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Abstract

The objective of this work was to investigate the effect of the addition of a nanocellulose gel from cocoa bean husk (NAC)
on nanocellulose gels of Eucalyptus sp. and Pinus sp. The nanogels were obtained by mechanical defibrillation and the films
by casting with different concentrations of NAC (0%, 20% and 35%). These were evaluated for morphology, thermogravi-
metric properties, barrier properties and soil biodegradability. NAC fibres presented the shortest lengths (30-80 pum), and
their addition to the films reduced degradation at 350 °C by 17% but did not cause changes in water vapor permeability.
NAC increased the solubility and biodegradability of the films, especially those of Eucalyptus sp. (35%). Therefore, the use
of NAC proved to be a promising tool in the formulation of biodegradable packaging.
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PIN35%  Film with 35% NAC and 65% PIN
OM Optical microscopy

SEM Scanning electron microscopy
TGA Thermogravimetric analysis
AC Contact angle

Statement of Novelty

This work presents the technological potential of nanocellu-
losic gels produced through agro-industrial co-products. The
nanocellulosic gel from cocoa bean shell was added at differ-
ent concentrations to eucalyptus and pine gels to obtain bio-
degradable films. The addition of nanofibers from the cocoa
bean shell promoted greater biodegradability, solubility and
thermal stability to the films. These become, therefore, sus-
tainable materials with potential use for making food pack-
aging, coatings and coverings, in addition to enabling the
reduction in the use of petroleum-derived polymers.

Introduction

The demand for sustainable materials has increased in
recent years due to the growing need to replace synthetic,
petroleum-derived polymers with natural ones, which would
reduce the negative impact on the environment [1]. In this
context, materials produced from natural polymers have
gained great interest in the scientific community for their
biodegradability[2].

The most abundant natural polymer is cellulose, a pol-
ysaccharide that has been the subject of several research
studies and has shown potential applications in many areas.
Examples of industrial sectors that make use of this com-
pound are the food industry for packaging development [3],
the biomedical industry for the development of dressings
and drug carriers [4, 5] and the cosmetic industry for the
production of facial masks [6]. The textile and paper indus-
tries are also making use of cellulose for the development
of fabrics with improved properties[7] and the production
of paper carrying bioactive compounds [8, 9], respectively.

Through physical, chemical or biological processes,
cellulose can become a precursor of nanocellulose [10].
Mechanical defibrillation, for example, is a physical process
that exposes surfaces previously located inside the fibres of
the cellulosic material, which gives rise to cellulose on a
reduced scale [11]. This process increases the surface area of
contact of the cellulosic material, promoting improved trac-
tion, optical, electrical and chemical characteristics, which
culminate in a more resistant, biodegradable material with
superior gas barrier properties and thermal stability [12, 13].
After the defibrillation process, a gel called nanofibrillated
cellulose (CNF) is obtained [11]. For all these properties,
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nanocellulose is emerging as a revolutionary product, with
market capital estimated at $297 million in 2020 and pro-
jected to reach $783 million in 2025 [14].

The most explored resource for obtaining CNF is wood
from Eucalyptus sp. and Pinus sp. [15]; however, due to their
high cellulose content (40-50%) [16] and low economic
value, agro-industrial residues have aroused great inter-
est [17, 18]. Among the agro-industrial residues that have
already been used for the extraction of CNF are orange peel
[19], sugarcane bagasse[20] and corn cobs[21]. Thus, sev-
eral studies have been carried out with the objective of using
these residues in the production of materials with greater
added value, such as cellulose biocomposites[22].

