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Abstract

This study demonstrates the sustainable production and physicochemical characterization of nanofibers from bacterial
cellulose (BC) waste generated during the commercial production of wound dressing films, using TEMPO-mediated
oxidation. The produced BC nanofibers (TO-BCNF) were evaluated in terms of yield (82.68%) and water content
(98.84%), and characterized by Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM),
Fourier-Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD), and Thermogravimetric Analysis (TGA).
TEM revealed nanofibers with an average diameter of 116.07 + 21.35 nm, while XRD confirmed the preservation of the
semi-crystalline structure of BC, with a crystallinity index of 88.15%. TGA indicated thermal stability with degradation
onset at 186 °C. The process also preserved the nanofibrillar morphology and the three-dimensional network of BC. This
sustainable approach supports the circular bioeconomy by converting industrial waste into functional nanomaterials,
offering potential for applications in wound dressings, films, hydrogels, and controlled release systems.
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1. Introduction

In order to mitigate environmental effects and investigate
substitutes for synthetic polymers has prompted materials scientists
to focus more on finding novel and sustainable materials in
recent years. In this context, biopolymers are promising sources
for developing of novel materials and applications'. The
most abundant biopolymer on Earth is cellulose (C.H, O,) ,a
fundamental component of plant fibers, with an estimated annual
production of 7.5 x 10" tons per year”*, Its linear, unbranched
structure results from the condensation polymerization of
anhydroglucose units joined by B-1,4 glycosidic bondst. This
homopolysaccharide exhibits high chain rigidity, it is insoluble
in water, and is highly hygroscopic due to its free hydroxyl
groups and hydrogen bonding®.

Despite these properties, plant cellulose (PC) contains
lignin, hemicellulose, and extractives, which require removal
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to obtain pure cellulose for technological applications.
Extracting these components presents a significant challenge,
given the intensive chemical processes that may compromise
the material’s sustainability!”!. Bacterial cellulose (BC), also
known as biocellulose, has garnered significant attention from
the scientific community due to its unique characteristics
compared to PC. BC is biosynthesized by bacteria such as
Gluconacetobacter, Rhizobium, Sarcina, Agrobacterium, and
Alcaligenes in culture media containing fructose, glucose,
sucrose, and xylose. This process results in a highly pure
polymer, free from the other components typically found
in PC, thus helping to reduce both environmental impacts
and purification costs!™. It must be pointed out that the
dimensions and characteristics of the resulting materials
are strongly influenced by both the origin of the cellulose
and the specific conditions applied during extraction”..
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BC was first identified in 1886 during the vinegar
fermentation!'”). Tt shares the same chemical composition as
PC, but its fiber dimensions and structural organization differ!',
imparting unique properties: nano-scale fibers, high crystallinity,
excellent mechanical and optical properties, flexibility,
and the ability to form highly hydrated three-dimensional
networks!'?. Due to these, BC has a wide range of including
food packaging!'*'¥, the release of active materialst'>'*, wound
dressings!'"'*), cosmetics!'**"), and electronics!”'**.

The increasing demand for sustainable materials has
highlighted cellulose as a promising biopolymer. However,
its intrinsic properties, such as limited mechanical strength
and thermal resistance, restrict its applicability. Significant
efforts have been undertaken to improve the properties of this
material and expand its applications in composite synthesis
and materials research. Nanostructured cellulose, such as
nanofibers and nanocrystals, offers superior performance
in advanced systems. Cellulose nanofibers (CNFs) differ
markedly from cellulose nanocrystals (CNCs) in both
structural features and potential applications. While the
former nanomaterial is composed by long, thin fibers with
lengths of up to 100 um and diameters ranging from 3 to 100
nm!>! and the latter are shorter, rod-like particles obtained
predominantly via strong acid hydrolysis, characterized by
higher crystallinity and lower aspect ratios. CNCs show high
crystallinity, aspect ratio, and excellent mechanical strength
contribute significantly to the improvement of composite
propertiest’, notably in biodegradable polymers such as
polylactic acid (PLA). For instance, Shi et al.**! demonstrated
that CNC incorporation into PLA substantially enhanced the
mechanical performance of the biocomposite, broadening
its potential for engineering plastic applications.

