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ARTICLE INFO ABSTRACT

Pages: Cellulose nanocrystals (CNCs) offer renewable alternatives to conventional
169-177 carbon precursors. This study examined how pyrolysis temperature affects the

mass, dimensions (diameter and thickness), and surface morphology of CNC-
Received: derived carbon. CNCs with 80% crystallinity were compressed into 13 mm films
22 September 2026 under 10 tons of pressure and pyrolyzed at 300, 600, and 900 °C under nitrogen

at 10 °C/min. Mass and dimensional changes were measured, and morphology
Accepted: was examined using scanning electron microscopy (SEM). Mass loss increased
10 October 2026 from 49.1% at 300 °C to 73.7% at 600 °C and 76.0% at 900 °C. Diameter and

thickness also decreased, with the largest changes occurring between 300 and
Published: 600 °C and smaller changes thereafter, suggesting that most thermal
10 October 2026 decomposition occurred before 600 °C. Carbon appeared chunk-like at 300 °C,

porous at 600 °C, and denser, ordered, and flake-like at 900 °C. These findings
provide an overview of CNC behavior and morphology as biomass-based
carbon precursors.

Keywords: Cellulose Nanocrystals, Pyrolysis, Morphology, SEM, Carbon

1. Introduction

Carbon materials have long attracted attention in materials engineering because of their excellent
mechanical properties, low density, and high thermal stability, making them widely used in high-value
applications such as aerospace, automotive components, and sporting equipment. Most commercial
carbon materials are currently produced from polyacrylonitrile (PAN) and petroleum-based pitch
precursors. Although these precursors yield carbon with excellent mechanical properties, they have
significant drawbacks: they are derived from non-renewable resources, have high production costs, and,
in the case of PAN carbonization, release toxic gases such as hydrogen cyanide [1] [2]. These limitations
have driven more intensive research into alternative carbon precursors that are renewable,
environmentally friendly, and biodegradable.

Cellulose is the most abundant natural biopolymer on Earth and has long been considered a
biomass-based carbon precursor because it is renewable, inexpensive, and has a relatively high carbon
content [3],[4]. Among the various forms of cellulose, cellulose nanocrystals (CNCs) have attracted
particular attention because they exhibit a much higher degree of crystallinity than conventional
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cellulose fibers, owing to the removal of amorphous regions during acid hydrolysis. The highly ordered
crystalline structure of CNCs is believed to influence the pathways of carbon-structure formation during
pyrolysis, including the tendency to form more ordered graphitic structures than carbon derived from
amorphous cellulose [5]. In addition, CNCs are being developed as additives or blended precursors in
the production of PAN-based carbon fibers to improve the sustainability of the manufacturing process
[6].

Recent studies indicate that CNCs have considerable potential as functional materials and
sustainable carbon precursors because they are environmentally friendly, have a high surface area, and
can be modified chemically or physically [7]. Previous studies have extensively examined the thermal
decomposition of cellulose and the characteristics of carbon produced at various temperatures,
particularly carbon yield, chemical structure, and the development of porosity [5],[8],[10]. However,
studies specifically linking increasing pyrolysis temperatures to changes in the macroscopic dimensions
of CNC films, such as diameter and thickness, and to the stepwise evolution of surface morphology
remain limited. Understanding physical changes in mass, dimensions, and surface morphology at
different temperatures is essential for explaining the overall conversion of CNCs into carbon materials.
Cellulose pyrolysis generally proceeds through several stages, including dehydration at low
temperatures, cleavage of glycosidic bonds and formation of volatile compounds at intermediate
temperatures, followed by aromatization and formation of more ordered carbon structures at high
temperatures [8]. Each stage directly affects the final physical characteristics of the resulting carbon
material, including its porosity and surface morphology.

Recent studies have also reported that pyrolysis temperature is one of the most influential factors
affecting the development of morphology and pore structure in biomass-based carbon. Increasing the
pyrolysis temperature generally increases carbon porosity and surface area up to a certain point, after
which the pore structure may shrink because of consolidation and reorganization of the carbon
framework at higher temperatures [9],[10]. A similar trend may occur in CNC-based carbon because
water and hydroxyl groups in its structure are progressively released during heating. Therefore, this
study investigates the effects of pyrolysis temperatures (300 °C, 600 °C, and 900 °C) on changes in the
mass, diameter, and thickness of CNC films, as well as the evolution of the surface morphology of the
resulting carbon, using scanning electron microscopy (SEM). The findings are expected to provide an
initial understanding of the physical behavior of CNCs during thermal conversion into carbon and to
support further development of CNCs as sustainable carbon precursors.

