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Abstract

The excessive use of non-biodegradable plastics has raised serious environmental concerns, indicating
the urgent need for biodegradable packaging materials. Thus, paper packaging systems have gained
increasing attention. However, their weak mechanical strength and insufficient barrier properties limit
their practical applications. To address these limitations, a paper-based packaging system reinforced
with subcritical water-treated cellulose (SWT-C) was developed to enhance mechanical and barrier
properties in this study. The specimens were prepared by incorporating varying concentrations of SWT-C
into softwood and hardwood pulps. Their structural, physical, and chemical characteristics were
evaluated using SEM images, FTIR analysis, XRD test, and BET surface area measurements. Mechanical
properties were evaluated with tensile test and barrier performance was assessed by Cobb60 water
absorption test and oil and grease resistance (OGR) test. As a result, the pore volume of both pulps
decreased from 0.9546 cm?3/g to 0.04253 cm?/g with increasing SWT-C incorporation, as confirmed by
SEM observations and BET analysis. This reduction in porosity may contribute to an increase in tensile
strength, reaching a maximum of 35.91 MPa. Both paper sheets reinforced with SWT-C showed a
substantial reduction in Cobb60 and OGR tests, indicating enhanced water and oil resistance. In
conclusion, SWT-C improved the performance of paper sheets mainly through pore filling, network
densification, and hydrogen bonding reinforcement. The findings in this study demonstrate that SWT-C
serves as an effective reinforcing agent to improve the mechanical strength and barrier properties of
paper packaging system, thereby showing its potential for application in the industry.

Introduction

Instead of plastic packaging systems, which pose significant environmental challenges due to their non-
biodegradability and potential to cause pollution, paper packaging systems have increased interest
recently to maintain environmental sustainability (Oh et al. 2022). Although the paper packaging system
has several advantages, including abundant availability, biodegradability, and recyclability, it faces
significant limitations in mechanical and barrier properties. The low tensile strength of paper is primarily
due to the weak non-covalent interactions—mainly hydrogen bonds, along with minor contributions from
hydrophobic interactions and dispersion forces—between cellulose fibers, which make it vulnerable to
tearing and deformation under mechanical stress (Wohlert et al. 2022). In addition, the relatively large
pore size of paper packaging system further weakens its barrier properties, allowing external substances
such as moisture, oxygen, and oils to penetrate more easily. As a result, cellulosic-based paper
packaging system fails to effectively block the permeation of moisture, oxygen, oils, and other external
substances that can negatively affect the quality of products, thereby limiting its application as a reliable
packaging material (Alava and Niskanen 2006). To solve these problems, paper packaging systems
usually select surface coating strategies to improve their mechanical, barrier, and thermal properties
with conventional plastics such as polyethylene (PE) and polylactic acid (PLA) (Furuheim et al. 2004;
Marzbani et al. 2021; Lei et al. 2024). However, in terms of environmental pollution, the effects of plastic
coating systems on paper packaging offer no advantages.
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To address these limitations, the addition of nanocellulose in the pulp matrix for paper packaging
material has gained increased interest (Lu et al. 2023; Li et al. 2021; Perdoch et al. 2022). Nanocellulose
plays a key role as a reinforcement agent in the polymer matrix and it is well-known for improving
mechanical, barrier, and thermal properties (Perdoch et al. 2022; Abdul Rashid et al. 2018). Although
many other agents are used for enhancing the mechanical and barrier properties of paper packaging
materials, nanocellulose is known as one of the most effective reinforcement agents because of its high
aspect ratio and large surface area, which contribute to improvements in mechanical, barrier, and
thermal properties (Deng et al. 2017). In addition, since both paper packaging materials and
nanocellulose are composed of cellulose, they exhibit strong molecular compatibility through hydrogen
bonding, thereby enhancing the reinforcement efficiency without the need for additional treatments such
as plasma discharge, corona treatment, primer coating, or impregnation (Hubbe et al. 2008; Laleicke and
Hubbe 2025). For instance, Lu et al. (2023) reported that incorporating cellulose nanofiber (CNF) into
paper sheets at 50% wet solids content increased the tensile strength in the machine direction up to 4.49
N-m/g with the help of the formation of numerous hydrogen bonds between nanocellulose and polymer
matrix. Furthermore, Guan et al. (2019) investigated the effect of incorporating CNF into bamboo pulp-
based tissue paper and found that the tensile strength significantly increased from 18.5 to 24.5 Nm/g
with the addition of 10 wt% CNF.