The investigation of cellulose nanofibers (CNFs) as a
means of generating value from bacterial cellulose waste is
supported by the fact that, although CNCs are well-established
in the literature, CNFs have unique morphological and
physicochemical characteristics that make them a flexible
substitute. In particular, studies have increasingly focused
on the nanostructures of bacterial cellulose, particularly its
nanofibers!>°!. In addition to their nanoscale dimensions,
CNFs display a high surface area and the ability to form a
highly porous network, both of which are essential properties
for advanced applications in composite materials. Mechanical
methods were the first employed in the disintegration of BC
for the production of nanofibers. However, these methods
have disadvantages, such as high energy consumption and
equipment wear, limiting their viability on a large scalel"..

Chemical methods to obtain bacterial cellulose nanofibers
(BCNF) include several strategies such as acid hydrolysis,
alkali treatment, and oxidation reactions, such as TEMPO-
oxidation. Acid hydrolysis is a widely employed method to
break down cellulose fibers into smaller nanoparticles, while
alkali treatment is often used to purify bacterial cellulose by
removing any residual non-cellulosic impurities. However,
acid hydrolysis lowers the crystallinity of cellulose fibers,
affecting their mechanical and structural integrity. Furthermore,
it exhibits poor selectivity, affecting both amorphous and
crystalline areas. In contrast, alkali treatment successfully
cleanses cellulose but does not introduce functional groups such
as carboxylates, limiting its use. It may also modify the fiber
surface, influencing how it interacts with other chemicals*.
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Alternatively, methods based on 2,2,6,6-tetramethyl-
1-piperidinyloxyl (TEMPO)-mediated oxidation are well-
established and widely used to produce bacterial cellulose
nanofibers (TO-BCNF), offering advantages over these
traditional approaches. In this process, the addition of sodium
hypochlorite (NaClO) in the presence of catalytic amounts
of TEMPO and sodium bromide (NaBr) at pH 10; facilitates
the selective oxidation of the fibers. Specifically, the primary
hydroxyl groups located at the C6 carbon of cellulose
are first oxidized into aldehyde groups and subsequently
converted into carboxylic acids. This chemical modification
weakens the hydrogen bonds between fibrils, facilitating their
disintegration into nanofibers. Moreover, the introduction of
carboxylate groups not only improves the dispersibility of the
fibers but also enables selective functionalization, thereby
enhancing interactions with other materials™-'l. These
properties make TO-BCNF highly attractive for developing
advanced nanocomposites, establishing the TEMPO method
as a critical approach in materials chemistry. The literature
includes numerous studies on TEMPO-mediated oxidation
of bacterial cellulose!”*****. In the field of dressings, BC is
available as a form of film with pre-defined dimensions"**.
After the cutting process during commercial production
of these dressings, the offcuts are discarded as waste and
not reused. Utilizing this waste represents an innovative
approach, promoting sustainability and contributing to the
circular bioeconomy. Although few studies have explored
industrial waste as a source of bacterial cellulose for BCNF
production, further investigation is required>-*3¢2,