The cocoa bean husk is a widely studied agro-industrial
residue, e.g. for the production of a fermented solid for use
in an organic medium [23], in the production of enzyme
extracts with high activity [24-29], which have already
been applied in the coagulation of milk [30], in the pre-
treatment of leaves for essential oil extraction [31], and even
in the manufacture of films to obtain biodegradable pack-
aging [32-34]. In this context, the antioxidant capacity of
the cocoa bean shell[34-39] and its cellulose content [39]
makes it a promising source of CNF, as recently demon-
strated by Souza et al. [32] when producing gel and Hoyos
et al. [33] and Lessa et al. [34], when producing films, using
only the cocoa bean shellas a cellulosic source. Furthermore,
it is believed that the use of different sources of CNF in the
production of cellulolytic blends can benefit the production
of biocomposites. This is due to the fact that the interac-
tion between the different gels can result in materials with
improved mechanical strength, thermal strength, gas barrier
properties and biodegradability [40].

Given the above, the present work aimed to investigate
the formation of films by mixing nanocellulose gels from the
shells of cocoa beans (Theobroma cacao L.), Eucalyptus sp.
and Pinus sp. To unravel the effects of interactions of nano-
materials, analyses of morphological (optical microscopy
[OM] and scanning electron microscopy [SEM]), thermo-
gravimetric and chemical (contact angle [CA], water vapor
permeability [WVP], solubility [S] and biodegradability)
properties were performed.

Materials and Methods
Cellulosic Material

Cocoa bean shell (Theobroma cacao L.), supplied by agroin-
dustries located in the city of Ilhéus (Bahia, Brazil), and
bleached kraft pulps of eucalyptus (Eucalyptus sp.) and kraft
pine pulps (Pinus sp.), supplied by the company Klabin SA
(Parana, Brazil), were used as cellulosic material.



Waste and Biomass Valorization (2023) 14:3169-3181

3171

Production of Nanofibril Gels

Bleached eucalyptus (Eucalyptus sp.) and pine (Pinus sp.)
pulps were hydrated at 2.0% (w/v), while the cocoa bean
shell was hydrated at 4.0% (w/v) for 48 h. Afterwards, the
samples were homogenized separately in a homogenizer
(Tecnal, Turratec 102 Model, BRASIL®) at 8000 rpm for
1 h. Then, the suspensions were defibrillated (30 passes)
separately in a SuperMassColloide microfibrillator (Masuko
Sangyo MKGA®6-80, Kawaguchi, Japan) equipped with two
disks (MKGA6-80) with a rotation speed of 1500 rpm. Thus,
gels of eucalyptus nanofibrils (NEL), pine (PIN) and cocoa
bean shell (NAC) were obtained and stored at 4 °C.

Preparation of Biodegradable Films

Biodegradable films were obtained using the solvent evapo-
ration technique proposed by Guimarées et al. [41]. Table 1
shows the quantities of gels used in the preparation of each
film, and the total mass used to prepare the gels was 5 g. The
gels were homogenized at 500 rpm (Tecnal, Turratec 102
Model, BRASIL®) for 10 min at a temperature of 28 °C.
Acrylic plates 15 cm in diameter were used as moulds to
obtain the films after heat treatment at 30 °C for 36 h. After
preparation, the films were stored in polyethylene bags at
room temperature (£ 25 °C).

Characterization
Optical Microscopy (OM)

Nanofibril gel solutions (0.75%) prepared with distilled
water were stained with an ethanol-safranin solution (1.0%)
and visualized on an Olympus BX41 microscope coupled
to an LC Color PL A662 camera (Tokyo, Japan) for image
acquisition. The dissociation of cellular elements was per-
formed according to Miranda end Castelo [42], and the
images obtained were analysed to determine the mean diam-
eter of nanofibrils and their distribution using ImageJ 1.48
software (National Institutes of Health, US).

Table 1 Formulations used for
the preparation of eucalyptus
(NEL) and pine (PIN)
nanocellulosic films and with

the addition of cocoa bean shell
gel (NAC) NEL 100 0 O

NEL20% 80 0 20
NEL35% 65 0 35
PIN 0 100 O
PIN20% 0 80 20
PIN35% 0 65 35

Concentration (%
w/W)

Samples

NEL PIN NAC

Scanning Electron Microscopy (SEM)

The film samples were visualized in a scanning electron
microscope, model QUANTA 250 (FEI COMPANY, Ore-
gon, US), operating at an accelerating voltage of 15 kV.
The films, approximately 0.5 cm? in area, were fixed to
the ‘STUB’ supports with double-sided adhesive tape and
submitted to metallization in an SCD 050 gold evaporator.
Electron micrographs were acquired at 500 X magnification.