Despite the advantages of incorporating nanocellulose into paper packaging system, current extraction
process of nanocellulose raises significant environmental concerns. The extraction process for CNF
typically involves the use of 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) which requires large amounts
of water and may contribute to environmental pollution and consumer apprehension (Barbash et al.
2022). Additionally, cellulose nanocrystals (CNCs), which is the other type of nanocellulose using
reinforcement agent in packaging system, is commonly extracted though acid hydrolysis using sulfuric
acid (H,S0,) (Mohomane et al. 2022). Since this extraction process also requires a substantial amount
of water to remove residual reagents and neutralize acidic by-products, methods for obtaining
nanocellulose lead to significant waste-water generation, which causes environmental burden (Li et al.
2015). Moreover, the yield of these methods for converting micron-scale cellulose into nanocellulose is
typically low, ranging from 13.3% to 26.1%, resulting in increased costs for paper packaging. Therefore,
the current approaches present challenges due to their complexity and the difficulty of scaling up for
large-scale production (Doh et al. 2020). These challenges highlight the urgent need for more
sustainable and efficient extraction methods for conventional nanocellulose.

Subcritical water-treated cellulose (SWT-C) is defined as cellulose that is treated by subcritical water.
Subcritical water treatment (SWT) utilizes only water under conditions just below its critical point,
thereby reducing the need for hazardous chemicals or organic solvents (Prakash et al. 2020; Novo et al.
2015; Rafeny et al. 2023). Under the subcritical conditions at temperatures of 140—-200°C and reaction
times of 20—60 min, the dielectric constant of water decreases to levels similar to those of organic
solvents, which promotes the selective hydrolysis of amorphous regions in cellulose (Kim et al. 2026; Ko
et al. 2020; Osei-Bonsu et al. 2024). This approach enables efficient hydrolysis of cellulose bundles while

minimizing environmental impact, as it avoids the use of strong chemical agents and generates no toxic
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by-products (Ko et al. 2020; Adschiri et al. 1993; Novo et al. 2015; Osei-Bonsu et al. 2024). Therefore, the
SWT is considered as an eco-friendly and sustainable alternative to obtain nanocellulose. Our research
team successfully prepared SWT-C from microcrystalline cellulose (MCC) with enhanced
physicochemical properties compared to conventional nanocellulose and applied it as a reinforcing
material in sustainable and eco-friendly paper packaging systems.

Overall, SWT-C reinforced paper sheet was developed as a novel paper-based packaging material in this
study. The physicochemical properties of developed paper packaging materials were evaluated with a
focus on the mechanical strength and barrier properties against water, oil, and grease of paper sheets as
a function of SWT-C contents, changes in chemical structure, and variations in crystallinity. Furthermore,
the effects of SWT-C addition were evaluated through surface morphology and pore size analysis to
assess structural properties. The novel aspects of this study are: (1) the addition of SWT-C as
sustainable reinforcement agent for paper packaging system, (2) the use of two different pulps to
evaluate the reinforcing functionality of SWT-C in paper sheets, and (3) the elucidation of the correlation
between SWT-C and the mechanical strength and barrier properties of the developed paper packaging
system.

Materials and Methods
Materials

8495-Northern Softwood Bleached Kraft Pulp (SW) was purchased from The Procter & Gamble Cellulose
Company (Cincinnati, OH, USA), and 8496-Eucalyptus Hardwood Bleached Kraft Pulp (HW) was prepared
from Aracruz Celulose S.A. (Aracruz, Espirito Santo, Brazil). MCC was obtained from Carl Roth
(Karlsruhe, Land Baden-Wiirttemberg, Germany). Sodium hydroxide (NaOH) was purchased from
Daejung Chemicals & Metals Co. (Siheung, Gyeonggi-do, South Korea). Urea ((NH,),CO, 99% purity),
Castor oil, n-Heptane (CH3(CH,)5CHs, 98% purity), toluene (CgHsCH3, 99.5% purity) was obtained from
Samchun Chemical Co. (Pyeongtaek-si, Gyeonggi-do, South Korea). Whatman No. 42 filter paper (pore
size 2.5 ym, Cytiva, Marlborough, MA, USA) was prepared.

Preparation and characterization of SWT-C

MCC was treated in a SWT equipment (ChemRe SYStem Inc., Anyang-si, Gyeonggi-do, South Korea) at
160°C, 60 bar, for 30 min. Distilled water was used as the solvent at a ratio of 1 g of MCC per 100 mL of
distilled water and loaded into the treatment cell. After the treatment, the remaining solid material in the
cell, referred to as SWT-C, was collected on a stainless-steel tray and dried at 40°C until the moisture
content was below 3%. The dried SWT-C was then ground, sieved to under 50 pm, and stored at room
temperature.

The morphology of SWT-C was analyzed using a high-performance transmission electron microscope
(TEM; JEM-2100F, JEOL Ltd, Tokyo, Japan), operating at an accelerating voltage of 200 kV. Image J
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software (National Institutes of Health, Bethesda, MD, USA) was used for analyzing the length and width
of SWT-C.

