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This study investigates the potential of pineapple leaf fiber (PALF), as a renewable source, to produce cellulose
nanofibrils (CNF) and cellulose nanocrystals (CNC), addressing a gap in the literature regarding optimal con-
ditions for CNC extraction from PALF. Chemical analysis revealed a high a-cellulose content (78.14 %), making
PALF suitable for nanocellulose production. MorFi analysis confirmed successful CNF production. Various hy-
drolysis conditions were explored to obtain CNC and some of them showed promising results. Characterization
using FTIR, XRD, AFM, and TGA confirmed successful nanocellulose production. The CNCs exhibited a crys-
tallinity index of 78.5 % and nanoscale dimensions (647-1105 nm, depending on the process), while CNF showed
lengths of approximately 256 nm. TGA demonstrated that CNCs had lower thermal stability compared to cel-
lulose and CNF due to reduced molecular weight and sulfate groups. CNC1 and CNC2, produced under optimized
conditions (55 % acid concentration, 45 °C, 30 min), demonstrated superior properties, including high crys-
tallinity and desirable nano-dimensions. This study highlights the novelty of using PALF for CNC production with
tailored characteristics, paving the way for its application in biocomposites, drug delivery, and tissue engi-
neering. PALF's availability and favorable composition make it a promising candidate for sustainable nano-
cellulose materials.

1. Introduction

crystallinity of approximately 70 % [4]. Conversely, cellulose nano-
fibrils are elongated, high-surface-area flexible nanofibrils obtained

The increasing demand for sustainable and high-performance ma-
terials has stimulated significant research towards the development of
bio-based alternatives. Cellulose nanocrystals (CNC) and cellulose
nanofibrils (CNF) have emerged as promising candidates due to their
unique combination of properties. These nanomaterials boast high me-
chanical properties, low density, biocompatibility, renewability, and
biodegradability, making them attractive for various applications
including biocomposites, barrier films, sensors, and drug delivery sys-
tems [1,2].

Cellulose nanocrystals are typically rod-like nanocrystals extracted
from the crystalline regions of cellulose, possessing exceptional me-
chanical strength and high aspect ratio [3]. Cellulose nanocrystals are
needle-shaped (extended rods with tapered ends), rigid particles with a

through mechanical processing usually after chemical treatments [5].
Due to the high surface reactivity of nanocelluloses, they are often
modified or combined with other compounds to obtain synergistic
properties that can meet the requirements for certain applications [6].

Pineapple leaf fibers (PALF) represent a readily available and
renewable source of cellulose with several advantages. PALF cultivation
requires minimal resources and generates significant agricultural waste,
offering a sustainable feedstock for biomaterial production [7]. Addi-
tionally, PALF exhibits high cellulose content and good mechanical
properties, making it a promising candidate for CNC and CNF extraction
[8]. Brazil, as the world's 4th largest producer of pineapples (2.32
million tons in 2021), after Costa Rica (2.94 million tons), Indonesia
(2.89 million tons), and the Philippines (2.86 million tons), has a
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substantial potential to contribute to the development of cellulose-based
products from pineapple leaves [9]. Pineapple leaves grow rapidly,
which takes up almost 13-15 months to grow [10], providing a
continuous supply of raw material. However, due to their fibrous nature
and the limited commercial applications for the entire leaf, a significant
portion is often discarded as waste. Estimates suggest that about 80 % of
pineapple parts, including the crown, peels, leaves, core and stems, are
discarded during pineapple harvesting, transportation and storage [11].
This waste is frequently burned, dumped, or left to decompose, pre-
senting a significant opportunity for sustainable resource utilization
[12].

Despite the promising potential of CNC and CNF derived from PALF,
optimizing their production methods and the optimal conditions remain
crucial. For instance, the extraction process significantly influences the
final properties of these nanomaterials. Acid hydrolysis is a widely
employed technique for CNC production, but harsh conditions can lead
to cellulose degradation. Conversely, milder conditions may result in
incomplete extraction [13]. This process selectively targets the amor-
phous regions of cellulose, breaking the glycosidic bonds while preser-
ving the highly ordered crystalline segments [14]. Sulfuric acid
hydrolysis is the primary method for industrial CNC production due to
its effectiveness in isolating crystalline regions and imparting colloidal
stability through sulfate half-ester groups [15,16].

Based on previous studies, the acid hydrolysis conditions for
extracting cellulose nanocrystals from pineapple fiber can vary signifi-
cantly. Dufresne [17] reported the use of 64 wt% sulfuric acid solution
for 5 to 60 min at 45 °C with a 20 mL/g cellulose/solution ratio for
pineapple leaf fiber. Anwar et al [18] optimized conditions for cellulose
nanocrystals from bacterial cellulose produced from pineapple peel
waste, achieving optimal results with 50 wt% of sulfuric acid solution,
25 to 40 min of hydrolysis time, and at a temperature of 50 °C. Prado &
Spinacé [19] extracted CNC from pineapple crown leaf using 60 wt% of
sulfuric acid solution for 1 h at 45 °C.

While other acids can be used, sulfuric acid's ability to introduce
sulfate groups offers superior water dispersion and makes it the
preferred choice for commercial applications [20]. There are various
methods to produce CNC, with acid hydrolysis, ionic liquids, deep
eutectic solvents, and enzymatic hydrolysis being considered more
sustainable options. Alternative, less conventional methods include
subcritical water, oxidation, and metal complexes [21]. In the case of
CNF, they are commonly produced through three conventional methods:
homogenization, grinding, and refining [22]. Similarly, mechanical
processing parameters for CNF production require careful optimization
to achieve the desired level of nanofibrillation while maintaining
appropriate fiber length and crystallinity [23].

