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Abstract:
biodegradable, and derived from renewable-source polymers; thus, it can be used as

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is thermoplastic,

an alternative to traditional synthetic polymers to reduce damage to the environment. The
production of cassava starch generates a high amount of cassava bagasse (about 93% of
processed roots) in the separation step of starch. The utilization of this waste is essential
due to the difficulty of transportation and storage, besides the detriment caused to the
environment by its incorrect disposal. This work aimed to evaluate the possibility of using
cassava bagasse as a reinforcement in the production of biocomposites with PHBV matrices
by compression molding. The physical-chemical and thermal properties of these biocom-
posites were characterized. The residue can be used as a filler in compression-molded
PHBYV biocomposites. The most suitable formulation was 10 wt. %, despite the presence of
some cassava bagasse (CB) agglomerations. This film could be used as rigid packaging for
chilled or shelf-aqueous food.

Keywords: biocomposites; PHBV; residue of cassava industry; food packaging

1. Introduction

The agro-industries generate a significant amount of solid waste. Specifically, the
fruit and vegetable industries contribute 16% of total food processing waste, with 48%
of the edible mass of fruits and vegetables discarded during production [1]. The food
and beverage industry in Europe alone produces up to 37 million tons of agro-industrial
waste. This issue will escalate significantly, considering that agro-industrial waste increases
proportionally with the growing human population, projected to reach 9.3 billion by 2050 [2].
Researchers have explored alternative applications for these solid agro-wastes, such as their
use as fillers in composites. Environmental concerns and availability as low-cost sources of
lignocellulosic materials are driving factors for their utilization. Additionally, incorporating
them into polymer matrices can enhance specific material properties [3-5].

Cassava (Manihot esculenta crantz) is one of the oldest root and tuber crops that humans
use to produce food, feed, and beverages. Currently, cassava is made in 103 countries
worldwide, with demand from millions of people living in tropical America, Africa, and
Asia [6]. It is the fifth most abundant starch crop produced in the world after maize, rice,
wheat, and potato [7]. Its starch industry generates cassava bagasse with a high moisture
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content (about 85%) as the main residue [8,9]. These difficulties lead to the improper
disposal of what is not sold to be used as animal feed in neighboring lands [10]. This agro-
waste represents about 93% of the processed cassava roots. It has a remaining starch content
of about 45 to 60% (dry basis) [11], 15-18% cellulose, 4-5% hemicelluloses, 1.5-2.0% protein,
and 0.4-0.5% reducing sugars, with low levels of lignin (2-3%) and pentosans (2%) [12].
Due to the substantial starch quantity and the considerable cellulose fiber presence, using
cassava bagasse as a reinforcement in composites is a possible application of this agro-waste
in materials potentially suitable for biodegradable industry packing [13,14].

Many researchers have studied different forms of cassava bagasse applications, in-
cluding its use as a natural filler for composite materials. Versino et al. (2015) [11] added
0.5 and 1.5 wt. % of CB in a thermoplastic cassava starch matrix with glycerol at 20 wt. %
as a plasticizer, which was processed by compression molding. The thermal stability of the
biocomposites was not affected by the presence of CB, and the mechanical properties were
enhanced, as could be noticed by the increase in the maximum tensile strength and the
elastic modulus values of the biocomposite films, with the 1.5% addition of CB being the
one that increased these properties the most.

Another environmental concern is the packaging sector. This sector represents the
most significant application of plastics, the majority of which are petroleum-based, such as
polyethylene and polypropylene, and they usually are non-biodegradable [15]. Because
of their short service time, they end up in landfills, with these being the leading waste
management tools worldwide—almost 60% of plastic solid waste is disposed of in this
way [16]. Thus, there is a critical need to find a new eco-friendly substitute. Biopolymers,
described as bio-sourced or biodegradable, appear to be a good option [17].

Polyhydroxyalkanoates (PHAs) are a family of biopolyesters and are among the most
extensively studied biopolymers. PHAs have the advantage of meeting both definitions
of a biopolymer in that they are bio-based and biodegradable. Their production occurs
naturally in numerous microorganisms and plants. These biopolymers are formed in cer-
tain microorganisms because of their defense mechanism or as a storage material [18-20].
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is an aliphatic polyester that be-
longs to the PHA family. In addition, PHBV is compostable [21], recyclable [22], and can
be processed by standard techniques, such as extrusion [23], spinning [24], injection mold-
ing [25], compression molding [26], and additive manufacturing [17]. However, due to
some characteristics of PHBYV, like its slow crystallization rate, relatively tricky processing,
very high crystallinity, short processing window, tendency to brittleness, and high cost,
producing a biocomposite using natural fibers is a way to adjust these characteristics and
lower the material cost for food packaging applications [27].

Some biocomposites were manufactured with PHBV as a matrix and natural residues
from aliment industries as fillers, like wheat [28], spent coffee grounds [29], palm fiber
residues [30], and coir fiber [31]. The composites produced with wheat demonstrated that
increasing the fiber content enhanced the water—vapor transfer rate. The authors explained
the hydrophilicity of the fibers by the structural changes induced by the presence of fibers.
In this case, they could fulfill the requirements of respiring fresh food products, such as
strawberries, thus enabling them to be preserved better than currently used polyolefins.
The addition of coir fiber in the PHBV matrix increased the specific toughness and the
strain-at-break. Additionally, its addition led to an increase in the PHBV crystallinity
degree [32]. These results and research show great interest in using the by-products of the
agricultural industry in PHBV matrices.

