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Abstract
The bamboo species Bambusa vulgaris Schrad. ex J.C. Wendl. is a promising fiber source in pulp and
papermaking due to its rapid growth, high cellulose content, and natural abundance. This study
examined the effects of handsheet functionalization with lignocellulosic nanofiber (LCNF) at 0, 10, and
15 wt%, combined with chitosan/nano-titanium dioxide (CTS/NT) surface modification on the chemical,
physical, morphological, and barrier properties of bamboo-based handsheets. Unbleached kraft pulp was
produced from B. vulgaris, with LCNF obtained through mechanical grinding. The CTS/NT coating
suspension was formulated using chitosan in acetic acid, glycerol, and nano-TiO2 dispersed in ethanol.
Handsheets were fabricated in uncoated and CTS/NT-coated configurations, with coatings applied via
spray coating. Chemical analysis revealed high holocellulose (93.39%) and alpha-cellulose (76.26%)
contents, indicating effective delignification (3.65% residual lignin). FTIR spectroscopy confirmed the
presence of cellulose and lignin in both the pulp and LCNF, as well as successful coating retention in
handsheets. The handsheet incorporating 15 wt% LCNF loading with CTS/NT coating exhibited
enhanced tensile index and folding endurance, though with reduced tear resistance. For optical
properties, brightness improved while opacity remained stable. FE-SEM imaging revealed reduced
porosity and confirmed the presence of a coating layer on treated samples. Notably, the CTS/NT coating
significantly enhanced the barrier properties, achieving water contact angles of 116°–127°, compared to
0° in uncoated handsheets. These findings demonstrate the considerable potential of B. vulgaris pulp for
sustainable paper products. The combined functionalization with LCNF and CTS/NT offers a
biodegradable, high-performance alternative to synthetic materials, making it particularly suitable for
eco-friendly applications in food, nutritional, and pharmaceutical packaging.

Introduction
Paper is a versatile and essential commodity in everyday life, valued for its affordability, biocompatibility,
and biodegradability. However, the papermaking industry faces growing sustainability challenges,
including deforestation, high water and energy consumption, and pollution from chemical processing
(Jiang et al. 2021). While demand for printing and writing grades has declined, packaging paper and
paperboard usage continue to dominate global consumption due to e-commerce and shifting consumer
preferences toward eco-friendly materials. The global demand for paper packaging is projected to grow
by 27% between 2021 and 2032, reaching 226 million tons (Statista 2023). The e-commerce packaging
market was valued at USD 70.27 billion in 2022 and is expected to grow at a compound annual growth
rate (CAGR) of 17.12%, reaching USD 340 billion by 2032 (Precedence Research Ltd. 2023).

Bamboo, particularly the species Bambusa vulgaris Schrad. ex J.C. Wendl, represents a promising fiber
source due to its rapid growth, renewability, and high fiber quality, offering a sustainable alternative amid
the decline of commercial softwood and hardwood species supplies. Unlike traditional wood sources,
bamboo matures within 3–5 years and can be harvested without killing the plant, enabling continuous
regeneration). The chemical composition of mature (> 3 years old) B. vulgaris is comparable to that of
hardwoods, with 60–70% holocellulose, 20–25% pentosans, 20–30% hemicellulose and lignin, and other
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minor elements such as resin, tannins, waxes, and inorganic salts (Junior et al. 2019; Khantayawunong
et al. 2022). It has a fiber length of 1.74 to 2.16 mm, a width of 22 to 24 µm, and cell wall thickness of 15
to 17 µm Khantayanuwong et al. 2022), which indicate that fibers are long, thick-walled, narrow, and have
a small lumen, which contribute to its rigidity and strength. Due to its high cellulose content and
favorable fiber dimensions, B. vulgaris can serve as an excellent raw material for paper and textile
production.

Over the years, the pulp and papermaking industry has continued to evolve to address sustainability
issues while achieving desirable properties for specific end-use applications. Nanotechnology, in
particular, has garnered significant attention over the last two decades due to its impact on enhancing
materials across numerous industries (Balea et al. 2020). Nanocellulose-based additives, in the forms of
cellulose nanofibers (CNF) and cellulose nanocrystals (CNC), have been widely adopted to improve
paper properties (Samyn et al. 2018; Tang et al. 2020). CNF has attracted attention in papermaking due
to its longer chain length and diameter of 10–100 nm, which provides flexibility and larger surface areas
compared to CNCs (Thomas et al. 2018; Yan et al. 2022). However, CNF production often involves
extensive chemical treatments to remove lignin and hemicellulose, resulting in high processing costs
and chemical waste generation (Yan et al. 2022). To address this challenge, researchers have focused
on lignocellulosic nanofibers (LCNF), which retain both lignin and cellulose, offering a more
environmentally friendly alternative (Delgado-Aguilar et al. 2016; Demuner et al. 2019; Espinosa et al.
2017).