Given the variations in optimal conditions for PALF in the literature,
this study aims to investigate a specific range of conditions to optimize
CNC extraction from pineapple leaf fiber. This study delves into the
production of CNC and CNF from PALF using an integrated processing
combine with various techniques, included alkalization and bleaching
procedures for extraction and sulfuric acid hydrolysis for CNC isolation.
The influence of processing parameters on the final properties of these
nanomaterials was investigated, focusing on optimizing the extraction
process while preserving the inherent advantages of PALF. Through
chemical analysis, x-ray diffraction (XRD), atomic force microscopy
(AFM) and thermogravimetric analysis (TGA), we identified the most
suitable conditions for producing high-quality CNC and CNF matching
the requirements for various downstream applications.

2. Materials and methods
2.1. Materials
Pineapple leaves (Ananas comosus L. Merril) of the Pérola variety

were collected from a plantation located in the city of Itatiba (Sao Paulo,
Brazil). The reagents used for chemical treatments and characterizations
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of pineapple leaves were sodium hydroxide (NaOH) (purchased from
Synth), glacial acetic acid (purchased from Control Lab LTDA), sodium
chlorite (NaClO3) 80 % (purchased from Petra Quimica), sulfuric acid
95-97 % (purchased from Merck), acetone (purchased from CA.AL).

2.2. Methods

2.2.1. Fiber extraction

For the extraction of pineapple leaf fibers (PALF), the leaves were
separated and cut into pieces 1.5 to 2.5 cm long. After being washed to
remove impurities, such as remnants of soil from the plantation, the
leaves were added to a drying oven (Tecnomeca, Brazil) with air cir-
culation for 72 h at 65 °C. The dried leaves were crushed in a Willye mill
TE-650 from Tecnal. And then, the PALF was sieved on a 16 TY mesh
particle size analysis sieve, equivalent to 1 mm.

2.2.2. Extraction of cellulose

The extraction of cellulose from PALF was carried out as frequently
described in the literature [24,25] by alkaline and bleaching procedures
to remove hemicelluloses and lignin. Initially, PALF was treated with a
0.2 N NaOH solution for 90 min at 100 °C under mechanical stirring
using a propeller stirrer (RW 24, IKA-WERK, Germany) with a speed of
100 rpm, in which the ratio of PALF to alkaline solution was 1:10. After
rinsing with water to remove the liquid containing dissolved hemi-
celluloses, lignin and other extractives, the fibers extracted through
alkaline treatment were bleached in a solution of 7 wt% sodium chlorite
and 1.4 wt% acetic acid under continuous stirring at 80 °C for 4 h. The
fiber/solution ratio was 1:16. After bleaching, the fibers were washed
several times with water to remove the residual chemicals and then
dried in an oven at 65 °C for 72 h.

2.2.3. Extraction of cellulose nanofibrils (CNF)

Cellulose nanofibrils were obtained through mechanical action by
ball milling. Grinding was carried out in a tumbler ball mill, model
Q298-1 from Quimis Aparelhos Cientificos, with an alumina ceramic
flask with a capacity of 2.5 L and alumina grinding balls with three
different diameters (18 balls of 10 mm, 8 balls of 19 mm and 5 balls of
50 mm) at a speed of 150 rpm for an extended period of 196 h to ensure
the production of nanoparticles.

2.2.4. Extraction of cellulose nanocrystals (CNC)

CNC was prepared by acid hydrolysis treatment using sulfuric acid
under different conditions, as shown in Table 1. These conditions were
selected based on previous studies [17-19] on similar fiber sources, such
as pineapple leaf, peel, and crown leaf. Considering the variability re-
ported in the literature, this study aims to investigate and optimize the
conditions for cellulose nanocrystal extraction from PALF. While a 64 wt
% sulfuric acid concentration has been reported for pineapple leaf fiber,
our preliminary experiments indicated significant degradation under
these conditions. Therefore, to optimize the process, we explored lower
acid concentration (55 %) and adjusted reaction time and cellulose
concentration to achieve optimal CNC quality. Immediately after

Table 1
Denomination of CNC samples according to the method of obtaining.
Nomenclature  Acid Temperature Time of Sample-
Concentration of hydrolysis hydrolysis solution
(%wt of HSO4 in ({9} (min) ratio (mg/
H,0) mL)
CNC1 55 45 30 20
CNC2 55 45 30 125
CNC3 55 45 60 50
CNC4 64 45 15 50
CNC5 64 45 30 20
CNC6 64 55 30 25
CNC7 64 55 60 25
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hydrolysis, the suspension was diluted ten times with cold distilled
water to stop the reaction. The suspension was then transferred to
centrifuge bottles and centrifuged at 10,000 rpm for 10 min, this process
was repeated twice. The samples were then dialyzed against distilled
water to remove excess acid for a period of 1 week until the pH reached
the pH near to the one of water. The resulting CNC suspension was
sonicated in a water bath for 2 min. The overall process for producing
CNF and CNC from pineapple leaf fiber is illustrated in Fig. 1. The CNC
yield was determined by drying a known volume of the CNC suspension
at 105 °C for 12 h in an air-circulating oven.