2. Methods

The main material used in this study was cellulose nanocrystals (CNCs) with a crystallinity degree
of 80% and a diameter of 1-100 nm, obtained from Celluforce, Canada. Nitrogen gas was used to
provide an inert atmosphere during pyrolysis. The equipment included a compression press with a 13
mm diameter die, a tube furnace for pyrolysis, an analytical balance, calipers, and a JEOL 6060 SEM.
The overall research procedure is presented in the flowchart in Figure 1. CNC films were prepared by
weighing 150 mg of CNC powder, placing it in a 13 mm diameter compression die, and applying a
pressure of 10 tons to form a flat circular disk.

The CNC films were then pyrolyzed in a tube furnace under a nitrogen atmosphere in the
following stages: pre-carbonization from 25 °C to 300 °C at a heating rate of 10 °C/min, followed by an
isothermal hold for 1 hour; carbonization from 300 °C to 600 °C at the same heating rate, followed by a
1-hour isothermal hold; and final heating from 600 °C to 900 °C at 10 °C/min, followed by a 1-hour
isothermal hold. The heating profile is summarized in Table 1. The percentages of mass loss and
dimensional shrinkage were calculated relative to the initial film values before pyrolysis.

Physical changes in CNCs caused by pyrolysis were assessed by measuring film mass, diameter,
and thickness before and after heat treatment at each temperature (300 °C, 600 °C, and 900 °C). Three
replicates (separate films) were prepared for each temperature, and all data are presented as mean *
standard deviation (SD). Mass was measured using an analytical balance with a precision of 0.01 mg,
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while diameter and thickness were measured with calipers (precision: 0.05 mm) at four points on each
film. Differences among temperatures were statistically tested using one-way ANOVA followed by
Tukey’s post hoc test at a significance level of 5% (p < 0.05). The surface morphology of the pyrolyzed
carbon was analyzed using a JEOL 6060 SEM at an accelerating voltage of 20 kV and magnifications of
500x and 1,000x. Before observation, samples were mounted on adhesive carbon tape and coated with
a thin layer of gold using an Emscope SC 500 coater to reduce charging effects during analysis.

Cellulose nanocrystal powder (CNCs)
150 mg, crystallinity 80%

{

CNC film preparation

Compression 10 tons, film diameter 13 mm

|

Initial measurement

Mass, diameter, and film thickness

!

Pyrolysis (tube furnace, N, atmosphere, 10 °C/min)
25 — 300 °C — 600 °C — 900 °C, holding for 1 hour at each temperature

!

Measurement after pyrolysis
Mass, diameter, and film thickness at 300, 600, and 900 °C

|

Morphological characterization (SEM)
Gold coating, 20 kV, magnifications of 500x and 1000x

|

Data analysis and discussion

Figure 1. Flowchart of the study on the effect of pyrolysis temperature on changes in the mass,
dimensions, and morphology of cellulose nanocrystal-based carbon.

Table 1. Pyrolysis heating profile of cellulose nanocrystal (CNC) films.

Stage T:;T\z:r;tg; ¢ Hfoa (tzl/rl;gizte Isothermal hold  Atmosphere
Pre-carbonization 25-300 10 1 jam Nitrogen
Carbonization 300-600 10 1jam Nitrogen
Final heating 600-900 10 1jam Nitrogen

At each final temperature (300, 600, and 900 °C), the results were analyzed using three separate film
replicates.

3 Results and Discussion

3.1 Changes in the Mass, Diameter, and Thickness of Cellulose Nanocrystals during Pyrolysis

The pyrolysis of CNCs into carbon involves a series of thermal decomposition reactions that occur
progressively as the temperature increases. In general, these stages include the release of free water and
dehydration at low temperatures (approximately 100-200 °C); cleavage of glycosidic bonds, producing
oligosaccharides and monosaccharides, at intermediate temperatures (200-300 °C); further degradation
accompanied by the formation of tar and gases such as CO and CO, at 300-500 °C; formation of
amorphous and nanocrystalline carbon structures at 500-700 °C; and formation of more ordered carbon
structures resembling graphitic layers above 700 °C [5,8]. These stages are quantitatively reflected in the
changes in mass and dimensions of the CNC films observed in this study, as shown in Figure 2.
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Figure 2. Percentages of mass loss, diameter shrinkage, and thickness shrinkage of cellulose
nanocrystal films after pyrolysis at 300 °C, 600 °C, and 900 °C.

