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A B S T R A C T

Filter paper waste represents a significant yet underutilized feedstock for producing nanocellulose, a high-value 
nanomaterial essential for bioplastics and nanocomposites due to its biodegradability and mechanical strength. 
Valorizing this laboratory byproduct supports circular economy principles by converting waste into functional 
materials. In this study, nanocellulose was successfully isolated from filter paper waste (FPW). Cellulose 
extracted from the FPW was converted into nanocrystalline cellulose (NCC) through acid hydrolysis using two 
inorganic acids (sulfuric and hydrochloric) and two organic acids (citric and formic). The results revealed that 
acid type significantly influences particle morphology: hydrolysis with inorganic acids yielded spherical NCC 
particles, while the organic acids produced thin rod-shaped NCC. The average particle diameters of NCC from 
sulfuric and hydrochloric acid were 42.08 nm and 53.14 nm, respectively. FPW-NCH exhibited the highest 
crystallinity (87.40%), while FPW-NCS showed the lowest thermal stability (degradation onset at 220 ◦C). These 
findings demonstrate that simple acid selection is a critical tool for tailoring nanocellulose properties for specific 
end-use requirements

1. Introduction

The increasing global demand for sustainable materials has spurred 
significant interest in nanocellulose, a bio-derived nanomaterial with 
remarkable properties (Y. Chen et al., 2021; Nitodas et al., 2023). 
Nanocellulose, encompassing both nanocrystalline cellulose (NCC) and 
cellulose nanofibrils, exhibits high mechanical strength, excellent ther
mal stability, optical transparency, and biodegradability, making it a 
promising candidate for diverse applications, ranging from nano
composites and bioplastics to biomedical, wound healing, and protec
tive filtration materials (S. Chen et al., 2021; Ee et al., 2022; Firmanda 
et al., 2024; Khalili et al., 2025; Mahardika et al., 2025; Meneguin, 2021; 
Vinanthi Rajalakshmi et al., 2025). These desirable characteristics stem 
from the unique hierarchical structure of cellulose, composed of highly 
ordered crystalline regions interspersed with amorphous domains. 

While traditionally sourced from wood pulp, the exploration of alter
native, more sustainable, and readily available cellulose sources is 
crucial for large-scale production and cost-effectiveness. This pursuit has 
led researchers to investigate various agricultural residues and indus
trial byproducts as potential feedstocks (Collazo-Bigliardi et al., 2018; 
Padhi et al., 2023; Pratama et al., 2024b; Syafri et al., 2022).

One such underutilized resource is filter paper waste. While 
commonly generated in laboratory operations for chemical analysis and 
separation, filter papers are also ubiquitous in industrial filtration sys
tems, automotive air/oil filtration, and healthcare facilities (Hassan 
et al., 2020). Currently, this high-purity cellulosic material is often 
discarded, contributing to waste accumulation. However, filter paper, 
primarily composed of high-quality cellulose, presents a valuable and 
readily available feedstock for nanocellulose production (Hassan et al., 
2020). Repurposing this waste stream aligns with the principles of a 
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circular economy, offering a sustainable solution for waste management 
and resource utilization (Velenturf and Purnell, 2021). Furthermore, 
utilizing waste filter paper could potentially reduce the environmental 
impact associated with traditional cellulose sourcing.