Crystallinity was determined with an X-ray diffractometer (D8-Advance, Bruker, Karlsruhe, Germany) at a
scanning rate of 0.2 sec/step from 5° to 60° using a voltage and current of 40 kV and 40 mA,
respectively. The crystallinity index of the sample was calculated by the Segal method (Segal et al. 1959)
using the following equation:

Tooo — I
Xeor (%) = ‘MTMAM x 100

.

where Iy, represents the maximum intensity at 20—-22° peak, and 1, represents the minimum intensity
at 17-20° region.

The FTIR spectra of SWT-C were examined in the infrared range of 4000-500 cm™ ' using a Cary 630
FTIR spectrometer (Agilent Technologies, Santa Clara, CA, USA). The spectra were collected from 128

scans at a resolution of 4 cm™ for each sample.

Preparation of SWT-C reinforced paper sheets

A schematic diagram of the pulp pretreatment and paper sheet fabrication is shown in Fig. 1. Briefly,
pulp/SWT-C dispersion and refining process for SW and HW was performed with the standard of TAPPI
T200 sp-96 using a laboratory Valley beater to a freeness value of 350 mL CSF (Canadian Standard
Freeness) (Mashkour et al. 2015). First, a SWT-C solution was prepared by dissolving 7 wt% of NaOH and
12 wt% of urea in distilled water at below 3°C. The resulting SWT-C solution was added to SW and HW
suspensions, which were dispersed in distilled water at a content of 2 wt% following the ratios listed in
Table 1. The paper sheets were controlled to have basis weights of 60 and 120 g/m?. The prepared
solution was dried by vacuum filtration through a Whatman filter No. 42 to form a wet sheet. To prepare
the dry paper sheets, the wet sheets were first pressed at 30 bar for 5 min at room temperature, followed
by hot pressing at 80°C and 25 bar for 10 min.

Twenty-eight different types of paper sheets were prepared in this study. The sheets were classified
based on three variables: the type of pulp used (SW or HW), the basis weight (60 or 120 g/m?), and the
concentration of SWT-C added (0, 1, 3, 9, 15, 20, 25, and 33.3 wt% based on the weight of SW or HW). To
ensure clarity and consistency, each sample was named using the following format: [PulpType]
[BasisWeight]_[SWT-C concentration]%. For instance, a sheet made from SW pulp with no SWT-C and a
basis weight of 120 g/m2 is labeled as SW120_0%, while a paper sheet made from HW pulp with a basis
weight of 60 g/m2 and 1 wt% SWT-C is referred to as HW60_1%.
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Table 1
Composition of paper sheets.

PulpType  pasis Weight (g/m2)  Addition Ratio
(w/w of SWT-C, %)

Control 60, 120 -
Softwood 1,3,9,15, 20, 25, 33.3

Hardwood

) ‘Control’ refers to paper samples made from softwood and hardwood without the addition of SWT-C.

Structural, physical, and chemical properties of SWT-C reinforced
paper sheets

Morphological properties were evaluated using a field-emission scanning electron microscope (FE-SEM,
Apreo 2 S HiVac, Thermo Fisher Scientific, Waltham, MA, USA) at 250x magnification and an accelerating
voltage of 5 kV. Image J software (National Institutes of Health, Bethesda, MD, USA) was employed to
analyze the pore size of sample based on a SEM image scale bar of 300 pm.

The specific surface area and pore size distribution of the paper sheets were determined using
Brunauer—Emmett-Teller (BET) analysis (Autosorb IQ; Quantachrome Instrument Co., Boynton Beach,
FL, USA) by nitrogen gas adsorption and desorption at 77 K. Prior to the analysis, the samples were
degassed under vacuum at 100°C to remove any physically adsorbed species.

The chemical structures of the paper sheet surface were evaluated using a Cary 630 FTIR spectrometer

(Agilent Technologies, Santa Clara, CA, USA) for the measurement. Spectra were recorded across a

1 1

wavenumber range of 650—4000 cm™ ' with a resolution of 4 cm™ .

X-ray diffraction (XRD) measurements were conducted using an X-ray diffractometer (D8-Advance,
Bruker, Karlsruhe, Germany) operated at 40 kV and 40 mA. The diffraction patterns were recorded over a
range from 5° to 60° with 26 at 0.2 sec/step. MATLAB (MathWorks, Natick, MA, USA) was utilized to
visualize the XRD patterns, and the crystallinity index was computed according to Segal’'s method (Segal
et at. 1959) using the Eq. (1).