Therefore, this study aimed to produce investigate the
feasibility of utilizing industrial bacterial cellulose (BC)
residues for the preparation of TEMPO-oxidized bacterial
cellulose nanofibers (TO-BCNFs), without focusing on
the optimization of the oxidation reaction conditions. We
hypothesize that residual BC can be efficiently converted
into high-quality nanofibers with structural and functional
properties comparable to those from commercial BC. This
strategy not only decreases the cost of manufacturing,
but also improves sustainability by incorporating waste
valorisation into nanocellulose production. The TEMPO-
oxidation process was chosen because of its selectivity,
which allows surface functionalization without affecting the
crystalline structure, preserving the material’s performance
for advanced applications. The main objective was to assess
how the selective oxidation of primary hydroxyl groups at the
C6 position into carboxylate groups impacts the material’s
properties, while preserving its original crystalline structure
and nanofibrillar morphology. Therefore, the obtained
nanofibers were comprehensively characterized by X-ray
diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and thermogravimetric analysis
(TGA). This approach not only promotes the valorization of
biotechnological waste but also supports the development
of advanced polymeric materials with potential applications
such as wound dressings, films, hydrogels, and controlled
release systems.

2. Materials and Methods
2.1 Materials
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Bacterial cellulose (BC) scraps, originating from film-cutting
operations during the manufacture of commercial dressings
Nexfill®, Seven Industria de Produtos Biotecnoldgicos Ltda),
were generously supplied by the company and used as raw
material in this study. 2,2,6,6-Tetramethylpiperidine-1-oxyl
- TEMPO (C,H,,NO) (CAS 2564-83-2, Sigma-Aldrich),
sodium bromide (NaBr) (CAS 7647-15-6, Dinamica), sodium
hypochlorite 11% (NaClO) (CAS 7681-52-9, Dinamica),
sodium hydroxide (NaOH) (CAS 1310-73-2, Cinética) were
used as received, without any purification. Deionized water
(99% purity and electrical conductivity <5 um.cm-? - Reverse
Osmosis ORBC-10A BFilters) was used for all experiments.

2.2 TEMPO-Mediated Oxidation

The oxidation of BC was carried out according
to the method described in the literaturel®!, with some
modifications. Briefly, 10 g of BC residues were homogenized
and immersed in 1 L of an aqueous solution containing
0.16 g of 2,2,6,6-tetramethylpiperidine 1-oxyl and 1 g
of NaBr. The oxidation reaction was initiated by adding
NaClO (5.0 mmol.g" of dry CB). After the NaCIO was
fully consumed, the system’s pH was maintained at 10.0
by dropwise adding a 0.5 mol.L"' NaOH solution. The
reaction system was mechanically stirred at 1000 rpm at
room temperature for 2 hours. Upon completion of the
oxidation, the suspension was sonicated for 10 minutes
using a bath ultrasonicator (Unique Ultracleaner 1400),
followed by filtration and washing with deionized water
until the pH reached equal to 7.0. The remaining solids
were subsequently fibrillated using a blender (Power L-22,
Mondial) in seven cycles for 2 minutes each. The resulting
material, being hereinafter referred to as TEMPO-oxidized
bacterial cellulose nanofibers (TO-BCNF), was stored in
a glass container under refrigeration for future analysis
and applications.

2.3 Evaluation of dry matter yield after oxidation

The yield ( y ) of TO-BCNF isolation via the TEMPO-
mediated oxidation method was determined in triplicate
based on the literature!*, using Equation 1, where: mf is
the mass of TO-BCNF after drying in an oven at 100°C
until constant weight; and mi is the dry mass of the BC
residue used in the oxidation process.

mi

Y(%):(m—f]xloo (1

2.4 Quantification of water content

The evaluation of water content of the TO-BCNF
sample was determined in triplicate following the procedure
described in the literature!*!), using Equation 2, where: mi
is the mass of TO-BCNF in suspension; and mf is the final
mass of TO-BCNF after drying in an oven at 100 °C until
constant weight.

Water Content(%) :[me] x100 )
mi

2.5 Electron Microscopy Characterization (SEM/TEM)
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Nano- and microstructural analyses of BC and TO-
BCNF samples were performed using scanning (SEM) and
transmission (TEM) electron microscopy. Transmission
Electron Microscopy (TEM) was used to characterize
the morphology and size of the obtained TO-BCNFs. A
diluted aqueous slurry containing TO-BCNF was dropped
onto ultra-thin carbon-coated copper grids under ambient
temperature and humidity. The sample was mounted in the
of a TEM (TECNAI G2F20 - FEG) operated at 200 kV.
The images were taken in conventional bright-field mode.
The nanofiber diameter measurements were analyzed using
Imagel software, and the corresponding histograms were
generated with OriginPro 9.

