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Abstract

Balancing bulkiness and mechanical strength is critical for preparing high-quality reconstituted tobacco
sheets from tobacco stem fibers. Herein, mild hot-water extraction combined with multi-stage refining
was used to regulate fiber morphology and porous network structure. Micro-CT showed that hot-water
extraction loosened the compact internal structure of tobacco stems, facilitating fiber separation and
fibrillation during refining. As the refining pass increased, the beating degree increased from 22 °SR to 31
°SR, and the fine pulp yield increased from 5.33% to 12.23%. Two-stage refining produced the most
favorable fiber morphology, with sufficient fibrillation and limited fiber damage. Consequently, the tensile
strength and elongation reached maximum values of 0.371 kN-m=" and 1.030% at 28 °SR, while
maintaining a relatively high bulk of 11.560 cm?-g~". Further refining compacted the fiber network and
reduced bulk to 10.155 cm?-g=". SEM and micro-CT analyses confirmed that moderate refining formed a
uniform and interconnected porous network, enabling an improved bulkiness-strength balance. These
findings clarify how controlled fiber fibrillation and pore-network regulation jointly govern the bulkiness-
strength balance of reconstituted tobacco sheets.

Highlights

1. Mild hot-water extraction loosened the compact structure of tobacco stems.
2. Multi-stage refining regulated fiber morphology and fine pulp formation.

3. Two-stage refining at 28 °SR achieved the best bulkiness—strength balance.
4. Micro-CT revealed pore-network evolution during tobacco stem refining.

5. Controlled fibrillation enabled stronger yet still bulky cellulose-rich sheets.

Introduction

Tobacco stems are major lignocellulosic by-products generated during tobacco processing and
represent an important fiber source for reconstituted tobacco sheets (Chaowei et al. 2019; Shakhes et
al. 2023; Berhanu Lemma et al. 2024; He et al. 2025). The conversion of tobacco stems into sheet
materials not only improves the utilization efficiency of tobacco residues, but also provides a practical
route for producing uniform tobacco-based sheets with controlled physical properties (Hu et al. 2025).
Among these properties, bulkiness and mechanical strength are particularly important. High bulkiness
benefits filling capacity, liquid absorption and air permeability, whereas sufficient tensile strength is
required for subsequent coating, drying, cutting and converting processes (Chaowei et al. 2019; Song et
al. 2021; Huang et al. 2024; Liu et al. 2024). However, these two properties are often contradictory in
fiber-based porous sheets: loose networks favor high bulkiness, while dense and well-bonded networks
usually provide higher strength (Huang et al. 2024).

Fiber morphology regulation is essential for resolving this bulkiness-strength trade-off. During refining,
tobacco stem fibers undergo swelling, separation, fibrillation, deformation and partial shortening (Zhao
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et al. 2018; Huang et al. 2024). Moderate refining can expose fibrils, increase inter-fiber bonding area and
enhance stress transfer within the sheet network. In contrast, insufficient refining leads to poor fiber
dispersion and weak bonding, while excessive refining may generate excessive fine components,
compact the porous network and reduce bulkiness (Bajpai 2018; Ang et al. 2019; Berhanu Lemma et al.
2024). Therefore, the key is not simply to increase refining intensity, but to control fiber fibrillation and
network structure within an appropriate range (Berhanu Lemma et al. 2024; Li et al. 2026).

Pretreatment before refining is an important strategy for improving the processability of lignocellulosic
fibers. Compared with chemical or enzymatic pretreatments, hot-water extraction is mild, simple and
compatible with the conventional preparation process of reconstituted tobacco sheets (Leszczynski and
Roman 2023; Hu et al. 2024; Li et al. 2024; Liu et al. 2026). In tobacco sheet production, extraction is
usually regarded as a step for separating soluble constituents from solid residues, while its potential
influence on subsequent fiber refining and sheet formation has received less attention (Luo et al. 2021;
Puitel et al. 2023). In particular, the relationship among hot-water extraction, multi-stage refining, fiber
morphological evolution and the final bulkiness-strength balance of tobacco stem-based sheets remains
insufficiently understood.