Thermogravimetric Analysis (TGA)

Non-isothermal experiments were performed in a Q 500
thermogravimetric analyser, Q series (TA Instruments, New
Castle, DE), using a thermogravimetric detector module
coupled to a thermal analyser, using a heating rate of 10 °C.
min~! under a dynamic atmosphere of Nitrogen with a flow
rate of 20 mL.min~'. Thermogravimetric analysis (TGA)
curves were used to determine mass losses (%) and tempera-
ture ranges (°C). The sample mass of each biodegradable
film was about 10 mg, and the maximum temperature of the
aluminium holder was 500 °C. TGA curves were obtained
with TRIOS Software (TA Instruments, New Castle, DE),
and graphs were constructed with OriginPro 8.5 software
(OriginLab Corp, Northampton, Ma, USA).

Contact Angle (CA)

Film samples were cut to dimensions of 3 cm X 10 cm and
deposited on glass slides, which were installed on the base
of a goniometer (Kruss, DSA25, Hamburg, Germany). Then,
a drop of distilled water (10 uL.) was applied under the sam-
ples, and images were captured by a micro camera for fur-
ther analysis with the Advanced software (Kruss, Hamburg,
Germany) [43].

Water Vapor Permeability (WVP)

The WVP rate of the films was determined according to
the standards of the American Society Testing and Mate-
rials Standard—E96-00—ASTM. The films, measuring
approximately 5.25 mm?, were placed under the lid of a
40-mL amber glass bottle filled 3/4 of its volume with silica
previously dried for 24 h at 150 °C. Openings 13.8 mm in
diameter were made in the lid. The amber glasses containing
the films were placed in hermetic desiccators at 19 °C with
800 mL of water inside the desiccator. The experiment was
conducted in a controlled environment at 23 +0.5 °C, and
the glass bottles were weighed every 24 h for a period of
10 days. A calibration curve was constructed considering the
weight gained by the silica over the evaluation period. Then,
the water vapor permeability rate (WVPR) was calculated
according to Eq. (1), with the water vapor transmission rate
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of the biodegradable film being determined from the slope
of the weight change graph of the bottle vs. time. WVP was
calculated using Eq. (2) [44, 45]. Five repetitions were per-
formed for each treatment.

WVPR (g m*dia™") = gt x A (1)

where: gt is the slope of the straight-line equation (linear
regression) and A is the permeation area (m).

WVP (g.mmkPa~'.dia~'.m™?) = (WVPR.E).Ap™', (2)

where: E is the sample thickness (mm) and Ap is the
saturation pressure of the steam at the test temperature
(2.33921 kPa).

Solubility in Water (S)

Samples of biodegradable films measuring 5 cm? in diameter
were dried in a drying oven with forced air circulation (TE-
319, Tecnal, Piracicaba, Brazil) at a temperature of 105 °C
for 4 h until they reached a constant weight (BioPrecisa®—
Electronic Scale; FA—2104 N). After this procedure, the
films were immersed in a container containing 30 mL of
distilled water and incubated at 23 °C and 50 rpm for 24 h.
After incubation, the films were dried at 105 °C for 4 h and
weighed. Then, the resulting suspensions were filtered, and
the non-solubilized materials were dried in an incubator
with circulating air at 105 °C for 24 h and then weighed.
The solubility (S) was calculated according to Eq. (3) and
expressed as a percentage.

Pl — PF

S(%) = ( ) % 100, 3)
where: PI is the initial mass of dry material and PF is the
final mass of non-solubilized dry material.