Scanning Electron Microscopy (SEM) was employed
to evaluate the morphology and aggregation state of the
TO-BCNFs after oxidation. The nanofibers suspension
was freeze-dried at -55 °C for 24 hours to preserve the
structural integratiy of the material. The resulting material
was mounted on an aluminum stub and coated with a thin
layer of gold. Films samples (BC scraps) were used for BC
analysis. Imaging was carried out using a scanning electron
microscope (ZEISS, EVO/LS15) operated at an accelerating
voltage of 10.0 kV.

2.6 Fourier Transform Infrared Spectroscopy (FT-IR)

The insertion of functional groups from TEMPO-mediated
oxidation was qualitatively analyzed using attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-
FTIR). BC and TO-BCNF samples, in the form of films,
were placed in the sample holder of an Agilent Cary 630
spectrometer and subjected to 128 scans in the 4000 to 650
cm’! range with a resolution of 4 cm™! to obtain the spectra.

2.7 X-ray Diffraction (XDR)

The crystalline and semi-crystalline structures of the BC
and TO-BCNF samples were analyzed using XRD analysis.
The samples were placed in a glass sample holder of a
Shimadzu-XRD-600 diffractometer with Cua X-ray source
(A= 0,154 nm, a voltage of 30 kV, a current of 40 mA, an
angular range (20) from 4° to 60°, and a 2°.min"! scan rate).
The crystallinity index ( ¢,/ ) was determined following the
literature!*! using the Segal equation (Equation 3), where:

I is the maximum intensity (in arbitrary units) of the
peak referring to the plane (200); and 7,,,, is the diffraction
intensity at 26 = 18°.

1200 ~Lam)

CrI:( x100 3)
o

2.8 Thermogravimetric analysis (TGA)

TGA analysis was performed using a thermal analyzer
(TA Instruments SDT Q600 V20.9 Build 20). Prior to analysis,
all samples were previously dried at 80 °C in an oven and
subsequently stored in a desiccator. The samples, weighing
approximately 8.0 mg and prepared as films, were placed in an
aluminum sample holder and heated from room temperature
to 800 °C, with a heating of 10 °C.min™" under dynamic
nitrogen atmosphere (100 mL.min™") Thermogravimetric
curves were calculated using TA Instruments Advantage/
Universal Analysis (UA) software.
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3. Results and Discussions

3.1 Yield and water content analysis

The yield of a process is an important metric used to
identify losses that may occur during the conversion of a
material into a final product. A thorough understanding
of these losses is essential for optimizing the process and
ensuring its effective implementation®. The yield of the BC
waste oxidation process to produce TO-BCNF and the water
content of the resulting material are presented in Table 1.

It can be seen that the oxidation process achieved a high
yield, with only a 17.32% loss during the oxidation, sonication,
filtration, washing, fibrillation and drying. This result shows
that about 82.68% (Table 1) of the original bacterial cellulose
mass was recovered as TO-BCNF. The observed mass loss
can be attributed to the elimination of low-molecular-weight
fractions, soluble byproducts produced during the oxidation
reaction, and material losses caused by the nanofibrillation
and purification phases. These results are consistent with those
reported in the literature for oxidation processes using 5.0 mmol
of NaClO, where yields of 89%*! and 74%*") were obtained.
The result obtained for the yield of the oxidation reaction
with TEMPO is satisfactory; however, it should be shown
that the chemical reagents used, such as TEMPO and sodium
bromide, contribute to the total cost of this type of reaction.
In addition, it is worth mentioning that the raw material used
in this study is an industrial waste material, thus supporting
a more sustainable approach. The high water content of the
produced TO-BCNF indicates its strong hydrophilic nature
(Table 1). Quantifying the dry mass was essential for accurately
determining the material’s solid content, which is critical for

Table 1. Yield of the TEMPO-mediated oxidation process and
water content of bacterial cellulose nanofibers.

