 + 0.9 -15+0.9
NC-55 81.8 £20.6 583.2+0.9 34+ 1.1

At 45°C and 50°C, the number-based PSA consistently fell within the 9 to 26 nm range,
with low variation across replicates. Even at 55°C, although the average particle size increased, the
values largely remained within the sub-100 nm scale. According to widely accepted definitions, a
material is considered nanoscale if at least one of its dimensions is below 100 nm. On this basis, the
NC produced in all three conditions satisfies the criteria for nanomaterials.
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Fig. 4. Representative particle size distribution of the extracted NC by number (a—c) and Z-average intensity
(d—f): (a, d) for NC-45; (b, e) for NC-50; and (c, f) for NC-5.

Figure 4 shows selected examples of particle size distribution for NC-45, NC-50, and NC-
55. Charts (a—c) represent the size distribution by number, while (d—f) show distributions by
intensity, reflecting Z-average values better. The samples are ordered as follows: NC-45 in (a) and
(d), NC-50 in (b) and (e), and NC-55 in (c¢) and (f). Each plot was taken from one of five replicate
measurements and is included here to give a visual sense of the data trends. The complete set of
averaged values and statistical analysis can be found in Table 3, which forms the basis for the
conclusions drawn.

The Z-average was relatively high (570—-860 nm), which is expected due to the influence of
occasional large aggregates in intensity-weighted DLS measurements. Such aggregation may result
from strong non-covalent hydrogen linkages among molecular chains and Van der Waals forces
between NC particles [43]. Despite this, the overall dispersion remained in the nanoscale range. The
PdI ranged between 0.74 and 0.92, indicating a broad yet typical size distribution for lignocellulosic
systems. Importantly, these values were consistent across all replicates, reflecting a stable and
reproducible dispersion. Overall, the dominance of nanoscale particles in number-based data and the
stable Pdl confirm the effectiveness of the hydrolysis method in producing NC from pineapple
crown waste.

The negative charge on NC can be seen from the {-potential, smaller than zero. The greater
the negative charge, the bigger the repulsion between NC particles because of the electrostatic
forces, so they are well dispersed [10]. NC is said to be well dispersed if {-potential > -25 mV and
no aggregation occurs at {--potential >-15 mV [12, 22, 44].

The C-potential presented in Table 3 indicates the colloidal stability of the NC suspensions
and reflects on the composites’ electrochemical performance, particularly in pseudocapacitive
systems. NC-55, with the most negative {-potential (—34 mV), suggests strong repulsion between
NC particles, resulting in a well-dispersed suspension. This dispersion promotes better contact
between the PPy matrix and electrolyte ions, potentially enhancing redox activity due to improved
ion accessibility. However, the larger particle size of NC-55 may limit surface area interaction,
which could reduce effective capacitance.
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In contrast, NC-50, despite showing less colloidal stability (—15 mV), demonstrates the
highest Z-average, which may arise from partial aggregation. Nevertheless, this sample offers a
balanced structural framework, where sufficient hydroxyl functionality facilitates interaction with
PPy, enhancing charge transport [45]. Such characteristics may account for the favorable
electrochemical behavior observed in charge—discharge measurements, positioning NC-50 as an
optimal candidate for capacitive applications under moderate voltages.

Thus, while high {-potential supports dispersion, its influence on capacitive properties must
be considered alongside particle size, morphology, and polymer interaction. Combining electrostatic
stability and conductive integration appears critical for achieving optimal capacitance performance
in cellulose—PPy composites. The results confirm that CNC can be successfully produced from
pineapple crown waste through acid hydrolysis, with 45 °C and 50 °C yielding the most favorable
outcomes. Among them, NC-50 displays an effective balance of particle size, crystallinity, and
surface charge, making it suitable for optimizing material performance in various applications,
including capacitor applications. These findings underscore the importance of hydrolysis
temperature in tuning CNC’s size distribution and structural properties for targeted material
performance.

3.5 Analysis of PPy/cellulose composites for electrochemical performance

This work explores the use of pineapple crown-derived NC in capacitive composite
materials. We integrated the cellulose with PPy to fabricate a parallel plate capacitor. Then, we
analyzed its electrochemical behavior through three key measurements: the voltage—current (V-I)
characteristics, the voltage—capacitance (V—C) relationship, and the time-dependent charging—
discharging response. The capacitive performance of the NC-PPy composite, formulated using NC
hydrolyzed at 50 °C (NC-50), was evaluated under varying input voltages from 2 to 6 V.