The reuse of food industry waste for packaging applications has increased over the
past decades, primarily due to the environmental issues associated with the high use of
single-use polymer-based packaging. This has significantly contributed to the accumu-
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lation of plastic waste in landfills and surface and marine water sources. Consequently,
waste from tapioca (cassava) production industries is emerging as an excellent alternative
for such applications. Brazil is one of the leading producers and exporters of this food
gum worldwide.

The current work aims to evaluate the incorporation of inexpensive cassava bagasse
as a filler in a comparatively costly biodegradable polymer, PHBV matrix. In that way, it
would be a new application for cassava bagasse that aims to improve the PHBV properties
in the food packaging sector. Effects of the incorporation of this residue were investigated,
analyzing the possible migration of the plasticizer to different types of food, the morphology;,
the thermal, and the chemical interaction between the filler and the matrix, as shown
in Figure 1. No studies in the consulted literature have reported cassava bagasse in a
PHBYV matrix.

Materials Pre-mixing
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Cassava 3 ]

m\ B Ty
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Figure 1. Illustration of biocomposite processes cassava bagasse and poly(3-hydroxybutyrate-3-co-
hydroxyvalerate) (PHBV) by compression molding.

2. Materials and Methods
2.1. Materials

The residue of cassava starch production, called cassava bagasse (CB), was milled
to yield particles <3.5 mm, sieved using a 0.35 mesh sieve, and used without further
treatment after sieving. It was provided by EMBRAPA ALIMENTOS from Halo-tek-Fadel
Industrial LTDA, Brazil. This material was characterized, revealing that its composition is
primarily starch (~70%), followed by fibers (17%), and carbohydrates (~1%), among other
components [33,34]. Triacetin, used as a plasticizer, was acquired from Sigma-Aldrich,
Sao Paulo, Brazil. Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) in powder con-
taining 4.0% of 3-hydroxyvalerate was purchased from PHB Industrial SA (Sao Paulo,
Brazil). Mn: 88 Kg/mol; Mw: 171 Kg/mol and DI: 1.94 measured by gel permeation
chromatography (GPC).
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2.2. Composite Preparation

Biocomposites of CB/PHBV were mixed in homogenizer MH-50-M (MH LTD equip-
ment LTDA, Sao Paulo, Brazil) with triacetin at 5 wt.% in different CB proportions. The
compositions used were 0/100, 5/95, and 10/90 of CB/PHBYV; they were named PHBVO,
PHBV5, and PHBV10, respectively. Samples were then hot-pressed at 168 °C and 10 tons for
20 min to form sheets with an average thickness of 1.2 mm in Hydraulic Press MA 098/ A
(Marconi). Next, those were cooled in Hydraulic Press Model CS/N 41000-915 (Carver Inc.,
Wabash, IN, USA) at 30 °C and 0.5 tons for 5 min [35].

2.3. Characterization
2.3.1. FTIR-ATR Spectroscopy

The interaction and chemical composition between the polymeric matrix (PHBV) and
the filler (CB) were assessed through infrared spectrometry using Spectrum 100 equipment
from PerkinElmer (Boston, MA, USA) with a ZnSe crystal and attenuated total reflectance
(ATR) accessory in the range of 4000 to 550 cm ™!, with a resolution of 4 cm~! and 32 scans.

2.3.2. NMR Relaxometry

Low-resolution nuclear magnetic resonance was applied to determine the spin-lattice
relaxation times of the hydrogen nucleus (T1H), using a Maran Ultra 23 spectrometer (Ox-
ford Instrument, UK), operating at 23 MHz, employing inversion-recovery pulse sequence
(recycle delay—180°—1—90°—acquisition time). The conditions employed were as follows:
temperature of 30 °C; t values varying from 0.1 to 5000 ms with recycle interval of 5 s, using
40 points with 4 accumulations. The spin-lattice relaxation times were obtained with the aid
of the WinFit program, and the distribution curves were fitted with the WinDXP program.

2.3.3. Differential Scanning Calorimetry (DSC)

The DSC experiments were performed using a DSC 8000 Differential Scanning
Calorimeter (Perkin-Elmer, Hopkinton, MA, USA). Nitrogen was used as purge gas at a
40 mL/min flow rate for the DSC cell. Samples of about 10 mg were weighted and used
in the analysis. They were first heated from 50 °C to 210 °C at a rate of 10 °C/min to
eliminate the thermal history of the sample and subsequently cooled rapidly to 50 °C at a
rate of 150 °C/min. The second heating cycle was conducted using the same conditions as
the first cycle. From the second heating cycle curve, it was possible to obtain the crystal-
lization temperature (Tc), the melting temperature (Tm), the melting enthalpy (AHy), and
the crystallization enthalpy (AH.). The degree of crystallinity (X¢) was calculated based
on the melting enthalpy of the sample (AHy), on the melting enthalpy of 100% crystalline
polymer (AHY,,), and on the weight fraction of the PHBV (Wpypy) presented in the sample
according to Equation (1).

AHg
Xe(P) = ———45— x 100 (1)
Wprpy X AH

In this study, the melt enthalpy of 100% crystalline polymer was regarded as 146 J/g,

as the proportion of hydroxy valerate in the PHBV sample is less than 10% [36].