Mechanical and barrier properties of SWT-C reinforced paper sheets

The tensile strength of paper sheets was measured using a texture analyzer (TXA™ Standard Texture
Analyzer, YEONJIN S-Tech Corporation, Yongin, Gyeonggi-do, South Korea) following ASTM D882 (ASTM,
2018). The test specimens were prepared with dimensions of 70 mm X 15 mm and the crosshead
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speed was set to 1.00 mm/s. All tests were conducted under controlled conditions of 50 + 2% relative
humidity (RH) and 23 + 1°C.

The Cobb60 values were measured at 23°C and 50% RH according to TAPPI standard T 441 om-13
(TAPPI, 2013). The Cobb value was calculated according to the following equation.

Wy — W,

Cobb60 —
© A

2

The percentage of water absorption was calculated as follows:

Wy — W
Water Absorption (%) = % x 100
1

3

where W, represents the initial weight of the sample before water absorption (g), W, represents the final

weight after water absorption (g), and A represents the area of the sample (m?). For each sample, the
average of three measurements was calculated.

Oil and grease resistance test was conducted following the TAPPI-T559 standard (TAPPI, 2012). Twelve
vials of a mixture of castor oil, toluene, and n-heptane were prepared with a predetermined ratio, whereas
kit 1 is the least aggressive oil and kit 12 is the most aggressive oil. A drop of the oil was placed onto the
surface and wiped off after 15 sec. If darkening was observed, it was considered a failure; if not, a pass.
The test was repeated to determine the highest kit number the paper could pass, which was recorded as
its kit ranking.

Statistical analysis

ANOVA was performed with a significance level of p < 0.05, followed by Turkey’s HSD test. Values are
presented as mean + standard deviation. Analyses were conducted using Python 3.9.13 (Python
Software Foundation, Wilmington, DE, USA).

Results and discussion
Characteristics of SWT-C

Figure 2(a) shows the TEM images of SWT-C, revealing an entangled nanofibrillar network with a
continuous and interconnected web-like morphology. This structure indicates that the subcritical water
treatment facilitated the partial fibrillation of MCC, resulting in the formation of nanoscale fibrils. The
average fibril diameter was measured to be 23.08 + 5.37 nm, confirming effective defibrillation to the
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nanoscale. This nanofibrillar structure may be suitable for forming percolated networks in both
suspension and solid-state systems. Therefore, incorporation of SWT-C can enhance inter-fibril bonding
and network formation, thereby improving the mechanical strength and barrier properties in cellulosic
matrices.

Figure 2(b) presents the FTIR spectra of MCC and SWT-C. Both spectra exhibited characteristic cellulose
bands. The broad absorption band at 3,600-3,200 cm~" corresponds to O—H stretching vibrations,
reflecting intramolecular and intermolecular hydrogen bonding within the cellulose structure. SWT-C
exhibited a slightly higher intensity in this region compared to MCC, suggesting that the hydrogen-
bonding cellulose framework remained intact with increased accessibility of surface hydroxy groups.
The band near 2,900 cm™" is attributed to C—H stretching vibrations, and the peak at 1,430 cm~*
corresponds to CH, bending, commonly considered an indicator of crystalline order in cellulose. SWT-C
exhibited slightly higher intensity at 1,430 cm~" relative to MCC, suggesting improved molecular
organization and a reduction in amorphous regions. In the fingerprint region, strong absorptions between
1,200 and 1,000 cm-" arise from C-0-C stretching of the B-(1—4) glycosidic linkages, characteristic of
cellulose I. The band at approximately 897 cm-", often referred to as the amorphous band, is associated
with C—H deformation coupled with C—0-C stretching at the anhydroglucose linkage. Furthermore, the
absorption around 897 cm~" showed no pronounced difference between the two samples, indicating that
the B-(1—-4) glycosidic linkages were largely retained after treatment. Overall, the retention of these
characteristic bands and the absence of new peaks confirm that SWT primarily induced physical and
microstructural rearrangement. This preserved integrity of cellulose, therefore, SWT-C may have
advantages for acting as a paper additive, as it ensures predictable material behavior and minimizes the
risk of undesirable side effects such as unintended oxidation during papermaking (Aziz et al. 2022). In
addition, the increased accessibility of surface hydroxy groups indicates enhanced inter-fibril hydrogen
bonding with pulp fibers, thereby promoting fiber—fiber interaction and network reinforcement in paper-
based packaging materials.