2.3. Characterizations

2.3.1. Chemical composition of PALF

The chemical composition of the PALF was determined as follows:
the amount of extractives in the fiber was determined according to
TAPPI T204 cm-97 [26] standard method using acetone as reagent in a
Soxhlet apparatus for 4.2 h which consisted of 24 repetition cycles. The
moisture content of the PALF was measured according to the TAPPI
T264 cm-07 [27] standard. Ash content was determined by standard
method of TAPPI T211 om-02 [28] standard method. The acid-insoluble
lignin content was determined according to TAPPI T222 om-02 [29]
standard method using sulfuric acid solution at 72 % (24 N) as reagent.
The percentage of holocellulose was calculated according to the Wise
and Murphy method [30] in which the extractive-free fibers were boiled
in a mixture of NaClO, and acetic acid (2.5 g and 1 mL, respectively, for
120 mL of water) for 5 h at 70 °C and after the first and second hour, the
same amounts of the mixture were added. The determination of the
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alpha, beta and gamma cellulose content was carried out according to
the TAPPI T203 c¢cm-99 [31] standard method. Cellulose content was
considered as the portion of holocellulose that consisted of alpha-
cellulose, while hemicellulose was considered as the remaining differ-
ence between holocellulose and alpha-cellulose.

2.3.2. Morphological analysis of fibrous suspensions (MorFi)

Size distribution and fine content of cellulose and CNF were deter-
mined by MorFi analysis. Tests were performed twice in a MorFi fiber
analyzer (NEO LB-01, Techpap, France). Fibers were suspended at 25
mg/L in water and shaken with ultra turrax (T25 EC D S000, IKA,
Germany) at 8000 rpm for 3 min. The fiber/fine limit was set at 50 pm in
length, and the number of analyzed fibers was set at 20,000. Following
this, the fine content, fiber content, and mean area-weighted length
were determined.

2.3.3. Fourier transform infrared spectroscopy (FTIR)

FTIR was carried out to identify the type of bonds and components
present in the fibers. The spectra were recorded using Perkin Elmer/
Spectrum 65 in 4000 to 400 cm ™! range at resolution of 4 cm ™! with 16
accumulations. The powdered fibers were mixed with KBr in a ratio of
1:99 to pressed into discs.

2.3.4. X-ray diffraction (XRD)

The crystallinity of PALF, cellulose and CNF was studied using an X-
ray diffractometer X'Pert Pro MPD from the PANalytical company,
equipped with CuKa radiation (A = 1.5418 A) in the 20 range 6-60°. The
experiments were performed in the reflection mode with the Bragg-

@ Cutting mill

PALF

Cellulose

CNC Production
(Acid hydrolysis)

Fig. 1. General scheme of CNF and CNC production from PALF.
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Brentano geometry at a scan speed of 1°/min. The crystallinity index
(CrI) of the samples was calculated according to the Segal empirical
method shown in Eq. 1 [32].

I -1,

t

Crl = x 100 (€9)

Where I is the total intensity of the (200) peak for cellulose I; at 22.7° 20
and I, is the amorphous intensity at 18° 20 for cellulose I;.

2.3.5. Atomic force microscopy (AFM)

Atomic force microscopy was used to observe the morphology of the
CNC and CNF obtained after the various treatments. Measurements were
performed on a Multimodal AFM (Dimension Icon, Veeco/Bruker, Ger-
many) in a tapping mode. The samples were observed after adding a
drop of 0.02 wt% CNC and CNF suspension onto a mica substrate and
being dried at room temperature. AFM images were analyzed using
NanoScope Analysis software version 1.40, to determine the dimensions
of the fibers.

2.3.6. Thermogravimetric analysis (TGA)

The thermal decomposition behavior of the cellulose samples was
investigated using thermogravimetric analysis (TGA) conducted on a
Mettler Toledo TGA/DSC 3+ STARe System (Mettler Toledo, Greifensee,
Switzerland). For each experiment, 10 + 3 mg of the sample was
weighed into a 70 pL alumina crucible without a lid. The heating pro-
gram employed a constant rate of 10 °C/min in the temperature range
from 30 °C to 600 °C with a nitrogen flow at a rate of 50 mL/min to
maintain an inert atmosphere.

3. Results and discussion
3.1. Chemical composition determination of PALF

The chemical composition of the fiber extracted from the pineapple
leaf of the Pérola variety is reported in Table 2. PALF exhibits a unique
chemical composition characterized by a significant proportion of hol-
ocellulose (64.67 %), highlighting its potential as a source of cellulosic
materials. Holocellulose encompasses both cellulose and hemicellulose,
which can be further differentiated based on their solubility in various
chemical solutions [33]. Delving deeper into the holocellulose fraction,
the analysis reveals a noteworthy content of a-cellulose (78.14 %), the
most crystalline and desirable form of cellulose due to its superior me-
chanical strength and thermal stability [34]. This high a-cellulose con-
tent suggests promising applications for PALF in the development of
strong and durable biocomposites. However, the presence of s-cellulose
(8.11 %) and y-cellulose (13.75 %) indicates the existence of less ordered
and more amorphous cellulose fractions within the fiber. These cellulose
fractions are generally less desirable for certain applications due to their
lower mechanical properties. Nonetheless, the total cellulose content
(a-cellulose) of PALF is up to 50.53 %, highlighting its potential as a
valuable source of cellulosic material.

Beyond cellulose, PALF also contains a moderate amount of

Table 2
Chemical composition of the pineapple leaf fiber.