The production of NCC typically involves acid hydrolysis, a process 
that selectively removes the amorphous regions of cellulose, leaving 
behind highly crystalline nanoparticles. Both inorganic acids, such as 
sulfuric and hydrochloric acid, and organic acids, like citric and formic 
acid, have been employed for this purpose. The choice of acid and the 
hydrolysis conditions significantly influence the properties of the 
resulting NCC, including its size, crystallinity, and surface functionality 
(Holilah et al., 2022; Wahyudi et al., 2025). Holilah et al. (2022) syn
thesized nanocellulose using organic acids like formic, lactic, and oxalic 
acid. Ioelovich (2012) employed sulfuric acid (H₂SO₄) hydrolysis, 
varying reaction temperature and acid-to-cellulose ratio, achieving 
nanocellulose with dimensions of 150–200×10− 20 nm. Brito et al. 
(2012) utilized 64 % sulfuric acid hydrolysis, producing nanocellulose 
with a diameter of 5–8 nm and a length of 100–130 nm. Sulfuric acid is 
the dominant acid used in nanocellulose production because it uniquely 
enables the creation of highly stable cellulose nanocrystals (NCC) 
(Holilah et al., 2022). Its primary effect is the selective hydrolysis and 
removal of the amorphous regions of the cellulose fiber, leaving behind 
the stiff, crystalline domains (Septevani et al., 2020). Crucially, the 
sulfate ions from the acid esterify with the hydroxyl groups on the sur
face of the resulting NCC. This introduces anionic sulfate groups, which 
give the NCC a strong negative surface charge (high zeta potential). This 
negative charge is responsible for the powerful electrostatic repulsion 
that prevents particle aggregation, allowing the NCC to form a stable 
colloidal suspension in water (Holilah et al., 2024). However, this 
functionalization is also a drawback, as the sulfate groups catalyze 
dehydration reactions upon heating, resulting in lower thermal degra
dation temperature compared to other nanocellulose forms (Johar et al., 
2012). The performance of other acids differs mainly in this surface 
functionalization; hydrochloric acid, while an effective hydrolyzing 
agent that produces high-crystallinity NCC, does not introduce stabi
lizing functional groups, leading to poor colloidal stability and particle 
aggregation (Guo et al., 2020). Conversely, HCl-produced NCC have a 
higher thermal stability because they lack the catalytic sulfate groups. 
Phosphoric acid and organic acids offer milder hydrolysis and can 
introduce different stabilizing groups (like phosphate or carboxyl 
groups), but they typically result in less uniform particle size and are 
generally less effective at generating the high colloidal stability that is 
the hallmark of H2SO4-produced NCC (Holilah et al., 2022). While 
inorganic acids are commonly used, organic acids offer a potential for 
nanocellulose production (Melenia et al., 2024).

The selection of organic acids (such as citric, maleic, lactic, or formic 
acid) for nanocellulose production, particularly via acid hydrolysis, is 
primarily driven by the desire for a sustainable, greener, and safer 
process, aligning with recent advancements in eco-friendly nano
material synthesis (Mosleh-Shirazi et al., 2025). In addition, nano
cellulose production by organic acid yields a product with desirable 
thermal and surface properties when compared to conventional mineral 
acids like sulfuric or hydrochloric acid (Holilah et al., 2023). The use of 
strong mineral acids, especially sulfuric acid, is highly effective at 
cleaving the amorphous regions of cellulose but introduces sulfate 
groups that reduce the thermal stability of the resulting nanocellulose (a 
significant drawback for high-temperature applications) and are highly 
corrosive and difficult to recover, leading to greater environmental 
concerns and disposal costs (Emam et al., 2020; Ramadhani et al., 2022). 
In contrast, organic acids offer a milder and less corrosive alternative, 
often allowing for easier acid recovery and recycling (e.g., via crystal
lization), aligning with green chemistry principles (Wahyudi et al., 
2025). Furthermore, organic acids like citric acid introduce carboxyl 
(COOH) functional groups onto the nanocellulose surface, which pro
vides a tunable surface chemistry for subsequent modifications and 
contributes to good colloidal stability in aqueous suspension, while 

often maintaining or even enhancing the thermal stability of the final 
nanocellulose product (Nagarajan et al., 2020).

Based on these premises, the central argument of this study is that the 
chemical nature of the hydrolyzing acid, specifically the difference be
tween strong mineral acids and mild organic acids, serves as the primary 
determinant in directing the morphological evolution and thermal 
properties of the resulting nanocellulose. While previous works have 
treated acid hydrolysis primarily as a top-down depolymerization pro
cess, we hypothesize that organic acids can function as shape-preserving 
agents that maintain the rod-like integrity and high crystallinity of the 
original cellulose fibers, unlike the aggressive depolymerization often 
seen with strong mineral acids. To validate this, we conducted a 
comparative study isolating NCC from filter paper waste using two 
inorganic acids (H2SO4, HCl) and two organic acids (citric, formic). This 
research aims to resolve the trade-off between colloidal stability and 
thermal resistance, providing a clear rationale for acid selection based 
on the targeted end-use application.

2. Experimental

This study was designed based on the hypothesis that the use of mild 
organic acids in hydrolysis would preserve the rod-like morphology of 
cellulose crystals better than strong mineral acids. To verify this, the 
experimental procedure was divided into three main stages: (1) pre
treatment of filter paper waste to isolate pure cellulose, (2) comparative 
acid hydrolysis using four different acids to generate nanocellulose, and 
(3) comprehensive characterization of the resulting nanoparticles.