2.3.4. Thermogravimetric Analysis (TGA)

The thermal stability was evaluated using thermal gravimetric analysis (TGA) carried
out with PerkinElmer Pyris 1 Thermogravimetric Analyzer (PerkinElmer Inc., Shelton, CT,
USA) under a nitrogen atmosphere, heated from 23 °C to 800 °C at a rate of 10 °C/min.
The mass of each sample was approximately 10 mg.
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2.3.5. X-Ray Diffraction (XRD)

The X-ray diffraction was conducted using a Shimadzu XRD-6000 (Shimadzu Co.,
Kyoto, Japan) equipped with CuK« (A = 0.1542 nm) radiation at 30 kV and 30 mA. The
samples were recorded in an angular 26 range of 5° to 35°, at a speed of 2° /min and with
a step size of 0.02°. It was performed to verify changes in the pattern of X-ray diffraction
with the addition of different filler levels and the crystallinity of the samples estimated in
terms of the degree of crystallinity (Xc) using Equation (2):

Ic
where I is the integrated area of diffraction peaks; I, is the area under the amorphous
halo; and k is a constant characteristic proportionality for each polymer, which value for
PHBV can be 0.96 £ 0.03 once the hydroxy valerate content in the PHBV sample is less
than 10% [37].

2.3.6. Contact Angle

The wettability of the CB/PHBV samples was assessed using a Ramé-Hart goniometer
apparatus, model NRL A 100-00 (Cedar Knolls, NJ, USA), employing a sessile drop method.
Approximately 2 uL of ultrapure water was deposited onto the sample surface, and the
analysis was conducted in triplicate (N = 3) at room temperature.

2.3.7. Scanning Electron Microscopy (SEM)

The morphology of cassava bagasse (CB) and the cross-section of biocomposites
(PHBVO, PHBV5, and PHBV10) were evaluated using scanning electron microscopy (SEM)
on biocomposite film samples. The analysis was assessed using a JEOL JSM-6460 LV (JEOL,
Tokyo, Japan) scanning electron microscope at an accelerating voltage of 20 kV; the samples
were sputter-coated with gold before imaging. The samples were frozen in liquid nitrogen
and fractured for this analysis to obtain a clean cross-section.

2.3.8. Migration Test

The migration test was carried out according to Reis et al. (2016) [38]. The samples
measuring 10 x 10 x 1.2 mm were washed with distilled water and subsequently immersed
in 70% ethanol for 1 min. Then, they were dried at 40 °C for 24 h. The samples were weighed,
and the migration test was adapted from Resolution 105/99 of ANVISA [39]. Sterilized
beakers were used to place each sample, separately adding 4.4 mL of each simulant for
subsequent test submission according to the time and temperature indicated in Table 1.
Each test was performed in duplicate.

Table 1. Selected parameters for the migration test according to Resolution 105/99 of ANVISA.
Adapted from ANVISA [39].

Simulants Temperature (°C) Time (Days)
- 5 10
Distilled water 40 10
. . 5 10
Olive oil 40 10

After the time stipulated for the test, the samples were removed from the simulants
and washed with 2 mL of the respective simulants. The samples were transferred to metallic
capsules and set in an oven at 100 °C for 24 h. Next, the capsules with the samples were
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cooled in a desiccator and then weighed, obtaining the dry residue (R) to calculate the total
migration, according to Equation (3):

_ RxS
AXV

Q €)
where Q is the total migration (mg-kg’l) ; R is the dry mass of the residue (mg); A is the
total area of the sample in contact with the simulants (dm?); and S/V is the ratio area/mass
of water corresponding to the volume of actual contact between the plastic and food.
However, S/V = 6 dm?-kg ! was used as recommended by Resolution 105/99 on general
packaging and plastic equipment provisions. Contact ANVISA Food once the evaluation is
held using generic (representative) materials, not the final packaging.

2.3.9. Water Uptake

The water uptake of the samples was determined by measuring the difference between
the weight at the initial time of the test and the constant final weight of the sample. The
specimen dimensions were 10 x 10 x 1.2 mm. Three samples were tested for each material.
First, the samples were dried overnight at 70 °C. Next, they were cooled in a desiccator
at room temperature and weighed using a four-digital balance. Then, all samples were
immersed in distilled water at pH = 6 and 25 °C. After 24 h, the samples were removed
and blotted to eliminate the excess water on the surface. After weighing, the water uptake
WU (%) of the samples was calculated according to Equation (4):

WU (%) = Mi—Mo x 100 (4)
Mo

My and M; are the sample weights before and after immersion in distilled water,

respectively [40].

3. Results and Discussion
3.1. Cassava Bagasse Characterization

Initially, an initial characterization of the CB residue was carried out to corrobo-
rate the composition, focusing on the morphological and chemical properties of the cas-
sava bagasse and its biocomposites (CB/PHBYV). Figure 1 shows cassava bagasse’s mor-
phology and composition evaluation (CB). For this, the CB was characterized morpho-
logically by SEM (Figure 2A). CB’s composition and thermal behavior are evaluated in
Figures 2B and 2C, respectively.

Figure 2A depicts the morphology of cassava bagasse residue (CB), revealing the
formation of characteristic clusters typical of residues from virgin starch of this natural
source. On the other hand, it was possible to observe in Figure 2A (left) the heterogeneous
particle size distribution of cassava bagasse, ranging from 200 pm to 600 um, with a granular
morphology of regular spherical shape characteristic of virgin starch from cassava [41]. Yet,
Figure 2A(right) shows an SEM image with more magnification (500 ) where one can see
the sponge morphology with possible composition by fibers and starch. This result concurs
with reports found in the literature for this bagasse [42].

