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Abstract

The applicability of cellulose nanofibrils (CNFs) has received attention due to their attractive properties. This study proposes
the functionalization of acai CNFs with copaiba oil and vegetal tannins to produce films with potential for packaging. Bio-
based films were evaluated by vapor permeability, colorimetry, and mechanical strength. CNFs were produced by mechanical
fibrillation, from suspensions of bleached acai fibers and commercial eucalipytus pulp. Moreover, copaiba oil and vegetal
tannin were added to the CNFs to produce films/nanopapers by casting from both suspensions with concentrations of 1%
(based on CNF dry mass). The bulk densities of the eucalyptus CNF films were higher (1.126-1.171 g cm™>) compared to
the acai CNF ones. Films from eucalyptus and agai pulps containing copaiba oil and tannins presented higher Tonset and
Tmax, respectively (312 and 370 °C). Films with acai CNFs functionalized with copaiba oil and tannin showed the lowest
permeability value (370 g day~' m~2). Films produced with eucalyptus pulp, and eucalyptus pulp functionalized with copaiba
oil highlighted by superior mechanical strength, achieving 133.8 and 121.4 MPa, respectively. The evaluation of colorimetry
showed a greater tendency to yellowing for acai films, especially those functionalized with vegetal tannins. Besides the low
cost, functionalized vegetal-based nanomaterials could have attractive properties, with potential for application as some
kind of packaging, for transporting basic products, such as breads, flours, or products with low moisture content, enabling
efficient utilization of forest wastes.
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Introduction

Technologies to produce nanostructured materials with
resistance to microorganisms harmful to human health
are growing fast. To achieve this yearning, the function-
alization of raw materials with vegetal extracts has gained
visibility in worldwide research. In Brazil, where Ama-
zonia is located, a vast diversity of raw materials can be
exploited following the precepts of sustainable manage-
ment. Amazonia forest offers from varied wood species
(Scatolino et al. 2017) to several non-woody forest prod-
ucts, such as oils, resins, tannins, and gums (Pena et al.
2021). In this context, an increased interest in natural oils
and phenolic compounds with complex chemical composi-
tions, such as copaiba resin oil and vegetal tannin, emerges
from their great potential for developing phytoproducts
to applications in pharmaceutical, cosmetic, sanitary, and
food industries.

A possible alternative for using non-woody products
like oils is their incorporation into films and nanostruc-
tured composites, especially those produced with plant
nanofibrils. Cellulose nanofibrils (CNFs) show diameters
in nanoscale, varying from 10 to 100 nm, being attained
using a specialized microfibrillator (grinder), a mechanism
consisting of forcing fibers through an opening between a
rotating stone and a static one (Scatolino et al. 2018). One
of the biggest problems with this method is the high power
consumption. Guimaries et al. (2021) found power con-
sumption of ~4.4 x 10° kWh/ton after 20 cycles of fibrilla-
tion for eucalyptus commercial pulp and pseudostem tree
fiber. Similarly, Dias et al. (2019) obtained ~13 X 10° kWh/
ton for power consumption when fibrillating commercial
pinus pulp after 30 cycles through the grinder. Other fibril-
lation methods are also efficient for cell wall deconstruc-
tion, such as homogenization and microfluidization (Bian
et al. 2018), besides chemical and enzymatic methods.
Furthermore, nanotechnology has improved the perfor-
mance of hydrophobic compounds, increasing the stabil-
ity and solubility of molecules and decreasing cytotoxicity
and undesired drug interactions (Amaral et al. 2009).

Vegetal fibers have been explored for the production of
nanostructured films and nanocomposites, such as banana
pseudostem tree fiber (Guimaraes et al. 2021), pineapple
(Abraham et al. 2011), jute (Fonseca et al. 2021), palm
tree (Okahisa et al. 2018), cotton (Chen et al. 2014), sisal
(Santana et al. 2017), bamboo (Guimarées Jr et al. 2018),
oat straw (do Lago et al. 2020), cocoa shell (Souza et al.
2019), red cedar bark (Zhang et al. 2019), and others.
In addition to the use of vegetal fibers from non-woody
sources, natural additives such as copaiba oil and tannins
do not require the species felling for extraction, keeping
the trees in a constant state of production. Copaiba oil and

tannins are usually extracted from non-vital parts of the
plant, such as bark and leaves, or through small incisions
in the trunk. Morelli et al. (2015) intensively researched
copaiba oil as an antibacterial agent for bio-based active
packaging. Debone et al. (2019) studied the effect of
copaiba oleoresin and chitosan in the properties of films
for application as dressings and skin burns. Furtado et al.
(2021) revealed the association of babassu oil and copaiba
oil resin in a nanosystem as a potential phytotherapic alter-
native for treatment and prophylaxis of benign prostatic
hyperplasia.