Biodegradability in Soil

The biodegradability test followed the procedure proposed
by Costa et al. [46]. Films measuring approximately 5 cm?
were dried in an oven with forced-air circulation (TE-319,
Tecnal, Piracicaba, Brazil) at 105 °C for 4 h until they
reached a constant weight (ACB LABOR®). After this pro-
cedure, the films were placed on the surface of a PVC plastic
container containing a mixture of 500 g of clay and fertile
soil. The samples were incubated at 30 °C for 1008 h, and
the biofilms were weighed at intervals of 168 h.

Data Analysis
A completely randomized design (CRD) was employed,

with the addition of three NAC factors (0%, 20% and 35%)
to the NEL and PIN films (controls). For each treatment,
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three repetitions were performed. Data were subjected to
analysis of variance (ANOVA), mean and standard devia-
tion. Means were compared by Tukey’s test (p <0.05),
using PAST 3.19 (PAleontological STatistical).

Results and Discussion
Optical Microscopy (OM)

The morphology of the shell fibres of cocoa, eucalyptus
and pine beans after the mechanical defibrillation process
was determined from the OM images. Individualized and
uniform cocoa bean shell fibres can be seen (Fig. 1a). On
the other hand, eucalyptus and pine fibres were structur-
ally heterogeneous and susceptible to entanglement and
agglomeration (Fig. 1b, c).

The nanofibers from the cocoa bean shell were the
ones that presented a smaller proportional length, around
30-80 pm (Fig. 1d). Already, the eucalyptus and pine
nanofibers, evaluated outside the agglomeration zone,
presented lengths of approximately 150-180 um and
180-210 um, respectively. The greater length of the pine
nanofibers justifies the greater formation of agglomerates,
as these occur due to the strong hydrogen bonds formed
between the —OH groups of the cellulose, which, conse-
quently, induce greater formation of aggregated fibres
[13].

The length values of cocoa bean shell nanofibers
were lower than those found for soy shell nanofibers
(50-170 um) [47], pineapple residue (300-900 pm) [48]
and rice straw (400-3400 pm) [49]. On the other hand, the
length measurements of eucalyptus and pine nanofibers
indicated proximity to the soy shell nanofibers and inferi-
ority to the nanofibers of pineapple residue and rice straw.

Regarding the diameter, eucalyptus and pine nanofib-
ers presented values between 4 and 5 um, lower than
those observed for pure cotton fibres (14-30 pm) [50]
and Helicteres isora (10-20 pm) [51]. On the other hand,
the length of nanofibers from the cocoa bean shell was
concentrated between 5 and 6 um (Fig. le), approach-
ing those of nanofibers from soy shells (6—8 um) and rice
straw (5-9 um)[49].

The differences between the length and diameter of the
shells of cocoa, eucalyptus and pine beans occur as a func-
tion of the morphological characteristics of the cellulosic
material and, mainly, the amount of cellobiose monomers
present in the formation of cellulose chains [52]. This is
because the parallel stacking of multiple cellulosic chains
determines the structural dimensions (length and diameter)
of the microfibrils, which aggregate in an organized manner
in the formation of cellulose fibres [52].



Waste and Biomass Valorization (2023) 14:3169-3181

3173

(d)

40 A
30

20 H

Percentage (%)

100 pm

A

— = —Pine
— e —ZEucalyptus
— a—Cocoa shell

\/ °<>Z:B§\ /S

| oA

7
(]
-

40 4

30 o

Percentage (%)

10 4

30

T T T T T T T T T T T T T T T
60 90 120150180 210240270 300 330360 390420 450 480

length (pm)

—=— Pine
—e—Eucalyptus
—#&— Cocoa shell

T T T T T
1 2 3 4

5 6' 7 8
Diameter (pm)

Fig. 1 Optical microscopy of fiber from: a cocoa bean shell; b eucalyptus; ¢ pine; d length distribution of cocoa, eucalyptus and pine shell fibers

and e width distribution of cocoa, eucalyptus and pine shell fibers

Scanning Electron Microscopy (SEM)