Figure 2(c) shows the XRD patterns of MCC and SWT-C. Both samples exhibited the characteristic
diffraction peaks of cellulose 1B, with a broad reflection around 26 = 15-16° corresponding to the (110)
and (110) planes and a strong, sharp peak at 26 = 22-23° assigned to the (200) plane. A minor peak
observed near 26 = 34-35° was consistent with the (004) lattice plane of cellulose IB. These diffraction
features confirm that the fundamental crystalline structure of cellulose I was preserved after subcritical
water treatment. The crystallinity of MCC was determined to be 74.53%, whereas SWT-C exhibited a
higher value of 81.56%. This enhancement in crystallinity suggests that subcritical water treatment
effectively removed amorphous domains of MCC, likely through partial hydrolysis of disordered cellulose
regions, thereby enriching the crystalline fraction. This observation aligns with the crystallinity increase
confirmed by FTIR analysis at 1,430 cm~". Such increased crystalline ordering may allow SWT-C to act as
an effective reinforcing agent within paper fiber networks, as crystalline structured-cellulose typically
exhibit higher stiffness and can facilitate load transfer (Altaner et al. 2014). In addition, the increased
crystalline fraction of SWT-C may contribute to increased diffusion-path tortuosity when incorporated
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into paper fiber networks, suggesting a potential benefit for barrier performance (Du et al. 2021,
Fukuzumi et al. 2009; Wang et al. 2018).

Overall, MCC and SWT-C exhibited consistent fundamental structural features, confirming that the
cellulose backbone was preserved after SWT. At the same time, SWT promoted nanoscale fibrillation and
enhanced crystalline ordering without disrupting the essential chemical structure of cellulose. These
findings suggest that SWT-C retains structural integrity while acquiring features favorable for
reinforcement applications.

Appearance and surface texture of SWT-C reinforced paper
sheets

Figure 3 exhibits the image of the paper sheets, enabling visual comparison of transparency and surface
textures. As a result, as the concentration of SWT-C increased, transparency improved and the surface
became smoother across all pulp types, including SW120, HW60, and HW120 (Table 2). In detail, the
SW60_1% samples exhibited a white, opaque appearance with individual fibers partially visible to the
naked eye (Fig. 3(a)). Also, its surface felt rough with a distinct fibrous texture. In contrast, the
SW60_33.3% sample showed significantly increased transparency and a noticeably smoother surface,
with a diminished fibrous texture (Fig. 3(c)). The SW60_9% samples displayed intermediate
characteristics, retaining a whitish tone with partial translucency (Fig. 3(b)). These observations suggest
that the addition of SWT-C induces structural modifications within the pulp matrix and facilitates new
interactions between fibers. The present results indicate that the progressive increase in transparency
and surface smoothness with higher SWT-C content further enhances the suitability of these materials
for packaging applications (Spence 2016).

Visual and texture characteristics of-[)zt;l:rzsheets as a function of SWT-C ratios.
SWT-C Concentration (%) Visual Appearance  Surface Texture
1 Whitish, Fibrous Rough and fibrous
9 Semi-transparent Intermediate feel between fibrous and smooth
33.3 Transparent Smooth

Morphology analysis of SWT-C reinforced paper sheets

SEM analysis was performed to investigate the effect of SWT-C on paper sheet morphology (Fig. 4).
Figure 4(a) and (d) present the SEM images of SW and HW base papers without the addition of SWT-C,
respectively. The surface exhibits an uneven and porous structure, which may lead to negative effects to
the mechanical strength and barrier properties when applied as packaging materials. From Fig. 4(a) to
(c) and Fig. 4(d) to (f), while the amounts of SWT-C increased, the pores on the surface are progressively
filled, resulting in a smoother and more compact surface. A noticeable reduction in surface porosity is
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observed in the 9% of SWT-C added to the sheets (Fig. 4(b) and (e)) compared to sheets without SWT-C.
As the SWT-C content further increased, the surface morphology became progressively more uniform,
which is the most apparent in the samples containing the highest SWT-C content in this study (Fig. 4(c)
and (f)). This morphological change can be attributed to the interaction between pulp fibers and SWT-C,
where SWT-C particles fill the voids within the pulp network, contributing to pore closure and surface
densification during blending.

Pore size distribution of SWT-C reinforced paper sheets

To evaluate the effects of SWT-C addition, DF T-based cumulative pore volume analysis and BET analysis
were performed to assess changes in surface area and pore structure. The nitrogen adsorption-
desorption isotherms for the paper sheets are presented in Fig. 5 and the BET surface areas and
cumulative pore volumes of the different samples were determined from the N, adsorption isotherm

data at 77 K, as shown in Table 3.