Herein, mild hot-water extraction combined with multi-stage refining was used to regulate tobacco stem
fibers and prepare reconstituted tobacco sheets with balanced bulkiness and strength (Fig. 1). The
internal structure of tobacco stems before and after hot-water extraction was compared by micro-CT (Li
et al. 2021; Dallé et al. 2021; Li et al. 2023; Tao et al. 2025). The morphological evolution of coarse and
fine pulp fractions during refining was systematically analyzed, including fiber length, width, coarseness,
aspect ratio, curl index, kink index, fibrillation degree and broken fiber ratio. The effects of refining pass
on beating degree, fine pulp yield, tensile strength, elongation and bulk were further evaluated. SEM and
micro-CT were used to reveal the microstructural and pore-network evolution of tobacco stem-based
sheets (Dallé et al. 2021), aiming to clarify how pretreatment-assisted refining regulates fiber
morphology, porous structure and sheet performance (Sharma et al. 2015; Hayase et al. 2021).

Methods and Experiments

Materials

Tobacco stems were obtained from a local cigarette factory. The stems were air-dried and sealed in
bags for storage prior to use.

Preparation of Reconstituted Tobacco Sheets

Hot-water extraction pretreatment

The dried tobacco stems were mixed with deionized water at a solid-to-liquid ratio of 1:10 (based on
oven-dry weight) and extracted at 80°C for 30 min to remove soluble components and loosen the tissue
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structure. After extraction, the stems were drained and a portion was freeze-dried for subsequent
structural observation.

Refining and screening

The pretreated stems were refined using a laboratory-scale refining system (self-built) for one, two, or
three passes to obtain pulps with different refining intensities. The refined pulps were then screened with
a flat screen to separate coarse and fine fractions. The fine pulp yield was calculated as the percentage
of oven-dry fine pulp relative to the total oven-dry raw material. The beating degree of each pulp fraction
was determined using a beating degree tester according to standard methods.

Sheet forming and drying

Handsheets with a target basis weight of 60 g-m~2 were prepared from the fine pulp fractions obtained
after each refining pass using a laboratory sheet former. The wet sheets were freeze-dried at -60°C for 24
h to preserve the original porous structure. The dried sheets were conditioned at (23 + 1) °C and (50 +
2)% relative humidity for 24 h prior to testing.

Characterization

Fiber morphology analysis

Fiber morphological parameters, including length-weighted average fiber length, width, coarseness, curl
index, kink index, fibrillation degree, and broken fiber ratio, were measured for both coarse and fine pulp
fractions using a MorFi fiber analyzer (Techpap, France) (Sood and Sharma 2021). For each sample, at
least 10,000 fibers were counted to ensure statistical reliability.

Physical property measurements

Tensile strength and elongation were tested using an L&W tensile strength tester (CE062, Sweden) with
a clamping length of 100 mm and a crosshead speed of 20 mm-min-". Sheet thickness was measured
with an L&W thickness tester (L251-5508, Sweden), and bulk was calculated as the ratio of thickness
(cm?3) to basis weight (g), expressed in cm3-g-".

Microstructural and pore structure characterization

The internal structure of tobacco stems before and after hot-water extraction, as well as the cross-
sectional morphology of the sheets, was observed using scanning electron microscopy (SEM). Three-
dimensional nondestructive scanning of the sheet samples was performed using a micro-computed
tomography system (SkyScan 2211, Bruker, Germany) operated at 90 kV and 105 pA, with an exposure
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time of 0.5 s, a pixel size of approximately 5 um, and 1800 projections acquired over a 180° rotation. The
image stacks were reconstructed with VoxelStudioRecon software, and three-dimensional models were
built using Avizo software to extract pore structure parameters such as porosity and pore size
distribution. A region of interest (ROI) of 800 x 400 x 800 voxels, verified as a representative volume
element (RVE), was selected for the analysis (Sharma et al. 2015; Li et al. 2021; Wang et al. 2023).