Condensed tannins are the most abundantly extracted
natural substances on Earth, with 200 thousand tons
extracted each year (Pizzi 2008). Vegetal tannins are known
to be responsible for several functions in CNF films. Mis-
sio André et al. (2018) produced tannin-added films aim-
ing to develop a nontoxic packaging material for food and
pharmaceutical products. Cano et al. (2021) used vegetal
tannins applied to cellulose compounds with the intention
to produce less water-soluble, mechanically stiffer, and less
stretchable films. Additionally, Zhou et al. (2019) used tan-
nins and nanocellulose to develop polymer structures with
antioxidant properties.

The literature clearly shows the potential of copaiba oil to
offer antibacterial and antifungal properties to film/nanopa-
pers, as many researchers have been committed to study this
function. However, there is a lack of clear scientific evidence
about their role in the films’ mechanical, colorimetric, and
barrier properties, which is extremely important in packag-
ing applications. Characterizations on suspensions, such as
stability, and on functionalized films with oils and tannins,
such as mechanical properties, appear as novelty, since these
conditions are not widely found in literature. Suspension
stability is important to be evaluated, as it provides informa-
tion on how nanofibrils behave when functionalized with
other components. The mechanical properties of function-
alized films are also important to assess determined addi-
tives showing a feasible interaction, or not. This information
serves to complete results found in other articles. Therefore,
this study proposes the functionalization of acai CNFs with
copaiba oil and vegetal tannins to produce films with poten-
tial for packaging applications.

Material and methods

Material obtainment

Acai wastes composed of seeds covered with fibers were
collected in a commercial establishment called “batedeira,”
where fruits are commonly processed for pulp extraction.

The fruits were obtained from plantations of Euterpe olera-
cea Mart., region of Paragominas, State of Para, PA. Acai
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fibers were hand-removed and subjected to analysis to
determine the basic density, following adapted procedures
described in NBR 11941 standard (ABNT 2003). The basic
density of acai fibers was 0.322 g cm™>, a value comparable
to some light woods. A commercial bleached eucalyptus
pulp, obtained from kraft chemical pulping process (yields
of 50-60%), with high brightness index of 92% ISO and
viscosity of 675 cm®.g~!, was supplied by Suzano Paper and
Cellulose (Suzano - SP, Brazil). Copaiba oil (Copaifera sp.)
presenting a density of 0.865 g cm™ was hand extracted,
filtered, and packaged in the Vale do Jamari, RO region.
The entire storage and distribution process is carried out in
a family environment. The vegetal tannin was donated by
TANAC S. A (Montenegro, RS, Brazil), which extracts it
from Acacia mearnsii species.

Pre-treatments of the fibers and pulp

Alkaline pre-treatment of the agai fibers was performed fol-
lowing the procedures described in Yue et al. (2015), using
100 mL of a 5% (w/v) NaOH solution (]::xodo Cientifica
Inc.; SP, Brazil; purity grade 99%) for each 5 g of dry fibers,
for 2 h at 80 °C (water bath) and under mechanical stirring
(1500 rpm). For each 5 g of the previously alkaline-treated
fibers, bleaching was performed using 100 mL of a solution
1:1 (v/v) of H,0, (Bianquimica; SP, Brazil; purity grade
35%) at 24% (v/v) and NaOH at 4% (w/v) for 2 h at 80 °C
(water bath) and with mechanical stirring (1500 rpm). After
filtration, to remove the excess water with reagents, fiber
samples were continuously washed with water and acetic

Fig. 1 Illustrative sequence of
the pre-treatments, fibrillation,
and CNF films production.
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acid solution 20% (v:v) until neutral pH. Acai fibers did not
pass by the same pulping process as eucalyptus pulp. The
commercial pulp underwent alkaline pre-treatment in similar
conditions to that carried out for acai fibers. The material
loss after the commercial bleaching process is between 2.5
and 5.0%. The yield of alkaline and bleaching treatments of
acai fibers was 81% and 76%, respectively.

Obtaining the CNFs and the films

The bleached acai fibers and the commercial eucalyptus pulp
were dispersed separately in 4 L of water and stirred for 30
min (200 rpm), obtaining a suspension of 2% concentra-
tion (based on fibers’ dry mass). The CNFs from each raw
material were obtained using a Masuko Supermasscolloider
mechanical fibrillator (grinder) at 1600 rpm (Fig. 1) and
keeping an average consumed electrical current of around
3.5-4.4 A, following the methods suggested by Bufalino
et al. (2015). The suspensions were fibrillated in cycles of
5 passages through the Supermasscolloider. This number of
passages was enough to provide a gel appearance for both
suspensions. For both raw materials, the first passage was
proceeded with distance of 50 um between the discs, and
the following passages were made with distance adjusted
to ~0 pm (minimum possible). The agai pulp took about 4
min per passage, whereas each passage of the eucalyptus
commercial pulp took nearly 150 s. The power consumption
was ~4.1 x 10°> kWh/ton for the commercial pulp and ~7.7
x 10® kWh/ton for the acai raw material. To promote the
compatibility between CNFs and copaiba oil, 1% of Tween
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80 (Labsynth; SP, Brazil) was added (based on CNFs’ dry
mass). Tannin powder was manually mixed with the CNF
suspension at a tannin-to-cellulose ratio of 1/5, as described
in Missio André et al. (2018), and then stirred for 24 h to
ensure complete dissolution. Aliquots of 60 mL of CNF sus-
pension with a concentration of 1% (based on CNFs’ dry
mass), previously sonicated with an Eco-sonics sonicator
(563 W of power), were poured on acrylic Petri dishes (15
cm diameter) for water evaporation in a conditioned room
(20 = 3 °C; RH ~65%). Four nanostructured film samples
were produced from each treatment, totaling 24 flexible
films (Table 1).