According to the IUPAC classification, most isotherms correspond to type IV with H3 hysteresis loops,
indicating the presence of mesoporous structures formed by slit-like pores within the fiber network.
However, 33.3% addition of SWT-C samples showed no hysteresis loop in all cases for both paper sheets
(Fig. 5), implying a transition to a nonporous or microporous structure due to the densification of the
fiber matrix (Thommes et al. 2015). This tendency is clearly reflected in the quantitative BET and pore
volume data. As the SWT-C content increased, both BET surface area and cumulative pore volume
consistently decreased. For instance, the SW120 group showed the most pronounced reduction, with the
surface area dropping from 285.4 m?/g at SW120_1% to 20.32 m?/g at SW120_33.3%, and pore volume
from 0.9546 cm3/g to 0.04253 cm?/g, representing 92.9% and 95.5% reductions, respectively. This is
attributed to the incorporation of SWT-C into the fiber network, where the additive fills inter-fiber voids
and suppresses mesopore formation, leading to reduced pore accessibility. These interpretations are
further supported by the SEM images shown in Fig. 4, which show a gradual reduction in surface
porosity and a more compact fiber arrangement with increasing SWT-C content. This morphological
transition is consistent with the measured decreases in surface area and pore volume, confirming the
structural densification induced by SWT-C incorporation.
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Table 3

BET surface and DFT method cumulative pore volume of the paper sheets determined from the
N, adsorption isotherm.

Sample BET specific surface area (m%/g)  Pore Volume
(cm®/g)
Pulp  Basis Weight (g/m2)  Ratio (%)
SW 60 1 215.5 0.6283
9 265.1 0.9041
33.3 62.41 0.0879
120 1 285.4 0.9546
9 200.7 0.6960
33.3 20.32 0.0425
HW 60 1 211.6 0.2227
9 184.9 0.3271
33.3 147.7 0.1828
120 1 91.18 0.1850
9 64.48 0.0819
33.3 52.65 0.0664

Crystallinity of SWT-C reinforced paper sheets

Figure 6 shows the XRD patterns of paper sheets with different SWT-C contents, and the corresponding
crystallinity values are summarized in Table 4. All samples exhibited the characteristic diffraction peaks
of cellulose | at 16° and 22°, indicating that the fundamental crystalline structure of cellulose was
appeared after SWT-C incorporation (Montoya-Escobar et al. 2022). The crystallinity values showed
minor variations with increasing SWT-C content. In the SW samples, the crystallinity slightly decreased at
SW60_1% (65.3 £ 1.35%) and then increased at higher loadings of SWT-C, 67.9 £ 3.95% and 68.5+2.97%
for SW60_9% and SW60_33.3%, respectively. Similarly, the HW samples exhibited small fluctuations
without a clear monotonic trend. Notably, the differences in crystallinity between the control and SWT-C-
added samples were not statistically significant (p > 0.05). These results suggest that SWT-C
incorporation does not substantially alter the overall crystalline structure of paper sheets.
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Table 4
Crystallinity (%) of SWT-C-reinforced
paper sheets prepared from (a) SW60
and (b) HW60 with SWT-C contents of
0%, 1%, 9%, and 33.3%.

Sample Crystallinity (%)
Pulp  Ratio (%)
sw 0 67.4 +0.92°
1 65.3 +1.35°
° 67.9 +3.952
33.3 68.5 +2.97°
HW 0 66.1+1.01°
1 66.6 + 0.35°
° 66.1+1.15°
33.3 67.4 £ 1.40°

1) Data are mean  standard deviation (n = 3).

2) Significance levels, with the control group are indicated as p > 0.05.

Chemical structure of SWT-C reinforced paper sheets

Figure 7 presents the FTIR spectra of (a) SW60 and (b) HW60 paper sheets prepared with addition of
SWT-C ratios for 9%, and 33.3%. The broad absorption band between 3,200 and 3,500 cm~" corresponds
to the stretching vibration of O—H groups in cellulose. With increasing SWT-C content, this band
becomes broader, indicating stronger hydrogen bonding interactions within the cellulose matrix and
greater heterogeneity in hydrogen bonding (Lee et al. 2015; Agarwal et al. 2011; Oh et al. 2005).
Simultaneously, the overall reduction in O—H stretching band intensity with increasing SWT-C content
indicates a decrease in free hydroxy groups on the fiber matrix. As a result, the capacity for moisture
interaction is decreased, which may lead to enhanced water resistance (Olsson and Salmén 2004). In
addition, the peak near 1,620 cm~" is attributed to O—H bending vibrations, which specifically reflect
changes in hydrogen-bonding strength within the cellulose structures (Athokpam et al. 2017). The
increased absorbance observed in both SW_33.3% and HW_33.3% samples suggest the formation of
stronger hydrogen bonds, as the intensities of these bands are known to correlate with hydrogen-
bonding strength (Athokpam et al. 2017). The peaks at 1,430 cm~" (CH, bending) and 898 cm~" (B-1,4-
glycosidic linkages, C-O-C stretching) were related to cellulose molecular structure order based on the
absorbance ratio (A;430/Aggg) Where a higher value suggests an increase in ordered cellulose domains
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(Camarena-Bononad et al. 2024). The absorbance ratio increased from approximately 0.51 in SW_0%
and HW_0% to 0.93 in SW60_33.3% and 1.07 in HW60_33.3%, indicating that SWT-C incorporation can
enhance molecular orders in paper sheets and may contribute to improved mechanical strength and
barrier performance. Considering the XRD results, this increase is more likely associated with enhanced
surface-level ordering and inter-fiber hydrogen bonding rather than a substantial increase in bulk
crystallinity. The FTIR results therefore suggest localized structural rearrangements and strengthened
cellulose interactions within the fiber network, rather than a pronounced transformation of the crystalline
phase.