Figure 5 compares the current response of PPy composites containing extracted and CC
across a 2—6 V range. Both materials display increasing current with voltage, confirming their
conductive nature. The PPy/CC composite exhibits a more linear and higher current output,
suggesting improved charge transport, likely due to better polymer dispersion or interfacial contact.
Meanwhile, the extracted cellulose sample maintains conductivity but shows slight deviations at
higher voltages, possibly influenced by structural variations in the cellulose network. The improved
conductivity observed in the PPy/cellulose composites is particularly relevant for electrochemical
applications, where efficient electron transfer is essential [46]. This property is influenced by the
presence of PPy and how it is distributed within the cellulose matrix. In this study, the more linear
current response of the CC composite may reflect better polymer dispersion and interfacial contact.
A similar observation was made by [47], who linked uniform PPy distribution to enhanced charge
mobility and lower resistance, contributing to superior device performance. We evaluated the
capacitive performance of the composites by analyzing their V-C curves (Figure 6), following the
electrical conductivity measurements presented in Figure 5.
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Fig. 5. V-I curve of extracted cellulose and CC composites showing current response
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The V-C curves of the two composites shown in Figure 6 exhibit distinct profiles: the
extracted cellulose composite forms a gently declining slope, whereas the CC curve remains
relatively flat, highlighting their different responses to the applied voltage. The extracted cellulose
composite shows a higher initial capacitance of 5.68 uF at 2 V, gradually decreasing to 2.89 uF at
6 V. This trend may reflect intense polarization at low voltages and a dynamic dielectric response
under increasing electric field. In contrast, the CC composite displays a capacitance profile across
the voltage range, varying between 3.96 uF and 4.30 uF, indicating consistent dielectric
performance. The observed differences highlight the critical role of cellulose morphology in
influencing charge storage behavior. The CC composite exhibits stable capacitance across voltages,

likely due to uniform porosity and efficient ion transport, supporting a dominant double-layer
mechanism [48].
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Fig. 6. Capacitance response of extracted and CC composites as a function of input voltage.
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In contrast, the extracted cellulose composite shows voltage-dependent behavior, suggesting
a stronger capacitive contribution [49]. Combining PPy with both cellulose types enhances
conductivity and overall electrochemical performance, with the porous cellulose matrix aiding ion
mobility and PPy providing redox activity [50, 51]. These results affirm the potential of PPy—
cellulose composites as sustainable materials for advanced supercapacitor applications [52].
Building on our earlier work, which employed pineapple peel waste, the previous study successfully
extracted micro-sized cellulose and identified a relationship between capacitance and voltage [53].
Although nanoscale cellulose had not yet been achieved, nor the correlation between current and
voltage explored, the present findings are strengthened by the foundational insights gained in that
prior research.

Figure 7 provides further insight into the electrochemical performance of both composites
by illustrating their voltage (a)-(e) and current (f)-(j) profiles during charge—discharge cycles across
the 2—6 V range. The PPy/Extracted Cellulose composite (blue) exhibits faster voltage transitions
and higher current peaks, particularly at higher voltages, indicating enhanced charge-discharge
responsiveness. This behavior suggests more efficient ion transport and lower internal resistance,
which may be attributed to the extracted cellulose’s finer structure or favorable surface chemistry.
Meanwhile, the CC (red) exhibits a faster charging—discharging rate at an input voltage of 2 V.
However, the rate gradually slows down as the voltage increases to 3, 4, 5, and 6 V. This voltage-
dependent behavior is typical of capacitive materials, where redox-active sites become saturated or
ion mobility is impeded at higher voltages due to increased internal resistance and polarization
effects. This phenomenon highlights the critical role of material morphology and interfacial
interactions in optimizing electrochemical performance, particularly in charge storage and release
mechanisms [54]. This nuanced understanding of voltage response is crucial for tailoring
PPy/cellulose composites for specific electrochemical applications, ensuring optimal performance
under varying operating conditions.

The NC-PPy composite successfully combines NC’s structural and ionic transport roles
with the faradaic properties of PPy, offering a stable capacitive response at low to moderate voltages.
While conductivity improves with increasing voltage, a decline in capacitance at higher potentials
suggests material limitations under extended stress. Nonetheless, the system performs well in
moderate operating ranges, making it suitable for eco-friendly capacitors. Pineapple crown waste
adds value through sustainability, positioning the biopolymer as a promising support material rather
than a primary charge-storing component.

Although cyclic voltammetry (CV) was not conducted in this study, galvanostatic charge—
discharge (GCD) profiles were obtained and provide a reliable evaluation of the charge storage
performance. The nearly linear and symmetric charge—discharge curves confirm capacitive
behavior, in line with previous reports on biomass-derived composites that employed both CV and
GCD analyses [41, 42].
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Fig.7. Charge—discharge voltage ((a)—(e)) and current ((f)—(j)) profiles of PPy composites with extracted
cellulose (Vcl, blue; 11, blue) and CC (Vc2, red; 12, red) at applied voltages of 2—6 V. Input voltages: 2V
Jfor (a) and (f); 3V for (b) and (g); 4V for (c) and (h); 5V for (d) and (i); 6 V for (e) and (j). 4.

4. Conclusion

Hydrolysis at 50 °C was identified as the optimal condition for producing nanocellulose
with favorable attributes, as indicated by sub-100nm PSA and FT-IR evidence of lignin and
hemicellulose removal. NC-50 also exhibited the highest crystallinity index based on XRD analysis.
Using pineapple crown waste as a cellulose source adds value to agricultural residues and aligns
with sustainable practices. Additionally, the resulting nanocellulose serves as an effective matrix in
electrochemical systems, improving charge behavior at low voltages and showing promise for
electrochemical applications requiring moderate voltage operation.
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