Chemical composition of the fibers

Determination of extractives and mineral/ash contents
followed the TAPPI standard (2017) and TAPPI standard
(2012b) standards, respectively. Contents of cellulose,
hemicelluloses, and lignin of the natural and bleached fib-
ers were obtained using samples after extractives removal.
The insoluble lignin content was determined according to
the procedures described in TAPPI standard (2002). The
holocellulose content (based on extractives-free mass) was
determined according to Browning (1963). Cellulose content
was obtained following the methodology proposed by Ken-
nedy et al. (1987). The weight difference between holocel-
lulose and cellulose contents provides the hemicelluloses
one. The average values of each component resulted from
4 replicates.

Stability of the suspensions

Stability of the suspension samples was conducted according
to Guimardes Jr et al. (2015). The suspensions were diluted
to 0.25 wt%, and aliquots of 15 mL were placed in test tubes
for image acquisition. Images were acquired hourly for 8 h.
Image J software (Schindelin et al., 2012) was used to esti-
mate CNF decantation in the suspensions, and then stability
was calculated according to Eq. 1.

S, = —x100 (1)

where S, is the suspension stability (%); D, is the height
of the dispersed suspension (cm); and 7}, is the total liquid
height inside the tubes (cm).

Water retention index

The water retention index (WRI) of the pulps was deter-
mined following the procedures described in Scandinavian
test method SCAN — C 62:00 (2000), dispersing them in
water at a fiber content of 0.5 wt% after boiling for 5 min.
The water of suspensions was separated from the solid frac-
tion using a Heraeus Megafuge 16R Centrifuge (Thermo
Fisher Scientific, Waltham, MA, USA), with force of 3000
G for 15 min, and then the wet samples were weighed. After
oven-drying at 110 °C for 5 h, the weight was measured
again. The WRI was determined according to Eq. 2.

WO - Wl
WRI = W x 100 )

0

where WRI is the water retention index (%); W, is the mass
of the wet pulp (g); and W, is the mass of the oven-dried

pulp (g).

Structure of the CNFs

The structure of the CNF suspensions was analyzed using
a Tescan FEG Clara UHR scanning electron microscope
with a voltage of 20 keV. Drops of nanocellulose suspen-
sions were placed on double-sided carbon tape adhered to
aluminum sample holders (stubs) and covered with gold
before analysis. Micrographs were obtained from suspen-
sions of both raw materials. The software ImageJ® was used
to determine the samples’ diameters and CNFs’ details. The
average CNFs’ diameter was determined by 100 measure-
ments proceeded in the SEM-FEG micrographs. The soft-
ware provided the dimensions proportionally to the scale
(known distance) in the scanning electron microscope.

Table 1 Experimental design of

. Raw material Pre-treatment Film Total
the project. films
produced
Acai fibers’ pulp Control A-CNFs 4
Copaiba oil (5% wt) Aco-CNFs 4
Acacia tannin + copaiba oil (5% wt) ATcp-CNFs 4
Bleached eucalyptus pulp Control E-CNFs 4
treated with NaOH Copaiba oil (5% wt) Eqp-CNFs 4
Acacia tannin + copaiba oil (5% wt) ET.o-CNF’s 4
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Bulk density and grammage of the films

A Mitutoyo micrometer was used to obtain the thickness
and a digital caliper to measure the diameter. Samples
were weighted at a precision of 0.1 mg, and grammage was
expressed as mass (g) per area (m?). The bulk density was
calculated by dividing the films’ mass by its volume. The
results of bulk density and grammage were subjected to
analysis of variance (ANOVA) (p < 0.05). The Scott-Knott
test (p < 0.05) was performed in case of a significant differ-
ence between the averages.

Thermal degradation of the films

Samples containing around 4 mg were cut for thermogravi-
metric analysis (TGA). The film's thermal degradation was
executed in a TGA Q500 (TA Instruments ®) thermal ana-
lyzer. Samples were heated at 10 °C/min from room temper-
ature up to 600 °C, under a nitrogen atmosphere and using a
gas flow of 50 mL/min. The initial degradation temperature
(Tonset) was obtained by the intersection of tangents to the
constant mass region and the linear part of the curves after
the deflection point, as described in Scatolino et al. (2018).
Similarly, the percentage of residues was obtained by the
final point of the curve. The temperature of maximum deg-
radation (Tmax) was obtained through the peaks observed
on the DrTGA curves.