2.1. Materials

The filter paper waste used in this study was obtained from the 
Fundamental Chemistry Laboratory, Department of Chemistry, Institut 
Teknologi Sepuluh Nopember, Indonesia. Sodium hydroxide (NaOH, 
≥99 %), sulfuric acid (H2SO4, 98 %), hydrochloric acid (HCl, 37 %), 
hydrogen peroxide (H2O2, 30 % (w/w) in H2O), citric acid monohydrate 
(C6H8O7, ≥99.5 %), and formic acid (HCOOH, 95 %) were purchased 
from Sigma Aldrich, Singapore.

2.2. Preparation of filter paper waste

The FPW was soaked in distilled water, milled into pulp, and dried. 
To ensure the complete removal of any residual lignin, hemicellulose, 
and contaminants from the waste, the FPW powder was treated with a 
10 % hydrogen peroxide and 5 % NaOH solution. The mixture was 
stirred for 1 h at 100 ◦C to facilitate effective bleaching and alkalization.

2.3. Hydrolysis of FPW-C using various acids

To selectively depolymerize the amorphous regions of cellulose 
while retaining the crystalline domains, the hydrolysis process was 
carried out by mixing FPW with 100 mL of 6 M sulfuric acid (ratio 1:50). 
These specific reaction conditions (6 M acid concentration, 90 ◦C, 3 h) 
were selected to optimize the trade-off between hydrolysis rate and 
thermal degradation. While higher acid concentrations (e.g., >60 % 
H₂SO₄) are commonly used at lower temperatures, they pose a higher 
risk of charring and over-degradation. By using a moderate concentra
tion of 6 M, a higher temperature of 90 ◦C was required to provide the 
necessary activation energy to selectively depolymerize the amorphous 
regions while preserving the crystalline domains, consistent with pro
tocols for controlled acid hydrolysis (Ioelovich, 2012; Guo et al., 2020). 
The mixture was stirred for 3 h at 90 ◦C, and centrifuged to separate the 
solids and filtrate. The obtained solids were added to distilled water and 
soaked in a cellulose dialysis membrane (MWCO 12,000–14,000 Da) for 
5 days. The water was changed every 6 h. The pH was monitored using a 
digital pH meter until it stabilized at neutral (pH 6–7). After reaching a 
neutral pH, the mixture was separated by centrifugation. The sample 
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was repeated using hydrochloric, formic, and citric acids. The results 
were labelled FPW-NCS (sulfuric), FPW-NCH (hydrochloric), FPW-NCF 
(formic), and FPW-NCC (citric). To ensure reproducibility, the hydro
lysis experiment for each acid type was replicated three times (n = 3). 
The morphological data (particle diameter and length) presented in this 
study represent the average of at least 100 individual particles measured 
from TEM images using ImageJ software. Data are expressed as mean ±
standard deviation where appropriate.

2.4. Characterization

Fourier transform infrared (FTIR) spectroscopy (Shimadzu Instru
ment Spectrum One 8400S) was used to analyze the functional groups of 
the samples. The crystallinity of FPW, cellulose, and NCC was charac
terized by X-ray diffraction (A Philips-binary Xpert Model diffractom
eter). The crystallinity index (CrI) was calculated using the Segal 
method (Segal et al., 1959): 

CrI(%) =
I200 − Iam

I200
× 100 

where I₍₂₀₀₎ is the maximum intensity of the (200) crystalline peak 
(around 22◦), and I₍ₐₘ₎ is the minimum intensity at approximately 18◦, 
representing the amorphous region. The calculated CrI values are now 
presented and discussed to quantitatively demonstrate the effect of hy
drolysis and treatment on cellulose crystallinity. Scanning Electron Mi
croscopy (SEM) (Hitachi, FlexSEM 1000) equipped with an Energy 
Dispersive X-ray Spectroscopy (EDS) detector was used to simulta
neously examine the surface morphology and determine the elemental 
composition of the FPW and nanocellulose samples. The EDS analysis 
was specifically performed to detect residual inorganic elements derived 
from the acid hydrolysis treatments. The structure and morphology of 
the nanocrystalline cellulose component were examined using trans
mission electron microscopy (TEM, Hitachi HT-7700). Thermogravi
metric analysis (TGA/DTG) was performed under a nitrogen atmosphere 
with a heating ramp of 10◦ C/min from room temperature to 600◦C, to 
determine the activation temperature of the materials.