Grey relational analysis

Grey relational analysis (GRA) was used to quantitatively evaluate the correlations between fiber
morphological/structural parameters and sheet properties (Jamshaid et al. 2022; Samuel et al. 2022;
Huo et al. 2023). The performance indices (tensile strength, elongation, and bulk) were taken as the
reference sequences, and the fiber morphological or pore structural parameters as the comparison
sequences. After mean-value normalization, the grey relational coefficients were calculated with a
distinguishing coefficient p = 0.5 (Vujji and Dahiya 2023). The grey relational degrees were then ranked; a
higher degree indicates a more significant influence.

Results and Discussion

Hot-water extraction loosens the compact structure of
tobacco stems

The internal architecture of tobacco stems before and after hot-water extraction was visualized by
micro-CT to clarify the structural basis for subsequent fiber disintegration and refining. As shown in

Fig. 2a, the untreated tobacco stem displayed a compact and highly heterogeneous cross-sectional
structure. The vascular bundles and surrounding parenchyma tissues were closely packed, and the
internal voids were partially blocked by dense cell-wall materials and extractives. This compact structure
limits water penetration and reduces the accessibility of mechanical forces during refining (Sung and
Seo 2009; Hu et al. 2024; Liu et al. 2026). After hot-water extraction, the cross-section became more
open and structurally distinguishable (Fig. 2b). The vascular tissue, cell lumens and porous regions were
more clearly exposed, indicating that soluble compounds, weakly bound components and part of the
amorphous matrix were removed during extraction (Sun et al. 2021). This structural loosening is
beneficial for water penetration, fiber swelling and fiber separation during subsequent refining. Therefore,
hot-water extraction acts not only as a conventional extraction step for removing water-soluble
constituents, but also as a mild pretreatment that improves the mechanical processability of tobacco
stem fibers (Li et al. 2025).

Morphological evolution of coarse and fine pulp fibers
during multi-stage refining

The morphological evolution of tobacco stem fibers during multi-stage refining was analyzed by
separately evaluating the coarse and fine pulp fractions. As shown in Fig. 3a—d, the coarse pulp
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exhibited a pronounced response to refining. The average fiber length of the coarse pulp remained
relatively stable after the first and second refining passes, increasing slightly from 0.433 mm to 0.438
mm, and then decreased to 0.417 mm after the third pass. In contrast, the fiber width decreased
continuously from 31.84 pm to 28.16 ym and further to 23.63 pm with increasing refining pass. As a
result, the calculated fiber aspect ratio increased from approximately 13.6 to 15.6 and 17.6. This
indicates that multi-stage refining mainly promoted longitudinal splitting and fiber narrowing in the
coarse fraction, rather than severe fiber shortening.

The fiber coarseness of the coarse pulp first decreased from 10.733 mg/m to 8.860 mg/m after the
second refining pass, suggesting improved fiber separation and partial fibrillation. However, it increased
sharply to 20.607 mg/m after the third pass, which may be related to the retention of relatively thick
residual fiber fragments or aggregated coarse fiber components after excessive refining. Meanwhile, the
curl index decreased continuously from 42.96% to 37.68% and 35.27%, indicating that the coarse fibers
became straighter and more conformable during refining. The kink index changed only slightly, remaining
around 14.5-15.3%, suggesting that refining altered fiber flexibility and surface structure more strongly
than kink deformation. The fibrillation degree of the coarse pulp increased progressively from 10.660%
to 13.494% and 14.274%, confirming that repeated refining enhanced external fibrillation and exposed
more bonding sites on the fiber surface (Motamedian et al. 2019; Ushakov et al. 2023). Notably, the
broken fiber ratio decreased from 41.842% to 39.822% and further to 31.703%. This result suggests that
hot-water extraction followed by controlled refining favored fiber bundle opening and fibrillation rather
than destructive cutting of the coarse fibers.

The fine pulp fraction showed a different morphological evolution pattern (Fig. 3e-h). The average fiber
length increased from 0.370 mm to 0.391 mm after the second refining pass and then slightly decreased
to 0.383 mm after the third pass. The fiber width increased from 28.50 pm to 29.43 pm and then
remained close to 28.98 um. Accordingly, the aspect ratio of the fine pulp changed only slightly, from
approximately 13.0 to 13.3 and 13.2. These results indicate that the fine pulp fibers were less affected in
terms of dimensional change compared with the coarse pulp fibers.