The NEL films observed by SEM (Fig. 2a-c) presented a
structure with roughness and small surface deformations,
unlike the PIN films (Fig. 2d-f), which presented a more
heterogeneous surface and more fractures. The difference
in surface layer heterogeneity of the NEL and PIN films
is related to the structural dimensions of the nanofibers,
with pine nanofibers being larger and more susceptible to
stacking than those of eucalyptus, as demonstrated in the
OM. According to Dias et al. [17], the high aggregation of
fibres occurs due to their strong tendency to form hydrogen
bonds, causing the fibres to concentrate in certain regions.
Azeredo et al. [53] also reported that fibre aggregations are
formed due to intra- and intermolecular hydrogen interac-
tions between various hydroxyl groups of nanocellulose.
Thus, it is possible that PIN films are more likely to form
hydrogen bond interactions, culminating in the formation of
the observed aggregates.

As shown in the SEM micrographs, the films containing
NAC (Fig. 2b,c,d,e,f) showed a more heterogeneous surface
with the presence of high apertures, unlike the NEL (Fig. 2a)
and PIN (Fig. 2d) films. It is believed that this difference
consists in the fact that films containing NAC have non-
cellulosic components such as tracheids, hemicellulose and

lignin, which interact with NEL and PIN fibres, intensifying
the formation of aggregates in the films and making their
surface irregular [54]. In this sense, the addition of higher
levels of NAC (35%) to the films promoted the presence of
greater irregularities on the film surface, probably due to the
presence of non-cellulosic components that were found in
greater amounts in the mixture [54].

Similar results were also reported in biocomposites con-
taining nanofibrillated cellulose from beet pulp and liquorice
residue, with greater heterogeneity when pores were present
in the films with higher levels of nanofibrillated cellulose in
the respective substrates [55, 56]. The irregularities present
in these samples were justified by the possible existence of
hydroxyl groups on the surfaces of the fibres, which interact
with each other and cause selective agglomeration during the
drying process. Therefore, the films produced in this work
were similar to those made from other vegetable cellulosic
sources, which demonstrates the functionality of cocoa shell
as an input source for the production of nanocellulose.

Thermogravimetric Analysis (TGA)

The thermal decomposition mechanism of the NEL (Fig. 3a)
and PIN (Fig. 3b) films with and without the addition of
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Fig.2 Scanning electron microscopy image at 500X magnification
(200 pm scale) of eucalyptus nanocellulose (NEL), pine nanocellu-
lose (PIN) films and blended films with different concentrations of
NAC. a NEL control (0% NAC); b addition of 20% NAC with 80%

&
~

Weight loss (%)

NEL
NEL20%
NEL35%

T T T T T T 1
100 200 300 400 500 600 700

Temperature (°C)

Fig.3 TGA of eucalyptus nanocellulose (NEL), pine nanocellulose
(PIN) and blended films with different concentrations of cocoa shell
nanocellulose (NAC). a NEL control (0% NAC), NEL20% (20%

NAC showed similar deformation trends, and three thermal
events of mass loss were identified[57].

The first thermal mass loss event occurred below 220 °C
and was responsible for 7% and 9% reductions in the
masses of the NEL and PIN films, respectively. According
to Baruah et al. [58] moisture and other volatile materials
evaporate during this thermal event. In the films contain-
ing NAC, the mass loss was greater than 10%, due to its
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greater hygroscopicity. In this same temperature range, pre-
vious works reported that pineapple, sisal, kapok and banana
nanocellulose also show the same mass loss behaviour, due
to the breaking of intermolecular hydrogen bonds formed
with chemically absorbed water molecules during melt-
ing[59, 60].

The second thermal event occurred between 220 °C and
350 °C, with the greatest reduction in film mass due to
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chemical decomposition of cellulosic components during
heating [48, 61]. In this thermal event, the percent mass
reduction in the films containing NAC (58%) was 17%
lower, when compared to the NEL and PIN films (75%)
without NAC addition. It is believed that this difference in
degradation can be attributed to the amounts of cellulosic
and non-cellulosic components in these materials. In this
sense, NEL and PIN, as they present a lower concentration
of non-cellulosic components, made the film more suscepti-
ble to deterioration during heating, a result opposite to that
obtained with the films containing NAC.

