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In this study, high-performance packaging paper was developed by
dissolving softwood cellulose in a LiOH/urea system and incorporating
nano-mica to enhance its mechanical properties and thermal stability.
Characterization by scanning electron microscopy (SEM), X-ray diffraction
(XRD), and Fourier transform infrared spectroscopy (FT-IR) confirmed
partial crystalline transformation in the regenerated cellulose films.
Mechanical testing showed that the composite film with 10% mica
exhibited a tensile strength of 87.69 MPa and a modulus of 6.82 GPa,
demonstrating excellent tensile strength, rigidity, and tear resistance,
making it suitable for high-strength packaging applications.
Thermogravimetric analysis revealed that the composite paper underwent
major thermal degradation at approximately 350 °C, offering superior
thermal stability over conventional cellulose-based packaging materials,
making it ideal for industrial and electronic component packaging. This
study successfully developed a sustainable, high-performance packaging
material through the synergistic effects of nanocellulose and nano-mica,
providing new insights for advanced cellulose-based packaging solutions.
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INTRODUCTION

With the growing global demand for sustainable packaging materials, the
packaging industry is facing the challenge of transitioning from traditional plastics to
environmentally friendly alternatives (Adel ef al. 2021; Jiao et al. 2021). While plastic
packaging offers excellent barrier properties and mechanical performance, its non-
degradability has led to severe environmental pollution. Therefore, the search for
biodegradable, renewable, and eco-friendly packaging materials with superior mechanical
properties has become a key focus of current research (Bangar et al. 2022; Kwak et al.
2023).

Natural cellulose, as a widely available material in the natural ecosystem, is
recognized for its renewability and biodegradability, making it a traditional paper-based
packaging material for applications such as food packaging, express delivery packaging,
and electronic product packaging (Yi et al. 2022; Niu et al. 2024). However, conventional
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cellulose-based packaging materials still face several challenges: compared to plastics,
ordinary paper exhibits lower tear resistance, fold endurance, and puncture resistance
(Martin-Sampedro et al. 2022; Lay et al. 2023; Sanchez-Salvador et al. 2023), making it
difficult to meet the demands of high-performance packaging; cellulose paper tends to
absorb moisture and soften in humid environments, leading to structural damage; and at
high temperatures, cellulose undergoes thermal degradation, limiting its applicability in
specialized packaging scenarios such as heat-resistant food packaging and electronic
component packaging (Barbash et al. 2022; Shankar et al. 2023; Song et al. 2024).

Nanomaterials have flourished in various production fields. Against this backdrop,
theoretical research on the nanonization of natural cellulose and its practical applications
has become increasingly mature (Chen et al. 2021; Perdoch et al. 2022; Lourengo et al.
2023). Compared to natural cellulose, nanocellulose exhibits a higher specific surface area,
stronger hydrogen bonding interactions, and a denser network structure, enabling it to bind
more effectively with the matrix in composite materials, films, and coatings, thereby
significantly enhancing the overall performance of materials and partially overcoming the
inherent limitations of cellulose (Wang et al. 2024; Zhang et al. 2024). In the exploration
of how to efficiently utilize nanocellulose to enhance paper properties, numerous studies
have been conducted. For example, researchers have prepared cotton cellulose nanofibers
through ultrasonic treatment combined with deep eutectic solvent (DES) pretreatment and
obtained paper with enhanced mechanical properties (Deng et al. 2022). Additionally,
fillers have been used to improve the environmental adaptability of paper, such as using
aluminum trihydrate fillers to enhance the strength of cellulose paper subjected to high-
temperature treatment (Chen ef al. 2011). The incorporation of nanocellulose has also been
shown to modify the electrical properties of insulating paper while simultaneously
providing higher modulus (Zhai et al. 2024). Furthermore, chemical modification can
impart special properties to nanocellulose, such as the preparation of nanocellulose-based
hydrophobic coatings through chemical modification, which can be applied to
superhydrophobic coated paper for food packaging (Li et al. 2023).