Grease resistance of the films

The grease resistance test was proceeded according to
TAPPI T559 standard (TAPPI standard 2012a), commonly

Fig. 2 Illustrative sequence of
the grease resistance test; a a
drop of oily solution is dripped
on the film; b the drop is kept in
contact for 15 s with the film; ¢
a piece of cotton is passed over
the region where the drop acts,
by a movement that extends
until the “solution trail” (black
arrows) reaches the yellow
paper positioned below the film;
d and e the yellow paper below
is analyzed for the traces of oily
solution that possibly crossed
the film.
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known as the KIT test (Fig. 2). The procedures were based
on the drip of reagents with various surface tension and vis-
cosity or “aggressiveness” on the sample surface. Solutions
were classified from 1 (less aggressive and composed only
of castor oil) to 12 (more aggressive and composed of tolu-
ene and n-heptane). Five film samples of each composition
were evaluated. A drop of oily solution was applied on the
sample surface, being removed after 15 s of contact with the
film. Each film composition was classified with the highest
score (from 1 to 12) corresponding to the solution that did
not cross the sample.

Water vapor transmission rate

The water vapor transmission rate (WVTR) of the films/
nanopapers was carried out following the permeability
cell methodology described in Guimaraes Jr et al. (2015),
which was based on ASTM E 96-00 (2000). This method
determines the amount of water vapor that passes through
a known sample area, induced by the vapor pressure differ-
ence between two specific points, one outside and the other
inside the permeability cell. Samples with a diameter of 1.5
cm were sealed in a glass permeation cell containing silica
gel (0% of relative humidity; with no water vapor pressure),
placed inside a desiccator (containing NaOH solution) at
36 °C and with 90% of relative humidity (Fig. 3). The film/
nanopaper was positioned in the glass bottle cap, forming a
membrane between the exterior and interior of the permea-
bility cell. The desiccator with the samples was placed inside
a BOD (biochemical oxygen demand), and the permeabil-
ity cell’s mass was measured every 48 h for 10 consecutive
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Fig. 3 Illustrative scheme of
water vapor permeability test:
a glass cap and rubber sealing
ring; b permeability cell; ¢ and
d permeability cells inside the
desiccator.

days. Four samples per treatment were evaluated. The values
of WVTR (g day~'m~2) were calculated by Eq. (3).
G

WVIR = —

dxA 3)
where WVTR is the water vapor transmission rate, G/d is the
angular coefficient obtained by linear regression of the mass
gain (g) versus conditioning time (days) graph, and A is the
sample permeation area (m?).

Mechanical properties of the films

Mechanical tests were performed according to ASTM D
882-18 (2018), using a texturometer (Stable Micro Systems,
TATX2i, England) equipped with a load cell with capacity
of 500 N. The tensile strength was evaluated from the aver-
age value of ten specimens (10 X 100 mm). Additionally,
the graph with stress-strain curves was generated aiming
to observe the mechanical behavior of the films. Before the

test, the thickness of the samples was measured. The initial
distance between the grips was 50 mm, and the test was
conducted at speed of 5 mm/s.

Colorimetric properties of the films

The color of the films were determined with three repli-
cates using a Minolta® CR-400 colorimeter (Tokyo, Japan)
equipped with a 30-mm opening cell. The color and opac-
ity in the reflectance mode of the samples were determined
according to Eq. 4 (Paschoalick et al. 2003). In addition, b
values were shown and analyzed.

AE = [AL* + Ad® + AD?)* 4)

where AE is the color index; AL is the difference in luminos-
ity; Aa is the difference in color in the region from red to
green; and Ab is the difference in color in the region from
yellow to blue.
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Results and discussion
Chemical composition of the fibers

The sequence of treatments performed on the agai fibers
caused total extractives and partial insoluble lignin removal
(Table 2). Extractives are colloidal substances containing
triglycerides that are saponified during alkaline treatment,
releasing free fatty acids and glycerol (Leiviska et al. 2009).
The presence of extractives in the bleached fibers and com-
mercial pulp was not detected. Extractives are not chemi-
cally bonded to the plant cell wall structure; therefore, they
are easily removed by simple treatments such as alkaline and
cold and/or hot water.

Cellulose contents increased with the bleaching treat-
ment, ranging from 34 to 56%. Commercial eucalyptus
pulp treated with NaOH solution obtained a cellulose value
of 76%. The cellulose contents of pulp from acai could be
same or close that of eucalyptus pulp when the acgai fib-
ers were treated with more severe condition. Despite the
known efficiency of alkaline and bleaching treatments,
lignin was not wholly removed from the natural acai fibers.
Total lignin (insoluble + soluble) was reduced from ~38%
to ~19% for agai fibers, which is still a considerable amount
after the sequence of treatments. High levels of lignin in the
pulp can hinder the fibrillation process since this compo-
nent provides rigidity to the cell wall and can offer greater
resistance against shear and impact forces, interfering with
energy consumption. As previously mentioned, the power
consumption was ~4.1 x 10°> kWh/ton for the commercial
pulp and ~7.7 x 10°> kWh/ton for the acai raw material, con-
firming the higher energy expenditure for the material richer
in lignin. Similarly, treatments did not reduce hemicellulose
content in the agai fibers. The low efficiency in removing
non-cellulosic components may be related to the types of
lignin and hemicelluloses present in the acgai waste fiber.
Depending on the component source, bonds may be more
strongly connected with the cell wall, generating greater
resistance to removal. The chemical composition of lignin

Table 2 Chemical composition of agai fibers (in natura and bleached)
and commercial eucalyptus pulp (after the alkaline treatment).

