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Abstract: The high consumption of packaging has led to a massive production of waste, especially
in the form of nonbiodegradable polymers that are difficult to recycle. Microbial cellulose is consid-
ered a biodegradable, low-cost, useful, ecologically correct polymer that may be joined with other
biomaterials to obtain novel characteristics and can, therefore, be used as a raw material to produce
packaging. Bagasse, a waste rich in plant cellulose, can be reprocessed and used to produce and
reinforce other materials. Based on these concepts, the aim of the current research was to design
sustainable packaging material composed of bacterial cellulose (BC) and sugarcane bagasse (SCB),
employing an innovative shredding and reconstitution method able to avoid biomass waste. This
method enabled creating a uniform structure with a 0.10-cm constant thickness, classified as having
high grammage. The developed materials, particularly the 0.7 BC/0.3 SCB [70% (w/w) BC plus 30%
(w/w) SCB] composite, had considerable tensile strength (up to 46.22 MPa), which was nearly thrice
that of SCB alone (17.43 MPa). Additionally, the sorption index of the 0.7 BC/0.3 SCB composite
(235.85 + 31.29 s) was approximately 300-times higher than that of SCB (0.78 £ 0.09 s). The pack-
aging material was also submitted to other analytical tests to determine its physical and chemical
characteristics, which indicated that it has excellent flexibility and can be folded 100 times without
tearing. Its surface was explored via scanning electron microscopy, which revealed the presence of
fibers measuring 83.18 nm in diameter (BC). Greater adherence after the reconstitution process and
even a uniform distribution of SCB fibers in the BC matrix were observed, resulting in greater tear
resistance than SCB in its pure form. The results demonstrated that the composite formed by BC and
SCB is promising as a raw material for sustainable packaging, due to its resistance and uniformity.

Keywords: bacterial cellulose; biomass; packaging design; recycling; waste reduction

1. Introduction

The demand for renewable carbon materials has increased in response to several
global issues, such as environmental pollution, natural resource depletion, and global
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warming [1]. Such renewable sources are intended to decrease the production and uti-
lization of unbiodegradable products that rely on finite fossil fuel resources [2]. Driven
by resource scarcity, enhanced consumers’ consciousness, and strong commitment from
governmental and nongovernmental organizations as well as academic and industrial
communities, investigation into ecofriendly materials has recently shown remarkable ex-
pansion [3]. These sources should help regenerate natural assets, remain in use at maximum
level for a long period, and reallocate key resources.

Papermaking is among the most polluting sectors [4]. The production of paper and
cellulose involves the generation of waste that contains highly complex organic substances
and inorganic pollutants from wood decomposition and cellulose chemical treatment.
Therefore, this industry is classified as the sixth most polluting sector globally [4-6]. Plant
cellulose (PC) is the most important feedstock for papermaking due to its abundance
in nature and diverse applications. Plant cell wall is composed of approximately 50%
cellulose, synthesized by means of a bioprocess sustained by solar energy [5]. Nonetheless,
PC preparation and utilization raise various concerns. The amount of cellulose necessary to
meet demands in the paper and derivatives industry brings with it a notable consumption
of vegetation, mainly eucalyptus (Eucalyptus globulus), in addition to the chemicals needed
for pulping and pulp bleaching. The wastewater generated in these processes is one of
the main polluting sources, and its large-scale treatment involves significant electrical
energy consumption (around 1000 kWh/ton). Thus, industries in all fields are interested
in ecologically correct alternatives that minimize environmental harm [7]. Additionally,
the intensive use of packaging results in massive waste production, predominantly from
nonbiodegradable polymers that are difficult to recycle, exacerbating the waste problem [8].

In the search for solutions to this problem, the conversion of sugarcane (Saccharum
officinarum) into alcohol and sugar results in agricultural waste, such as bagasse, which is
generally discarded. However, it has a significant amount of PC, which may be reprocessed
and used to prepare diverse materials, including paper and packaging, or as reinforcement
material [9,10].

Despite plants being the main cellulose sources in the world, different types of microor-
ganisms can also produce bacterial cellulose (BC) [11], which was first reported at the end
of the 19th century [12]. It is a linear exo-polysaccharide or biofilm synthesized by some
bacterial species that belong to Achromobacter, Agrobacterium, and Acetobacter genera among
others. By employing a bacteria/yeast co-culture at temperatures around 25-30 °C and pH
of approximately 4.5-7.5, a resistant nonwoven material was created with customizable
features for specific uses [13,14]. Since BC is a cheap and very useful biopolymer, its various
applications have increasingly been studied over the years. Even though BC has the same
empirical and molecular formulae as PC, its fibrillar structure is smaller and its surface area
larger. PC fibers have in fact a diameter varying from 13 to 22 um and crystallinity between
44 and 65%, while BC fibrils are nano-scale in size (10-100 nm) and crystallinity of almost
90% [15-17]. Furthermore, BC is highly pure because its production is not associated with
other constituents, like lignin, pectin and hemicellulose found in PC, thus avoiding the
need for an environmentally unfriendly purification process [18,19].