FTIR-ATR evaluated cassava bagasse’s chemical composition (Figure 2B). Verifying a
prominent band in 3312 cm~! typical of the stretching vibration of O-H bonds characteristic
of the hydroxyl groups present in the macromolecules was possible in the spectrum. Fur-

thermore, the stretching vibrations observed at 2918 cm~1 correspond to the deformation of
methyl bonds from the cellulose and hemicellulose. Meanwhile, the band allocated around

1723 cm ™! indicates the stretching vibration of the ester function from the hemicellulose.



Processes 2025, 13, 719

7 of 21

Finally, the band at 1613 cm ™! is related to the presence of C = C bonds, characteristic of
the lignin.

Transmittance (%)
j/ﬁ
Flow heat (J/g)

— 1 T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500 20 40
Wavenumber (cm)

60 80 100
Temperature (° C)

Figure 2. Cassava bagasse characterization. (A) SEM images in two magnifications. Left: 70x and
right: 500%; (B) FTIR-ATR spectrogram of CB as receded; and (C) thermal evaluation by DSC (1st
cycle heat).

The C-O bending referring to the hydroxyl groups and CH2 symmetric deformation
are verified at 1613 and 1362 cm !, respectively. The bands at 1308 and 1122 cm ™! can be
attributed to C—H symmetric deformation and C-O-C asymmetric stretching. The bands in
the 997 to 726 cm ™! range are assigned to C-O stretching and ring vibrations [43,44].

Finally, the thermal behavior of CB was evaluated by DSC, showing one thermal event
allocated around 60 °C, as observed in Figure 2C. The endothermic peak is attributed to
overlapping events, i.e., melting of starch, gelatinization effect, and glass transitions over a
wide range of temperatures, as shown in the literature for this residue [45].

3.2. Chemical Composition of Biocomposites
3.2.1. Chemical Composition of CB/PHBV Biocomposites

Figure 3 shows the chemical composition of biocomposites blended with PHBV with
three different mass fillers of cassava bagasse denoted as PHBV0, PHBV05, and PHBV10.
For the most visualization, the FTIR spectra were divided into two regions, the range of
4000 to 2000 cm ! (Figure 3A) and the second from 2000 to 550 cm ™! (Figure 3B).

In the FTIR spectrum of PHBVO (Figure 3), bands were observed in the regions of 3015
t0 2950 cm ! (with specific bands at 2996 em ™! and 2976 cm 1), 2945 to 2925 cm ™! (band
at 2934 cm™1), and 2885 to 2850 cm ! (band at 2854 cm ™ 1). These bands are attributed
to the asymmetric stretching of the CHj group, the stretching of the CH, group, and
the symmetric stretching of CHj3, respectively [46,47]. A prominent band at 1718 cm™!,
corresponding to the stretching of the ester (C=0) group present in the crystalline structure
of PHBV, was identified, along with a small peak at 1740 cm ™!, related to the stretching of
the C=0 bond in the amorphous region of PHBV [48]. The bands in the range of 1500 to
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800 cm™ !, associated with the bending vibrations of CH3 and CH bonds and the stretching
of C-O-C and C-C bonds, are strongly overlapped [49].
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Figure 3. Chemical and compositional evaluation of CB/PHBV biocomposites by infrared spec-
troscopy. (A) Range between 4000 and 2000 cm~!; and (B) range evaluation in 2000 to 550 cm ™.

The spectra of the PHBV5 and PHBV10 samples did not show significant differences
compared to the PHBVO spectrum. On the other hand, a substantial overlap of the bands
from PHBV and CB was observed in the 1500 to 800 cm~! region. This overlap is at-
tributed to the low concentration of filler in the biocomposites (5 and 10 wt. %). This
phenomenon was also observed by Wadaugsorn et al. (2022) [50] in PBAT/CB starch
biocomposites, where lower concentrations of CB starch functioned as dispersed granules,
thereby reducing the exposure of starch and hindering the clear distinction of the vibration
bands. Furthermore, other studies have reported similar results that utilize lignocellulosic
materials as fillers for biocomposite production [46,51].

3.2.2. Low-Resolution Nuclear Magnetic Resonance (NMR)

The relaxation data measured from the one-fit exponential by low-resolution nuclear
magnetic resonance are shown and listed in Figure 4 and Table 2, for the PHBV as received,
the produced films, and the CB. The significant contribution of the domain that controls the
relaxation process can be revealed by its evaluation. The hydrogen spin-lattice relaxation
is regulated by the dipolar intermolecular interaction process in solids [52].

The T1H decreased as the amount of CB increased in the plasticized PHBV matrix,
probably due to the increased molecular mobility of the polymer chains. This result
suggests that a new intermolecular organization was formed in the material, leading to a
polymer-polymer chain separation [36].

In Figure 4, it can be observed that the curves for PHBV5 and PHBV10 exhibit shapes
and amplitudes that progressively differ from those of PHBVO0, suggesting that the pres-
ence of cassava bagasse (CB) residue affects the relaxation properties of the system. This
observation aligns with the decrease in T{H reported in Table 2, which can be attributed to
an increase in the molecular mobility of the polymer chains, likely caused by interactions
induced by the CB.