The coarseness of the fine pulp increased gradually from 12.700 mg/m to 13.563 mg/m and 13.955
mg/m with increasing refining pass. The curl index decreased from 43.70% to 41.43% after the second
pass and then recovered to 42.96% after the third pass, while the kink index slightly increased from
15.20% to 15.40% and then decreased to 14.80%. More importantly, the fibrillation degree of the fine pulp
increased from 20.816% to 23.340% after the second refining pass, indicating enhanced fiber surface
development. After the third refining pass, it slightly decreased to 22.018%, suggesting that excessive
refining did not further improve fine fiber fibrillation. The broken fiber ratio decreased markedly from
20.870% to 15.170% after the second pass, but increased again to 19.572% after the third pass. This
confirms that two-stage refining was more favorable for producing fine pulp fibers with high fibrillation
and low fiber damage.

Page 6/17



Refining pass regulates pulp development and the bulk-
strength balance of tobacco stem sheets

The effect of refining pass on pulp development and the physical properties of reconstituted tobacco
sheets is shown in Fig. 4. As the refining pass increased from one to three, the beating degree increased
from 22 °SR to 28 °SR and further to 31 °SR (Fig. 4a). Meanwhile, the fine pulp yield increased
continuously from 5.33% to 8.40% and 12.23%, respectively. This result indicates that multi-stage refining
progressively promotes fiber swelling, fibrillation and fiber bundle disintegration, producing more fine
pulp components and improving the drainage resistance of the pulp suspension (Kunfong et al. 2023).

The tensile strength and elongation of the sheets exhibited a non-monotonic trend with increasing
refining pass (Fig. 4b). The tensile strength increased from 0.335 kN-m-" after one refining pass to 0.371
kN-m-" after two refining passes, corresponding to an increase of approximately 10.7%. The elongation
also increased from 0.918% to 1.030%. This improvement can be attributed to enhanced fiber fibrillation
and increased inter-fiber bonding area, which improved stress transfer within the sheet network.
However, after three refining passes, the tensile strength decreased to 0.353 kN-m~" and the elongation
decreased to 0.974%. Although the beating degree and fine pulp yield continued to increase, excessive
refining did not further improve mechanical performance. This suggests that over-refining may partially
damage fiber integrity, increase structural densification and weaken the contribution of the coarse fiber
skeleton (Li et al. 2025).

In contrast, the bulk of tobacco stem sheets decreased continuously with increasing refining pass
(Fig. 4c). The bulk decreased from 12.212 cm3-g-" after one refining pass to 11.560 cm3-g-" after two
refining passes and further to 10.155 cm?3-g-" after three refining passes. The total decrease reached
approximately 16.8% from the first to the third refining pass. This decline is consistent with the
progressive collapse and densification of the fiber network during refining. At low refining intensity, the
sheet retained a loose porous structure and therefore exhibited high bulk. With increasing refining
intensity, fibrillated fibers and fine components filled the inter-fiber voids and enhanced fiber bonding,
resulting in a denser network and lower bulk (Zhao et al. 2018).

The grey relational analysis further revealed the contribution of fiber morphological characteristics to
sheet performance (Fig. 4d). Tensile strength showed the highest correlation with fibrillation degree, with
a grey relational degree of 0.862, followed by cut fiber ratio and fiber length, with values of 0.827 and
0.795, respectively. This indicates that mechanical reinforcement is mainly governed by the development
of fiber surface fibrillation and the preservation of sufficient fiber length. Bulk was most closely related to
fiber coarseness, with a grey relational degree of 0.768, followed by fiber length and curl index, with
values of 0.713 and 0.697, respectively. These results suggest that coarse and relatively long fibers are
beneficial for constructing a loose and supportive fiber network. For elongation, curl index showed the
highest correlation, with a grey relational degree of 0.815, followed by fiber length and fibrillation degree,
with values of 0.764 and 0.742, respectively, indicating that fiber flexibility, fiber continuity and bonding
ability jointly contribute to sheet deformability (Kouko et al. 2018; Ushakov et al. 2023).
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Microstructural evolution of tobacco stems and tobacco
stem-based sheets during refining