Mica, a widely abundant layered silicate mineral in nature, possesses a platelet
structure, excellent chemical inertness, electrical insulation, and thermal stability, making
it a widely used filler in applications such as electronic materials, composites, barrier
coatings, and flame-retardant materials (Pan et al. 2023). Through exfoliation, nano-mica
with a high aspect ratio can be obtained. As a reinforcing filler, nano-mica can significantly
enhance the mechanical strength, thermal stability, and barrier properties of polymers such
as polyvinyl alcohol (PVA), polylactic acid (PLA), and polyurethane (PU), as well as
rubber. In recent years, reports on the successful combination of nano-mica and cellulose
for the fabrication of multifunctional paper have emerged (Niu et al. 2021; Santos ef al.
2023; Wang et al. 2023). For instance, biosynthesized bacterial cellulose/mica nanopaper
has demonstrated excellent mechanical and electrical insulation properties (Sun et al.
2023); anovel double-network mica-based composite film, prepared by introducing aramid
nanofibers (ANF) and nanofibrillated cellulose (NFC), has exhibited remarkable dielectric
performance under high-temperature conditions (Wang et al. 2022). These studies have
provided valuable insights into present research.

In this study, softwood cellulose was dissolved in a LiOH/urea system and
combined with nano-mica to develop a novel high-performance packaging paper.
Nanocellulose effectively enhances the strength and toughness of the paper, while the
incorporation of nano-mica significantly improves its barrier properties and thermal
stability. As two important nanomaterials, nano-mica and nanocellulose offer superior
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mechanical performance and environmental stability, providing a promising strategy for
the development of next-generation high-performance packaging materials.

EXPERIMENTAL

Materials

Softwood dissolving pulp (DP = 450) was provided by Hongyang New Material
Technology Co., Ltd. (Dangyang, China); Mica was supplied by Hubei Pingan Electrical
Technology Co., Ltd. LiOH, urea, and ethanol were purchased from Sinopharm Chemical
Reagent Co., Ltd. Deionized water was prepared in the laboratory.

Preparation of MC Films Treated with LiOH/thiourea Aqueous Solution

The softwood pulp board was initially dispersed using a stirrer, followed by sheet
formation and drying for later use (sheet former model: Rapid K6then sheet former, RK-
3A, Frank-PTI). Four grams of mica was added to 100 g of deionized water under stirring
and subjected to centrifugation for 5 min at 500 rpm (Fig. 1). The supernatant was collected
and centrifuged again for 5 min at 5000 rpm. The sediment from the second centrifugation
was dried and used as the nano-mica raw material. The size distribution of the obtained
nano-mica is shown in Fig. S1. A 100 g LiOH/urea/water solution was prepared in a ratio
of 4.2:12:83.8, into which a predetermined amount of nano-mica was added and stirred for
30 min. Then, 4 g of softwood cellulose paper was introduced into the mixture and stirred
for 1 hour. The resulting mixture underwent three freeze-thaw cycles (freezing at -12 °C,
thawing at 8 °C) to achieve complete cellulose dissolution. To remove air bubbles, the
solution was centrifuged at 7500 rpm for 5 min, then cast onto a glass plate. A quartz tube
was used to spread the mixture into a 1 mm-thick film, which was subsequently transferred
to a regeneration bath composed of an ethanol-to-water ratio of 2:3 and treated for 12 h.
The film was repeatedly washed with deionized water to remove residual reagents. Finally,
the film was vacuum-dried in the paper machine drying zone at 97 °C under -10 kPa
pressure. All prepared samples were stored in sealed bags for future use.
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Fig. 1. Schematic illustration of the process for dissolving softwood cellulose using the LiOH/urea
system and its combination with nano-mica to fabricate high-performance packaging paper
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SEM Analysis

The cross-section images of the films were observed using an ultra-high resolution
cold field scanning electron microscope (SU8010, HITACHI Ltd., Japan) operated at an
accelerating voltage of 5 kV. Before imaging, the films were dried in the dryer section of
the former sheet, and then the films were coated with gold using the SEM sputter coater
(MC1000; HITACHI Ltd., Japan) to improve the paper's electric conductivity. For the
cross-section images, they were cut into strips measuring 10 cm in length and 0.5 cm in
width using a paper cutter.