Yield (%) Water content (%)
82.68 +2.40 98.84 £0.07

Sample
TO-BCNF

reliable characterization, reproducibility of experimental
conditions, and precise control of concentration-dependent
properties in subsequent applications.

3.2 Electron Microscopy Characterization (SEM/TEM)

Figure 1 shows the SEM and TEM images of the BC
scraps and TO-BCNF obtained by TEMPO-mediated
oxidation. The morphology of the BC nanofibers was
assessed using SEM (Figure la and b) and TEM images
(Figure 1c and d), which revealed a homogeneous three-
dimensional network structure. The obtained TO-BCNF
exhibited the characteristic appearance of long and thin,
and tangled fibers, consistent with morphological features
commonly reported for bacterial cellulose nanofibers in the
literaturel*'*4%, A comparison between the micrographs
of BC and TO-BCNF residues, as shown in Figure la-d,
indicates that TEMPO-mediated oxidation did not alter
the overall fibrillar morphology or network integrity of the
material. However, the sonication process played a crucial
role in promoting better dispersion of the nanofibrils, as the
ultrasonic cavitation effect facilitates the breaking of chains
in the amorphous regionst'*!l. Moreover, after oxidation,
the anhydroglucose units may be cleaved, resulting in is the
breakdown of cellulose into smaller nanofibrilst.

The TO-BCNF produced in this study exhibited an
average diameter of 116.07 + 21.35 nm, within the typical
range for nanofibers obtained via TEMPO-mediated oxidation.
Song et al.’*! reported TOBCNS with an average diameter
of ~80 nm, with such variations attributed to differences
in source material, oxidation parameters, post-treatment
conditions, and cellulose’s physical state, particularly
whether dried or never-dried”*.. Depending on these factors,
more intense fibrillation and oxidation may be required to
achieve specific morphological features; however, this can
also generate fines and structural changes in the nanofibrillar
network, potentially compromising its integrity and mechanical
performancel™ 7). Notably, the optimal nanofiber diameter

30

d=116.07 £21.35 nm

20

Frequency (%)

S0 60 70 80 90 100 110 120 130 140 150 160 170
Diameter (nm)

Figure 1. Morphological analysis: (a) SEM image of bacterial cellulose (BC); (b) SEM image of TEMPO-oxidized bacterial cellulose
nanofibers (TO-BCNF); (¢, d) TEM images of TO-BCNF at different magnifications; (e) average size and diameter distribution of bacterial

cellulose nanofibers (TO-BCNF) based on TEM analysis.
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depends on the intended application, as different fields
require distinct specifications for mechanical properties
and morphology. Overall, the TO-BCNF obtained here
confirms that the adopted oxidation and sonication protocol
effectively converted industrial BC residues into nanofibrils
with consistent nanoscale features.

3.3 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared (FTIR) spectra of BC and
TO-BCNF samples were acquired in the range of 4000-600
cm™!, as shown in Figure 2. The spectra of both BC and TO-
BCNF (Figure 2) display characteristic absorption bands
associated with the typical cellulose structure. The moderate
intensity peak around 3324 cm (Figure 2a) is attributed to
O-H bond stretching vibrations, which is observed in both
samples'!l. The peaks located at approximately 1160 and 1030
cm! (Figure 2¢) corresponding to the asymmetric stretching
vibrations of C-O-C linkages and the C-O stretching of secondary
alcohols, respectively”!). These peaks remain unchanged after
oxidation, indicating that the cellulose polysaccharide backbone
is preserved, and no significant degradation or disruption
of the glycosidic linkages occurred. According to previous
research, TEMPO-mediated oxidation primarily targets the
principal hydroxyl groups (C6) while not altering the secondary
hydroxyl groups (C2 and C3)P*.. The absorption at 2895 cm'!
(Figure 2a) is related to aliphatic C-H stretching, while the
peak at 1370 is associated with C—H bending vibrations of
the glucopyranose ring. The band at 1046 cm™ (Figure 2b) is
attributed to C-O stretching vibrations, mainly from C-OH
and C-O—C linkages in the cellulose backbone!™.