Lignin, a naturally occurring biopolymer in plant cell walls, contributes to excellent mechanical
properties, hydrophobicity, and thermal stability (Espinosa et al. 2017; Zhang et al. 2022). Delgado-
Aguilar et al. (2016) reported that LCNF with lignin content of 2–3% improved the tensile index of paper
products. Demuner et al. (2019) evaluated the incorporation of LCNF and CNF into kraft liners and sack
kraft papers, finding that LCNFs exhibited higher thermal stability and improved tensile and burst indices
compared to CNFs. These results suggest that LCNFs are promising additives for paper products and
merit further investigation under different processing and application conditions.

Surface functionalization using biodegradable coatings is gaining interest as a strategy to enhance
paper’s barrier properties for packaging applications. Conventional coatings often involve synthetic
polymers and fluorochemicals, which contribute to environmental pollution (Lavoine and Bergström
2017). As an alternative, chitosan (CTS), a biopolymer derived from exoskeletons of crustaceans, and
nano-titanium dioxide (NT), known for its antimicrobial and UV-protective properties, offer a bio-based
and environmentally friendly coating solution (Toro et al. 2022). This combination also improves
mechanical strength properties of paper and imparts hydrophobicity and flame retardancy to cotton-
based textiles (Tang et al. 2016; Becenen and Erdogan 2022).

This research work aimed to investigate the effects of functionalization with LCNF addition and CTS/NT
surface coating on the selected properties of B. vulgaris handsheets. The physical properties examined
included grammage, apparent thickness, apparent density, tensile index, tear index, folding endurance,
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and optical properties (brightness and opacity). Morphological characterization was conducted using
Field Emission Scanning Electron Microscopy (FE-SEM). The chemical characteristics were assessed by
determining the holocellulose, alpha-cellulose, hemicellulose, and residual lignin contents through
proximate chemical analysis (PCA) while Fourier-transform infrared spectroscopy (FTIR) was employed
to confirm the presence of chemical constituents and coating materials. Additionally, the hydrophobic
performance of the CTS/NT coating was evaluated by measuring water contact angle (WCA). By
integrating LCNF reinforcement with CTS/NT surface modification, this study seeks to enhance various
properties of bamboo-based paper, thereby promoting the potential of B. vulgaris as a sustainable raw
material for value-added papermaking applications.

Experimental
Materials

Mature B. vulgaris poles, aged 3–5 years old, were harvested from the bambusetum of Department of
Environment Natural Resources - Ecosystems Research and Development Bureau (DENR-ERDB) in
Laguna, Philippines. Analytical grades of sodium hydroxide (Merck), titanium dioxide nanoparticles
(Sigma Aldrich), sodium sulfide (JT Baker), and chitosan (Merck ) were obtained from local suppliers.

Methods

The experimental procedure is summarized in Fig. 1, and each step is described in detail in the following
subsections.

Pulping of bamboo chips
Kraft pulping was carried out at a 5:1 liquor-to-bamboo ratio with 25% sulfidity and 20% active alkali.
After 10 min of pre-mixing, the digester was heated from room temperature to 170°C and maintained for
120 min to complete the cook.

Production of LCNF
Unbleached BKP suspension in distilled water (0.78% w/v ) was processed using a supermass colloider
(MKCA6-2J, Masuko Sangyo Co. Ltd.) equipped with ceramic nonporous discs. The clearance was set to
1 (passes 1–2), 3 (passes 3–4), 5 (passes 5–6), 7 (passes 7–8), 9 (passes 9–10), and 10 (passes 11–
15). The obtained LCNF was freeze-dried (Freezone Benchtop, Labconco) at 0.000 mbar and − 50°C.