Figure 4 shows the T1H relaxation curves for PHBV samples with different cassava
bagasse loadings (PHBV0, PHBVS5, and PHBV10). It is observed that the curve profiles vary
significantly with the addition of the filler. The PHBVO0 sample exhibits a relatively narrow
curve with moderate intensity, indicating a matrix with lower molecular mobility. Adding
5% bagasse (PHBV5) results in a curve with a shape and intensity similar to that of PHBVO,
suggesting that the filler is well-dispersed and its influence on molecular mobility is limited.
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In contrast, the curve for the sample with 10% bagasse (PHBV10) displays a broader and
shifted peak, accompanied by an increase in intensity. This behavior indicates greater
average molecular mobility, likely due to the heterogeneous dispersion of the filler, leading
to the formation of more pronounced amorphous regions. Thus, the figure reveals that
the bagasse filler influences the molecular dynamics of PHBV, with the effect being most
evident in the PHBV10 sample, which shows more significant structural disorganization.

PHBV10

PHBV5

Signal Intensity (a.u.)

PHBVO

0,1 1 10 100 1000
Time (ms)

Figure 4. NMR of PHBVO0, PHBV5, and PHBV10.

Table 2. T{H values were obtained with one-fit data for the PHBV as-received, PHBV0, PHBVS5,
and PHBV10.

Sample T1H (ms)
PHBVO 313
PHBV5 300
PHBV10 265

As seen in the DSC data, the polymer’s degree of crystallinity (X¢) increased with the
augmentation of the CB amount in the biocomposite. One hypothesis for this behavior is
the polymer chain mobility facilitated by the presence of the CB, favoring the crystallization
of the polymer chains.

3.3. Differential Scanning Calorimetry (DSC)

The thermograms of the second heating cycle of the differential scanning calorimetry
(DSC) samples are shown in Figure 5, and their thermal parameters are summarized in
Table 3. Crystallization temperatures (Tc) of the samples PHBV5 and PHBV10 were not
seen in the second cycle. However, for the PHBVO0 sample, it was possible to verify the
presence of a crystallization exothermic peak at 62.6 °C. In the case of biocomposites, the
crystallization event most probably occurred in the cooling step and/or at a temperature
lower than Tc of PHBVO. Thus, it is possible to propose that the CB performed as a
nucleating agent since it facilitated the bio-composite crystallization.
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Figure 5. DSC thermograms of 2nd heating cycle of PHBV0, PHBV5, and PHBV10.

Table 3. Thermal transitions and crystallinity degree of biocomposites.

Sample Tm CO) AHp, (J/g) T, (°O) AH, (J/g) Xc (%)
PHBVO 168.1 67.9 62.6 —8.0 46.5
PHBV5 167.8 65.5 - - 47.2
PHBV10 167.9 67.2 - - 51.1

The degree of crystallinity (Xc) of PHBV was almost unaffected by the five wt. % of CB
presence. On the other hand, there was an increase of 10% of Xc in the PHBV matrix with
the maximum filler content. PHBV5 and PHBV10 are compared to the neat polymer matrix
(PHBVO0). These results mean that the addition of 10 wt. % of CB enhanced the crystalline
phase of the PHBV.

The CB addition up to 10 wt. % did not significantly affect the Tm and the AHy, of the
PHBV matrix in biocomposites compared to that of PHBVO. In this way, it can be supposed
that CB did not influence the crystal thickness of the PHBV matrix in the biocomposite
samples. A similar result was also observed for PHBV composites filled with olive husk
flour and lignocellulosic filler [53]. All DSC curves presented shoulders, which could be
attributed to forming crystals with different characteristics [54].

Finally, correlating the crystallinity degree measured by DSC with the analysis of
longitudinal relaxation times (T1H) provides valuable insights into the interaction and
distribution of the cassava bagasse load within the PHBV polymer matrix. The results
show that PHBVO exhibited a crystallinity degree of 46.5% and a T1H of 313 ms, reflecting a
relatively rigid and well-ordered matrix after processing. With the addition of 5% bagasse
(PHBVYS), the crystallinity degree slightly increased to 47.2%, while the T1H remained
almost unchanged (300 ms), indicating good load dispersion and adequate interaction
between the matrix and the bagasse. On the other hand, the formulation with 10% bagasse
(PHBV10) resulted in a significant increase in crystallinity (51.1%) and T{H (625 ms),
suggesting the formation of heterogeneous microdomains, with rigid crystalline regions
near the load particles and more mobile amorphous areas. These results indicate that
while PHBV5 presents a more uniform dispersion and a good structural balance, PHBV10
may experience load agglomeration, resulting in a heterogeneous distribution that impacts
molecular mobility and the matrix properties.
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3.4. Thermal Gravimetric Analysis (TGA)

Thermal gravimetric analysis (TGA) thermograms for PHBV0, PHBV5, PHBV10, and
CB are shown in Figure 6. The corresponding data in Table 4 present the decomposition
temperatures, where Topset is the mass loss onset temperature, Tpeak is the maximum rate
of weight loss temperature, and weight loss is the percentage of mass degraded in the 1st,
2nd, and 3rd step weight loss.
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Figure 6. TGA thermogram of biocomposites varying the amount of CB, (A) PHBVO, (B) PHBVS, (C)
PHBV10, and (D) neat CB specimen.