It must be pointed out that the oxidation process applied
to BC can be confirmed by FTIR analysis, primarily based on
two key observations: (i) the appearance of a new absorption
band at 1600 cm™! in the TO-BNCF spectrum (Figure 2b),
attributed to the asymmetric stretching vibration of carboxylate
group (-COO), which is absent in the BC spectrum, and (ii)
the lack of aldehyde-related bands in the 1720 — 1740 cm'!
region, indicating that the aldehyde groups (-CHO) were fully
oxidized to carboxylate groups (-COO"). This result indicates
that the oxidation of primary hydroxyl groups at C6 occurred,

(a)
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although the carboxyl groups remain deprotonated under the
current conditions. These results provide strong evidence
for the selective oxidation of BC***"l, Moreover, TEMPO-
mediated oxidation efficiently introduced carboxylate groups
while preserving the nanofibrillar structure, as evidenced by
SEM/TEM images and FTIR data, confirming the process’s
precision and reliability.

3.4 X-ray Diffraction (XDR)

XDR diffraction patterns of BC and TO-BCNF samples
are presented in Figure 3, which confirm the semi-crystalline
nature of both materials, with two main peaks. In the BC
sample, characteristic diffraction peaks appear at 14.50° and
22.72°, corresponding to the (110) and (200) crystallographic
planes of cellulose Ia, respectively®’. These peaks indicate
the highly crystalline structure of BC. Following TEMPO-
mediated oxidation, the TO-BCNF sample maintained a
similar diffraction pattern, confirming that the cellulose I
polymorph was preserved. However, a slightly shifted to
14.68° and 22.86°, likely due to the introduction of carboxylate
groups on the surface of cellulose I crystals, which could
lead to subtle modifications in the inter-planar spacing!®!l.

The crystallinity index (Crl) of the samples was determined
(Table 2), showing that both BC and TO-BCNF have a high
degree of crystallinity. This result indicates that TEMPO-
mediated oxidation does not significantly affect the crystalline
structure of BC. It is likely that the carboxylate groups were
primarily introduced at the surfaces of the crystallites and in
the amorphous regions, rather than affecting the crystalline
corel*>¢1:4%1 These results clarify that, unlike plant-derived
celluloses, which often show increased crystallinity after
oxidation due to the removal of non-cellulosic amorphous
components, such as lignin and hemicellulose, BC is already
highly crystalline and essentially free of such impurities.
Therefore, the TEMPO-mediated oxidation acted mainly
on the accessible surfaces and amorphous regions without
inducing recrystallization or significant reorganization of
the crystalline domains. This explains the absence of a
crystallinity increase despite the chemical modification!®.

B B e E
2200 2000 1800 1600 1400 1200 1000 800

Wavenumber (cm™)

Figure 2. FTIR spectra of bacterial cellulose (BC) and TEMPO-oxidized bacterial cellulose nanofibers (TO-BCNF): (a) full spectral
range (4000—655 cm™); (b) zoomed view of the 2232—655 cm™ region.
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These XRD data corroborate the FTIR results, indicating that
TEMPO-mediated oxidation selectively changed the amorphous
areas while leaving the crystalline cellulose domains intact.
Notably, the structural properties of TO-BCNF generated from
residual BC were equivalent to those frequently described for
nanofibers derived from commercial BC, demonstrating the
possibility of residual sources as a high-quality alternative.