Chemical characterization of BKP and LCNF
The chemical composition of the unbleached pulps was analyzed via proximate chemical analysis
(PCA). Holocellulose and α-cellulose were determined sequentially by delignifying pulps with sodium
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chlorite at 75°C for 3.25 h, followed by NaOH treatment (15.6%) to isolate α-cellulose. Residual lignin
was measured as acid-insoluble lignin using 72% sulfuric acid hydrolysis. To compare BKP and LCNF,
samples were analyzed by FTIR spectroscopy (IRPrestige 21, Shimadzu) in transmission mode over
500–4000 cm⁻¹.

Coating formulation

The chitosan (CTS)/nano-titanium dioxide (NT) coating formulation was adapted from Tang et al. (2016).
CTS powder (2 g, 99% purity) was dispersed in 3% (v/v) acetic acid (200 mL) and heated to 60°C with
magnetic stirring at 1000 rpm. After 30 min, glycerol (2 mL) was added as a plasticizer, and stirring
continued until homogeneous. NT particles (10 wt% of CTS) were dispersed in ethanol (10 mL) for 30
min at 350 rpm, then added to the CTS suspension and stirred for 60 min at 1000 rpm. The mixture was
cooled to room temperature for viscosity measurement (≈ 100 cP) and applied to handsheets using a
commercial airbrush with a 0.05 mm nozzle.

Handsheet formation
Handsheets were prepared following ISO 5269-1. BKP and freeze-dried LCNF were diluted in distilled
water to 1.2% consistency. For samples without LCNF, pulps were disintegrated for 10,000 revolutions
and formed using a 120-mesh (~ 125 µm) wire. When LCNF was incorporated, the slurry was
disintegrated for 45,000 revolutions to ensure uniform dispersion, with a 180-mesh (~ 80 µm) nylon filter
placed over the forming wire for nanofiber retention. During couching, the roll was moved back and forth
five times under its own weight. Wet handsheets (≤ 10 per batch) were pressed at 50 psi for 5 min, then
air-dried in rings for 24 h and conditioned at 23 ± 1°C and 50 ± 2% RH (ISO 187) prior to testing.

Surface coating application
The CTS/NT coating suspension was applied via surface treatment, following the spray coating method
adapted from Ogihara et al. (2012). A total of 10 mL of the coating suspension was sprayed onto the
handsheets using an airbrush, with the pressure set at 50 psi and a spraying distance of 3 to 5 inches for
uniform coverage. The coating was applied to the unglazed side of the handsheet to improve adhesion
and underwent 24-hours of air-drying. Subsequently, the specimens were repressed under the same
pressing conditions used during sheet-making and then transferred to the conditioning room, along with
the uncoated samples, for property testing.

Handsheet characterization
Thirty handsheets were produced, with five replicates per treatment combination. Samples were
classified by LCNF loading (0, 10, 15%)—denoted as LCNF-0, LCNF-10, and LCNF-15—and by surface
coating, labeled as CO (coated) or UN (uncoated). Accordingly, treatments included UN-LCNF-0 (control),
UN-LCNF-10, UN-LCNF-15, CO-LCNF-0, CO-LCNF-10, and CO-LCNF-15.
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Following ISO 5270, five replicates per treatment were tested for structural, mechanical, and optical
properties. Structural properties (grammage, coating retention, thickness, and density) were measured
using an analytical balance (Kern 770) and a digimatic indicator (Mitutoyo ID series). Mechanical
properties—tensile index, tear index, and folding endurance—were determined using an INSTRON 4444, a
Frank-PTI Elmendorf tear tester (S53984), and an MIT folding endurance tester (QT-60140A). Optical
properties (opacity and brightness) were measured with a Noviprofibre spectrophotometer (N5950B) per
ISO 2471 and ISO 2470.

Morphological analysis of BKP, LCNF, and selected handsheets (UN-LCNF-0, UN-LCNF-10, UN-LCNF-15,
CO-LCNF-0, CO-LCNF-15) was conducted via FE-SEM (JEOL JSM IT500HR) after platinum sputter
coating (40 mA, 75 s). Chemical characteristics of representative coated and uncoated samples were
further examined by FTIR spectroscopy to confirm CTS/NT coating retention.

Water contact angle measurement
The wettability of the coated handsheets was assessed using contact angle goniometry. Two 2 µL water
droplets were placed 3 cm from the rupture point, and contact angles were recorded at 15, 30, 60, and
120 s. Droplet images were captured with a Dino-Lite digital microscope and analyzed using the Drop
Snake plugin in ImageJ.