Table 4. Thermal degradation temperatures (Tpeak and Tonset) and weight loss obtained from
TGA measurements for PHBV-based biocomposites (PHBV0, PHBV5, and PHBV10) and cassava
bagasse (CB).

1st Temperature Range 2nd Temperature Range 3rd Temperature Range
Sample T, Tpeak Weight  Tonset Tpeak Weight  Tonset Tpeak Weight
(@) (@) Loss (%) (@) (@) Loss (%) O cO Loss (%)
CB - 61.0 12.5 300.3 337.8 56.3 376.7 - 23.2
PHBVO0 - 192.6 5.8 285.8 307.2 93.9 - - -
PHBV5 - 1914 6.5 288.5 302.3 86.3 306.7 326.0 6.0
PHBV10 - 190.9 6.2 279.4 292.7 84.8 297.9 323.1 7.3

The biocomposite materials displayed similar TGA curves (Figure 6B,C) as the plasti-
cized matrix (Figure 6A), i.e., PHBVO, with two degradation steps with Tonset around 95 °C
and 285 °C. The first can be attributed to moisture and/or plasticizer evaporation, and the
second to PHBV decomposition [55]. However, it was possible to observe a third weight
loss in the biocomposite specimens at around Topset = 302 °C. This third-step weight loss is
probably related to the second-step weight loss of the filler, which was attributed to the
degradation of starch, hemicellulose, and other low-molecular-weight components present
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in cassava bagasse. The thermal stability was practically maintained by adding the filler
with a negligible decrease of 1.6% and 4.7% in Tpeqx for PHBV5 and PHBV10, respectively,
compared to PHBV0. Although the biocomposites” degradation temperatures were slightly
lowered, they remained above the processing level (168 °C) [56].

The TGA profile of the CB specimen showed the first weight loss stage (Figure 6D) at
Tpeak = 61 °C possibly related to water and low molecular weight component decomposi-
tion, and the second one at Tpeqx = 337.8 °C can be attributed to the lignin and cellulose
decomposition present in CB [56].

3.5. X-Ray Diffraction (XRD)

The obtained diffractograms to evaluate the pattern of X-ray diffraction and the
crystallinity of the produced films and the CB are shown in Figure 7. The diffractograms
for all biocomposites showed the characteristic peaks of the crystalline structure of PHBV,
which is very similar to that presented for the PHB homopolymer due to the low 3HV
content in PHBV employed in this work [36]. The profiles presented well-defined diffraction
peaks (20) at 13.5°, 16.9°, 20.0°, 21.6°, 22.6°, 25.5°, 27.1, and 30.8°, which correspond to
the (020), (110), (021), (101), (111), (121), (040), and (002) crystallographic planes [46,57].
Additionally, the X-ray diffraction patterns of biocomposite samples showed peaks at the
same position as the PHBV peaks. Therefore, the CB addition in the PHBV matrix did not
affect the diffraction pattern of the polymer, which can indicate that the CB in the PHBV
matrix did not form new crystalline structures [54,58]. A significant change in the intensity
of the peaks was not observed.
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Figure 7. X-ray diffractograms (A) of CB, PHBV0, PHBVS5, and PHBV10; (B) illustrates the principles
of X-ray diffraction calculations, including Bragg’s Law and the Scherrer equation.

The diffraction profile of the CB exhibited a predominance of an amorphous halo,
indicating the low crystallinity of the material. However, it was possible to identify a
large peak (20) at around 22°. Teixeira et al. (2009) [59], in their work utilizing cassava
bagasse containing about 17.5 wt. % fibers and 82.5 wt. % starch, found two peaks (26)
well-defined at 12.5° and 22.5°. According to the authors, it can be assumed that both peaks
are characteristic of the cellulose.

The crystallinity degree (Xc) and distance of crystalline planes are presented in Table 5.
In this, it is observed that the Xc of all biocomposites were not affected by the presence of
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the CB, once the values obtained were 43.2%, 42.3%, and 42.0% for PHBVO0, PHBV5, and
PHBV10, respectively. As expected, the CB did not contribute to the crystallinity of the
biocomposites due to its low crystallinity character.

Table 5. Crystallinity degree and crystalline dimension in a specific direction (L) from the Scherrer
equation, using the FWHM for each crystalline plane for every biocomposite sample of CB/PHBV.

Plane—L (A .
Sample ane—L (A) Averagc.e Crystallite . (%)
(0200 (1100 (021 (101) (111 (121 (040) (002) Size (A)
PHBVO 1697 854 423 1247 947 9.08 11.80 559 9.28 43.2
PHBV5 1659 620 483 1135 9.07 804 833 499 8.18 423
PHBV10 1553 6.60 4.06 1177 891 810 938 490 8.50 42.0
PHBVO/PHBV5 102 138 088 110 104 113 142 112 1.13 _
PHBVO/PHBV10 109 129 104 106 106 112 126 114 1.09

A possible discrepancy between the crystallinity degree results obtained using DSC
and those calculated via XRD has been observed. The DSC results suggest a direct inter-
action between CB and the polymeric matrix, as they indicate an increase in Xc with the
addition of CB. However, the XRD data show no significant variations in crystallinity as
a function of CB concentration. This discrepancy highlights the different sensitivities of
these characterization techniques and suggests that their chemical differences significantly
influence the polymerfiller interactions. CB exhibits a highly hydrophilic character, while
PHBYV is a hydrophobic polymer, so the interfacial interactions between these components
are likely limited.