Component PALF composition (%)
Holocellulose 64.67 + 2.29
a-cellulose 78.14 £ 0.35
B-cellulose 8.11 £ 0.51
y-cellulose 13.75 + 0.37
Cellulose 50.53 + 1.80
Hemicellulose 14.14 + 0.64
Lignin 18.95 + 0.19
Extractives 4.14 £ 0.92
Ash 6.78 + 0.08
Moisture 2.27 £0.03
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hemicellulose (14.14 %). Hemicellulose is a polysaccharide with a more
branched and amorphous structure compared to cellulose [35]. While
hemicellulose can potentially offer some functional benefits in bio-
composites, its presence has positive correlation with moisture sorption
and biodegradation [36]. The analysis further reveals the presence of
lignin (18.95 %) within the fiber. Lignin is a complex aromatic
biopolymer that acts as a natural binder between cellulose and hemi-
cellulose, providing rigidity and structural support to the plant cell wall
[35]. However, high lignin content can hinder the accessibility of cel-
lulose for processing and ultimately reduce the mechanical properties of
biocomposites [37]. Therefore, optimizing the lignin removal process
during fiber treatment may be necessary for certain applications.
Finally, the presence of extractives (4.14 %), ash (6.78 %), and
moisture (2.27 %) contributes to the overall composition of PALF. Ex-
tractives are low molecular weight components that can influence
various fiber properties, while ash represents the inorganic residue
remaining after combustion. Moisture content is an important factor for
storage and processing considerations. Therefore, the chemical compo-
sition of PALF, characterized by a high holocellulose content with a
significant portion of desirable a-cellulose, presents promising potential
for various applications. However, the presence of lignin and less or-
dered cellulose fractions alongside hemicellulose necessitates careful
consideration during processing and material development to maximize
the utilization of PALF as a valuable source of cellulosic biomaterial.

3.2. MorFi analysis

MorFi analysis was employed to comprehensively characterize the
size distribution and fine content of both cellulose from PALF and
resulted CNF. In this study, particles with a length less than 50 pm were
classified as fines, while those exceeding 50 pm were categorized as fi-
bers. Table 3 summarizes the findings, revealing a significant contrast
between the size distributions of the two materials. As anticipated,
cellulose exhibited a predominance of fibers, constituting approximately
90 % of the sample by area. These fibers possessed an average length of
528 pm, highlighting their coarse nature. Conversely, CNF displayed a
dramatic shift towards the fine fraction. Notably, 85 % of the CNF
sample fell below the 50 pm threshold, signifying a successful conver-
sion process that yielded a population of nanofibrils. However, a minor
fraction (15 %) of the CNF material remained as fibers, with an average
length of 116 pm. These residual fibers likely represent incompletely
fibrillated cellulose fragments that were not fully converted during the
CNF production process.

Fig. 2 presents the data for CNF in detail, including the percentage of
fines and fibers categorized by three criteria: area of the observed frame,
length, and length-weighted length. The analysis revealed a significant
enrichment of fines within the CNF population. When measured by area,
over 85 % of the CNF material fell below the 50 ym threshold. This
dominance of fines was further amplified when considering length and
length-weighted length, with both metrics exceeding 97 % for fibers
smaller than 50 pm. Interestingly, the data also highlights a clear
distinction in average fiber length based on size. Fibers exceeding 50 pm
possessed a considerably longer average length of 107 pm compared to
their smaller counterparts, which averaged only 19 pm in length. These
findings offer valuable insights into the dimensional characteristics of
the CNF material, suggesting a population enriched with shorter and
finer fibers.

Table 3
MorFi analysis of cellulose and CNF suspensions.

Sample Fiber content Fine content (% Mean area-weighted
(millions/g of pulp) in area) length of the fibers (pm)

Cellulose ~ 34.10 + 2.65 10.1 + 0.4 528.0 + 8.5

CNF 11.69 + 0.02 85.5+ 0.5 116.0 + 4.2
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Fig. 2. MorFi analysis of CNF suspensions obtained: (a) proportion of fibers in the solution larger and smaller than 50 pm calculated by 3 different methods; (b)
distribution of fibers smaller than 50 pm; (c) distribution of fibers larger than 50 pm.

3.3. CNC production

The investigation into the seven different conditions for obtaining
CNC depicted in Fig. 3 revealed some interesting findings. Notably, the
combination of 64 % acid concentration and 55 °C temperature resulted
in a concerningly rapid degradation effect on the utilized PALF cellulose
(CNC6 and CNC7 samples). This is likely due to the aggressive nature of
the concentrated acid at elevated temperature, breaking down the cel-
lulose structure. By reducing the temperature to 45 °C, visually better

CNC1 CNC2 CNC3

results were obtained. CNCS5, for instance, prepared at 45 °C, exhibited a
rapid darkening with increased hydrolysis time during the reaction
(Fig. S1). However, this darkening effect appeared to be solely a char-
acteristic of the pre-centrifugation stage. The final CNC sample, after
centrifugation, displayed no darkening, suggesting that the observed
color change might be attributed to impurities or byproducts separating
out during the hydrolysis process. This observation further strengthens
the notion that at 64 % acid concentration, even a seemingly minor
temperature increases from 45 °C to 55 °C can induce significant

CNC4 CNC5 CNC6 CNC7

After ultrasound bath

CNC2 CNC3

CNC4

CNC5

CNC6 CNC7

Fig. 3. Photographs of CNF and CNC suspensions after ultrasound bath and storage for 24 h.
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degradation of PALF cellulose.

The precipitation of CNF suspension was possibly due to the exten-
sive ball milling process, which has reduced the fibers to aggregated
particles lacking fibrillation, resulting in poor dispersion stability and
subsequent precipitation [38,39]. The observed precipitation of CNC
samples (CNC4 to CNC7) prepared with high sulfuric acid concentra-
tions (64 %) after 24 h is likely due to increased surface charge from
sulfate groups introduced during hydrolysis. These negatively charged
groups enhance electrostatic repulsion, stabilizing the CNC suspension.
However, over time, factors such as ionic strength, pH changes, or
insufficient surface charge can reduce this repulsion, leading to aggre-
gation and precipitation [40].