Data analysis
A two-factor factorial design—comprising LCNF loading and surface coating in a completely randomized
setup was employed to evaluate the physical properties of the handsheets. The same analytical
approach was applied to the WCA measurements of the coated samples, with LCNF loading and holding
time as factors. Resulting data were analyzed using analysis of variance (ANOVA) and Tukey’s Honest
Significant Difference (HSD) test at 95% confidence level.

Results and discussion
Analysis of the chemical composition

Fiber morphology
The FE-SEM micrographs revealed distinct morphological characteristics of the BKP and LCNF (Fig. 2a
and 2b). Using ImageJ software, pulp macrofibers were measured to have an average diameter of 10µm.
Notable defibrillation was observed in the LCNF, characterized by irregular fiber bundles and extensive
branching of cellulose fibrils. The supermass colloider mechanism transformed the macrofibers through
multiple processes: cutting them into shorter lengths, external delamination through shearing forces,
and internal fibrillation via crushing and compression (Xie et al. 2018). This mechanical treatment
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produced a highly refined fibrillar structure with significantly increased surface area, yielding nanofibers
ranging from 42–98 nm in diameter.

Proximate chemical analysis
The PCA results of the bone-dry BKP are shown in Table 1. The holocellulose content (93.39%) was
closely aligned with that of Moso bamboo kraft pulp (90.20%) reported by Chen et al. (2022) and
comparable to the levels found in hardwood (91–95%) and softwood (91%) pulps documented by Buzala
et al. (2017). These high holocellulose levels highlight the efficiency of the kraft process in retaining the
essential cellulose and hemicellulose components of bamboo, which are critical for pulp strength and
quality.

The residual lignin content (3.65%) was relatively low for unbleached pulps, falling in the lower end of the
typical range of ~ 2 to 5% (Li et al. 2018). This indicates effective delignification during the kraft process
and that pulps can be readily bleached to achieve higher brightness levels with minimal chemical
consumption. Additionally, the lignin content was consistent with the recommendation by Delgado-
Aguilar et al. (2016), who specified that lignin contents of ~ 2–3% are preferable for LCNF to improve
paper strength properties.

Table 1
Proximate chemical analysis of the

B. vulgaris kraft pulp.
Parameters (%)

Holocellulose 93.39 (± 3.38)

Alpha-cellulose 76.26 (± 4.33)

Residual Lignin 3.65 (± 0.29)

Hemicellulose 19.75 (± 2.79)

FTIR analysis
The functional groups of cellulose and lignin in BKP and LCNF were confirmed through FTIR
spectroscopy (Fig. 3), which highlighted the functional group region from 3800 cm− 1 to 2700 cm− 1 and
fingerprint region spanning 1800 cm− 1 to 700 cm− 1. The spectra for both kraft pulp and LCNF were

notably similar, with prominent peaks at 3331 cm–1 and 2895 cm–1 associated with OH and CH
stretching, respectively, confirming the predominance of cellulose, hemicellulose, and lignin (Biswas et
al. 2022). Peaks at 1161 cm− 1 and 896 cm− 1 were attributed to C-O-C glycosidic linkages (Tanpichai et
al. 2022)d rock deformation (Jara et al. 2019) in cellulose. The lower transmittance values observed in
the LCNF spectrum indicated stronger absorption by functional groups, suggesting a higher abundance
of hydroxyl groups and increased cellulose content while confirming the preservation of the cellulose
structure (Jara et al., 2019), suggesting a higher abundance of hydroxyl groups and increased cellulose
content while confirming the preservation of the cellulose structure (Jara et al., 2019).
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Lignin in bamboo species has been found to be similar to that of hardwoods, constant of both syringyl
and guaiacyl units (Xiao et al. 2023). In both BKP and LCNF, residual lignin was detected on bands 1637
cm–1, 1429 cm–1, and 1315 cm–1 denoted as C = O stretching (Demuner et al. 2020), R-CH2 group in the

aromatic skeleton (Yu et al. 2022), and syringyl rings (Shi et al. 2019; Biswas et al. 2022), respectively.
This was expected since LCNF was mechanically extracted from BKP and no chemical removal of
residual lignin.