As shown in Figure 2, CNC mass loss increased consistently with pyrolysis temperature,
amounting to 49.1% at 300 °C, rising to 73.7% at 600 °C, and reaching 76.0% at 900 °C. A similar pattern
was observed in diameter shrinkage, which was 11.6% at 300 °C, 30.5% at 600 °C, and 31.5% at 900 °C.
Film thickness shrinkage was 1.2% at 300 °C, 47.9% at 600 °C, and 44.6% at 900 °C. These values
represent the means of three replicates, with standard deviations shown by the error bars in Figure 2;
the differences among temperatures were statistically significant (p < 0.05). This pattern indicates that
the most substantial changes occurred between 300 and 600 °C, whereas changes from 600 to 900 °C
were relatively small; thickness shrinkage even decreased slightly, from 47.9% to 44.6%. A summary of
these values, the remaining mass, and the morphological characteristics discussed in Section 3.2 is
presented in Table 2.

Table 2. Summary of physical changes and morphology of carbon produced by CNC pyrolysis.

Tempera Remaining Diameter Thickness
Mass 1 9 Morphol SEM
ture (°C) ass loss (%) mass (%)  shrinkage (%) shrinkage (%) orphology ( )
Chunk-like; rounded to
300 19,1 50,9 116 12 elonga.ted aggregates,
relatively smooth
surface
Porous; more
600 73,7 26,3 30,5 47,9 continuous surface with
micro-gaps
Dense; thin flakes
900 76,0 24,0 31,5 44,6 (flake-like), reduced
porosity

Mass-loss and shrinkage values are the means of three replicates (standard deviations are shown
in Figure 2). Remaining mass was calculated as 100% minus mass loss.

This phenomenon is consistent with the thermal decomposition mechanism of cellulose, in which
most of the volatile compounds, tar, and gases generated by glycosidic-bond cleavage are released
intensively before the temperature reaches 600 °C [11]. Above 600 °C, most of the remaining material is
relatively stable carbon residue; therefore, subsequent processes are dominated by structural
reorganization (aromatization and formation of a more ordered carbon framework) rather than
substantial mass loss [12]. This explains why changes in mass and dimensions between 600 and 900 °C
are much smaller than those between 300 and 600 °C. These findings provide an initial indication that
600 °C is a critical point in the thermal conversion of CNCs into carbon, at which most physical
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transformations have occurred before the material enters the structural densification stage at higher
temperatures.

Although mass loss (from 73.7% to 76.0%) and diameter shrinkage (from 30.5% to 31.5%) increased
slightly, thickness shrinkage decreased from 47.9% at 600 °C to 44.6% at 900 °C. This difference of 3.3
percentage points may be explained by several possible factors. First, the difference is relatively small
and should be evaluated against replicate variability and the precision of caliper measurements (the
error bars in Figure 2); if the difference falls within the standard-deviation range, thickness at 600 °C
and 900 °C may be considered statistically equivalent. Second, the CNC films were compressed at 10
tons, potentially storing elastic stress. The release of volatile compounds at 300-600 °C creates pores and
microcracks (Figures 3c and 3d), and at higher temperatures, relaxation of residual stress together with
the release of remaining gases may cause slight expansion in the thickness direction or prevent further
shrinkage. Third, flakes protruding from the surface form at 900 °C (Figures 3e and 3f), increasing
surface roughness and potentially making caliper-measured thickness greater than the actual bulk
thickness. Because these mechanisms primarily affect the thickness direction, diameter shrinkage (radial
direction) continues to increase slightly. Further verification using cross-sectional SEM observations or
density measurements is required to identify the dominant mechanism.

3.2 Morphological Analysis of Pyrolysis-Derived Carbon

The surface morphology of carbon produced by CNC pyrolysis at 300 °C, 600 °C, and 900 °C,
observed using SEM at magnifications of 500x and 1,000x, is shown in Figure 3. The pyrolysis
temperature is indicated in each image panel.

x500

50 um

=

x1,000

50 um

Figure 3. Surface morphology of carbon produced by cellulose nanocrystal pyrolysis at
magnifications of 500x and 1,000x: (a,b) 300 °C; (c,d) 600 °C; and (e,f) 900 °C.