In the second thermal event, it was also possible to
observe that the NEL films containing NAC, regardless
of the concentration used, presented similar degradation
curves. On the other hand, PIN films containing NAC pre-
sented distinct curves. The PIN film with the highest concen-
tration of NAC (35%) was the first to decompose, followed
by the PIN film containing 20% NAC. The difference in the
decomposition temperature of these films originates from
the morphology and structural dimensions of their fibres,
with larger fibres, in this case those from pine, showing a
high number of crystalline regions, which group together
and form a heat-resistant barrier [62].

The third thermal event occurs in the temperature range
above 350 °C and is responsible for the pyrolysis of cel-
lulose, specifically the formation of carbonaceous material
[63]. At this stage, the NEL and PIN control films showed
the least residue formation, due to the decomposition of the
crystalline region of the cellulose. Furthermore, after heat-
ing to 500 °C, the initial masses of the NEL and PIN films
were partially reduced, as were those of films containing
NAC, which showed greater formation of carbonaceous
material related to the hemicellulose components, lignin
and impurities of the NAC [62].

Furthermore, the thermal degradation of the films con-
taining NAC presented thermogravimetric behaviour similar
to that of films reported in the literature based on bleached
birch nanocellulose, with three well-defined degradation
events and a maximum temperature, for the third event,
above 350 °C[64]. Thermal events of films produced with
bleached coconut nanocellulose [59], nanocellulose from
palm pulp mixed with PVA[65] and corn cob nanocellulose
[66] also showed similar behaviour to the results obtained
with films containing NAC.

Contact Angle (CA)

The CA of the films were investigated, and the results are
illustrated in Fig. 4. As reported by Lago et al. [13], films
with CA values less than 90° are considered hydrophilic,
while those with values greater than 90° are considered
hydrophobic. In this case, the diffuse behaviour of the water
droplet in the NEL film formed an average CA of 67.8°,

characterizing it as hydrophilic. On the other hand, PIN
films, as they morphologically present fibres with anatomi-
cal characteristics superior to those of eucalyptus, presented
a slightly more hydrophobic character, whose surface disper-
sion of the water droplet was limited, forming an angle of
70.5°. According to Oun and Rhim [50], the hydrophilicity
of nanocellulose films may be a result of the large number
of hydroxyl groups present in the surface layer, which is why
the NEL films showed high availability of —OH and were
partially more hydrophilic.

The CA of the NEL and PIN films changed with the
incorporation of NAC, with 4.56% and 9.92% reductions in
the respective degrees of hydrophobicity when 20% NAC
was added. The differences in the surface dispersion of water
droplets between these films resulted from the morphology
of the film surface (smoothness/roughness), and the PIN film
with 20% NAC showed less irregularity than the PIN film
with the same concentration of NAC, as evidenced by SEM
micrographs (Fig. 2b).

Furthermore, films with a higher concentration of NAC
(35%) showed a significant reduction in the degree of hydro-
phobicity, greater than 33%, compared to films without NAC
addition. Therefore, it can be stated that the addition of NAC
above 20% considerably increased the hydrophilic charac-
ter of the material, given that it allows for a greater sur-
face interaction between water molecules and the hydroxyl
groups of carboxylic acids.

In agreement with these findings, a tendency towards
a reduction in CA has been reported in films made with
nanocellulose isolated from cotton, where hydrophobicity
decreases with increasing nanocellulose concentration [67].
In contrast, the CA of plasticized starch films reinforced with
beet nanofibrils [55] and the CA of films made with nanocel-
lulose from liquorice residues and soy protein [56] showed
a structure with fewer hydroxyl groups on the surface and
a consequent increase in CA. Thus, the films elaborated in
this work, according to the CA results, presented hydro-
philic characteristics typical of cellulosic materials and low
wettability.