The tensile strength of SWT-C reinforced paper sheets

The tensile strength of all SWT-C reinforced paper sheets tended to increase as the SWT-C content
increased (Fig. 8). As a result, all paper sheets followed the same three-stage pattern of increase,
decrease, and subsequent increase. As shown in Fig. 8, the tensile strength of the SWT-C reinforced
paper sheets gradually increased with increasing SWT-C ratio up to 9%, a slight decrease was observed
at 15% and followed by a subsequent increase with further addition up to 33.3%. SWT-C is a nano-sized
material with a high aspect ratio which can enhance hydrogen bonding between cellulose fibers, thereby
increasing the tensile strength of the SWT-C reinforced paper sheet at the first stage. However, tensile
strength decreased due to the formation of voids and agglomerates of SWT-C at second stage similar
with previous studies using nanocellulose (Aigaje et al. 2023). These defects originated from the
repulsive interactions between densely packed SWT-C particles. As a result, efficient stress transfer
across the matrix-filler interface was hindered, leading to reduced tensile strength (Aigaje et al. 2023).
However, beyond a certain concentration, the reinforcing effects of hydrogen bonding and fiber
interactions become dominant over repulsion, leading to a recovery and further increase in strength. For
example, in the SW120 group, the strength increased to 21.86 MPa at 9% SWT-C, dropped to 17.87 MPa
at 15%, and then rose again to 31.28 MPa at 33.3%. Among the all samples, the highest tensile strength
was observed for HW120_33.3%, at 35.91 MPa. These numerical results are consistent with the
proposed mechanism and clearly demonstrate the influence of SWT-C concentration on mechanical
performance.

Moisture barrier properties of SWT-C reinforced paper
sheets

The Cobb value represents the amount of water absorbed by paper over a given period and is inversely
related to the water resistance of the material (Jin et al. 2021). As shown in Fig. 9, the Cobb60 values
gradually decreased with increasing SWT-C content across all types of SWT-C reinforced paper sheet.
This trend indicates that the addition of SWT-C contributes to reducing the water absorbency of the SWT-
C reinforced paper sheet. This result suggests that the SWT-C particles partially filled the pores within
the pulp network, thereby limiting the pathway for water penetration. In addition, increased hydrogen
bonding between the SWT-C and pulp fibers strengthened the intra-interactions in the fiber network,
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which provided a complementary mechanism for reducing water uptake. These trends are consistent
with our previous observations from FTIR and tensile strength measurements. The results suggest that
densification of the fiber structure and enhanced inter-fiber bonding play a central role in improving both
mechanical strength and water resistance. In detail, in the SW60 group, the Cobb60 value decreased
from 6.73 x 10" g/m2 at 1% SWT-C to 1.37 x 10" g/m? at 33.3% SWT-C. Likewise, in the HW120 samples,
the relative water absorption steadily declined from 15.07 x 10" g/m? at 1% SWT-C to 11.98 x 10" g/m? at
3%, 6.54 x 10" g/m? at 9%, 3.83 x 10" g/m? at 15%, and reached a minimum of 1.96 x 10" g/m? at 33.3%.
In summary, the addition of SWT-C significantly improves the water resistance of paper by decreasing
porosity and strengthening fiber interactions, as evidenced by the consistent reduction in both absolute
Cobb values and normalized water absorption ratios.