In BC biosynthesis, many factors should be taken into consideration for controlling its
quality, including microbial species, fermentation media, operating conditions, fermenters,
recovery and downstream processes [20]. Microorganisms are initially grown on adequate
culture media usually comprising carbon and nitrogen sources as well as essential mi-
cronutrients [21]. Fermentation media employed to produce BC are also pivotal, because
they must guarantee a suitable environment for both microbial proliferation and cellulose
production. Media composition can be tuned to improve BC synthesis through the opti-
mization of operating parameters such as carbon/nitrogen ratio, pH, temperature, among
others. Particularly, the carbon source has the function of supporting cell growth and BC
production, and the cultivation must be kept under controlled conditions of temperature,
pH, and oxygen level. Media nutrients and oxygen avoid the aggregation of BC fibers and
ensure their even development. In such an environment, BC is produced by extrusion of
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cellulose chains through the external membrane and into the surroundings [22,23] and their
subsequent alignment and interweaving, thus leading to a three-dimensional cellulose-fiber
network.

The array of biocellulose use can be widened through modifications, and several
studies were performed for functionalizing and using it as packaging material or in novel
applications in medical, biomedical, electronics, and environmental fields [15,16]. Further-
more, biocellulose normally exploits widely available, low-cost sugars such as glucose or
fructose, thereby making the carbon footprint and resource demand of the process very
sustainable [24,25].

The characteristics of microbial cellulose make it an excellent basis for the production
of sustainable packaging material. This material can, in fact, be prepared with variable
shape and thickness, adapting itself to the format of vessel used for cultivation, which
avoids losses in the assembly of parts. Small pieces or patches of BC can also be used
through the homogenization and remodeling process [26,27]. The production of microbial
cellulose can also benefit from the use of agro-industrial waste products, which reduces
its cost and makes the product more accessible. Another advantage is that BC is easily
biodegradable when discarded in nature [28]. However, despite these advantages, the
large-scale production of BC faces technical and economic challenges, such as the need to
optimize fermentation processes and significant energy requirements [17].

Sugarcane bagasse (SCB) was also proposed as an option for the manufacture of
sustainable packaging, which can reduce the quantity of industrial wastes and promote the
use of renewable resources. Despite the difficulties faced in the use of BC and sugarcane
bagasse, it is encouraging to see that both options are being explored as more sustainable
solutions in the packaging industry. Further studies and investments in technology could
enable overcoming these challenges and promote the transition to more ecologically friendly
packaging, thereby contributing to the preservation of the environment [29,30].

As Brazil is the largest global sugarcane producing country, with a harvest of
654.5 million tons in the 2020/21 season destined to produce more than 40 million tons of
sugar and almost 30 million m® of bioethanol [31], the present study was based on concepts,
trends, and perspectives of microbial cellulose in the industry. The goal was to develop
a packaging material based on both SCB and BC, employing an innovative shredding
and reconstitution method to prepare a composite of uniform thickness to be used as a
packaging material and in papermaking, while meeting the needs of increasingly conscious
consumers and enabling the creation of novel products.

Research has shown that using BC as an additive can increase the strength of papers
made from secondary fiber and agro-residues. Given this, our current study is centered on
using BC to enhance the strength of packaging papers. A transdisciplinary approach with
novel innovations can foster the development of new BC-based composites for broadening
the arrays of applications.

Sustainability requires a delicate balance among environmental, economic, and social
issues. BC can be considered sustainable regarding supply of materials, water and energy
utilization, and production of wastes. Additionally, one should consider the sustainability
of products, workforce, and technological development. Thus, this study addresses a
critical gap in sustainable packaging research by focusing on the integration of BC and SCB
for preparing a new, eco-friendly biomaterial. The significance lies in its potential to reduce
reliance on nonbiodegradable polymers, mitigate waste, and utilize abundant agricultural
byproducts. The innovative shredding and reconstitution method employed not only
enhances material properties but also promotes uniformity and high tensile strength. By
advancing the development of sustainable packaging solutions, this research contributes to
environmental preservation and meets the growing consumer demand for eco-conscious
products.
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2. Materials and Methods
2.1. Microorganisms and Maintenance

Microbial species naturally present in the Symbiotic Culture of Bacteria and Yeast
(SCOBY) were employed to produce BC. Such a symbiotic culture, commonly called “kom-
bucha”, is similar to mother of vinegar and tends to form a zoogleal mat known as a “mother”.
The culture medium consisted of 10 g/L green tea leaves (Camellia sinensis), 50 g/L sucrose,
and 1.15 g/L citric acid with pH adjusted to 5.5, according to Silva Junior et al. [28].

2.2. Culture Conditions as Well as Biocellulose Purification and Recovery

The production of BC involved pre-inoculation of the above consortium (10% v/v)
into 2.5-L Schott flasks filled with 2.0 L of culture medium. The cultivation was conducted
under static conditions at a temperature of 30 °C for 14 days. BC was washed with tap
water purified by immersing it into a 0.1 M NaOH solution at 70 °C for 1 h. After weighing
samples, the BC yield was calculated, according to Silva Junior et al. [28], as the BC mass
produced per liter of fermentation broth and expressed in g/L.