Water Vapor Permeability (WVP)

The WVP (Table 2) of NEL and PIN films without addition
of NAC did not differ statistically (p> 0.05). According to
Lago et al. [13], cellulosic nanofibrils have the ability to
form percolated and continuous hydrogen bonding networks
that reduce water vapor diffusion. Therefore, the WVP result
regarding NEL and PIN is consistent, since both are clari-
fied cellulosic materials that contain nanofibrils that tend to
form a dense and compact structure during the evaporation
of water molecules.

Interestingly, the WVP values observed in the films
produced were lower than those of films reported in the
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(a)

(d)

Fig.4 Angle of contact with water of films based on: a eucalyptus
nanocellulose (NEL); b pine nanocellulose (PIN); ¢ NEL20% (addi-
tion of 20% NAC with 80% NEL); d NEL35% (addition of 35% NAC

Table2 WVP values of films made with eucalyptus nanocellulose
(NEL), pine nanocellulose (PIN) and of blended films with different
concentrations of cocoa shell nanocellulose (NAC): NEL20% (addi-
tion of 20% NAC with 80% of NEL) and NEL35% (35% addition of
NAC with 65% of NEL), PIN20% (20% addition of NAC with 80% of
PIN) and PIN35% (35% addition of NAC with 65% of PIN)

Samples Water vapor permeability
(g mm Kpa~! dia™! m?)
NEL 1.074+0.08*
NEL20% 1.069 +0.03*
NEL35% 1.037+0.04°
PIN 1.071+0.04*
PIN20% 1.062 +0.05*
PIN35% 1.052+0.07°

Lowercase letters in columns representing statistical comparisons
using Tukey’s test

literature and made with oat straw nanocellulose (between
1.24 and 2.53 ¢ mm kPa~! day~! m~2) [13]. It is important
to note that the difference in permeability is attributed to the
way the nanofibril is structured, in addition to the specific
hydrophilic characteristics of the cellulosic material[33, 68].
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with 65% NEL); e PIN20% (addition of 20% NAC with 80% PIN)
and f PIN35% (addition of 35% NAC with 65% PIN)

One of the main functions of food packaging is to pre-
vent or minimize moisture transfer between the food and
the surrounding atmosphere; therefore, WVP should be
as low as possible to optimize the environment and poten-
tially increase the shelf life of the product [13]. Thus, the
films produced in this study are shown as an alternative
for application in industrial processes as a barrier against
atmospheric moisture in dry products or even for coating
vegetables with a high respiratory rate, in which degradation
essentially occurs due to waterloss [13, 69, 70].

Solubility in Water (S)

The S values (Fig. 5) indicate that the NEL and PIN films
had the lowest percent losses, about 2% and 3%, respectively.
The low solubilization of the cellulose in these films is a
consequence of the hydrophobic character and the strong
intramolecular hydrogen bonds of the fibres present in the
surface layer that limit the dispersion of water-soluble com-
ponents, even when in constant agitation [71].

The incorporation of NAC in the films promoted a signifi-
cant 12% increase in S (Fig. 5). This behaviour is explained
by the hydrophilic components incorporated into the NAC,
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1.192

Weight loss (%)

NEL20%-PIN20%

NEL35%-PIN35%

NEL-PIN

Fig.5 Mean and standard deviation values (n=3) of water solubil-
ity of eucalyptus nanocellulose (NEL), pine nanocellulose (PIN)
and blended films with different concentrations of cocoa shell nano-
cellulose (NAC): NEL20% (20% NAC addition with 80% NEL) and
NEL35% (35% NAC addition with 65% NEL), PIN20% (20% NAC
addition with 80% PIN) and PIN35% (addition of 35% NAC with
65% PIN). Lowercase letters on bars (a, b, ¢ and d) representing sta-
tistical comparisons using Tukey’s test, while different letters indicate
significant differences (p <0.05) between films

which formed weak hydrogen bonds between the cellulosic
fibres, which were easily broken during agitation in water.
Furthermore, the S values found for films contain-
ing NAC were lower than those reported in the literature
for films made with cotton nanofibrils, which solubilized
about 20.73% of the total mass during agitation in water
[72]. Finally, the S results direct the films to be applied as

(a)

200 4
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Fig.6 Mean and standard deviation values (n=3) of the biodegrada-
bility of eucalyptus nanocellulose (NEL), pine nanocellulose (PIN)
films and of blended films with different concentrations of cocoa
shell nanocellulose (NAC). a NEL control (0% NAC), NEL20% (20%

packaging or coatings for food, especially those that will be
stored for a long period of time, as they guarantee protection
against the external environment and, consequently, a longer
shelf life of the product[73].