Furthermore, Table 5 presents the interplanar distance (L) between crystallites, calcu-
lated for each crystalline plane using the Scherrer equation [60]. These calculations were
performed following the physical principles outlined in Figure 7B, which were used to
determine the full width at half maximum (FWHM). Additionally, the degree of crystallinity
was calculated using Bragg’s Law. The results indicate variations in interplanar distances
for almost all crystalline planes when CB is incorporated, with a predominant decrease in
PHBV0/PHBVS5, as shown in Table 5. However, a slight increase in interplanar spacing
was observed for PHBV0/PHBV10, suggesting weaker interactions between the polymer
and cassava bagasse at higher CB concentrations. These findings correlate well with the
T1H relaxation times obtained from NMR analysis.

The DSC results indicate an increase in the degree of crystallinity of the composites as
CB concentration increases. This behavior suggests that CB may act as a nucleating agent,
promoting the formation of crystalline nuclei and facilitating the growth of crystalline
domains within the PHBV matrix.

However, XRD analysis revealed that the overall crystallinity remained unchanged,
suggesting that the lignocellulosic filler does not significantly affect the total crystalline
fraction detected by this technique. Nevertheless, variations in interplanar distance and
crystallite size were observed upon CB incorporation, indicating that CB induces structural
rearrangements within the crystalline domains without necessarily modifying the overall
crystalline content.

On the other hand, T1H values obtained by NMR decreased with the increasing CB
concentration, indicating higher molecular mobility and an increase in the amorphous
fraction of the polymer matrix. This apparent contradiction can be explained by the
heterogeneous effect of CB on the PHBV structure. While CB may act as a local nucleating
agent, promoting crystallization in specific regions, its limited interaction with the polymer
matrix may lead to less organized regions surrounding the filler particles. This effect may
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result in the formation of amorphous domains and, consequently, an increase in chain
mobility, as detected by NMR [61,62].

Thus, the results suggest that the addition of CB to PHBV leads to a mixed structural
behavior, as follows:

e Increased crystallinity by DSC, indicating a nucleating effect;

e  Unchanged overall crystallinity by XRD, but with modifications in crystallite organi-
zation;

e Reduced T;H values by NMR, reflecting increased molecular mobility in
amorphous regions.

This behavior can be attributed to the heterogeneous dispersion of CB within the
matrix, which simultaneously promotes crystalline nuclei formation and amorphous re-
gions, resulting in a complex composite structure with interconnected crystalline and
amorphous phases.

3.6. Wettability Test on Biocomposites

A wettability analysis was performed to assess the distribution of cassava bagasse par-
ticles on the surface of the biocomposites. The PHBV samples with varying concentrations
of CB were tested using sessile drop analysis (~2 uL) with ultra-pure water. Figure 8 shows
the surface of the PHBV samples with CB and the corresponding contact angles.

PHBV00

PHBVO05

5572EH0N

1cm

PHBV10

77.4+02°

Figure 8. Photographs of CB/PHBV composites with three different CB concentrations, evaluating
the wettability contact angle and surface for one of the samples.
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The PHBVO samples, processed hot, exhibited good powder fusion, resulting in homo-
geneous polymer samples with smooth surfaces, as shown in Figure 8. PHBV demonstrates
hydrophobic characteristics, with an internal contact angle of approximately 81.3 £ 1.2°
between the water droplet and the PHBV0 sample surface. This result is consistent with
the literature reports for this polymer. However, the wettability of samples incorporating
cassava bagasse showed a decreased contact angle. This reduction is primarily attributed
to the hydrophilic nature of starch, the major component of the residue (CB), as discussed
in this manuscript. The contact angles were approximately 81°, 52°, and 72° for the PHBVO,
PHBVS5, and PHBV10 samples, respectively. This indicates that the lowest CB content
resulted in greater wettability. In contrast, higher CB content led to an approximate 20°
increase in contact angle, likely due to potential agglomeration of the filler (Figure 7),
creating greater surface roughness and thus increasing the contact angle [46].

3.7. Scanning Electron Microscopy (SEM)

Figure 9 shows the microstructures of PHBV-based biocomposite cross-sections of the
cassava bagasse films which were qualitatively assessed by scanning electron microscopy
(SEM) observation.

Figure 9 displays the SEM micrographs of the fracture surfaces of CB/PHBV samples
for the two investigated compositions. Figure 9A(left) shows a cluster of CB particles in the
formulation containing 5 wt.%, whereas Figure 9A(right) highlights the void left by this
cluster (indicated in yellow). A similar behavior is evident in the samples with 10 wt. %
of CB on both fracture surfaces (Figure 9B), where a cluster of residual particles detaches
from the surface, leaving a void on the opposing fracture surface (Figure 9B(left)) atop a
smoother polymeric matrix, as indicated by an orange arrow.

As mentioned earlier, both sides of the cross-section of PHBV5 and PHBV10 in Figure 9
exhibit broken filler due to the fragile fracture of the samples. This is indicative that there
was a good adhesion of the cassava bagasse in the PHBV matrix, although the hydrophobic
characteristic of the polymer matrix, the hydrophilic characteristic of the filler, and the small
gap between the filler and the matrix that can be seen in Figure 9. However, some fillers
were pulled out of the matrix, as indicated by the arrow in Figure 9B, which suggests that
not all particles were properly added to the matrix. Some cassava rope granules exhibited
gelatinization during the process, primarily for the lower concentration (PHBV5), indicating
the granules’ oval morphology loss, as depicted in Figure 9A(right). In contrast, the starch
granules in the 10% formulation were largely preserved. This discrepancy is primarily
attributed to the higher heat diffusion over the starch grains in the PHBV5 samples during
the hot-pressing process, leading to gelatinization, a phenomenon observed to a lesser
extent in the PHBV10 samples (Figure 9B). These findings are consistent with those reported
in the literature for similar processing using various virgin starches [51,63-65].