SEM and micro-CT were further used to visualize the microstructural evolution of tobacco stems and the
corresponding sheet structures during multi-stage refining. As shown in Fig. 5a, the unrefined tobacco
stem retained a compact and continuous tissue structure. The fiber bundles were tightly embedded in
the matrix, and only limited fiber separation was observed. Such a compact structure restricts fiber
swelling and inter-fiber bonding during sheet formation. After the first refining pass, the original tobacco
stem tissue was partially opened, and the fiber bundles began to separate from the compact matrix

(Fig. 5b). However, the fiber surface remained relatively smooth, indicating that one refining pass mainly
promoted primary disintegration rather than sufficient fibrillation. After two refining passes, obvious fiber
peeling, splitting and external fibrillation appeared on the fiber surface (Fig. 5c). This structure is
favorable for increasing the contact area between fibers and improving inter-fiber bonding. When the
refining pass increased to three, the fibers became more severely separated and fragmented (Fig. 5d).
Although the fiber surface was further opened, excessive mechanical treatment could weaken the
structural integrity of the coarse fiber skeleton.

The micro-CT cross-sectional images of the corresponding sheets further confirmed the structural
transition during refining. The sheet prepared from unrefined tobacco stems showed a highly
heterogeneous internal structure with obvious fiber aggregation and uneven density distribution

(Fig. 5e). This indicates poor fiber dispersion and insufficient network formation. After one refining pass,
the sheet became more uniform, but the internal fiber network was still relatively loose and
discontinuous (Fig. 5f). After two refining passes, the sheet displayed a more homogeneous and
interconnected fiber network (Fig. 5g), suggesting that moderate refining promoted fiber dispersion and
bonding while maintaining sufficient internal pores. This structure is consistent with the maximum
tensile strength and elongation obtained at 28 °SR. After three refining passes, the sheet structure
became visibly denser (Fig. 5h). The increased amount of fibrillated and fine components filled the inter-
fiber voids, leading to a more compact network (Mandlez et al. 2022). This explains the continuous
decrease in bulk after refining, as well as the slight reduction in tensile strength and elongation at 31 °SR.
Therefore, the microstructural observations demonstrate that two-stage refining is more favorable for
forming a balanced hierarchical network, in which fibrillated fibers provide bonding strength while
relatively intact coarse fibers maintain structural support and bulkiness.

Pore-network evolution of tobacco stem-based sheets
revealed by micro-CT

Micro-CT analysis was used to further quantify the internal pore-network evolution of tobacco stem-
based sheets prepared at different beating degrees. As shown in Fig. 63, the sheet prepared at 22 °SR
exhibited the lowest porosity among the refined samples, with a relatively fluctuating porosity profile
along the XY slices. This indicates that one-pass refining was insufficient to fully disperse the tobacco
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stem fibers, resulting in local fiber aggregation and heterogeneous pore distribution within the sheet.
When the beating degree increased to 28 °SR, the overall porosity increased and the slice-by-slice
porosity profile became more stable. This suggests that two-stage refining improves fiber separation and
sheet formation uniformity. The enhanced fibrillation and better fiber dispersion allowed the formation of
a more continuous porous network, while still preserving sufficient internal voids. This structural feature
agrees well with the improved tensile strength and elongation observed at 28 °SR. At 31 °SR, the sheet
also showed a relatively high porosity level; however, this did not lead to higher macroscopic bulk. This
apparent difference can be explained by the refinement of pore structure. With further refining, more
fibrillated fibers and fine components were generated, subdividing larger voids into smaller pores and
compacting the overall fiber network. Therefore, the CT-derived porosity mainly reflects the total void
fraction within the reconstructed region, whereas the macroscopic bulk is also affected by pore size,
pore morphology, fiber packing and network compressibility (Reitbauer et al. 2023).

The pore size distributions further confirm this structural transition. The sheet prepared at 22 °SR
showed a broad pore size distribution ranging approximately from 0.04 to 0.18 mm, with the main pore
fraction centered around 0.08 mm (Fig. 6b). The relatively broad distribution indicates an uneven pore
network caused by insufficient fiber dispersion. At 28 °SR, the pore size distribution became more
concentrated in the medium pore range of approximately 0.06—0.10 mm, while the fraction of large
pores decreased (Fig. 6¢). This indicates that moderate refining promoted a more uniform pore network,
which is beneficial for balancing sheet bulkiness and mechanical strength.