Table 4 presents the yield percentages of CNCs obtained under
different hydrolysis conditions. These values are consistent with previ-
ous literature findings [16,17,41,42]. The high yield of CNC1 is likely
attributed to the presence of some microfibers in the sample. This is
supported by Fig. 3, which shows evidence of sedimentation in CNC1
after 24 h. It is observed that increasing the hydrolysis time and sample-
to-solution ratio led to a decrease in yield (CNC2 and CNC3 samples). As
reported by Dufresne [17], increasing hydrolysis temperature or time
can negatively impact the yield of cellulose nanocrystals. Similarly,
increasing the sulfuric acid concentration from 55 % to 64 % resulted in
a significant yield reduction (CNC4 to CNC7). It is known that using a
slightly lower sulfuric acid concentration (58 %) compared to the
standard 64 % can minimize cellulose loss to sugars, leading to
improved nanocrystal yield [16]. Additionally, it has been reported for
bleached kraft eucalyptus pulp that the nanocrystal yield is influenced
by two primary processes: cellulose depolymerization at acid concen-
trations below 58 % and nanocrystal degradation at concentrations
above 64 % [42].

Different hydrolysis times and solution-to-sample concentration ra-
tios were employed to strike a balance between effective hydrolysis for
CNC production and minimal cellulose degradation. To definitively
identify the optimal conditions, these samples were subsequently char-
acterized using techniques like FTIR (Fourier-Transform Infrared Spec-
troscopy), AFM (Atomic Force Microscopy), and XRD (X-ray
Diffraction). These characterization methods can provide an overall
structure of the obtained CNCs, enabling the selection of the CNC sample
with the most desirable characteristics for downstream applications.

3.4. Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was employed to validate the chemical composition of
the lignocellulosic materials, focusing on the identification of key
organic functional groups. Fig. 4 reveals noticeable alterations in the
peak intensities between the spectra of the untreated fiber (PALF),
bleached cellulose, and CNF. Notably, a broad band persists across all
spectra in the range of 3300-3400 cm ™!, which can be attributed to the
O—H stretching vibrations of abundant hydroxyl groups present
throughout the cellulose structure. The spectrum for untreated fiber
exhibits bands at 2920 cm ™! and 2855 ecm ™!, attributed primarily to the
asymmetric and symmetric stretching modes of -CH2 groups, respec-
tively. In contrast, bleached cellulose spectrum displays a well-defined
peak at 2895 cm ™! assigned to -CH stretching vibrations. This

Table 4
Yield of CNCs extracted from PALF under
different acid hydrolysis conditions.

Sample Yield (%)
CNC1 60.63
CNC2 36.80
CNC3 54.88
CNC4 2.47
CNC5 0.81
CNC6 0.67
CNC7 0.46

International Journal of Biological Macromolecules 306 (2025) 141755

difference arises because a cellulose polymer chain harbors numerous
distinct -CH bonds, each existing within a unique molecular environ-
ment. Consequently, with the removal of lignin and hemicellulose dur-
ing the bleaching treatment, the -CH bonds respond differently [43].
Furthermore, the significant reduction in peak intensities observed at
1735 em ! and 1248 cm™! provides compelling evidence for the
diminished presence of lignin and hemicellulose after the treatments.
The 1735 cm™! peak corresponds to the stretching of a waxy C=0
carboxylic group commonly found in hemicellulose, while the 1110
cm ! peak can be attributed to the presence of C-O-C linkages char-
acteristic of aryl-alkyl-ether bonds within lignin [44]. The untreated
fiber spectrum also reveals a prominent band at 1520 cm ™%, indicative of
C—C bond stretching within aromatic rings. This observation aligns
with the presence of lignin, which possesses numerous such groups in its
structure. Notably, this band exhibits a significant decrease in intensity
within the spectra of bleached cellulose and CNF, further supporting the
successful removal of lignin [45]. The presence of a peak at 895 cm™!
across all spectra characterizes the p-glycosidic linkages connecting
glucose units in cellulose. This band corresponds to the glycosidic Ci-H
deformation with contributions from ring vibration and OH bending.
The observed increase in the intensity of this peak for bleached cellulose
and CNF aligns with the enrichment of cellulosic components following
the treatments [46]. These observations suggest that the implemented
bleaching treatment effectively reduced the lignin content and
conversely enriched the cellulose content.

The efficacy of the acid hydrolysis treatments for CNC production
was evaluated as presented in Fig. 5 By examining the FT-IR spectra of
samples CNC1 to CNC7, alongside a mechanically produced CNF refer-
ence, valuable insights were obtained. Notably, a distinct peak at
approximately 900 cm™! was observed only in the spectra of CNC1 to
CNC4. This band corresponds to the glycosidic linkage deformation of
the C1—H bond, with contributions from both ring vibration and OH
bending. This peak is characteristic of the p-glycosidic linkages con-
necting glucose units in the cellulose structure. Conversely, the absence
of this peak in the spectra of CNC5 to CNC7 signifies degradation of the
cellulose during the respective hydrolysis processes. This observation
suggests that the hydrolysis conditions employed for CNC5 to CNC7
resulted in excessive cleavage of the glycosidic bonds, leading to the
disintegration of the cellulose structure. While 64 wt% of sulfuric acid
concentration is a commonly used condition for extracting CNC from
various fiber sources, including pineapple leaves [17], this specific
concentration did not yield satisfactory results for the pineapple leaf
fiber of this study. Consequently, these three samples were excluded
from further analyses due to their compromised structural integrity.