2.3. Water Retention Capacity

The moisture content of any material is closely related to its water retention capacity
(WRC). The water absorption and permeability capabilities are assessed through this test.
BC samples were weighed and subjected to oven drying until a constant weight was
achieved, allowing for complete removal of water. After determination of BC yield, WRC
was calculated according to Medeiros et al. [32] using the equation:

Mean wet mass — Mean dry mass
WRC (%) = Mean(‘gN)et e (g)y (&) 100 (%) (1)

2.4. Treatment of Sugarcane Bagasse

SCB was submitted to a purification and dehydration process to eliminate undesirable
substances. For this purpose, bagasse was shredded in a knife mill until reaching a fibrous
consistency and then dried for 12 h using a forced-air circulating system operating at
60 °C. The dried SCB was added to a 3.0% NaOH solution that was reutilized from the
BC purification process and maintained at 80 °C for 2 h to allow the complete removal of
lignin and other impurities. After this step, the material was neutralized (pH 7.0) and kept
submerged in deionized water.

2.5. Production of Sugarcane Bagasse/Biocellulose Packaging Material

To prepare SCB/BC packaging material, we prepared BC-SCB mixtures in two different
proportions, namely 50% (w/w) BC plus 50% SCB (w/w) and 70% (w/w) BC plus 30%
SCB, which will be called from now onwards as BC/SCB and 0.7 BC/0.3 SCB, respectively.
Purified BC was shredded in an industrial shredder operating at 18,000 rpm for 2 min
for obtaining a homogeneous sample. The treated bagasse was then added, followed by
mixing for another 2 min until the material acquired a uniform consistency. The material
was then carefully spread over a silkscreen (20 cm x 20 cm), enabling its reconstitution, and
the mixture was allowed to completely dry at room temperature for 24 to 48 h. The process,
which was considered concluded only after the complete reconstitution of the material, is
outlined in Figure 1.
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Purification
step
ey
Raw Sugarcane
Bagasse (SCB)
Dried at room
temperature
BC/SCB Packaging Silkscreen Homogeneous mixture of BC/SCB

Figure 1. Scheme of production of bacterial cellulose (BC) and sugarcane bagasse (SCB) packaging
material.

2.6. Water Contact Angle and Sorption Index Assessment

To carry out this analysis, samples were prepared in a rectangular format measuring
10 mm x 5 mm. The water contact angle (WCA) was assessed by observing water-sample
interactions. Thus, samples were placed on a flat surface, and a goniometer and a mirrorless
digital camera (XT10, Fujifilm, Minato City, Japan) were used. According to the sessile
drop procedure, a drop was placed on sample membrane surface (Figure 2), and WCA was
measured after 1 s. For determination of sorption index (SI) (s), the drop was examined for
up to 10 min or till absorption was completed, and the mean time (s) was recorded [33].
Samples were tested at room temperature (25 + 1 °C) under standard relative humidity
conditions for Brazil (around 60%).

Figure 2. Water drop deposited on the surface of the SCB sample.

2.7. Swelling Ratio

The water absorption rate is crucial in sustainable packaging due to its influence
on durability, protection against contamination, structural stability, and minimization of
chemical additives, contributing to the overall functionality and sustainability of packaging.
The samples used for this test had the same shape (rectangular) and size (10 mm X 5 mm)
as in the previous one, and had their residual moisture removed in an oven at 50 °C until
they reached a constant weight. Next, samples were weighed and dipped in distilled
water at room temperature for 24 h. They were then recovered, had their excess surface
water removed, and were weighed again. The swelling ratio (SR) was assessed as the mass
variation before and after swelling using the relationship:

_ Swollen mass (g) — Starting mass (g)

SR Starting mass (g)

@
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2.8. Fourier Transform Infrared Spectroscopy

Specimens were first left in a desiccator containing silica gel at room temperature. The
analysis was carried out on a Fourier transform infrared (FTIR) spectrometer (Alpha II,
Bruker Co., Ettlingen, Germany) equipped with a horizontal attenuated total reflectance
accessory using a crystal cell plate (ZnSe 45°; size: 80 x 10 mm; thickness: 4 mm) (PIKE
Technology Inc., Madison, WI, USA). The functional groups in specimens were singled out

after 32 scans at 4 cm ! resolution in the wavenumber range from 4000 to 400 cm ™!

2.9. Thermogravimetry

To determine the thermostability of specimens, thermogravimetric analysis (TGA)
was carried out using a simultaneous thermal analyzer (TGA-50, Shimadzu, Kyoto, Japan)
with a platinum support for each sample, the mass of which was approximately 10 mg.
Readings were conducted in the temperature range 25-800 °C, at 10 °C/min heating rate
and 50 mL/min nitrogen flowrate. TGA findings were illustrated in curves that showed the
change in mass versus temperature, enabling the determination of specimen composition
and thermal stability as well as other relevant information.

2.10. Scanning Electron Microscopy Coupled to Energy Dispersive Spectroscopy

Specimens were placed on copper stubs using dual adhesive carbon conductive tape
and coated with gold for 30 s (SC-701 Quick Coater, Sanyu Denshi, Tokyo, Japan). Elements
in specimens were qualitatively identified on an energy dispersive spectroscope (EDS)
with 0.1% mass concentration detection limit coupled with a scanning electron microscope
(SEM) (Inspect S50, FEI Company, Hillsboro, OR, USA). Fiber size was measured using the
image-processing software Image]J (NIH, Bethesda, MD, USA).

2.11. Flexibility

To determine the flexibility of the materials developed, samples were folded 100 times
by hand, and flexibility was determined as the number of times the sample could be folded
before tearing. The flexibility was classified, according to Chen et al. [34], according to the
number of bends: poor (<20), fair (20-49), good (50-99) and excellent (>100). The samples
were tested at room temperature and under standard relative humidity conditions for
Brazil (around 60%).