FT-IR Spectroscopy Analysis

The chemical structures of raw materials and film samples were determined by an
FT-IR spectrometer (Thermo Fisher Scientific Inc., USA). The scanning range of the
samples was set to 650-4000 cm™!, and the number of scans was 16 times with a resolution
of 4 cm™.

XRD Analysis

The crystal structure of the C and MC films was identified using polycrystalline X-
ray diffraction (Empyrean, PANalytical B.V., Netherlands). The Cu Ka radiation generated
at 45 kV and 40 mA was irradiated on the surface of the samples. Scans were taken over a
20 range from 5 to 40° at a scanning speed of 5°/ min.

The crystalline degree (XC) was calculated by Eq. 1,
Xc= Acr/ (Aam+Acr) *100, (1)

where Acr and Aam are the integrated area of the crystal line and the amorphous phases,
respectively.

Tensile Tests

The mechanical strength of the film was tested using a universal testing machine
equipped with a 1 kN load cell. The detailed sample compositions and the number of
specimens tested per group are listed in Table S1. The tensile test was conducted at a
stretching speed of 10 mm/min, with a gauge length of 50 mm. The specimen had a length
of 100 mm and a width of 5 mm. The film thickness was measured using a computer-
controlled thickness densitometer. The measured data were plotted as a stress-strain curve
using Origin software to visually and concisely represent the mechanical properties of the
specimen.

Thermostability of the Films

The thermal properties of the film were tested by TA-Q500 thermogravimetric
analyzer (Q500, TA, USA). The samples were heated from 80 °C to 800 °C at a rate of
10°C /min in the N2 atmosphere (Wang et al. 2022).

RESULTS AND DISCUSSION

Morphology Analysis
The LiOH/urea system effectively disrupts the hydrogen bonds between cellulose
molecules at low temperatures, promoting hydration and swelling (Shen et al. 2024). Under
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this system, the amorphous regions of cellulose are dissolved first, while the crystalline
regions, particularly the cellulose I structure, are partially disrupted, causing the fiber
structure to loosen and reducing the intermolecular interactions between the cellulose
chains (Gan et al. 2023). This creates favorable conditions for subsequent cellulose
reorganization. After dissolution, as the solvent is removed, cellulose undergoes
regeneration, forming a new fiber network. During this process, cellulose may transition
from its original cellulose I crystalline structure to cellulose II, accompanied by a
rearrangement of the hydrogen bond network. From the cross-sectional images of samples
with mica content ranging from 0% to 10% in Fig. 2, at 0% mica content, the cross-section
exhibits distinctly loose-arranged cork-like cellulose fibers with significant inter-fiber gaps
and irregular voids. When mica content increased to 2%, mica flakes began to embed
within the fibers, resulting in slightly reduced pore sizes. At 5% mica content, the fiber
structure became partially obscured while mica demonstrated enhanced continuity. Upon
reaching 10% mica content, the original fiber morphology was almost entirely replaced by
a dense, uniform composite structure—where mica nanosheets were uniformly dispersed

and horizontally aligned, significantly reducing porosity compared to the original pulp
film. This progressive densification and alignment of mica nanosheets not only improved
the spatial uniformity of the film but also enhanced stress transfer efficiency through the
dense structure and interfacial bonding between cellulose and mica. This helps improve the
uniformity and mechanical properties of the film. Compared to randomly distributed
inorganic fillers, the horizontally aligned nano-mica platelets (with an aspect ratio of 60.33)
in the cross-section can more evenly bear and transfer loads, thereby reducing material
brittleness while improving toughness and tensile strength. Additionally, the alignment of
the mica nano-plates reduces interfacial scattering, allowing the film to maintain a high
level of transparency, which meets the aesthetic requirements for packaging paper (Li et
al. 2022).