3. Results and discussion

The following sections present a systematic analysis of the isolated 
nanocellulose properties. First, the chemical changes and functional 
group modifications induced by different acids are confirmed via FTIR. 

Subsequently, the impact on crystal structure and thermal stability is 
evaluated. Finally, the morphological evolution from fibers to spherical 
or rod-shaped nanoparticles is discussed to validate the initial hypoth
esis regarding acid-directed shape control.

3.1. Analysis of functional groups

FTIR was employed to analyze the functional groups present in 
nanocrystalline cellulose (NCC) derived from FPW through various acid 
hydrolysis methods. The FTIR spectra (Fig. 1) illustrate differences in the 
chemical structure of FPW, its cellulose form (FPW-C), and the NCC 
produced using different acids: sulfuric acid (FPW-NCS), hydrochloric 
acid (FPW-NCH), formic acid (FPW-NCF), and citric acid (FPW-NCC). 
The spectra provide chemical evidence of the successful removal of non- 
cellulosic impurities and the preservation of the cellulose structure 
during acid hydrolysis. In the raw FPW spectrum, the broad absorption 
band centered at 3427 cm− 1 corresponds to O–H stretching vibrations 
(Barbosa et al., 2019; Pratama et al., 2024a; Ratna et al., 2023; Sai 
Prasanna and Mitra, 2020). Upon chemical treatment to produce FPW-C, 
this band became sharper and more defined, indicating the removal of 
amorphous hemicellulose and lignin which facilitates stronger intra
molecular hydrogen bonding within the remaining cellulose (Pratama 
et al., 2026).

Crucially, the effectiveness of the bleaching and alkalization process 
is confirmed by changes in the fingerprint region. The absence of 
characteristic peaks typically associated with hemicellulose (C=O 
stretching at ~1730 cm⁻¹) and lignin (aromatic skeletal vibrations at 
~1510 cm⁻¹) in the FPW-C and nanocellulose spectra confirms the high 
purity of the isolated cellulose.

Following acid hydrolysis, the spectral profiles of all nanocellulose 
samples (FPW-NCS, FPW-NCH, FPW-NCF, and FPW-NCC) remained 
structurally similar to FPW-C, indicating that the acid treatment depo
lymerized the cellulose without degrading its core chemical backbone. 
The persistent peaks at 1045 cm⁻¹ (C–O–C pyranose ring skeletal vi
bration) and 877 cm⁻¹ (C–H rocking vibration at the β-glycosidic link
age) confirm that the cellulose I structure was maintained across both 
inorganic and organic acid treatments. Additionally, the peak at 1632 
cm⁻¹ (O–H bending of absorbed water) reflects the hydrophilic nature 
of the nanocellulose surface, which is critical for its dispersion in 
aqueous media (Pratama et al., 2024b). In addition, the absorption band 
at 1426 cm− 1 is associated with the bending vibration of symmetric CH2 
(Holilah et al., 2022).

Fig. 1. FTIR spectra of FPW, FPW-C, and nanocellulose of FPW (FPW-NCC and 
FPW-NCF).

Fig. 2. XRD patterns of FPW, FPW-C, and nanocellulose samples (FPW-NCS, 
FPW-NCH, FPW-NCF, FPW-NCC).
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3.2. Phase and crystallinity analyses

Fig. 2 presents the XRD patterns of filter paper waste (FPW), 
bleached FPW (FPW-C), and FPW hydrolyzed with various acids. All 
samples exhibit characteristic cellulose peaks at 2θ: 14.9◦, 16.7◦, 22.8◦, 
and 34.4◦ In the FPW sample, the peak at 2θ = 23.1◦ shifts to 2θ = 22.8◦

after bleaching, indicating a change in the cellulose structure. The 
dominant peak in the hydrolyzed samples is observed at 2θ = 22.8◦

Following acid hydrolysis, two broad peaks emerge at 2θ: 14.9◦ and 
16.7◦, along with the peak at 2θ = 22.8◦ This suggests the formation of 
cellulose crystals as lignin fragments are removed.