At a pyrolysis temperature of 300 °C (Figures 3a and 3b), the carbon surface still exhibits a chunk-
like morphology resembling the original CNC structure before heat treatment. This indicates that the
material has undergone only the initial stages of thermal decomposition, including dehydration and
surface degradation, without significant changes to the carbon framework; consequently, much of the
original CNC morphology is retained. At 1,000x magnification (Figure 3b), the surface consists of closely
packed rounded to elongated aggregates with clearly defined boundaries and a relatively smooth
surface, while fine pores and microcracks are not yet prominent.
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At 600 °C (Figures 3c and 3d), the surface morphology changes substantially, characterized by the
development of a porous structure with a more uniform pore distribution and an apparently larger
surface area than the sample pyrolyzed at 300 °C. This porous structure is consistent with the intensive
release of volatile compounds, tar, and gases within this temperature range, leaving voids in the carbon
framework after non-carbon components are removed [13]. Increased porosity resulting from volatile
release at intermediate pyrolysis temperatures has also been reported for other biomass-derived
carbons, such as sawdust-based carbon, which exhibits optimal porosity at around 600 °C before
declining at higher temperatures [9]. Morphologically, the separate aggregates observed at 300 °C
become a more continuous surface with less distinct aggregate boundaries, accompanied by dark
elongated or linear gaps (pores and microcracks) distributed across the surface (Figures 3c and 3d).
These changes suggest that, in addition to forming voids through volatile release, the carbon framework
may undergo contraction and particle coalescence between 300 and 600 °C.

At 900 °C (Figures 3e and 3f), the carbon morphology develops into a denser, more orderly
structure resembling sheets or flakes, with apparently lower porosity than the sample pyrolyzed at 600
°C. This change suggests that at high temperatures the carbon framework undergoes further structural
reorganization toward a more ordered arrangement, consistent with aromatization and the formation
of graphitic-like structures [14]. The decrease in porosity at high temperatures may result from the
collapse of some pore walls and consolidation of the carbon framework. This may reduce surface area
while potentially increasing the density and structural order of the material [15]. Morphologically, the
surface at 900 °C is dominated by thin flakes protruding in random orientations (Figures 3e and 3f),
while the prominent dark gaps observed at 600 °C are substantially reduced. These protruding flakes
increase surface roughness and may partly explain why the measured thickness is slightly greater than
that at 600 °C.

The correlation between morphology and mass and dimensional data can be summarized as
follows. At 300 °C, mass had decreased by 49.1%, while diameter shrank by only 11.6% and thickness
by 1.2%. This disparity is consistent with the relatively intact chunk-like morphology (Figures 3a and
3b), suggesting that water and the initial volatile fraction had been released without collapsing the
arrangement of CNC particles, so the film dimensions remained relatively stable. At 600 °C, diameter
shrinkage (30.5%) and thickness shrinkage (47.9%) increased sharply, alongside a mass loss of 73.7%.
At this stage, the release of tar and gases resulting from glycosidic-bond cleavage leaves pores and
microcracks (Figures 3¢ and 3d), while the carbon framework contracts and aggregates move closer
together, making the film substantially thinner. The greater thickness shrinkage than diameter
shrinkage may be related to the layered structure formed by uniaxial compression, which allows
contraction to occur more readily perpendicular to the film plane. At 900 °C, mass loss increased by
only 2.3 percentage points and diameter shrinkage by 1.0 percentage point compared with 600 °C, while
the morphology changed to flakes (Figures 3e and 3f). This indicates that this stage is dominated by
rearrangement of the carbon framework (aromatization and formation of more ordered domains),
rather than substantial mass release.

Overall, these morphological observations are consistent with the mass and dimensional changes
shown in Figure 2. The substantial changes between 300 and 600 °C are associated with pore formation
caused by volatile release, whereas the smaller changes between 600 and 900 °C are associated with
structural reorganization toward a denser and more ordered form. These findings reinforce the
understanding that pyrolysis temperature is a key parameter determining the final physical
characteristics and morphology of CNC-based carbon. They may help guide the selection of processing
conditions for specific applications, such as materials requiring high porosity and surface area (600 °C)
or materials with a denser and more ordered structure (900 °C).