For the sheet prepared at 31 °SR, the pore size distribution became further concentrated around 0.06-
0.08 mm, with a higher proportion of small and medium pores and fewer large pores (Fig. 6d). This
demonstrates that excessive refining did not simply increase porosity but transformed the pore network
from a loose structure with large voids into a finer and more compact porous architecture. Such pore
refinement explains the continuous decrease in bulk from 12.212 to 10.155 cm?-g~" as the refining pass
increased, despite the relatively high CT porosity at higher beating degrees.

Conclusion

In this study, mild hot-water extraction combined with multi-stage refining was used to regulate tobacco
stem fiber morphology and balance the bulkiness and strength of reconstituted tobacco sheets. Micro-
CT showed that hot-water extraction loosened the compact internal structure of tobacco stems,
facilitating subsequent fiber separation and fibrillation during refining.

Increasing the refining pass raised the beating degree from 22 °SR to 31 °SR and increased the fine pulp
yield from 5.33% to 12.23%. Two-stage refining produced the most favorable fiber morphology, with
sufficient fibrillation and limited fiber damage. Accordingly, the tensile strength and elongation reached
their maximum values of 0.371 kN-m~" and 1.030% at 28 °SR, while the sheet still maintained a relatively
high bulk of 11.560 cm?3-g='. SEM and micro-CT analyses confirmed that insufficient refining led to poor
fiber dispersion and heterogeneous pore structures, whereas excessive refining compacted the fiber
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network and reduced bulk. Two-stage refining formed a more uniform and interconnected porous
network, enabling the best balance between bulkiness and mechanical strength. This work provides a
mild pretreatment and controlled refining strategy for the high-value utilization of tobacco stems in high-
bulk reconstituted tobacco sheets.
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Figures
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Figure 1

Schematic illustration of the preparation and characterization of reconstituted tobacco sheets from
tobacco stems.

Figure 2

Micro-CT cross-sectional images of tobacco stems before and after hot-water extraction: (a) untreated
tobacco stem and (b) hot-water-extracted tobacco stem.
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Figure 3

Changes in fiber morphology of coarse and fine pulp fractions during multi-stage refining. (a) Fiber
length and fiber width of coarse pulp; (b) fiber coarseness and fiber aspect ratio of coarse pulp; (c) curl
index and kink index of coarse pulp; (d) fibrillation degree and broken fiber content of coarse pulp; (e)
fiber length and fiber width of fine pulp; (f) fiber coarseness and fiber aspect ratio of fine pulp; (g) curl
index and kink index of fine pulp; (h) fibrillation degree and broken fiber content of fine pulp.
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Figure 4

Effect of refining pass on pulp development, physical properties and fiber morphology-property
relationships of reconstituted tobacco sheets. (a) Beating degree and fine pulp yield; (b) tensile strength
and elongation; (c) bulk; (d) grey relational degree between fiber morphological characteristics and sheet
properties.

Figure 5
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Microstructural evolution of tobacco stems and tobacco stem-based sheets during multi-stage refining.
SEM images of tobacco stems: (a) unrefined tobacco stem; (b) tobacco stem after one refining pass; (c)
tobacco stem after two refining passes; (d) tobacco stem after three refining passes. Micro-CT cross-
sectional images of tobacco stem-based sheets: (e) sheet prepared from unrefined tobacco stem pulp;
(f) sheet prepared from one-pass refined tobacco stem pulp,; (g) sheet prepared from two-pass refined
tobacco stem pulp; (h) sheet prepared from three-pass refined tobacco stem pulp.
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Figure 6
Micro-CT analysis of pore-network evolution in tobacco stem-based sheets prepared at different beating

degrees. (a) Slice-by-slice porosity distribution of sheets prepared at 22 °SR, 28 °SR and 31 °SR along the
XY plane; (b-d) pore size distributions of sheets prepared at 22 °SR, 28 °SR and 31 °SR.

Page 17/17