3.8. Migration Test
The average total migration values obtained by the migration test of the produced

films are shown in Table 6.

Table 6. Total migration average results (mg/kg) of PHBVO0, PHBV5, and PHBV10 in specific
simulants as Resolution 105/99 ANVISA [34].

Distilled Water (mg/kg) Olive Oil (mg/kg)
Sample
5°C 40 °C 5°C 40 °C
PHBVO 0.4875 0.5500 —2.7500 —2.0250
PHBV5 0.7625 0.8250 —2.9250 —2.6000

PHBV10 0.9875 0.9625 —2.8500 —1.5750
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COFFE

COFFE

Figure 9. SEM images of the cross-section of both sides fractured, highlighting the CB agglomerates
for the two studied concentrations: (A) PHBV5 - yellow circles; and (B) PHBV10 - orange arrows.

According to Resolution 105/99 ANVISA, 5.0 mg/kg is the maximum tolerance for
the complete migration of plastic packages in contact with food in Brazil. From Table 5,
it was possible to observe that all produced films obtained an average total migration
inferior to 5.0 mg/kg. These results indicate the possibility of using these materials as food
packaging at 5 °C and 40 °C—simulating chilled and shelf food, respectively—in contact
with aqueous and oily food, corresponding to the distilled water and olive oil simulants,
respectively. However, the values of the films in contact with olive o0il were all negative,
indicating that there was probably oil adsorption in the films.

3.9. Water Uptake (WU)

Water uptake (WU) average values and standard deviation of the films are presented
in Table 7.

Table 7. Water uptake (WU) average values and standard deviation of PHBVO, PHBV5, and PHBV10.

Sample WU (%) Standard Deviation
PHBVO 0.75 0.12
PHBV5 1.22 0.31
PHBV10 2.08 0.48

The WU parameter of PHBVO is negligible regarding its hydrophobic nature. The
cassava bagasse addition in the PHBV matrix increased the WU value of the material by
60% for PHBVS and 175% for PHBV10 compared to PHBVO, as expected. An explanation
of this behavior could be the polar character of the cassava bagasse that enhances the water
uptake of the material and/or the presence of a gap at the interface between the filler and
the matrix, as was seen by SEM images, which can facilitate moisture retention [40].
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These results align with the water uptake (WU) values reported in the literature for
lignocellulosic composites. The values observed for CB/PHBYV composites (Table 7) in this
study (0.75% for PHBVO, 1.22% for PHBV5, and 2.08% for PHBV10) are comparable to those
of other polymeric materials used in packaging applications. For instance, polyester resin
composites containing 10% and 20% MDF residue exhibited WU values of 1.44% and 3.77%,
respectively, demonstrating the influence of lignocellulosic fillers on moisture absorption in
polymer matrices [66]. Similarly, chitosan-based films, known for their hydrophilic nature,
exhibit significantly higher water absorption due to their porous structure [67]. Additionally,
hybrid composites of glass and natural fibers reported in the literature display WU values
ranging from 1% to 2.7% after prolonged water exposure [68]. These comparisons indicate
that while CB increases the hydrophilicity of PHBV composites, the measured WU values
remain within the typical range for bio-based packaging materials. Furthermore, strategies
such as surface treatments, polymer blending, or processing modifications could further
enhance the water resistance of PHBV /CB composites for specific packaging applications

4. Conclusions

PHBV-based biocomposites employing residue of cassava starch production (cassava
bagasse) were successfully fabricated by compression molding. This study aimed to
examine the fabricated films’ thermal, physical-chemical, and morphological properties for
packaging food applications. The cassava bagasse can be used as a filler in the PHBV matrix.
It was possible to observe that the addition of CB in the plasticized PHBV matrix did not
affect some properties compared to PHBVO0, such as the crystal thickness of the PHBV, the
crystalline structures, the crystallinity degree of the biocomposite, and the thermal stability.
However, the filler addition could act as a nucleating agent and enhance the crystallinity
degree of the PHBYV, as shown by DSC and NMR relaxometry analysis once the CB presence
probably increased the polymer chain mobility, facilitating the polymer crystallization.
This role of the CB could reduce the problems related to the secondary crystallization of
PHBYV, which leads to physical aging during storage. From SEM analysis, the fractured
filler caused by the fragile fracture can indicate good adhesion of the cassava bagasse in the
PHBV matrix. However, it was seen that some fillers were pulled out of the matrix, and the
ones that were fractured presented a small space between the filler-matrix interface.

The results reported in this work showed that these materials represent an alternative
to chilled and shelf-aqueous food packaging applications. However, their use still requires
a detailed analysis, considering the specific needs of each case and the safety needs of each
food. Thus, producing biocomposites with a PHBV matrix could be a potential solution for
cassava bagasse use, reducing the environmental concerns caused by its incorrect disposal.
At the same time, it reduces the cost of the polymer and improves some properties.
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