2.12. Mechanical Tests

The following aspects were investigated to assess the mechanical features of the
materials developed: tensile strength to the point of tearing (N), maximum deformation
(%), and Young’s modulus (MPa). The samples were cut into five rectangular strips
measuring 2.0 x 7.0 cm. The tensile strength test was conducted at room temperature and
a rate of 0.5 m/min using a 1 kN load cell in a universal testing machine (Instron 5969,
Norwood, MA, USA), following the ASTM D882 method.

2.13. Statistical Analyses

The results were submitted to analysis of variance (ANOVA) with the Statistica®
(version 7.0) program. Data from triplicate experiments were expressed as mean = stan-
dard deviation (SD), with 95% confidence interval corresponding to 5% significance level
(p <0.05).

3. Results and Discussion
3.1. Biocellulose Yield and Water Retention Capacity

The average yield of wet BC was 450.49 + 16.61 g/L of medium and that of dry
BC 13.41 £ 1.17 g/L after 14 days of fermentation. These values are quite promising
compared to findings described in other studies. For instance, under static conditions
Revin et al. [35] found dry BC yields of 9.5 + 0.1 and 9.2 + 0.1 g/L after 14 days of culture
using Komagatabacter sucrofermentans H 110 and Komagatabacter hansenii C 110, respectively,



Materials 2024, 17, 3732

7 of 23

while Silva Junior et al. [28] found a hydrated BC yield of 422.12 4 15.26 g/L after the same
period of time.

The purification stage using NaOH favored a uniform color along with the removal
of compounds and debris of the fermented broth possibly adsorbed onto the BC surface
(Figure 3).

Figure 3. Appearance of biocellulose after the purification stage.

The data listed in Table 1 highlight the high WRC of BC (>97%), which is close to
values reported by Silva Junior et al. [28], Costa et al. [36], and Nascimento et al. [37]. This is
one of the fundamental features of novel BC-based functional materials, as it enables them
to arrange in a three-dimensional structure, giving them unique physical characteristics
such as notable porosity and flexibility. Moreover, water plays a pivotal role in elasticity
and strength, filling spaces among cellulose fibers and giving the fibers the ability to absorb
water and swell without compromising structural integrity, which makes BC useful in
applications requiring strong, flexible materials. The presence of water also simplifies the
BC modification proposed in the present study, enabling the incorporation of additives
by taking advantage of water properties to adjust BC characteristics in accordance with
specific needs, such as its use as packaging with the addition of SCB.

Table 1. Yield and water retention capacity (WRC) of bacterial cellulose (BC) produced after 14 days
of culture. Results, expressed as mean + SD (n = 3), were significant at p < 0.05.

Weight Basis Yield (g/L) WRC (%)
Wet 450.49 + 16.61
Dry 1341 +1.17g/L 97.02 +0.23

3.2. SCB/BC Packaging Material Production

As explained in Section 2.5, purified membranes were shredded together with SCB
using two different proportions, namely 50% (w/w) BC plus 50% SCB (w/w) (BC/SCB)
and 70% (w/w) BC plus 30% SCB (0.7 BC/0.3 SCB). The mixture was distributed on a
surface, spread evenly, and set to dry, enabling the reconstitution of the fiber arrangement
during the process. The sheets resulting from the reconstitution had visual characteristics
resembling paper.

Pure BC had an appearance similar to leather, with a whitish color. The other samples
were similar and had visual and textural aspects resembling recycled paper, with different
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tones depending on the proportions of the materials used in the membrane formulation
(Figure 4). Although the successful production of BC-SBC paper sheets is unique in the
literature, other BC-based composites displayed characteristics demonstrating that BC
can be used in other forms to be applied as packaging. Zhou et al. [38] produced novel,
ecological films for food packaging using curdlan, BC, and cinnamon essential oil.

Figure 4. Visual aspect of samples of bacterial cellulose (BC) and sugarcane (SCB) mixed in different
proportions. (A) BC alone, (B) SCB alone, (C) 50% (w/w) BC plus 50% (w/w) SCB, and (D) 70% (w/w)
BC plus 30% (w/w) SCB.

The development of microbial cellulose-based packaging material was successful,
resulting in a material similar to paper with 0.10-cm constant thickness and high grammage
(about 255 g/m?). Moreover, the process produced no residue, as all cellulose scraps could
be shredded together to form a single membrane, which was molded and dried in the
desired shape.

3.3. Water Contact Angle, Swelling Ratio, and Sorption Index

Table 2 lists the values of WCA, SR and SI of tested samples (BC, SCB, BC/SCB, and
0.7 BC/0.3 SCB).

Table 2. Values of water contact angle, swelling ratio and sorption index of the different samples
prepared. BC = Bacterial cellulose; SCB = Sugarcane bagasse; BC/SCB = 50% (w/w) BC plus 50%
(w/w) SCB; 0.7 BC/0.3 SCB = 70% (w/w) BC plus 30% (w/w) SCB. Results, expressed as mean + SD
(n = 3), were significant at p < 0.05.