Component Acai in natura  Acai bleached  Eucalyptus
Total extractives (%) 4 +0.25 - -

Insoluble lignin (%) 36 + 0.69 17 + 3.65 0.14
Soluble lignin (%) 2+0.11 2+0.11 -

Ashes (%) 1.60 £ 0.19 0.35+0.12 0.03
Holocellulose (%) 60 + 2.02 81 +2.83 90
Cellulose (%) 34 +1.80 56 +0.17 76
Hemicelluloses (%) 26 + 1.90 25 +0.16 14

@ Springer

varies from plant to plant, and even plants of the same family
hold compositional differences in their tissues and layers.
Additionally, the structural and physical characteristics of
lignin are also influenced by the precursor species (Linan
et al. 2021). Fibers with a high lignin content are excellent
in quality and very flexible (Agrawal et al. 2000). Regarding
hemicelluloses amount, Coutts and Warden (1992) state that
its percentage can even increase after treatments depending
on the specific type of fruit that originates the fibers and its
growing conditions. Such changes are caused by reactions
between fibers and the treatment solution.

The water retention index (WRI) values were 1.43, 1.09,
and 1.04 for the eucalyptus commercial pulp, agai in natura,
and bleached fibers, respectively. These results show that
commercial eucalyptus pulp tends to absorb more water than
acai fibers, probably due to lignin and extractives not com-
pletely removed with the treatments. These non-cellulosic
components can provide a certain barrier against water
absorption. In addition, the commercial eucalyptus pulp
was composed practically of celluloses and hemicelluloses
due to the pulping and bleaching treatments carried out in
the industry, which implies more hydroxyl groups available
for bonds with water. Alkaline and bleaching treatments are
commonly used in the pulp and paper industries (Leiviskd
and Ramo 2008).

Stability of the suspensions

The suspensions of commercial eucalyptus pulp showed
greater stability compared to acai CNF ones (Figs. 4 and
5). E-CNFs presented final stability close to 95%, whereas
the A-CNFs achieved 70% after 24 h. The exclusive addi-
tion of copaiba oil to eucalyptus CNFs (Eco-CNF's) did not
cause significant changes in suspension stability for this raw
material. The suspensions of agai CNFs with copaiba oil
(Aco-CNFs) were slightly more stable compared to those of
pure acai, reaching stability values of 85%. Functionaliza-
tion of CNFs with both tannins and copaiba oil reduced the
stability for both types of pulp since greater decantation was
measured in the tubes. ETco-CNF suspensions achieved final
stability close to 90%, indicating that additives caused little
stability change after 24 h, whereas ATco-CNFs ones almost
reached 65%.

The greater decantation of CNF suspensions from acai
and eucalyptus with the addition of vegetal tannin occurred
due to the high molecular weight of the tannin used. Tan-
nins represent a class of polyphenolic macromolecules
(500 -3000 Dalton) with relatively high polymerization
degrees and a strong affinity for proteins and other biomol-
ecules (Quideau et al. 2011). Due to the heightened ability to
form complexes with other components, tannins are applied
as coagulants/flocculants in the industry.
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Because of the correlation between particle size, aggre-  motion, caused by interactions of repelling forces (Fukuzumi
gates, and stability, sedimentation analysis has been widely et al. 2014). Brownian motion is a random, uncontrolled
used to assess CNF quality (Butchosa and Zhou 2014).  movement of particles in a fluid as they constantly collide
Nanoscale particles are kept in suspension by the Brownian ~ with others (Mitchell and Kogure 2006), which tends to
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randomize fibrils orientation when the suspension is diluted
enough to keep them dispersed.

SEM micrographs show the aspect of the CNF suspen-
sions. Measurements of the structures’ dimensions showed
that the commercial eucalyptus pulp had a CNF average
diameter lower than the agai fibers’ one (Fig. 6). The euca-
lyptus pulp structures attained an average diameter of 64
nm, whereas those from agai fibers’ pulp reached 251 nm.
Therefore, CNFs from agai fibers can be considered a micro/
nanoscale material since the minimum diameter found was
32 nm. Smaller or nanoscale dimensions allow a greater
fibril intertwining due to the greater surface area, generating
films with higher density and better physical and mechanical
properties. Further, the acai fibrils with larger dimensions
imply greater mass and more effective complexation with
the tannins, increasing sedimentation.