Oil and grease resistance of SWT-C reinforced paper sheet

Figure 10 shows the oil and grease resistance results of paper sheets prepared in this study. As a result,
as SWT-C content increased, the oil and grease resistance increased. The improved oil and grease
resistance with increasing SWT-C content can be attributed to its ability to fill the existing pores in the
pulp matrix, leading to a denser structure with smaller and fewer pores. The reduced pore size, lower
pore density, and increased tortuosity of the diffusion pathway collectively hinder penetration, thereby
enhancing the oil and grease resistance (Zhang and Youngblood 2023). Beyond the reduction in porosity,
the enhanced oil and grease resistance of the SWT-C reinforced sheets arises from several
interconnected structural and chemical effects introduced by SWT-C. First, the nanoscale fibrillar
morphology of SWT-C creates a highly entangled network within the pulp matrix, forming a dense
percolation structure that reduces the mobility of low-molecular-weight oils. This nanofibrillar network
increases the tortuosity of the diffusion pathway far more effectively than pore-size reduction alone
(Fig. 2a). Second, FTIR results indicate strengthened hydrogen bonding and a decrease in free hydroxy
groups, which lowers the surface polarity of the paper sheet. This partial reduction in surface
hydrophilicity can reduce the wettability of non-polar oils, thereby suppressing their spreading and
penetration (Fig. 7). Third, the incorporation of SWT-C leads to closer packing of fibers and increased
inter-fiber cohesion, forming a mechanically stiff and continuous barrier layer. Such cohesive fiber—filler
junctions reduce inter-fiber capillary channels that oils typically exploit for permeation. Finally, the higher
molecular ordering implied by the increased A, ,3,/Agqs ratio suggests improved micro-scale structural
alignment, which further reduces free volume and limits oil uptake. In detail, the SW120_33.3% and
HW120_33.3% did not show any spots on the surface, even with kit number 12, whereas the SW120_1%
and HW120_1% failed at kit number 1, as expected. The SW120_20% and HW120_20% showed no visible
spots up to kit number 9, but staining appeared at kit number 10 (Table 5). The observation of high oil
resistance even at 20% SWT-C content suggests that a loading of approximately 20% is sufficient to
achieve effective oil barrier performance. Images of the oils used in the experiment are provided in the
Supporting Information. Overall, these effects explain why the sheets containing 20% and 33.3% SWT-C
exhibit high resistance even to aggressive oils up to kit level 12.
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Table 5

Grease resistance testing of SWT-C
reinforced paper sheet.

Sample Kit level

Pulp  Ratio (%)

SW 1 N.D*
20 9
33.3 12

HW 1 N.D*
20 9
33.3 12

*N.D. indicated ‘Not determined’

Conclusion

In this study, a paper-based packaging system incorporating SWT-C was developed, and improvements
in mechanical strength and barrier properties were observed. The paper containing 33.3% of SWT-C
exhibited enhanced transparency and surface smoothness compared to the unmodified paper. This
result is attributed to a significant reduction in pore volume and specific surface area, as supported by
SEM and BET analyses. The tensile strength followed a concentration-dependent trend, reaching the
highest value of 35.91 MPa in the HW120_33.3% sample. XRD analysis showed no significant
differences in crystallinity among the samples, regardless of SWT-C addition. This indicates that the
observed improvements in mechanical strength and barrier properties were not directly associated with
changes in crystallinity. Instead, the enhancement is primarily attributed to structural densification of the
fiber network and strengthened inter-fiber interactions induced by SWT-C incorporation. Consistent with
this interpretation, FTIR spectra showed increased intensity of hydroxy-related bands, indicating
enhanced hydrogen bonding within the paper matrix. In terms of barrier performance, the Cobb60 value
decreased substantially from approximately 232-368% absorbance at 1% of SWT-C to under 50% at
33.3% of SWT-C, while oil resistance was stably maintained up to kit level 12 in the 33.3% of SWT-C
sample. These results suggest that SWT-C contributes to void filling and fiber network densification
through hydrogen bonding, which leads to concurrent improvements in mechanical strength and barrier
properties. Among the tested formulations, paper sheets containing 33.3% of SWT-C exhibited the most
pronounced performance enhancement in both SW and HW systems. This reinforcement level supports
the potential of SWT-C-reinforced paper as an eco-friendly packaging material with improved moisture
and oil resistance, as well as suitability for high-strength packaging applications.
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Structural, physical, and chemical properties of SWT-C. TEM images, (a); FTIR, (b); XRD, (c).

Visual comparison of SWT-C reinforced paper sheets prepared with different SWT-C ratios: (a) SW60_1%,
(b) SW60_9%, and (c) SW60_33.3%.
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Figure 4

SEM images of SWT-C reinforced paper sheets prepared with different SWT-C ratios: (a) SW_0%, (b)
SW_9%, (c) SW_33.3%, (d) HW_0%, (¢) HW_9%, (f) HW_33.3%.
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Max stress of SWT-C reinforced paper sheet at different SWT-C ratios (1-33.3%) using SW and HW pulp
at two basis weights (60 and 120 g/m?).
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Cobb60 values and relative reduction (%) at different SWT-C ratio: (a) SW60, (b) SW120, (c) HW60, (d)
HW120.
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Figure 10

Grease resistance of SWT-C-reinforced paper sheets at different SWT-C contents (1%, 20%, 33.3%).
Images show the surface appearance before and after exposure to each corresponding kit level: (a)
SW120_1% at kit level 1, (b) SW120_20% at kit level 10, (c) SW120_33.3% at kit level 12, (d) HW120_1% at
kit level 1, () HW120_20% at kit level 10, and (f) HW120_33.3% at kit level 12.
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