Sample Water Contact Angle (°) Swelling Ratio Sorption Index (s)
BC 39.29 279 £0.27 77.32 £3.12
SCB 15.11 4.77 £0.29 0.78 = 0.09
BC/SCB 48.60 2.16 +£0.14 141.14 +22.13
0.7 BC/0.3 SCB 53.22 1.57 £ 0.3 235.85 £ 31.29

The BC sample had a WCA of 39.29°, which is indicative of moderate hydrophilicity
and implies some degree of water repellency while not being highly water resistant [39].
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On the other hand, its values of SR (2.79 £ 0.27) and SI (77.32 +£ 3.12 s) demonstrate ability
to absorb and retain water up to 2.79 times its initial weight and remarkable water-holding
capacity, respectively.

In contrast, the SCB sample had a lower WCA (15.11°), indicating a higher degree
of hydrophilicity compared to the BC membrane. This suggests that SCB had a greater
propensity to absorb water than BC, which is confirmed by an approximately 70% higher
SR value (4.77 4+ 0.29). Nonetheless, its much lower SI value (0.78 £ 0.09 s) indicates that it
had a small water-holding capacity compared to BC.

The BC/SCB composite had a higher WCA (48.60°), suggesting a more hydrophobic
surface compared to both BC and SCB. The SR of this composite was 2.16 &+ 0.14, indicating
moderate water absorption capacity (between that of BC and SCB). Notably, its SI was
higher (141.14 + 22.13 s), demonstrating a significantly higher water-holding capacity over
time than BC and SCB, likely due to a synergistic action of these components.

Finally, the 0.7 BC/0.3 SCB composite had the highest WCA (53.22°), indicating a
more hydrophobic nature. Despite having the lowest SR (1.57 & 0.3) among the samples,
it showed the highest SI (235.85 & 31.29 s), implying the highest water retention capacity
over time.

These findings are of considerable significance for understanding and tailoring the
performance of these materials, particularly for applications in which the materials come
into contact with liquids, such as packaging materials [40].

3.4. Fourier Transform Infrared Spectroscopy

Figure 5 illustrates the FTIR spectra of BC, SCB and both composite materials (BC/SCB
and 0.7 BC/0.3 SCB), which allowed us to identify their main functional groups (Table 3),
including those likely responsible for previous observations.

(A) i \ _ s (B)
C=C+
_M CHz =
S = i
ES C=C+ S
= = CH: CH=_
CHzw o - - b C-OCw
cH* / O-H :
cocy "™
C'O' o ’ C-Oi
(€) : (D)
C=C* - C=C~«
"' CHz = _
£ Chev-< )4 g CHz CH +— g/
= CH « = N ;
C-OCk_
C-0-C&- .
T
O.H C-0« A O-H C-0 «_

Wavenumbers (cm ')

Wavenumbers (cm ')

Figure 5. FTIR spectra of bacterial cellulose (BC) and sugarcane bagasse (SCB) mixed in different
proportions. (A) BC alone, (B) SCB alone, (C) 50% (w/w) BC plus 50% (w/w) SCB, and (D) 70% BC
plus 30% (w/w) SCB.
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Table 3. Main functional groups detected from FTIR spectra of bacterial cellulose (BC) and sugarcane
bagasse (SCB) mixed in different proportions. BC = BC alone, SCB = SCB alone, BC/SCB = 50% (w/w)
BC plus 50% (w/w) SCB, and 0.7 BC/0.3 SCB = 70% BC plus 30% (w/w) SCB.

Sample Wavenumber (cm~1) Characteristic Peaks
3343 Axial deformation of O-H
2893 Axial deformation of CH,
1636 Deformation of C=C
1427 Angular deformation of CHj
BC 1314 Angular deformation of CH
1161 Stretching of C-O-C
1108 Stretching of C-O-C
1032 Deformation of C-O
3333 Axial deformation of O-H
2884 Axial deformation of CH,»
1633 Deformation of C=C
1425 Angular deformation of CHj
SCB 1315 Angular deformation of CH
1160 Stretching of C-O-C
1111 Stretching of C-O-C
1031 Deformation of C-O
3341 Axial deformation of O-H
2888 Axial deformation of CH,»
1645 Deformation of C=C
1425 Angular deformation of CHj
BC/SCB 1317 Angular deformation of CH
1165 Stretching of C-O-C
1111 Stretching of C-O-C
1032 Deformation of C-O
3341 Axial deformation of O-H
2889 Axial deformation of CH,
1644 Deformation of C=C
1424 Angular deformation of CHj,
0.7BC/0.35CB 1317 Angular deformation of CH
1161 Stretching of C-O-C
1107 Stretching of C-O-C
1032 Deformation of C-O

BC and SCB had similar characteristic peaks, including those assigned to the axial
deformations of O-H and CHj; bonds and deformation of C=C bonds, consistently with the
fact that they share common functional groups, as shown in Table 3, due to the presence of
cellulose-based compounds in their structures [41].

Even the BC/SCB and 0.7 BC/0.3 SCB composites displayed characteristic peaks
similar to those found in BC and SCB alone, indicating the presence of hydroxyl groups,
aliphatic compounds, and unsaturated compounds [42].

Particularly, the wide band in the wavenumber range 3000-3500 cm ! can be assigned
to BC hydroxy groups involved either in intra- or inter-chain hydrogen bonding, whose
intensity was related to the hydrophilicity of the material and its strong interaction with
water [43].