Bulk density and water vapor permeability
of the films

CNFs derived from acai pulp generated thicker films com-
pared to eucalyptus pulp. Moreover, comparing the acai
films among them, greater thicknesses were found for films
with the additives copaiba oil and vegetal tannins. Among
the eucalyptus films, no significant statistical differences
were found when functionalized with copaiba oil and vegetal
tannins. The bulk densities found for the acai and eucalyptus
groups of films were statistically different by the Scott-Knott
test (p < 0.05) (Table 3). Films produced with CNFs from
commercial eucalyptus pulp obtained higher bulk density
than the ones from acai fibers. Higher density film tends
to provide better mechanical and barrier properties when
compared to lower density one. The functionalization with
copaiba oil and vegetal tannins did not significantly increase

Max = 749 nm
Min =32 nm
Ad =251+ 158*nm

Table 3 Average thickness, bulk density, and grammage of the films
produced.

Film Thickness (pm)  Bulk density (g Grammage (g
cm‘3) m‘z)
A-CNFs 43+12D 0.820 + 0.156*a  33.7+1.9a
Aco-CNFs 52+6¢ 0.902 + 0.039a 36.8 +4.9a
AT.,-CNFs 57 +8¢c 0917 +0.171a 51.6 +6.3b
E-CNFs 31+1a 1.163 + 0.030b 355+23a
Eo-CNFs 33+2a 1.126 + 0.104b 36.8 +2.1a
ET-o-CNFs 34+2a 1.171 + 0.037b 39.2+24a

Averages followed by the same letter do not differ statistically by
Scott-Knott test (p < 0.05); *standard deviation

the bulk density of the two film groups. ATco-CNF films
stood out among the evaluated treatments obtaining the
highest grammage value. ATco-CNF suspensions, as previ-
ously mentioned, showed the lowest stability (see Figs. 4
and 5), indicating that the high mixture weight may have
improved film's grammage. Films produced with eucalyptus
CNFs were not statistically different among them in terms
of grammage.

The higher bulk density values for films produced with
eucalyptus CNFs are reflected in their surface characteris-
tics. Light microscopy images show that eucalyptus films
had a more regular surface and fewer imperfections than the
acai ones (Fig. 7). Copaiba oil was added in small content
in relation to the dry mass of CNFs (5% wt) and therefore
exerted little influence on the films’ surface aspect. The tan-
nin addition to the CNFs provided characteristic color seen
in Fig. 7e, f, k, and 1.

As seen before, the structures that form the eucalyptus
films had a smaller average diameter than the acai CNFs
(see Fig. 6). Smaller diametric structures concentrate greater

Max =197 nm
Min =23 nm
Ad=64 £ 26* nm

Fig.6 Typical SEM images of the CNFs from a agai fibers and b eucalyptus; Max, maximum diameter; Min, minimum diameter; Ad, average

diameter; *standard deviation.
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Fig. 7 Surface aspect of the CNF films produced: a, b, and ¢ euca-
lyptus nanofibril films; d, e, and f eucalyptus nanofibril films with
copaiba oil and vegetal tannin; g, h, and i acai nanofibril films; j, k,
and 1 agai nanofibril films with copaiba oil and vegetal tannin. *b, e,

surface area, promoting more efficient bindings and connec-
tions between fibrils. These connections improve compac-
tion at film’s surface and bulk. Fig. 7h and k shows gaps and
empty spaces resulting from the lower efficient interlacing of
acai CNFs. Despite the higher densities of eucalyptus CNF
films and their forming structures of smaller dimensions, the
ATco-CNF films obtained the lowest water vapor transmis-
sion rate (WVTR) (Fig. 8).

In the case of agai nanofibrils, functionalization with
copaiba oil and vegetable tannins reduced vapor crossing
through the film. According to Bonan et al. (2015), the
copaiba oil shows a hydrophobic nature, which may have

h, and k correspond to images obtained with a light source external to
the microscope; ¢, f, i, and 1 correspond to images obtained from the
microscope internal light source, which passes through the sample.

contributed to certain repulsion of water vapor. The hydro-
phobic structure of vegetal oils hinders their compatibil-
ity with fibers, requiring the use of a compatibilizer. The
addition of oils from vegetal sources has already achieved
positive results to reduce water vapor permeability in films
for active packaging systems due to the formation of more
apolar regions in their matrix (Brandelero et al. 2015). In
addition, the acai fibers showed higher contents of non-
cellulosic components, which may have hindered the vapor
transfer through the film. Previous research has shown that
lignin interaction between other biomolecules involves three
major non-covalent bonds: hydrophobic, electrostatic, and
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Fig.8 Water vapor permeability of the films produced; averages fol-
lowed by the same letter do not differ statistically by Scott-Knott test
(p < 0.09).

hydrogen bonds (Guo and Wang 2014). Additionally, bonds
between vegetal tannins and non-cellulosic molecules may
have occurred due to tannins’ complexing ability, reinforcing
the hydrophobic character of the film.