3.3 Comparison with Previous Studies

The concentration of mass release at intermediate temperatures is consistent with studies of
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cellulose pyrolysis kinetics and mechanisms. Lin et al. [16] reported that the initial stage of cellulose
pyrolysis involves depolymerization of solid cellulose into levoglucosan, while char forms through
polymerization of pyrolysis products; they also found that the intrinsic kinetics of cellulose pyrolysis
are independent of the heating rate. These findings help explain why most of the mass loss in this study
(73.7% at 600 °C) had occurred before the temperature reached 900 °C, while the material remaining
between 600 and 900 °C was primarily char undergoing structural rearrangement. Because the heating
rate and isothermal holding time were kept constant (Table 1), differences among samples can be
attributed mainly to the final pyrolysis temperature.

In addition to temperature, the surface chemistry of CNCs may also affect the results. Commercial
CNCs are commonly produced by sulfuric acid hydrolysis, which leaves sulfate ester groups on the
nanocrystal surface [17]. Roman and Winter [18] reported that sulfate groups introduced by sulfuric
acid hydrolysis reduce the thermal stability of bacterial cellulose nanocrystals. In nanoplates made from
CNCs, these sulfate groups have also been associated with relatively high char yields compared with
microcrystalline cellulose [19], and the thermal degradation behavior of sulfated CNCs has also been
investigated by Wang et al.[20]. The sulfate content of the CNCs used in this study was not analyzed;
therefore, its possible role in the rapid mass loss between 300 and 600 °C remains speculative and
requires verification through thermogravimetric and elemental analyses.

The remaining mass in this study was 26.3% at 600 °C and 24.0% at 900 °C (Table 2).
Stoichiometrically, the carbon content of cellulose is only about 44%, so a remaining mass of 24.0% is
approximately half of that theoretical limit; this value still exceeds the actual carbon content because the
residue at 900 °C contains some hydrogen and oxygen. Low carbon yield is one of the main limitations
of cellulose precursors compared with PAN, as reviewed by Dumanli and Windle [21]. Therefore,
strategies to increase yield, including control of low-temperature heat-treatment stages, remain
important for the development of CNC-based carbon.

The carbon structure formed at 900 °C should also be distinguished from well-ordered graphite.
Lewandowska et al. [22] obtained oriented turbostratic carbon domains from regenerated cellulose
fibers graphitized at temperatures up to 2,000 °C. In the present study, heating reached only 900 °C and
observations were limited to surface morphology; therefore, the term structural rearrangement toward
a more ordered structure does not imply that graphite was formed. Eom et al. [5] also showed that direct
carbonization of CNCs in an inert atmosphere produces an irregular morphology due to molecular
melting, whereas oxidative stabilization at 250 °C preserves a needle-like structure. The loss of
aggregate boundaries at 600 °C and the formation of flakes at 900 °C in this study are consistent with
these trends and indicate that low-temperature stabilization is a variable worth testing in future
research.

The findings provide an initial basis for selecting pyrolysis temperatures according to application
requirements. The porous carbon produced at 600 °C, with its larger apparent surface area, is more
suitable as a starting material for adsorbents or activated carbon. This is consistent with Lee et al. [19],
who found that carbon derived from CNC nanoplates can be activated to produce microporous carbon
with a surface area of up to 1,310.6 m?/g. In contrast, the denser and more orderly carbon produced at
900 °C may be more relevant for applications requiring greater density and structural order. Because
the changes from 600 to 900 °C are relatively small, selecting 600 °C may also reduce process energy
consumption if the required properties have already been achieved.

4 Conclusion

In conclusion, pyrolysis temperature significantly affects the mass, dimensions, and morphology
of carbon produced from cellulose nanocrystals (CNCs). Mass loss and shrinkage in CNC film diameter
and thickness increased with pyrolysis temperature, with the most substantial changes occurring
between 300 and 600 °C, while changes from 600 to 900 °C were relatively small. Thickness shrinkage
decreased slightly from 47.9% at 600 °C to 44.6% at 900 °C, possibly because of relaxation of residual
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compression stress, gas release, and the formation of flakes on the surface. This indicates that most
thermal decomposition and volatile-compound release had occurred before the temperature reached
600 °C. SEM morphological analysis showed characteristic structural evolution with increasing
temperature: a chunk-like structure resembling the original CNCs at 300 °C, a porous structure with a
larger apparent surface area at 600 °C, and a denser, more ordered, sheet-like structure at 900 °C due to
reorganization of the carbon framework toward a more ordered arrangement. This study provides a
useful initial understanding for developing CNCs as sustainable biomass-based carbon precursors.
Further characterization of crystal structure, porosity, and thermal properties, along with studies of
low-temperature stabilization, is required to confirm their application potential.
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