The similarity in chemical characteristics suggests that both composites retained the
chemical properties of both BC and SCB. The use of different ratios of these components
slightly impacted the intensity or exact positions of their absorption peaks, but the funda-
mental functional groups remained the same.

3.5. Thermogravimetric Analysis

As shown by thermogravimetric analysis (TGA) (Figure 6) and related results (Table 4),
all samples, with the exception of SCB, exhibited three distinct degradation events in the
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ranges of 25-160 °C, 130-160 °C, and 260-800 °C. The first event could be attributed to the
loss of moisture and volatile constituents of samples, the second one to the decomposition
of labile organic compounds, and the third and final event to the degradation of more stable
organic components [44].
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Figure 6. TG curves of bacterial cellulose (BC) and sugarcane bagasse (SCB) mixed in different
proportions. (A) BC alone, (B) SCB alone, (C) 50% (w/w) BC plus 50% (w/w) SCB, and (D) 70% (w/w)
BC plus 30% (w/w) SCB.

On the other hand, the SCB sample showed only two degradation temperature ranges,
namely 25-160 °C and 160-800 °C. The lower range involved a lower mass loss (6.35%),
suggesting loss of moisture and volatile constituents, as seen for BC. The higher range
(160 to 800 °C) involved a notable mass loss (83.59%), which is indicative of extensive
degradation of the SCB organic components.
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Table 4. TGA results for bacterial cellulose (BC) and sugarcane bagasse (SCB) mixed in different
proportions. BC = BC alone, SCB = SCB alone, BC/SCB = 50% (w/w) BC plus 50% (w/w) SCB, and
0.7 BC/0.3 SCB = 70% BC plus 30% (w/w) SCB.

Sample Temperature Range (°C) Loss of Mass (%) Residue at 800 °C (%)

26-160 13.20

BC 160-260 20.11 10.57
260-800 56.15
25-160 6.35

SCB 160-800 83.59 10.07
23-120 14.17

BC/SCB 120-260 41.27 6.51
260-800 38.05
28-130 10.06

0.7 BC/0.3 SCB 130-260 36.60 10.62
260-800 42.72

3.6. Scanning Electron Microscopy (SEM) Coupled to Enerqy Dispersive Spectroscopy (EDS)

SEM was employed for comparing the morphologies of BC-membrane surfaces, in-
vestigating the adhesion of the plant cellulose fibers from SCB to the BC nanofibers, and
examining the surface of the produced composites, which are all essential to establish the
suitability of these mixtures as packaging materials.

At low magnification (100 x ), the BC membranes showed a uniform distribution of
surface fibers without holes or unfilled areas (Figure 7a,c). An increase in magnification
to 500x (Figure 7b,d) enabled us to validate the surface with saliences of the composing
fibers, confirming good capacity for use as packaging [32,45,46].

Greater magnification in Figure 7g (80 kx) and Figure 7h (160 kx) shows that the
secreted fibrils did not follow a specific pattern, were interlaced, and had a diameter of
around 83.18 nm (measured using the Image] program) [47]. These organizational and
size observations are considered to enable interlacing of fibers, which makes the material
stronger and more capable of being mixed with other types of fibers to prepare novel
biomaterials [48,49].

The results of the EDS listed in Table 5 demonstrate that the purification process and
washing of the membranes were effective in removing microbial cells but not components
of the culture medium [46,50,51]. The analysis revealed that the samples were composed of
94-97% carbon and oxygen, which are elements that make up cellulose, but considerable
amounts of zinc, chlorine, potassium, and calcium were also present in practically all the
samples. The presence of aluminium, magnesium, and silicon suggests the contamination
of point B, which was the only sample containing these elements [51,52].

Table 5. Results of EDS analysis of bacterial cellulose (BC). Letters A, B, C, D, E and F refer to points
(Figure 7) where samples were taken for the EDS analysis.

Mass Percentage (%)

Element

A B C D E F Average Value

C 46.39 47.54 48.96 48.11 4831 48.37 47.95 £ 0.89
O 50.15 46.97 46.95 50.33 48.35 48.13 48.65 +1.49
Zn 1.57 137 1.78 - 1.40 1.32 149 £0.19
Mg - 0.37 - - - - 0.37

Al - 0.39 - - - - 0.39

Si - 0.53 0.26 - - - 0.39 £0.19
Cl 0.81 113 1.18 0.84 0.80 1.04 0.97 £ 0.17
K 0.51 0.48 - - 0.39 0.45 0.46 £ 0.05
Ca 0.57 1.22 0.87 0.72 0.74 0.69 0.80 £0.23
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Figure 7. Micrographs of bacterial cellulose with magnification of (a) 100x, (b) 500, (c) 100x,
(d) 500, (e) 20 kx, (f) 40 kx, (g) 80 kx, (h) 160 k x. Samples chosen for the EDS analysis were taken
from points A, B, C, D, Eand F.

The microscopic examination of SCB showed some similar and some different charac-
teristics from those found in BC membranes (Figure 8).
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Figure 8. Micrographs of sugarcane bagasse at magnification of (a) 200, (b) 500 %, (c) 200, (d) 500 %,
(e) 20 kx, (f) 40 kx, (g) 80 kx, (h) 160 kx. Samples chosen for the EDS analysis were taken from
points A, B,C,D,Eand E.