To quantify the changes in crystal structure, the Crystallinity Index 
(CrI) was calculated using the Segal method. As shown in Table 1, the 
choice of acid had a profound quantitative impact on the crystal integ
rity. FPW-NCH exhibited the highest crystallinity of 87.40 %, confirming 
that HCl hydrolysis effectively removes amorphous regions while pre
serving the crystalline domains. In stark contrast, the sample hydrolyzed 
with sulfuric acid (FPW-NCS) showed a significant reduction in crys
tallinity to 67.37 %. This quantitative drop of approximately 20 % 
supports the hypothesis that the introduction of sulfate groups by H2SO4 
causes surface defects and disrupts the hydrogen bonding network 
within the cellulose lattice, as visibly reflected in the lower intensity of 
the I200 peak.

This disparity is attributed to the distinct reaction mechanisms of the 
inorganic acids. Sulfuric acid introduces negatively charged sulfate ester 
groups (OSO3

− ) onto the cellulose surface. While these groups provide 
colloidal stability, they disrupt the intermolecular hydrogen bonding 

network and introduce defects into the crystal lattice, thereby lowering 
crystallinity (Roman and Winter, 2004). In contrast, HCl acts as a 
non-derivatizing acid; it selectively cleaves the β− 1,4-glycosidic bonds 
in the amorphous regions without grafting functional groups. Conse
quently, the ordered structure of the crystalline domains remains intact, 
yielding NCC with a high degree of crystallinity (Holilah et al., 2022).

Similarly, the FPW hydrolyzed with citric acid (FPW-NCC) displays a 
higher intensity at 2θ = 22.8◦ compared to the FPW hydrolyzed with 
formic acid (FPW-NCF), suggesting that citric acid promotes greater 
crystallinity. This difference arises from the varying molecular struc
tures of the two acids. Formic acid (HCOOH), with its single carboxylic 
group (COOH), is structurally simpler than citric acid (C₆H₈O₇), which 
possesses three carboxylic groups. The more complex molecular struc
ture of citric acid likely facilitates a more ordered arrangement of atoms 
within the crystal lattice, resulting in higher crystallinity. While both 
formic and citric acids can form hydrogen bonds, the intermolecular 
interactions involving citric acid are more diverse and complex due to its 
multiple carboxyl groups. These stronger and more complex interactions 
in citric acid contribute to a more organized atomic arrangement and, 
consequently, increased crystallinity, as demonstrated in Fig. 2 and 
Table 1.

3.3. Analysis of thermal stability

Thermal analysis was conducted on FPW to evaluate its thermal 
stability and determine its decomposition temperature, revealing the 
temperature at which the material undergoes chemical changes and 

Table 1 
The crystallinity index of FPW, FPW-C, and all FPW- 
nanocellulose.

Sample Cystallinity (%)

FPW 73.43
FPW-C 77.72
FPW-NCS 67.37
FPW-NCH 87.40
FPW-NCF 85.23
FPW-NCC 87.44

Fig. 3. The TGA (a) and DTG (b) curves of FPW, FPW-C, and all FPW-nanocellulose.

Table 2 
Thermal analysis data of FPW, FPW-C, and all FPW-nanocellulose.

Samples Degradation thermal (⁰⁰C) W at 600 ◦C (%)

Initial (To) Peak (Tp)

FPW 280 350 18,44
FPW-NCS 220 310 40,96
FPW-NCH 280 365 42,13
FPW-NCF 290 363 35,31
FPW-NCC 280 362 38,61
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experiences weight loss. Fig. 3 displays the thermogravimetric analysis 
(TGA) curves for FPW, bleached FPW (FPW-C), and nanocrystalline 
cellulose derived from FPW-C. The corresponding data have been 
summarized in Table 2. The initial degradation temperature, indicative 
of the onset of thermal degradation, was 280 ◦C for FPW, FPW-NCH, and 
FPW-NCC, suggesting good thermal stability at this temperature. FPW- 
NCS exhibited the lowest initial degradation temperature at 220 ◦C, 
indicating a faster degradation rate compared to the other samples. 
Higher initial degradation temperature signifies better heat resistance; 
in this context, FPW-NCF, with an initial degradation temperature of 

290 ◦C, demonstrated the highest thermal stability among all samples.
The maximum degradation temperature, representing the tempera

ture at which the thermal degradation rate is highest, was observed at 
365 ◦C for FPW-NCH, followed closely by FPW-NCF at 363 ◦C and FPW- 
NCC at 362 ◦C. These higher maximum degradation temperatures sug
gest that these materials can withstand heat for a longer period before 
reaching their maximum degradation point. FPW-NCS exhibited the 
lowest maximum degradation temperature at 310 ◦C, indicating that it 
reached its maximum degradation state most rapidly.