Figure 4 presents the FTIR spectra of the uncoated and coated handsheets with the CTS/NT coating
components clearly detected. Since chitosan shares a similar structure with cellulose, its –OH groups,
C–H stretching, and ether linkages were identified at bands 3300 cm⁻¹, 2895–2891 cm⁻¹, and 1161 cm⁻¹,
respectively (Fig. 4a). The N–H stretching in chitosan was also detected at 3300 cm⁻¹ (Ghasemi et al.
2017). The decreased intensity in these regions for coated samples may be attributed to the detection of
chitosan functional groups on the sheet surface. Inorganic compounds such as TiO2 are typically
detected at lower wavelengths. In the FTIR spectra of the coated handsheets, TiO2 was identified by

absorbance peaks in the 580–420 cm–1 range as seen in Fig. 4b. This finding was consistent with
previous studies (Jao et al. 2024; Toro et al. 2020) incorporating TiO₂ nanoparticles as surface coatings.
CO-LCNF-15 exhibited deeper peak intensity compared to CO-LCNF-0, suggesting enhanced retention of
TiO₂ nanoparticles on the fiber surface and indicating a thicker coating layer. The peaks associated with
UN-LCNF-0 in the 580–420 cm⁻¹ region can be attributed to bamboo's carbohydrate skeletal vibrations
(Wiercigroch et al. 2017; Hong et al. 2021). Comparative analysis of transmittance at 430 cm⁻¹ revealed
the highest value for UN-LCNF-0 (64.14%), followed by CO-LCNF-0 (56.82%) and CO-LCNF-15 (44.44%),
indicating successful surface modification of the handsheets through coating application, which altered
their absorption behavior. The deeper vibrations in CO-LCNF-15 extended up to 500 cm⁻¹.

Physical properties

Structural properties: grammage, thickness, and density
The grammage, apparent thickness, and apparent density were measured to assess the structural
characteristics of the handsheets (Fig. 5). The target grammage was set at 100 g/m², with actual values
ranging from 99 g/m² to 112 g/m² (Fig. 5a). ANOVA revealed that both LCNF loading (p = 0.00241) and
coating (p = 0.0435) had significant effects on grammage, whereas their interaction did not (p = 0.4086).
The grammage measurements indicated effective retention of LCNF within the fiber network, which can
be attributed to the beating process prior to sheet formation that promoted uniform dispersion of LCNF
and enhanced bonding with the pulp macrofibers. TThe highest grammage was observed in CO-LCNF-15
handsheets (112.51 g/m²), which was statistically different from both coated and uncoated LCNF-10
samples but not from the control. This increase may be attributed to the higher LCNF content and larger
surface area of nanofibers in CO-LCNF-15, which provided additional bonding sites for the CTS/NT₂
coating. As shown in Fig. 5b, coating retention improved with LCNF reinforcement.

The highest thickness among all handsheets was observed in the control (273.20 µm) (Fig. 5c). Addition
of LCNF (p < 0.0001) significantly reduced thickness by 30.03% in UN-LCNF-10 (203.65 µm) and by
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11.21% in UN-LCNF-15 (258.44 µm). This result indicates that LCNF enhanced fiber interactions and
filled void spaces, leading to a more consolidated network and thinner sheets (Li et al. 2023). The less
pronounced thickness reduction in UN-LCNF-15 was likely due to higher nanofiber content, which
facilitated stronger interfiber bonds and resisted further fiber collapse. The CTS/NTcoating (p = 0.0027)
had a significant effect only on LCNF-0 handsheets, where thickness decreased to 234.52 µm in CO-
LCNF-0 (− 19.43%). This shrinkage is likely attributed to fiber hornification caused by rewetting and a
second drying cycle during coating, where hornified fibers cannot fully recover their original dimensions
(Hill et al. 2009). However, this effect was negligible in LCNF-reinforced handsheets, likely due to the
minimal coating applied to a single side and the prior densification of the fiber network by LCNF, which
may have already drawn fibers into closer contact before coating.

Significant differences in the apparent density were observed across both uncoated and coated
handsheets, influenced by LCNF loading (p < 0.0001), coating (p < 0.0001) and their interaction (p = 
0.0151). In Fig. 5d, UN-LCNF-10 achieved the highest apparent density (0.477 g/cm³), followed by UN-
LCNF-15 (0.413 g/cm³), and the control (0.372 g/cm³). A similar trend was observed in the coated
samples. This increase suggested that 10 wt% and 15 wt% of LCNF addition to the pulps resulted in a
more compacted network due to defibrillated fibers filling gaps or void spaces (Balea et al. 2016; Pego et
al. 2020). Furthermore, the CTS/NT coating appeared to embed more effectively within these compacted
structures.