Particularly, the formation of fibers followed a different pattern, with larger, less
organized fibers and more space among them. The heterogeneous surface seen at low
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magnification (Figure 8c,d) had a shape of the original plant fibers of the plant that indicates
a complex structure and heterogeneity in components [53].

The results of the EDS analyses (Table 6) show the occurrence of elements that are not
naturally present in the normal plant cellulose, suggesting that cutting, removal from the
broth, and treatment of SCB left residues of other elements in samples [51].

Table 6. Results of EDS analysis of sugarcane bagasse (SCB). Letters A, B, C, D, E and F refer to points
(Figure 8) where samples were taken for the EDS analysis.

Mass Percentage (%)

Element A B C D E F Average Value
C 48.70 46.85 48.32 48.43 48.52 48.71 48.25+0.71
@) 47.21 47.65 48.11 47.69 48.20 48.29 47.85 + 0.42
Zn 0.67 0.78 0.65 0.85 0.87 0.50 0.71 £0.14
Mg 0.28 0.33 0.32 - - - 0.31 £0.04
Si 0.40 0.44 0.30 0.34 0.49 0.22 0.36 = 0.10
Cl 0.46 0.48 0.53 0.52 - 0.74 0.55 £0.11
K - 1.62 0.37 - - 0.31 0.76 £0.72
Ca 2.28 1.85 1.39 217 1.92 1.24 1.81 +0.42

Figures 9 and 10 demonstrate that the two composites containing BC and SCB in
different proportions had a uniform surface, suggesting a uniform distribution of SCB
fibers in BC matrix. The mixture enabled better interlacing of the fibers, leading to a
smoother surface, but with denser, more rigid fibers and greater filling of interstices. This
was due to the fact that the BC and SCB fibers range in size, fitting into each other like
pieces of a puzzle.

This greater uniformity also suggests that samples underwent the reconstitution
process, with a better texture in terms of smoothness, losing the initial SCB roughness. The
reconstitution process is also expected to give the material better adhesion of fibers than
SCB alone [46], with a direct influence on mechanical features.

Overall, these results demonstrate the achievement of the desired characteristics for
composites prepared in the present study, i.e., the conversion of BC, originally leather-like
in appearance, into a paper-like material, as well as that of SCB, of rougher quality, into a
smoother material with a better visual quality for packaging applications.

The EDS analysis (Tables 7 and 8) showed that SCB elements remained even after
shredding and reconstitution, indicating that they were closely linked to the structure of the
SCB fibers. This was confirmed by the fact that the incidence of the elements diminished
with the increase in the percentage of BC in the composites [32].
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Figure 9. Micrographs of the BC/SCB composite, composed of 50% (w/w) bacterial cellulose plus
50% (w/w) sugarcane bagasse, with magnification of (a) 200 x, (b) 500, (c) 200, (d) 500, (e) 20 kx,
(f) 40 kx, (g) 80 kx, (h) 160 kx. Samples chosen for the EDS analysis were taken from points A, B, C,
D,Eand F.
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Figure 10. Micrographs of the 0.7 BC/0.3 SCB composite, composed of 70% (w/w) bacterial cellulose
plus 30% (w/w) sugarcane bagasse, with magnification of (a) 200, (b) 500x, (c) 200, (d) 500,
(e) 20 kx, (f) 40 kx, (g) 80 kx, (h) 160 kx. Samples chosen for the EDS analysis were taken from
points A, B,C,D,Eand E.
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Table 7. Results of EDS analysis of the BC/SCB composite composed of 50% (w/w) bacterial cellulose
plus 50% (w/w) sugarcane bagasse. Letters A, B, C, D, E and F refer to points (Figure 9) where

samples were taken for the EDS analysis.

Mass Percentage (%)

Element A B C D E F Average Value
C 45.68 47.12 45.87 45.28 48.85 45.99 46.46 +1.32
(@) 48.17 47.41 47.78 47.90 44.09 47.42 47.13 +1.52
Zn 2.70 2.52 2.45 2.15 2.37 241 2.45+0.18
Mg - - - 0.14 0.27 0.24 0.22 £ 0.07
Al - - - 0.21 0.55 - 0.38 +£0.24
Si - - 0.53 0.47 0.70 0.18 0.47 +£0.22
Cl 2.74 2.26 2.73 2.73 2.41 2.37 2.54 +0.22
K - - - - - 0.12 0.12
Ca 0.70 0.70 0.63 1.12 0.76 1.26 0.86 &+ 0.27
Table 8. Results of EDS analysis of the 0.7 BC/0.3 SCB composite composed of 70% (w/w) bacterial
cellulose plus 30% (w/w) sugarcane bagasse. Letters A, B, C, D, E and F refer to points (Figure 10)
where samples were taken for the EDS analysis.
Mass Percentage (%)

Element A B C D E F Average Value
C 46.69 46.60 46.24 60.52 40.80 46.87 48.12 + 6.57
(@) 46.63 47.42 46.63 33.81 46.15 46.80 4457 + 527
Zn 2.65 2.78 2.63 1.75 2.45 2.65 2.48 +0.37
Al - - - 0.37 0.33 - 0.35 £+ 0.03
Si - - - 0.49 0.44 0.19 0.37 £ 0.16
Cl 2.59 2.57 2.96 1.88 2.53 2.45 2.49 +0.35
Ca 1.44 0.63 1.03 1.19 7.29 1.02 2.10 +£2.52

3.7. Flexibility and Mechanical Tests

The mechanical properties and flexibility of any packaging material impact its per-
formance in processing and assembly, with features imposed by handling, storage, and
distribution. So, evaluating the mechanical properties of packaging materials is of utmost
importance, as they should keep their functionality during and after processing [54].