The appearance of a new absorption band at 800 cm ™! in the FTIR
spectra of all CNC samples, with prominence in CNC5 to CNC7, is a
notable finding. This band is attributed to the symmetrical stretching of
the C-O-S bond, indicating the presence of sulfate groups within the CNC
structure [47]. The increased intensity of this band in CNC5 to CNC7,
which were previously identified as having undergone significant
degradation during acid hydrolysis, suggests a direct correlation be-
tween the extent of cellulose degradation and the incorporation of sul-
fate groups. This observation suggests that harsher hydrolysis conditions
employed for CNC5 to CNC7 resulted in the preferential cleavage of
glycosidic bonds, leading to the formation of reactive sites that readily
react with sulfuric acid, resulting in the introduction of sulfate groups
onto the cellulose backbone.

In the case of CNC1 and CNC2 samples, they were only ones that
showed defined peaks in the 1163 cm ! and 1111 cm™! bands, which
refer to the symmetric and asymmetric stretching of the S—=O bonds,
respectively [48]. This observation suggests that the milder hydrolysis
conditions employed for these samples maintained a more intact cellu-
lose structure, allowing for the detection of the characteristic S—O
stretching vibrations. The absence of these defined peaks in CNC3 to
CNC7 may be attributed to the more extensive degradation of the cel-
lulose structure, obscuring the detection of the S=O stretching bands.
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Fig. 4. FT-IR spectrum of PALF, cellulose and CNF fibers.

It is noteworthy that all FT-IR spectra exhibited a prominent broad
band in the range of 3400-3450 cm ™, attributed to the O—H stretching
vibrations of hydroxyl groups. Additionally, a band observed in the
range 2842-2919 cm ™! corresponds to the C—H stretching vibrations of
aliphatic moieties within the polysaccharide backbone. Furthermore, a
characteristic peak at 1043 cm ™! was identified, which can be assigned
to the C-O-C pyranose ring skeletal vibrations present in the cellulose
structure. These observations collectively confirm the presence of the
key functional groups associated with cellulose in the successfully pre-
pared CNC samples (CNC1 to CNC4).

3.5. X-ray diffraction (XRD)

X-ray Diffraction analysis was performed to investigate the crystal-
line structure of the untreated fiber, bleached cellulose, and CNF, as
illustrated in Fig. 6. The diffractogram of PALF fiber revealed a pattern
characteristic of I cellulose, verified by the presence of peaks of Bragg's
angle (20) at around 15° (plane 1-10), 16.5° (plane 110), 22.5° (plane
200) and 34.8° (plane 004) [41,49,50], with a crystallinity degree of
49.1 %, as detailed in Table 5. In contrast, the bleached cellulose
exhibited a similar Ip cellulose pattern, but with significantly enhanced
crystallinity compared to PALF fiber, with crystallinity index of 64.7 %.
This observation indicates that the alkali and bleaching process likely
removed amorphous non-cellulosic components, leading to a more
crystalline cellulose fraction. A similar crystallinity index was reported
for PALF and the extracted cellulose in a previous study [41]. The CNF
diffractogram displayed several broad bumps, suggesting a material
with very low crystallinity. The application of the Segal method, a
common technique for quantifying crystallinity from XRD data, was not
feasible due to the lack of the valley at 18-19°. Interestingly, minor
peaks corresponding to SiO2 (quartz form) were also identified in the
CNF spectrum at 26.6° [49]. This presence can be attributed to the

potential release of minute particles from the ceramic grinding media
used during the mechanical processing of cellulose into CNF.

Fig. 7 presents the XRD patterns of CNCs obtained under various
conditions. Notably, CNC1, CNC2, and CNC3 all exhibited diffracto-
grams characteristic of the If Cellulose phase. This indicates that the
employed hydrolysis conditions successfully preserved the crystalline
structure of cellulose during CNC production. Conversely, when the acid
concentration was increased from 55 % to 64 % (CNC4), the charac-
teristics of cellulose Ip were lost, the diffractogram displayed one
prominent broad peak from 15° to 30°, a signature of amorphous ma-
terials, likely originating from fragmented cellulose. Additionally, three
relatively sharper peaks were observed at 21.6°, 24.0° and 26.8°,
potentially indicative of inorganic contaminants introduced during
processing. CNC1, CNC2, and CNC3 demonstrated crystallinity values
ranging from 79 % to 80 %. These results suggest that the chosen hy-
drolysis conditions effectively maintained a high degree of crystallinity
within the resulting CNCs. However, CNC4, as corroborated by AFM
analysis, displayed a significantly lower crystallinity index and lacked
well-defined diffraction peaks, rendering the Segal method inapplicable
for its crystallinity determination since there was no valley at 18-19°.
This implies that the high acid concentration employed for CNC4 might
have resulted in excessive fragmentation and disruption of the crystal-
line cellulose structure.