3.5 Thermal properties

Thermogravimetric analysis (TGA) was performed to
evaluate the thermal stability and degradation profile of BC and
TO-BCNF samples. Figure 4 presents the thermogravimetric
(TGA, Figure 4a) and derivative thermogravimetric (DTG,
Figure 4b) curves of both materials, recorded from room

Table 2. Crystallinity Index for BC and TO-BCNEF.

Sample Crystallinity Index (%)
BC 89.52
TO-BCNF 88.15
(110)— <—(200)

-\ §

Intensity (a.u.)

TO-BCNF

10 20 30 40 50 60

20 (degrees)

Figure 3. X-ray diffraction (XRD) patterns of BC and TO-BCNF,
with indication of the crystallographic planes (110) and (200).
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temperature up to 800 °C. Both samples exhibit typical multi-
step thermal degradation profiles, although TO-BCNF shows
additional complexity due to surface modifications, as shown
in Figure 4. The thermal analysis results were crucial for
determining the initial (Ti), maximum (Tmax), and final (Tf)
degradation temperatures, which are essential for understanding
the material’s stability. The mass loss at each stage further
provides insight into the structural changes that occur during
the heating process. BC exhibited two main stages of weight
loss, and TO-BCNF exhibited three main stages (Table 3)

BC and TO-BCNF both exhibited an initial weight loss
between 50 and 122 °C for BC and 68 and 116 °C for TO-
BCNE, attributed to the evaporation of physically adsorbed
water, which is a typical feature of hydrophilic cellulose
materials!®/. Notably, TO-BCNF showed a slightly higher
weight loss in this region compared to BC, reflecting its
increased hydrophilicity due to the introduction of carboxylate
groups during TEMPO-mediated oxidation. This modification
enhances water retention by increasing the number of polar
sites available for hydrogen bonding. These results confirm
that oxidation not only alters the chemical structure but also
significantly impacts the moisture affinity of the material.
Although our TO-BCNF sample exhibited a high overall water
content (98.84%, Table 1), both materials showed relatively low
mass loss in the first thermal event (Table 3). This behavior is
consistent with the known effects of cellulose drying. According
to previous studies™*®! drying induces hornification, leading to
pore collapse and reduced accessibility to loosely bound water.
Consequently, although dried cellulose can retain significant
water structurally or through strong interactions, the amount
of physically adsorbed water available for evaporation at low
temperatures is limited. Therefore, the low water-related mass
loss observed by TGA aligns with the structural characteristics
of dried cellulose materials.

TO-BCNF demonstrated one additional thermal event
compared to BC, emphasizing the oxidation process’s
impact on the material’s thermal stability. Like BC, TO-
BCNF also displayed a peak corresponding to the loss of
water in the first stage. However, in the second and third
stages, TO-BCNF showed two exothermic peaks, indicating
cellulose breakdown following the oxidation process. These

(b)

——BC
- - - TO-BCNF

<«— ~354°C

15 |

Derivative weight loss (%/°C)

100 200 300 400
Temperature (°C)

Figure 4. Thermal properties TGA (a) and DTG (b) of BC and TO-BCNF.
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Table 3. Initial (Ti), Maximum (Tmax), and Final (Tf) temperatures, as well as the Mass Loss (%) for each thermal event of Bacterial

Cellulose (BC) and Bacterial Cellulose Nanofibers (TO-BCNF).