Biodegradability in Soil

The soil biodegradability of the produced films was evalu-
ated at regular intervals by measuring weight loss in relation
to time elapsed, as shown in Fig. 6. The NEL and PIN films
showed the same biodegradation trends, as their total mass
increased during the 168-h period (Fig. 6). This increase in
mass originates from the penetration of water molecules in
the polymer matrix due to the partially hygroscopic nature
of the films[74], as evidenced in previous tests (CA, perme-
ability and S).

In a 252-h period, the water that penetrated the NEL and
PIN films was partially absorbed by the soil; for this reason,
the residual weights of these films decreased until the 336-h
mark and thereafter remained in decline until the final time
of the analysis (1008 h). This low biodegradability behav-
iour of the NEL and PIN films may be due to changes caused
by the absorption of water in the amorphous region of cel-
lulose, inducing the formation of new structures between the
nanocrystals of the micro/nanofibrils, hindering the action
of deteriorating microorganisms[74].

Compared to NEL and PIN films, the addition of NAC
(20% and 35%) also resulted in water absorption in the first
weeks (168 h), but the absorbed water influenced the bio-
degradation process due to the fact that NAC contains non-
cellulosic elements that increased the hydrophilic degree
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65% NEL); b PIN control (0% NAC), PIN20% (20% NAC addition
with 80% PIN) and PIN35% (35% NAC addition with 65% PIN)
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and consequently facilitated the action of deteriorating
microorganisms[53].

The NEL films containing 20% and 35% NAC after the
168-h period showed rapid biodegradation with a mass loss
in excess of 25% of total solids, while the PIN films con-
taining 20% and 35% NAC were approximately 20% bio-
degraded. This variation in biodegradability is due to the
different sizes of nanofibrils: pine has fibres with a longer
length than eucalyptus fibres, in addition to a greater number
of crystalline regions that can hinder the action of micro-
organisms [17]. In the period of 504 h, weight losses were
even more significant due to the greater action of bacteria
and fungi. During this period, about 50% and 35% of the
weight of the total solids degraded for the NEL and PIN
films containing NAC, respectively.

In the period of 672 h, weight loss greater than 75% was
observed for the NEL films containing NAC, and biodeg-
radation was complete at 840 h. The complete destruction
of the NAC-added PIN films took place between 840 and
1008 h. This result was similar to that found by Babaee et al.
[75] when investigating the biodegradability of films made
by fibres from the kenaf stick (Hibiscus cannabinus) rein-
forced with corn starch and with glycerol/water as a plasti-
cizer. These authors concluded that the films are fully biode-
graded in the period between 40 and 60 days. Therefore, the
results showed that NAC can increase the biodegradability
profile of nanocellulose films considerably, making them
more sustainable and ecological.

Conclusion

This work demonstrated the use of cocoa bean shell nanofi-
brils (NAC) to enhance the barrier properties of films con-
taining eucalyptus and pine nanocellulose gels. The pres-
ence of NAC did not change the water vapor permeability,
but it increased the solubility of biofilms by about 12% and
reduced the time to complete biodegradation of these mate-
rials. Furthermore, the TGA showed a 17% increase in the
thermal stability of the films containing NAC. These results
show that the technology developed can be applied and stud-
ied as a raw material for the manufacture of packaging, food
coatings, reinforced polymers and drug carriers, in addition
to showing itself as a sustainable solution for the manage-
ment and valuation of lignocellulosic waste.
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