BC exhibited excellent flexibility, as shown in Table 9. The >100 score indicates that the
BC sample is highly flexible and can withstand bending and deformation without tearing.
The higher flexibility of BC (>100) compared to the other samples can be attributed to its
nanofibrillar structure, which enables it to be molded into various shapes and configura-
tions without losing its structural integrity [55]. In contrast, the lower flexibility score of
SCB (only 26) (Figure 11A) may have been due to its fibrous, more rigid nature, which is
typical of plant-based materials [56].
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Table 9. Samples and respective flexibility. BC = Bacterial cellulose, SCB = Sugarcane bagasse,
BC/SCB =50% (w/w) BC plus 50% (w/w) SCB, 0.7 BC/0.3 SCB = 70% (w/w) BC plus 30% (w/w) SCB.

Sample Flexibility
BC >100
SCB 26
BC/SCB >100
0.7BC/0.3 SCB >100

Figure 11. Appearance of bacterial cellulose (BC) and sugarcane bagasse (SCB) samples after under-
going flexibility tests. (A) SCB alone, (B) 50% (w/w) BC plus 50% (w/w) SCB, and (C,D) 70% BC plus
30% (w/w) SCB.

However, when BC and SCB were mixed, the resulting composites exhibited excellent
flexibility, being able to be folded more than 100 times without tearing (Table 9). This
indicates that the mixture of BC with SCB improved the flexibility of the material, enabling
it to be folded several times and assembled into different shapes (Figure 11B-D), i.e., to
meet essential specifications for the manufacture of resistant packages.

The results of mechanical tests (Figure 12) showed that BC alone was able to withstand
a tensile stress before breaking (58.25 MPa) more than three times that of SCB (17.43 MPa),
and to be stretched 29.69% more than its initial length prior to breaking, compared to only
1.74% found for SCB. So, SCB alone, being more easily torn, was less flexible and resistant
than BC, making it inappropriate as a strong, functional packaging.

In contrast, a significant enhancement in mechanical features was found in the mixtures
of BC and SCB. Besides the flexibility test, which demonstrated resistance to successive
folding along the same line, composites were able to withstand tensile stress of 40.84 MPa
(BC/SCB) and 46.22 MPa (0.7 BC/0.3 SCB) prior to breaking, which is, as an average,
2.5-times more than that withstood by pure SCB (17.43 MPa). Moreover, these composites
were able to be stretched five and nine times more prior to tearing. This indicates that BC
incorporation improved the biomaterial mechanical features for the desired application,
enabling the original material, which previously tore with greater ease, to become stronger
and, consequently, more versatile.

These improved characteristics were also evident in the SEM images of the BC/SCB
and 0.7 BC/0.3 SCB composites (Figures 9 and 10), which highlighted that their surface had
a greater filling of spaces, indicating greater adhesion of fibers and, consequently, greater
tear resistance than SCB in its pure form.
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70.00

58.25
60.00
50.00 46.22

40.84
40.00
29.69
30.00
20.00 17.43 16.33
9.42
10.00
0.00 ]
BC SCB BC/SCB 0.7 BC/0.3 SC

B Tensile Strength (MPa) ® Elongation at break (%)

Figure 12. Graph of tensile strength (MPa) and elongation at break (%) of bacterial cellulose (BC) and
sugarcane bagasse (SCB) samples. BC = BC alone, SCB = SCB alone, BC/SCB = 50% (w/w) BC plus
50% (w/w) SCB, 0.7 BC/0.3 SCB = 70% (w/w) BC plus 30% (w/w) SCB.

4. Conclusions

The results of this study demonstrate the versatility of bacterial cellulose as a po-
tential platform for customizing materials. Researchers have been working on chemical
modifications, physical enhancements, and incorporating other materials to improve its
mechanical, thermal, and biological properties. These strategies aim to broaden the array of
possible applications and highlight the ability of the resulting composites to meet the needs
of various industries. Importantly, the biodegradability and biocompatibility of bacterial
cellulose align with the increasing focus on sustainable and eco-friendly materials. The use
of biomaterials as packaging materials, made from BC membranes reinforced with SCB,
offers new prospects in the market, attracting attention in all steps of the process, from
production to consumption. The growing interest in these materials promises to optimize
fabrication processes, making the production of sustainable materials more accessible and
economically viable, while also adding scientific and technological value and contributing
to environment protection. The method described in this study resulted in packaging
materials in which flexibility, mechanical strength, and visual aspects were improved by
mixing BC with SCB. However, additional efforts are required to enhance the uniformity
of these composites as well as investigate other proportions of BC and SCB, other forms
of production and drying, and other additives that can enable novel applications. Future
prospects for developed biomaterials are encouraging. As research in this field continues to
unfold, the material’s potential to reshape industries and contribute to sustainable techno-
logical advancements is exciting. The current results highlight the potential of sustainable
packaging based on BC reinforced with SCB as an eco-friendlier option for an increasingly
conscious market and consumer population, in addition to demonstrating the possibility,
after the new tests described above, of large-scale production.
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