At 600 ◦C, the percentage mass loss provides insight into the amount 

Fig. 4. Energy Dispersive X-ray Spectroscopy (EDS) spectra confirming the presence of residual inorganic ions: (a) Sulfur signal in FPW-NCS, and (b) Chlorine signal 
in FPW-NCH.
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of material remaining after thermal degradation. FPW exhibited the 
lowest mass loss (18.44 %), indicating relatively high residual stability. 
FPW-NCH showed the highest mass loss (42.13 %), closely followed by 
FPW-NCS (40.96 %). This suggests that FPW possesses a structure more 
resistant to thermal degradation at high temperatures compared to the 
chemically modified samples.

The higher inorganic residue observed in some samples, particularly 

FPW-NCS, can be attributed to the residual sulfate anions from the 
sulfuric acid used in the hydrolysis process. These sulfate residues can 
hinder the combustion process, as noted in the previous work (Holilah 
et al., 2022). The type of acid used in the treatment, whether inorganic 
or organic, significantly influences the amount of residue remaining 
after thermal analysis.

To further elucidate the mechanism behind the reduced thermal 

Table 3 
Comparative summary of particle size, crystallinity index, and thermal degradation of nanocellulose.

Sample Average Particle Size 
(nm)

Crystallinity Index 
(%)

Degradation Initial Temperature 
(◦C)

Degradation 
Onset 
Temperature (◦C)

Interpretation

FPW-NCS 42.08 67.37 220 310 Sulfated surface; high substitution causes 
lower CI

FPW- 
NCH

53.14 87.40 280 365 Higher crystallinity; minimal surface 
modification

FPW-NCF 36.80 85.23 290 363 Weak acid; well-preserved crystal domains
FPW- 

NCC
46.23 87.44 280 362 Weak acid, Esterified surface but highly 

crystalline

Fig. 5. The SEM image of (a) FPW and (b) FPW-C, and the TEM image of (c) FPW-NCS, (d) FPW-NCH, (e) FPW-NCF, and (f) FPW-NCC.
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stability of the mineral acid-hydrolyzed samples, elemental analysis was 
conducted using EDS. Fig. 4 presents the EDS spectra for FPW-NCS and 
FPW-NCH. The spectrum for FPW-NCS (Fig. 4a) clearly reveals a char
acteristic peak for sulfur (S) with a concentration of 0.65 wt %, con
firming the presence of sulfate half-ester groups introduced during 
sulfuric acid hydrolysis. These sulfate groups are known to facilitate the 
dehydration of cellulose chains, thereby catalyzing thermal degradation 
at lower temperatures (Roman and Winter, 2004). This explains why 
FPW-NCS exhibited the lowest Tonset (220 ◦C).

Similarly, the EDS spectrum for FPW-NCH (Fig. 4b) detects residual 
chlorine (Cl) at 0.49wt %. While the presence of chlorine indicates acid 
residue, the degradation effect is most pronounced in the sulfate- 
containing sample. The absence of such mineral residues in the formic 
and citric acid-hydrolyzed samples correlates with their superior ther
mal stability, as observed in the TGA curves.

Comparative summary of particle size, crystallinity index, and 
thermal degradation of nanocellulose is shown in Table 3. This inte
grative summary helps visualize how crystallinity and surface modifi
cation influence the thermal stability of the nanocellulose.

3.4. Morphological analysis

The morphology of FPW and FPW-C was examined using SEM, with 
the results shown in Fig. 5(a) and (b). Both FPW and FPW-C exhibit rod- 
like shapes, but FPW-C displays a cleaner and smoother fiber surface. 
This improvement is due to the bleaching process, which effectively 
removes residual dye and impurities from the used filter paper (Klunklin 
et al., 2023). Transmission electron microscopy (TEM) analysis, coupled 
with ImageJ software, was employed to investigate the morphology and 
size distribution of the resulting nanocellulose particles (Fig. 5(c–f)).