Mechanical properties: TSI, tear index, and FE
Tensile index (TSI), which represents tensile strength relative to grammage, is influenced by fiber
strength, length, and interfiber bonding (Fellers 2009). ANOVA results showed that TSI was significantly
affected by LCNF loading (p < 0.0001), coating application (p < 0.0001), and their interaction (p = 
0.00289). Among uncoated samples, a significant increase was observed at 15 wt% LCNF loading, where
UN-LCNF-15 achieved 17.23 ± 0.48 Nm/g, representing an improvement of 60.09% compared to UN-
LCNF-0 (17.23 ± 0.48 Nm/g) (Fig. 6a). This aligned with previous findings (Kumar et al. 2014; Demuner et
al. 2019; Bang et al. 2021), which reported that increasing nano/microfiber content in handsheet
promoted higher tensile strength due to availability of larger surface area for intra- and intermolecular
hydrogen bonding between fibers.

Application of the CTS/NT coating further enhanced TSI values across all samples, consistent with the
findings by Tang et al. (2016). In the coating formulation, CTS was protonated in 3% (v/v) acetic acid,
forming a polycationic structure. This provided additional hydrogen bonding through electrostatic
interactions between protonated NH3 + in CTS and the anionic OH- groups of cellulose, effectively

bridging gaps between fibers (Bhardwaj et al. 2020; Zakaria et al. 2015; Tanpichai et al. 2022). TiO₂

nanoparticles, owing to their nanoscale size, were likely uniformly dispersed across the fiber matrix,
promoting closer contact between CTS and cellulosic fibers (Ling et al. 2013; Tang et al. 2016), thereby
reinforcing the fiber network.
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The tear index measures a paper’s resistance to tearing relative to its weight and is influenced by fiber
length, bonding, and the number of fibers involved during rupture (Tozluoglu & Poyraz, 2016; Ehman et
al., 2020). As shown in Fig. 6b, the tear index decreased with both LCNF addition and surface coating,
contrasting the trend observed in tensile strength. The highest value was recorded for the unmodified
handsheet (UN-LCNF-0) at 12.58 ± 0.61 mN·m²/g. Among uncoated samples, introducing 10 wt% LCNF
reduced the tear index by 60.25% compared to the control.

This decline aligns with earlier findings (Vallejos et al., 2016; Ehman et al., 2020), where nanofiber
incorporation mimicked the effects of intensive refining by forming a denser network at the expense of
fiber length. The pronounced reduction in UN-LCNF-10 is likely due to thinner sheets and the presence of
shorter, finer fibers, which limited tear energy dissipation. In UN-LCNF-15, stronger interfiber bonding
may have mitigated the reduction in tear resistance.

Surface coating also lowered the tear index—by 37.19% and 32.97% in CO-LCNF-0 and CO-LCNF-15,
respectively—compared to their uncoated versions. This contrasts with studies by Tang et al. (2016) and
Zakaria et al. (2015), which reported improved tear properties after CTS/NT application. The discrepancy
suggests that the specific coating formulation in this study may have increased fiber stiffness and
brittleness, reducing paper flexibility and making it more prone to tearing. A similar outcome was
reported by Krysztof et al. (2021), where coatings reduced tear resistance while improving tensile
strength.

Folding endurance (FE), measured as the logarithm of double folds, was significantly affected by LCNF
content (p = 0.0001), CTS/NT coating (p < 0.0001), and their interaction (p = 0.00369). As shown in
Fig. 6c, the UN-LCNF-15 sample exhibited the highest FE (1.73; 89 double folds) among the uncoated
group, demonstrating marked improvement over the control.

FE generally increases with refining, which enhances fiber flexibility and improves bonding area.
However, this also shortens the fibers, which can reduce overall strength (Hubbe et al., 2007). In this
case, the handsheets retained large fibers from B. vulgaris, while the 15 wt% LCNF acted like fines that
filled gaps, tightened the fiber network, and facilitated more effective stress distribution. Similar results
with higher nanofiber content have been reported (Yang et al. 2022).