3.6. Atomic force microscopy (AFM)

AFM analysis was employed to investigate the surface morphology
and dimensions of CNF and CNC samples. The results, as summarized in
Table 6 and visually depicted in Fig. 8, reveal distinct morphological
characteristics associated with the varying processing conditions. For
CNF, the extended processing time of 196 h successfully produced
nanofibers with an average length of approximately 256 nm. However,
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Fig. 5. FT-IR spectrum of CNF and CNCs obtained by different methods.

the fibers exhibited insufficient fibrillation and extensive fragmentation,
likely caused by the prolonged mechanical processing time employed
during ball milling. In contrast, CNC samples exhibited a more diverse
range of morphologies. CNC1 and CNC3, prepared with lower sample
solution-ratios of 20 to 50 mg/mL, displayed extensive networks of
elongated fibers with a distinct crystalline-like shape. This suggests that
the milder conditions employed during their preparation favored the
formation of more intact and ordered nanocellulose structures. CNC2,
prepared with a higher sample-solution concentration of 125 mg/mlL,
lacked this crystalline morphology but still possessed some fiber
network structure. The increased concentration might have led to
greater fiber-fiber interactions, hindering the development of a crys-
talline structure. Interestingly, CNC1 and CNC2 exhibited similar fiber
lengths, averaging around 650-700 nm, and high compared to frag-
mented CNF. However, CNC3 presented significantly longer fibers with

an average length of 1042 nm. This suggests that the extended hydro-
lysis time used in CNC3 preparation allowed for the formation of longer
fibers. CNC4, on the other hand, displayed a markedly different
morphology, characterized by highly fragmented and coarse fibers.
Despite having the highest average length (1105 nm), these fibers lacked
substantial continuity and appeared highly disrupted. Only the larger
fibers could be measure, while the irregularly shaped ones could not.
This is likely due to the higher acid concentration employed in CNC4
preparation, which may have resulted in excessive degradation of the
cellulose structure. These results were confirmed by polarized optical
microscopy (POM) and transmission electron microscopy (TEM) ana-
lyses, represented by Figs. S2 and S3, and Table S1.

Cellulose nanocrystals are typically defined as rod-shaped particles
with a high aspect ratio (length-to-width ratio) [51,52]. Therefore,
samples CNC1 and CNC2 have a relatively high length for this
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Table 5
Crystallinity index for PALF, cellulose, CNF
and CNCs fibers.

Sample CrI (%)
PALF 49.1
Cellulose 64.7
CNF —

CNC1 79.0
CNC2 79.2
CNC3 80.5
CNC4 -

—— CNCH1

Intensity (a.u.)

Angle (26)

Fig. 7. XRD spectrum of CNCs obtained by different methods.

classification, although some researchers still consider as CNC if this
larger particle still exhibits the characteristic properties of CNC, such as
high crystallinity and a rod-like shape [17]. However, CNC3 and CNC4
exceed 1 pm in length and might not be classified as a CNC. Such par-
ticles would likely be considered microcrystalline cellulose (MCC) or
cellulose microfibrils. Regarding CNF, they are typically long with an
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Table 6
Count number and size of fibers analyzed by AFM.

Sample Width (nm) Count Length (nm) Count Aspect ratio (1/w)
CNF 54 +15 60 256 + 96 54 47 +£22

CNC1 52+9 61 700 + 336 45 13.5+ 6.2

CNC2 51 +12 54 647 + 459 45 14.9 +13.7
CNC3 78 £ 21 44 1042 + 390 21 141+6.3

CNC4 85+ 10 42 1105 + 453 32 13.3+6.1

aspect ratio exceeding 100 [51]. The lower aspect ratio observed in the
CNF sample, with an average length of 256 nm, suggests that it may be
more accurately classified just as cellulose nanoparticles (CNP) rather
than nanofibrils of cellulose (CNF). The ball milling process appears to
have resulted in the fragmentation of cellulose fibers into smaller par-
ticles, rather than the separation of individual fibrils. These particles,
while similar in morphology to CNC, exhibit lower crystallinity
compared to traditional CNC, as seen by XRD results, which are typically
produced through acid hydrolysis.

Based on these combined AFM and XRD findings, the methods
employed for obtaining CNC1 and CNC2 appear to yield more struc-
turally desirable results. These samples exhibited a good balance be-
tween fiber length and crystallinity, suggesting their potential suitability
for various downstream applications. Cellulose nanocrystals with good
length have diverse applications due to their mechanical strength,
nanoscale dimensions, and surface functionality. They reinforce com-
posites, enhancing thin polymer films, though dispersion challenges
remain. CNCs strengthen paper and cardboard while improving barrier
properties in packaging and coatings. They enhance adhesives and
support high-quality printing and 3D printing. Additionally, they also
have biomedical applications in drug delivery, tissue engineering, and
antimicrobial materials. These varied uses highlight CNCs' potential for
innovation across industries [17]. Conversely, the extended processing
time used for CNF resulted in excessive fragmentation and reduced
crystallinity, probably limiting its performance in certain applications.
However, it is still suitable to be incorporated into bio-based films for
applications in food packaging, offering biodegradability and enhanced
barrier properties [53]. Similarly, the method used for CNC4 yielded
highly fragmented and poorly crystalline material, further diminishing
its potential applications.

3.7. Thermogravimetric analysis (TGA)

The TGA results presented in Fig. 9 and Table 7 reveal significant
differences in the thermal decomposition behavior of PALF, cellulose,
CNF, and CNC samples obtained under various conditions. TGA showed
lower decomposition onset temperature at 187 °C for PALF compared to
bleached cellulose (249 °C), linked to hemicellulose degradation and
cellulose glycosidic bond cleavage [49]. Furthermore, the lower
decomposition temperature and higher residual mass at 600 °C for PALF
is attributed to the presence of hemicellulose, lignin, and impurities that
for cellulose is removed during bleaching [49]. A clear trend emerges,
with cellulose exhibiting the highest decomposition temperature, fol-
lowed by CNF, and then CNCs. For CNF, the ball milling process likely
induces a decrease in molecular weight through mechanical shearing
force of the cellulose chains. This reduction in chain length weakens the
intermolecular forces within the cellulose structure, making it more
susceptible to thermal degradation at lower temperatures compared to
the cellulose. Similarly, the production of CNCs via acid hydrolysis also
results in a rapid decrease in molecular weight. However, an additional
factor contributes to the even lower decomposition temperatures
observed for CNCs. The acid hydrolysis process typically involves the
introduction of sulfate groups (SO427) into the amorphous regions of
cellulose. These sulfated amorphous regions create a more accessible
and less thermally stable environment within the CNC structure, facili-
tating the decomposition process at lower temperatures compared to
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Table 7
Thermogravimetric analysis data for cellulose, CNF and CNCs obtained under
different conditions.