Fig. 2. Cross-sectional electron microscope images of pure softwood nanocellulose films and
mica/cellulose composite films with 2 to 10% mica content

FT-IR and XRD Pattern Analysis

Figure 3 shows that the infrared characteristic peaks of pure cellulose paper were
largely consistent with those of cellulose films treated with the LiOH/urea system and MC
composite films. Natural cellulose predominantly exists in the cellulose I form; however,
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after dissolution and regeneration in solution, it can transform into the more
thermodynamically stable cellulose II structure. The cellulose films and MC composite
films treated with the LiOH/urea system exhibited characteristic peaks at 1426 cm™ and
1115 cm™, indicating the presence of cellulose I. However, the intensity of these peaks was
lower than that of untreated softwood paper, suggesting that a portion of the cellulose
within the membrane samples underwent a crystalline transformation from cellulose I to
cellulose II upon treatment with the LiOH/urea system.

By comparing the XRD patterns of pure softwood paper, mica powder, regenerated
cellulose films, and MC composite films, it is evident that the cellulose within softwood
paper exhibits a typical cellulose I crystalline structure, with diffraction peaks appearing at
20 = 14.9°, 16.6°, and 22.6°, corresponding to the (110), (1-10), and (002) crystal planes,
respectively (Shen et al. 2023). The regenerated cellulose films and MC composite films
also exhibited similar diffraction peaks, although with lower peak intensities than softwood
paper. Quantitative analysis showed that the crystallinity of regenerated cellulose films and
MC composite films were 42.9%, significantly lower than the 67.3% of softwood paper.

For mica, distinct diffraction peaks were observed at 20 = 8.8°, 17.8°, 26.9°, and
36.1°, corresponding to the (001) plane, the second-order derivative peak of the (001)
plane, the (003) plane, and the (005) plane, respectively. The 10% MC composite film
exhibited diffraction peaks that aligned closely with those of mica. The XRD analysis
further confirms that, after treatment with the LiOH/urea system, part of the cellulose
underwent a crystalline transformation from cellulose I to cellulose II. Additionally, the
results indicate a strong interaction between mica and the treated cellulose, demonstrating
successful integration within the composite structure (Zhou et al. 2025).
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Fig. 3. (a) Infrared spectra of pure cellulose paper, pure cellulose film, and MC composite films with
10% mica content; (b) XRD patterns of pure cellulose paper, pure cellulose film, and MC composite
film with 10% mica content.

Mechanical Performance Analysis

Figure 4a shows that with the increase in mica content, the tensile strength of the
MC composite film significantly improved, reaching a maximum value of 87.69 MPa when
the mica content was 10%. The addition of a small amount of mica greatly enhanced the
tensile strength of the cellulose film, suggesting that MC composite films have
considerable potential for applications in the packaging industry. Although the impact of
mica on the toughness of the cellulose film is limited, the improvement in the modulus of
the mica-cellulose films is quite significant, providing the film with strong rigidity and
resistance to deformation (Jiang and Wang. 2022; Harada et al. 2023). This enhances the
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film's ability to resist tearing when subjected to tensile or puncture forces, thereby
improving the protective and safety performance of the packaging, which compensates for
the inherent limitations of traditional cellulose films (Fig. 4b, c).