Although thick coatings can reduce FE by limiting flexibility (Možina et al. 2013), the CTS/NT coating
used here strengthened the paper. It enhanced FE by 172%, 192%, and 73% for CO-LCNF-0, CO-LCNF-10,
and CO-LCNF-15 samples, respectively, compared to their uncoated versions. This improvement is likely
attributed to the lightweight coating forming a protective layer that helped preserve fiber structure during
folding cycles.

Optical properties
Opacity measurements were not significantly affected by LCNF (p = 0.2169) or its interaction with
surface coating (p = 0.8957). The average opacity values ranged narrowly from 99.32% to 99.79% across
all treatments (Fig. 7a), with no statistically significant differences observed. These results aligned with
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previous findings (González et al. 2012; Pego et al. 2020; Kasmani and Samariha 2022), where nanofiber
addition had minimal impact on opacity. Although defibrillation typically enhances light-scattering, it also
increases the number of fiber contact points, which reduces the material’s scattering efficiency, thus
resulting in an overall reduction in opacity. However, as observed by Ahmadi et al. (2018), LCNFs derived
from unbleached pulp tend to maintain high opacity due to their denser structure and lower transparency
compared to CNFs from bleached sources.

Brightness was measured under the same conditions as opacity, with lower values anticipated due to the
nature of unbleached pulps. Lignin, which contains chromophoric groups such as quinoids, aromatic
ketones, stilbenes, and catechols (Azadfallah et al. 2008; Zhang et al. 2020), absorbs light in the violet
and blue regions, resulting in the characteristic yellow appearance of unbleached pulps. Figure 7b shows
that both uncoated and coated LCNF-15 handsheets exhibited highest brightness values at 35.80 ± 
0.06% and 36.20 ± 0.14%., respectively. Relative to the control (34.01%), the brightness of UN-LCNF-15
increased by 1.79 percentage points (35.80%), while UN-LCNF-10 showed a smaller increase of 1.22
percentage points (35.23%).

The slight improvement was likely attributed to the enhanced light scattering from the high surface area
of the LCNF (Hu et al. 2013; Pego et al. 2020) and its nanometric dimensions (< 100 nm), which are
smaller than the wavelength of blue light (450–495 nm). This dimensional relationship suggests the
occurrence of Rayleigh scattering, where incident light is neither absorbed nor transmitted, but instead
diffusely reflected outward (Huang et al. 2023). Although TiO₂ nanoparticles were expected to further
enhance brightness and opacity, no significant effects from coating (p = 0.1654 and p = 0.1256,
respectively) were observed for either property. This may be attributed to the limited amount of TiO₂

applied, which was intentionally kept low to preserve mechanical strength, as excessive TiO₂ loading (> 
10 wt% of chitosan) may negatively affect sheet strength (Tang et al., 2016).

Morphological properties
SEM micrographs revealed distinct structural differences among the handsheet treatments. UN-LCNF-0
handsheets (Fig. 8a) exhibited a more porous and open fiber network, while the LCNF addition in UN-
LCNF-10 and UN-LCNF-15 (Figs. 8b and 8c) resulted in a more compact morphology. Notably, UN-LCNF-
15 displayed a well-developed LCNF webbing, with nanofibers visibly adhering to macrofibers and
bridging gaps in the matrix, demonstrating a more interconnected fiber network. Upon coating
application, fibers in CO-LCNF-0 and CO-LCNF-15 (Figs. 8d and 8e) appeared more flattened, indicating
that CTS/NT coating facilitated further fiber consolidation. A surface coating film was observed in both
coated samples, though it was more prominent in CO-LCNF-15, likely due to the increased surface area
and bonding sites provided by the nanofiber-reinforced structure, consistent with the findings of Tang et
al. (2016).

Wettability
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The application of the CTS/NT coating significantly enhanced the hydrophobicity of the handsheets.
While uncoated samples were highly hydrophilic with water immediately absorbed by the cellulosic
fibers, the coated handsheets demonstrated hydrophobicity with WCA exceeding 90° (Fig. 9). This
outcome is consistent with findings of Tanpichai et al. (2022) using a single-layer coating. Statistical
analysis confirmed that both LCNF loading and holding time significantly influenced WCA values (p < 
0.0001). CO-LCNF-15 and CO-LCNF-10 showed significantly higher WCAs compared to CO-LCNF-0 after
15s holding time (Fig. 10). Notably, WCA of CO-LCNF-0 and CO-LCNF-10 decreased more rapidly with
increased holding time, while CO-LCNF-15 maintained significantly higher contact angles even at 60s,
suggesting superior water resistance.