The WVTR results were similar to those found in the
literature regarding films produced with lignocellulosic
wastes. The ideal structure of CNF networks is a compact
complex form, presenting an obstacle to water vapor diffu-
sion. Guimaries et al. (2021), studying films produced with
CNFs from banana pseudostem wastes, found values of 519
and 497 g day~! m~2 for WVTR after 20 and 40 passages
through the fibrillator, respectively. Similarly, Stark (2016)
developed films from bleached softwood CNFs and bleached
hardwood CNFs and found WVTR of 686 and 606 g day ™!
m~2, respectively. These are potential results for packag-
ing applications and advancement in pre-screening renew-
able raw materials to substitute petroleum-based polymers
applied in multilayer packaging.

All produced films, functionalized or not with copaiba oil
and vegetal tannins, achieved the maximum score (12) in the
grease resistance test. The high surface resistance presented
by nanostructured materials was generated by the efficient
intertwining of cellulose fibrils, which prevents the penetra-
tion of grease substances.

Thermogravimetric analysis of the films

Thermogravimetric analysis shows that ATco-CNF films
attained the highest temperature of maximum thermal deg-
radation (Tmax) (Fig. 9; Table 4), whereas A-CNFs ones
presented the lowest temperature of starting degradation
(Tonset). The interval between Tonset and Tmax was 60
°C and 67 °C for A-CNF and ATco-CNF films, respectively.

@ Springer

Acai fibers in natura presented a considerable amount of
extractives (4%) and high content of hemicelluloses (26%)
(see Table 2). Overall, some kinds of extractives thermally
decompose at higher temperatures (250-550 °C) compared
to hemicelluloses, improving thermal degradation resistance
(Mészaros et al. 2007; Protasio et al. 2019). Therefore, for
the acai CNFs, the addition of copaiba oil and vegetal tan-
nin increased both Tonset and Tmax temperatures. Regard-
ing all the treatments involving eucalyptus CNFs, the addi-
tives did not cause significant interference in degradation
temperatures.

The composition of copaiba oil may be one of the factors
that increased the thermal degradation temperature of agai
films. Copaiba oil consists of two classes of organic mol-
ecules, namely diterpenes (resin) and sesquiterpenes (essen-
tial oil) (Veiga Junior and Pinto 2002; Trindade et al. 2018).
Santos (2019) evaluated the thermal degradation behavior of
copaiba oil and found no changes in its molecular properties
or mass loss up to approximately 97 °C. Between 97 and
212 °C, the mass of copaiba oil reduces to about 54%, prob-
ably due to the volatilization of essential oils, represented
by sesquiterpene acid molecules. In the temperature range
of 212-350 °C, the mass of the copaiba oil reduces to 0.26%
as a consequence of the degradation of their resinous part,
composed of diterpenoid acid molecules.

The compositions ATco-CNFs and ETco-CNFs also
showed higher percentages of residues at the end of the
thermogravimetric analysis. ETco-CNF film, specifically,
presented 27% of residue. The commercial eucalyptus pulp
presented a chemical composition with expressive purity,
free of residual lignin. Generally, some phenolic substances,
such as lignin, are chemical structures with high thermal
stability (Protasio et al. 2020). Xie et al. (2021) studied dif-
ferent isocyanates with the addition of lignin and observed
a thermal stability gain. Furthermore, Zhang et al. (2015)
concluded that incorporation of lignin increased the Tmax of
polyurethane composites, presumably assigned to extensive
aromatic groups and benzene rings in lignin.

The more complex chemical composition of the agaf fib-
ers’ pulp, independent of the copaiba oil and vegetal tannins
additions, promoted greater resistance to thermal degrada-
tion than compositions without other components. Such
behavior was assumed to be a consequence of the varied
chemical composition of non-cellulosic substances remain-
ing after chemical treatments of agai fibers.

Mechanical properties of the films

Films produced with commercial pulp, with or without
copaiba oil and vegetal tannin additives, were generally
more resistant compared to acai ones. For both raw materi-
als, tensile strength decreased with the addition of copaiba
oil and vegetable tannins (Table 5). For the agai films, the
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Table 4 Thermal behavior of the CNF films. Table 5 Mechanical properties of the films produced.
Film T ser T ax Residue (%) Film Tensile strength (MPa)
°C

A-CNFs 97.2+4
A-CNFs 290 350 25 Aco-CNFs 359+09
Aco-CNFs 302 357 25 AT,-CNFs 313+2
AT.,-CNFs 303 370 33 E-CNFs 133.8 + 10
E-CNFs 308 362 22 Ecy-CNFs 1214 +3
E~y-CNFs 308 361 18 ET.o-CNFs 99.8+9
ET.o-CNFs 312 358 27

tensile strength reduced more than 63% with the addition
of the copaiba oil and 68% when both components were
used in the film’s formulations. However, for films produced
with commercial eucalyptus pulp, this reduction was less
accentuated.

The addition of copaiba oil caused a 10% reduction in
tensile strength of E,-CNFs films, whereas the use of both
additives reduced it by 25%. Copaiba oil may result in a
discontinuous matrix with larger porosity and cavities than

Averages followed by the same letter do not differ statistically by
Scott-Knott test (p < 0.05).

those presented by the control films (Brandelero et al. 2015).
Another factor to consider is that copaiba oil can disrupt the
entanglement of CNFs. The stress-strain curves highlighted
that E-CNFs and E~,-CNF films were superior in mechani-
cal strength among all the treatments (Fig. 10).