1st thermal event

2nd thermal event

3rd thermal event

Samples T, T, . T, Mass Loss T, T, . T (°C) Mass Loss T, T, . T, Mass Loss
©C) ©C) ©0) (%) °C) °C) ! (%) 0 (O O (%)
BC 50 65 122 22 224 354 398 73 - - -
TO-BCNF 68 74 116 2.0 186 241 263 18 263 312 361 37

findings indicate that the oxidation treatment not only adds
carboxylate groups, but also alters the material’s thermal
characteristics, making it more prone to deterioration at
higher temperatures than native BC. BC begins to degrade
thermally at 224 °C, exhibiting a significant mass loss
(73%, Table 3), at Tmax at 354 °C, related to cellulose
degradation, dehydration and decomposition of glycosidic
units®l. In contrast, TO-BCNF shows its degradation event
ata lower temperature of 186°C with a mass loss of 18% and
the maximum thermal degradation temperature at 241°C, as
shown in Table 3. This result indicates a reduction of 17%
in thermal stability compared to BCI*7.

This second thermal event for BC concluded at 398 °C,
indicating a broad decomposition process typical of cellulose-
based materials. In contrast, TO-BCNF shows its second
thermal event at a lower temperature of 186 °C with a mass
loss of 18% and the maximum thermal degradation temperature
at 241 °C, as shown in Table 3. This event concluded at 263
°C, marking the end of the decomposition associated with the
more labile amorphous regions of the oxidized nanofibers.
The third thermal event of TO-BCNF was characterized by
a 37% mass loss, occurring at a Tmax of 312 °C. This event
initiated at 263 °C and finalized at 361 °C, corresponding to
the progressive breakdown of partially crystalline domains and
oxidized residues. This effect can be linked to the inclusion
of carboxylate groups by TEMPO-mediated oxidation, which
enhances the material’s hydrophilicity while decreasing
hydrogen bonding between cellulose strands. As a result,
thermal degradation of the amorphous regions takes place at
lower temperatures. The reduction in thermal stability is due
to the insertion of these functional groups, which improve
moisture retention and facilitate decarbonation processes,
as reported in the literature. Previous research has shown
that the thermal instability of TEMPO-oxidized cellulose is
caused predominantly by the presence of thermally unstable
anhydroglucuronate units, rather than glycosidic bond breakage
or crystalline backbone degradation!®®).

This interpretation is further reinforced by FTIR, XRD,
SEM, and TEM results in this study, which collectively
confirm the preservation of the polysaccharide backbone,
the retention of cellulose I crystalline domains, and the
maintenance of the nanofibrillar morphology after oxidation.
Consequently, the additional thermal event observed in TO-
BCNF is attributed to surface functionalization and increased
chemical heterogeneity, rather than structural deterioration.
The results shown here demonstrate that TEMPO-mediated
oxidation lowers the thermal stability of BC, as previously
reported in the literaturel***”), Nonetheless, the TO-BCNF
developed in this work has high heat resistance, with early
degradation temperatures reaching 186 °C. Other investigations
have shown similar results, with heat breakdown of oxidized
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BC beginning approximately 170 °Cl"’l. This suggests that,
despite its early degradation onset, TO-BCNF has sufficient
thermal resistance for applications requiring moderate
stability. Additionally, valorising leftover BC enhances
sustainability, offering a greener and more cost-effective
alternative for cellulose-based nanomaterial production.

4. Conclusions

This work demonstrated the feasibility of repurposing
industrial bacterial cellulose (BC) residue to generate nanofibers.
The results showed that TEMPO-mediated oxidation can be
employed as a strategic method aligned with circular bioeconomy
principles, promoting both sustainability and industrial waste
recovery. Furthermore, the produced bacterial cellulose nanofibers
(TO-BCNF) exhibited high crystallinity and good thermal
stability. The combination of TEMPO-mediated oxidation and
fibrillation enabled the production of nanofibers with reduced
diameters and improved dispersibility while preserving the
semi-crystalline structure of BC. These properties highlight
the potential of TO-BCNF as a high-performance functional
material for advanced nanocomposites, with applications in
wound dressings, films, hydrogels, and controlled release
systems. This work contributes not only to the advancement
of new polymeric materials but also to sustainable practices
by repurposing bacterial cellulose waste, establishing it as a
viable and valuable approach within the framework of the
circular economy.
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