The improved hydrophobicity in LCNF-reinforced handsheets is attributed to enhanced coating retention
and the inherent properties of the coating components. TiO₂ nanoparticles, being water-insoluble,
impede water penetration by promoting hydrogen bonding with their surface rather than with the
cellulosic fibers (Jao et al., 2024). Furthermore, the low-molecular-weight chitosan likely reoriented its
polar groups toward the sheet surface or fiber walls, reducing their exposure to water and retarding WCA
degradation over time (Tanpichai et al. 2022). The synergistic effects of CTS and NT in the coating
formulation resulted in higher contact angles (116° to 127°) for the coated handsheets compared to
previous studies that employed individual coatings of CTS (66° to 108°; Tanpichai et al. 2022) and NT
(64° to 93°; Jao et al. 2024).

Conclusion
This study demonstrated the viability of unbleached Bambusa vulgaris as a sustainable fiber source for
pulp and papermaking due to its high cellulose content and low residual lignin following kraft pulping.
The incorporation of lignocellulose nanofibers (LCNF) enhanced fiber bonding and densified the sheet
structure, with 15 wt% loading (LCNF-15) yielding the most notable improvements in tensile strength and
folding endurance. Subsequent surface coating with CTS/NT further augmented the mechanical
performance, with CO-LCNF-15 achieving the highest tensile index (44.65 ± 1.58 Nm/g) and folding
endurance (logfold = 3.01), along with a marked increase in hydrophobicity (water contact angle = 
126.35°).

However, these enhancements in strength were accompanied by reduced tear resistance, particularly at
10 wt% LCNF loading and upon application of the coating layer, likely due to fiber shortening effects.
Optical characteristics such as brightness showed slight improvement with LCNF addition, while opacity
remained largely unchanged across all treatments. FTIR and FE-SEM analyses confirmed the successful
integration and morphological modifications of LCNF and CTS/NT coatings on the handsheet surfaces.

Overall, the synergistic approach of LCNF reinforcement combined with CTS/NT surface coating
presents a promising strategy to enhance the mechanical and barrier properties of bamboo-derived
paper. This dual functionalization offers potential for developing sustainable, high-performance paper
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products suitable for specialized packaging applications where enhanced strength and water resistance
are critical requirements.
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Figure 1

Schematic diagram of the LCNF reinforcement and CTS/NT coating of B. vulgaris handsheets
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Figure 2

FE-SEM micrographs of (a) BKP and (b) LCNF under 1000x magnification.
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Figure 3

FTIR spectra of BKP and LCNF

Figure 4

FTIR spectra of uncoated (UN-LCNF-0) and coated (CO-LCNF-0 and CO-LCNF-15) handsheets in: (a)
functional group region and (b) fingerprint region
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Figure 5

Structural properties of coated and uncoated  handsheets with 0, 10, and 15% LCNF loading: a)
grammage; b) coating  retention, c) apparent thickness, and d) apparent density. Note: Columns with
common letters are not  significantly different (Tukey’s HSD test, p ≤ 0.05).

Figure 6
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Mechanical properties of uncoated and coated handsheets with 0, 10, and 15% LCNF loading: (a) tensile
index; (b) tear index, and (c) folding endurance. Note: Columns with common letters are not significantly
different (Tukey’s HSD test, p ≤ 0.05)

Figure 7

Optical  properties of uncoated and coated handsheets measured under  illuminant/observer C/2: (a)
opacity and (b) brightness. Note: Columns with common letters are not  significantly different (Tukey’s
HSD test, p ≤ 0.05)
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Figure 8

SEM images of representative handsheet samples at 90x magnification: (a) UN-LCNF-0; (b) UN-LCNF-10;
(c) UN-LCNF-15; (d) CO-LCNF-0 and (e) CO-LCNF-15. Scale bar = 200 µm.

Figure 9
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Contact angle measurement of handsheets at 15s, 30s, 60s and 120s holding times: (A) CO-LCNF-0, (B)
CO-LCNF-10, (C) CO-LCNF-15, (D) UN-LCNF-0, (E) UN-LCNF-10 and (F) UN-LCNF-15.

Figure 10

WCA of handsheets as a function of holding time. Note: Plots sharing common letters indicate no
significant difference according to Tukey’s HSD test at 5% significance level.