Figure 5 presents a simulation of the deformation and eventual fracture process of
the MC composite film under high tensile forces. After the film underwent regeneration
and was dried, mica nanoparticles interacted with cellulose via hydrogen bonding and
electrostatic forces, strengthening the connections between fibers and making the internal
structure of the paper denser and less prone to breakage (Sharifi ez al. 2022; Yeamsuksawat
et al. 2022; Yuan et al. 2023). Due to the high aspect ratio (plate-like structure) of mica
nanoparticles, they can align laterally within the paper, filling the voids between cellulose
fibers, which increases the overall density and uniformity of the material. When the paper
experiences tearing, the mica nanoparticles can help distribute stress and prevent crack
propagation, making the material more resistant to tearing. This enhanced stress
distribution and crack arresting mechanism not only improve the mechanical strength of
the film but also contribute to its long-term durability and stability under various stress
conditions. These attributes make mica-cellulose films a promising material for high-
performance packaging applications.
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Fig. 4. (a) Tensile strength comparison of pure cellulose film and MC composite films with 2 to 10%
mica content; (b) modulus and (c) toughness of pure cellulose film and MC composite films with 2
to 10% mica content.
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Fig. 5. Tensile fracture model of MC composite film

Thermal Stability Analysis

It can be observed that mica exhibits almost no decomposition under high-
temperature conditions, demonstrating excellent thermal stability. As the mica content
increased, the amount of residual solid material in the film samples after high-temperature
treatment significantly increased. Specifically, the final solid mass of pure cellulose films
was in a ratio of 1:5.17 compared to the residual solid mass after removing mica in the 10%
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MC composite film. This further indicates that the lateral arrangement of mica nanosheets
in the film forms a physical barrier, providing thermal insulation and successfully
promoting the conversion of cellulose into stable carbon residues rather than completely
decomposing into gaseous products (as shown in Fig. 6a). According to the differential
thermal gravity (DTG) curve, all film samples undergo rapid thermal degradation around
350 °C, proving that regenerated cellulose retains a high degree of crystallinity (Kim ef al.
2022; Mai et al. 2023; Sanchez-Salvador ef al. 2023). This phenomenon macroscopically
indicates that the prepared MC composite films possess good thermal stability in high-
temperature environments, making them suitable for applications in higher temperature
conditions, and thus maintaining excellent performance as packaging materials (Fig. 6b).
This thermal stability enhances the adaptability of mica-cellulose films in practical
applications, especially in packaging materials that require high-temperature resistance
(Guan et al. 2021; Jiang et al. 2021).
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Fig. 6. TG (a) and DTG (b) of pure cellulose membrane and MC composite membrane with 0 to
10 % mica content

CONCLUSIONS

1. This study conducted a detailed investigation of the crystalline phase transition of
cellulose in solution-regenerated film samples using scanning electron microscopy
(SEM), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FT-IR).

2. Through tensile testing, the composite film sample with 10% mica content exhibited a
high tensile strength of 87.69 MPa and a high modulus of 6.82 GPa. The paper prepared
by combining a small amount of mica with cellulose demonstrated excellent
mechanical properties, including high tensile strength, rigidity, and tear resistance,
making it highly suitable for packaging materials. This composite paper possesses good
uniformity and density, not only providing outstanding mechanical support but also
enhancing protection and durability in packaging applications.

3. The thermogravimetric analysis results of the composite sample indicate that
significant thermal degradation occurs at approximately 350 °C, demonstrating
excellent thermal stability. Compared to traditional cellulose-based packaging
materials, this composite paper can be utilized in more demanding application
environments, such as industrial packaging and electronic component packaging, while
maintaining stable physical properties even under high-temperature conditions.
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Fig. S1. Size distribution size of mica

Table S1. Mica Ratio and Tensile Test Standard

Sample  Mica amount (w%) Tensile Test Standard Number of Tensile Test
Cc 0 ASTM D882-18 5

2%MC 2 ASTM D882-18 5

4%MC 4 ASTM D882-18 5

6%MC 6 ASTM D882-18 5

8%MC 8 ASTM D882-18 5

10%MC 10 ASTM D882-18 5
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