As previously mentioned, the addition of copaiba oil and
vegetal tannins did not significantly increase the bulk den-
sity of agai and eucalyptus films (see Table 3). Guimaraes
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Fig. 10 Typical stress X strain curves of the films produced.

et al. (2021) produced films with banana pseudostem CNFs
after 20 and 40 passages through the Supermasscolloider
grinder that presented tensile strength of 46 and 51 MPa,
respectively. These results were much lower than the values
found in this research.

Colorimetric properties of the films

The total color difference (AE) and b values of the CNF
films from acai and eucalyptus with the different additives
were determined in the optical analysis (Fig. 11). Values
obtained from eucalyptus films were similar comparing
ETo-CNFs, E-o-CNFs, and E-CNFs. Eucalyptus films
with addition of copaiba oil (Eco-CNFs) presented slightly
superior compared to the other treatments. For agai films,
AE was slightly superior for AT-,-CNFs and lower for
Aco-CNF's. Intermediate values were found for A-CNFs
samples. In general, it can be stated that the incorpora-
tion of copaiba oil and vegetal tannin additives resulted
in a greater disparity of values for the acai film than for
eucalyptus films. AE indicates the degree of total color
difference from the standard color plate (Ghanbarzadeh
et al. 2010). In general, film color is influenced by factors

Fig. 11 Colorimetric properties @
of the CNF films produced: a 40-

total color difference (AE) of
the CNF films; b b values of
the films.
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such as the cross-linkage degree, treatment of the fibers,
and fabrication process (Su et al. 2012). In the present
work, all these factors may have greatly affected the color
index of the films in relation to the raw material nature.
The dimensions of the eucalyptus CNFs obtained smaller
dimensions in relation to those generated from agai, as
well as the eucalyptus films presented greater bulk density
in relation to the acai films (see Table 3 and Fig. 6). Dif-
ferences in density and, consequently, in levels of CNF
aggregation may have caused different readings of the col-
orimetric parameters of the samples.

Contrary to the values of AE, parameter b was higher,
in general, for films produced with acai CNFs and addi-
tives. Increases in b values are related to both yellow-
ish and higher opacity of the films with the addition of
copaiba oil and vegetal tannin, which can be noted with-
out specific equipment. Although all the films exhibited
apparently smooth surfaces at naked eye, a more detailed
visualization at light microscopy reveals grainy surfaces
(see Fig. 7). The pure films of acai CNFs showed more
darkened color due to the high content of lignin in their
composition (see Table 2). As lignin is a natural binder, its
presence may be related to the formation of grains during
the drying procedure. This effect can be attributed to the
coalescence of the structures formed during film drying,
resulting in surface roughness (Ghanbarzadeh and Almasi
2011). In addition, the vegetal tannins also have a content
of solid substances that may contribute to the formation
of grains and accentuate the color of the films. This effect
may have increased the b values of the films, especially
in those produced from agai CNFs. The ideal appearance
for films obtained from natural fibers should be as close
to colorless as possible to simulate the colorimetric aspect
of common polymeric films. Moreover, colored films may
have the yellowish and darkened coloration enhanced with
the time. Potential applications for films produced from
CNFs include printing papers and packaging, for which
high brightness cellulose pulp is desired; hence, E-CNF's
and Eco-CNFs showed better possibilities for the final pur-
pose. However, the color factor does not necessarily pre-
vent the application of films for packaging and coatings.

wl®
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-
o
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Acai fibers call for changes in the previous chemical treat-
ments used here in order to enable more effective isolation
of cellulose and improvement of the optical quality of the
films.

Conclusion

In this study, CNF suspensions of acai and commercial
eucalyptus pulp were functionalized with copaiba oil and
vegetal tannins to produce films with possible packaging
potential. The agai fibers presented a great resistance regard-
ing the removal of non-cellulosic fiber components. Films
of acai CNFs with tannin and copaiba oil addition attained
the lowest water vapor transmission rate (WVTR) among all
the treatments, 370 g day~! m=2. ATco-CNF films obtained
the highest temperature of maximum thermal degradation
(Tmax). The compositions ATco-CNFs and ETco-CNFs also
showed higher percentages of residues after exposure to a
temperature of 600 °C at the end of the thermogravimet-
ric analysis. The addition of copaiba oil and vegetal tan-
nins reduced mechanical strength properties for both CNFs
films. The stress-strain curves highlighted that E-CNFs and
Eo-CNFss films were superior in mechanical strength and
in other properties, in general, among all the treatments.
The evaluation of colorimetry showed a greater tendency
to yellowing for acai films, especially those functionalized
with vegetal tannins. The films produced in this work, from
the studied raw materials, functionalized with the proposed
additives, and presented packaging potential regarding light
and low-moisture products due to their suitable thermal and
barrier characteristics. More studies should be carried out
on pre-treatment of waste fibers in order to reduce energy
consumption and improve their mechanical properties.
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