Sample Tonset °C)  Ts0 °C)  Ts00% (°C)  TprG max (°C) Reoo-c (%)
PALF 186.6 69.5 318.3 202.6 / 311.1 26.5
Cellulose 2489 80.2 328.7 278.5/ 3325 18.5
CNF 245.5 71.8 307.3 314.7 16.7
CNC1 216.4 123.5 309.0 263.4 / 347.3 17.4
CNC2 214.3 142.7 320.7 262.1/411.8 16.1
CNC3 164.6 86.2 333.3 178.5 / 229.4 23.1
CNC4 215.1 162.0 410.3 417.9 / 450.5 16.8

both cellulose and CNF [54].

The thermograms for all samples exhibit an initial weight loss step
around 100 °C, likely corresponding to the evaporation of moisture
content present within the samples. Subsequently, CNC1 and CNC2,
obtained using similar hydrolysis conditions (55 % H2SO04, 45 °C, 30
min) with varying sample-to-solution ratios (20 mg/mL and 125 mg/mL
respectively), display a similar decrease in decomposition temperature
compared to cellulose. Their on-set decomposition temperatures are
approximately 32 °C lower than that of cellulose. This suggests that the
hydrolysis conditions employed for CNC1 and CNC2 were sufficient to
achieve a reduction in molecular weight and introduce sulfate groups,
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leading to a similar decrease in thermal stability for both CNCs [55,56].

However, CNC3, obtained with a longer hydrolysis time (60 min) but
the same acid concentration and temperature, presents a markedly
distinct behavior. Its on-set decomposition temperature is significantly
lower (164.6 °C) compared to other CNCs. This observation, coupled
with its high residual mass (23 %), suggests that the extended hydrolysis
time for CNC3 potentially resulted from the catalytic effect of the sulfate
groups of CNCs with a larger non-volatile residue remaining after
decomposition [56,57]. Two stages of decomposition can also be
observed at 178.5 °C and 229.4 °C, consistent with findings reported by
other authors [58-60]. The low-temperature phase is attributed to the
degradation of the more accessible regions (amorphous regions), which
are more sulfated and easier to break down. The second, higher-
temperature phase corresponds to the breakdown of the crystalline
fraction, which remained intact and unaffected by sulfuric acid. Finally,
CNC4, obtained using a higher acid concentration (64 % H2SO4) but a
shorter hydrolysis time (15 min), exhibits a unique decomposition
pattern. While its on-set decomposition temperature (215.1 °C) aligns
more closely with CNC1 and CNC2, its weight loss profile displays a
slower and more gradual decrease in mass compared to the other sam-
ples. This behavior occurred since increasing quantities of sulfate groups
can lead to a broader degradation temperature range, which can
compromise the cellulose's crystalline structure, as observed by others
[56,61]. This interpretation is further supported by XRD analysis, which
showed the loss of the If cellulose structure in CNC4. These findings
collectively indicate that the aggressive acid hydrolysis conditions (high
acid concentration), resulting in an altered material with properties
distinct from typical CNC.

4. Conclusion

This study investigated acid hydrolysis conditions for extracting
cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF) from
pineapple leaf fibers (PALF), aiming to optimize yield and quality. The
high holocellulose (64.67 %) and a-cellulose (78.14 %) content of PALF
confirmed its suitability as a source of cellulosic material, while the
presence of lignin (18.95 %) emphasized the need for effective lignin
removal to enhance CNC accessibility. The findings revealed that milder
hydrolysis conditions (lower temperature of 45 °C, lower acid concen-
tration of 55 %, and sample-to-solution ratios of 20-50 mg/mL) were
optimal for preserving cellulose structure, achieving high crystallinity,
and minimizing thermal degradation.

CNC samples CNC1 and CNC2 demonstrated the most promising
characteristics, including preservation of crystallinity and appropriate
fiber dimensions. In contrast, the study also identified some limitations.
Higher acid concentration (64 %) and higher temperature (55 °C) led to
the introduction of additional sulfate groups, accelerating the thermal
degradation of CNCs and compromising their stability. Moreover,
increased viscosity from higher sample-to-solution ratios hindered hy-
drolysis, resulting in CNCs with inconsistent dimensions. For CNF pro-
duction, mechanical processing for longer hours disrupted the
crystalline structures, leading to nanoparticle aggregates rather than
well-defined nanofibers, which may affect their desired properties. To
optimize the fibrillation of CNF, processing times shorter than 196 h
should be further investigated.

Despite these challenges, PALF proves to be a promising feedstock for
nanocellulose production. Its high cellulose content and favorable
chemical composition make it a suitable candidate for CNC extraction.
By optimizing processing conditions, PALF-derived CNC can be tailored
for various applications, including biocomposites, drug delivery, and
tissue engineering. Further research and development are necessary to
fully realize the potential of PALF as a sustainable source for high-
performance nanocellulose materials.
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