Nanocellulose derived from FPW-C through hydrolysis with inor
ganic acids (sulfuric and hydrochloric acid) presented a network of 

interconnected spherical particles. This network formation is likely 
facilitated by the development of interfacial hydrogen bonds between 
the nanocellulose spheres. Particle size analysis, conducted on over 100 
randomly selected particles (n > 100) using ImageJ software, revealed 
that the diameters of these spheres were predominantly below 100 nm 
(Fig. 6). Specifically, the average particle diameters for nanocellulose 
hydrolyzed with sulfuric acid and hydrochloric acid were 42.08 ± 4.12 
nm and 53.14 ± 3.42 nm, respectively.

In contrast, hydrolysis with organic acids (formic and citric acid) 
resulted in nanocellulose with a short rod-like fiber morphology. While 
the morphology differed, the particle size distribution remained similar 
to that of the inorganically derived nanocellulose, with diameters also 
below 100 nm. The particle size distributions for nanocellulose hydro
lyzed with formic acid and citric acid were 36.80 nm and 46.23 nm, 
respectively. The observed morphological differences may be attributed 
to the generally lower hydrolysis ability of organic acids compared to 
inorganic acids.

The limitation of previous studies has often been the focus on a single 
type of acid, typically sulfuric acid, which limits the control over particle 
geometry. Our results advance this understanding by demonstrating a 
clear dichotomy in morphological evolution driven by acid strength. The 
formation of spherical nanoparticles by inorganic acids (H2SO4, HCl) 
observed in this study aligns with the 'cutting' mechanism of strong 
acids, which aggressively attack not only the amorphous regions but also 
the defects on crystal surfaces, acting like a 'peeling' process that rounds 
the particle edges (Holilah et al., 2022).

In contrast, the preservation of rod-like morphology by organic acids 
(citric, formic) suggests a milder hydrolytic attack. This allows for the 
selective removal of amorphous domains without compromising the 
longitudinal integrity of the crystallites. This finding is significant 
because it suggests that acid selection can be used as a simple, non- 
energy-intensive tool to tune the aspect ratio of nanocellulose, a 

Fig. 6. Diameter distributions of FPW-NCS, FPW-NCH, FPW-NCF, and FPW-NCC.
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capability that is crucial for tailoring reinforcement efficiency in poly
mer composites (where rods are preferred) versus drug delivery carriers 
(where spheres are often preferred). Table 4 summarizes how these 
findings compare with previous works, highlighting the superior crys
tallinity obtained in this study.

4. Conclusion

This study demonstrates a sustainable pathway for valorizing filter 
paper waste into high-value nanocellulose, addressing the critical need 
for circular economy solutions in laboratory waste management. The 
scientific novelty of this work lies in the 'acid-directed morphology 
control', where the simple selection of hydrolysis agent dictates the final 
particle shape. It was established that inorganic acids (H₂SO₄, HCl) 
induce a 'peeling' mechanism resulting in spherical nanoparticle net
works (avg. diameter ~42–53 nm), whereas organic acids (formic, cit
ric) act as shape-preserving agents, yielding rod-like nanocrystals. 
Quantitatively, the isolated nanocellulose exhibited exceptional quality. 
The Crystallinity Index (CrI) for HCl and Citric acid-hydrolyzed samples 
reached 87.4 %, which significantly exceeds benchmarks from recent 
studies on agricultural waste nanocellulose, such as bamboo (~73 %) 
and tea stalks (~75 %). Furthermore, while sulfuric acid provides 
colloidal stability, our EDS and TGA results confirmed that residual 
sulfate groups drastically reduce thermal stability (Tonset = 220 ◦C). In 
contrast, the organic acid routes produced nanocellulose with superior 
thermal resistance (Tonset > 280 ◦C) without identifying mineral resi
dues. These findings offer a clear framework for applicability: spherical/ 
sulfated nanocellulose is ideal for applications requiring high colloidal 
stability (e.g., rheology modifiers), while rod-shaped/high-crystallinity 
nanocellulose from organic acids is better suited for high-temperature 
polymer composites where thermal stability and mechanical reinforce
ment are paramount. Thus, this work provides a scalable, eco-friendly 
protocol to tailor nanocellulose properties for specific end-use 
requirements.
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