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ABSTRACT

Background: In the study of biologically-based materials, nanocelluloses have been showing great
prominence and positioned themselves as promising alternatives for the production of different
industrialized materials. This polymer has received significant attention recently because it is produced
from renewable sources and has unique properties offered by its organic nature and semi-crystalline
structure. This work aimed to study the structural properties of suspensions and films by increasing MCC
concentration in the form of powder with variations of 5 % (m/m) from 5 % to 30 %.

Results: As expected, incorporating MCC increased the Segal index. The morphological analysis showed
an increase in the diameters of the structures (NFC / MCC) in the suspensions when the presence
of MCC was more significant, and films with cluster formations were observed. The films showed air
permeability. Due to the MCC increase, the surface charge had results close to electrostatically stabilized
nanosuspensions. An increase in the resistance to thermal degradation of the films was also observed.

Conclusion: NFC has promising properties for different applications; it provides a film with a stable
structure and is resistant to oxygen and tensile stresses. In addition, MCC has excellent potential due to
its high crystallinity, structural characteristics, and nature. The increase of the MCC content altered the
properties of the suspensions and films produced with NFC, forming a cohesive and resistant film, and
influencing the performance of the different properties of the materials evaluated in this study, like air
permeability, suspension stability, and thermal resistance.
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HIGHLIGHTS

Films made with blends of NFC / MCC can be considered impermeable to the air passage;
MCC increments generated results close to electrostatically stabilized suspensions;

The increase in MCC provided increases in the resistance to thermal degradation of the films;
The increase in the crystallinity index was proportional to the percentages of MCC added.
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INTRODUCTION

Biomass is a source of several chemical substances
of industrial interest, among them some polymers with
the potential to replace polymers of synthetic origin. In
this sense, developing new technologies that seek to
extract and use these materials has gained prominence
(Hubbe et al., 2017). Synthetic polymers stand out in the
production of a variety of disposable products (Khuyen
et al,, 2021), especially for their characteristics of easy
processing, low cost, and good barrier properties; in
this context, there is a need to develop new bio-based
materials produced with raw materials from renewable,
organic, and biodegradable sources (Chu et al., 2020).

In the 1980s, Turbak and Snyder (1983) extracted
from cellulose nanostructures as biological, biodegradable
materials and, depending on the treatment used, with
different characteristics. Highlighted NFC, which has good
mechanical and gas barrier properties, characteristics
considered promising; however, as it is a hydrophilic
material, its use may be limited for some applications (Rol
et al,, 2019; Konstantinova et al., 2019). On the other hand,
MCC is produced especially for use in the pharmaceutical,
biomedical, cosmetic, and food industries, transforming it
into a material with high crystallinity, hardness, and flexibility
that make it attractive for other applications (Hindi, 2017).

Film production from NFC from wood pulp, other
fibrous plants, and bacterial cellulose has demonstrated
characteristics, properties, and applications for high-
tech areas (Su et al., 2017; Fang et al., 2019). It has been
considered a new type of special paper, the subject of
several pieces of research in the search to direct its use
to useful applications in emerging fields (Fang et al.,
2019). Nanostructured films as a material have shown
outstanding characteristics in the face of a need and
demand for cutting-edge and ecologically correct
materials (Jiang et al., 2018; Dusastre et al., 2017).

Fuenmayor et al. (2022) studied the tribological
performance of NFC films with the addition of MCC and
observed a positive correlation of the abrasive wear resistance
in the samples concerning the increment of MCC showing
results that place them comparable to synthetic films.

Indeed, in the field of research, there is a critical
and growing need to expand knowledge and characterize
new materials that allow for the prediction of possible
applications; in this sense, there was little scientific evidence
on the production of nanostructured films composed of
NFC and MCC simultaneously, however, several studies
through which these two types of materials have been
characterized separately. Given this, this work shows its
potential since it presents the combined effect of these two
types of nanocelluloses.

MATERIAL AND METHODS

Laboratory cellulose nanofibrils (NFC) and commercial
microcrystalline cellulose (MCC) was used to prepare the
seven suspensions with which the films were later prepared.

NFC was produced from bleached Kraft pulp
(elemental  chlorine-free  sequence) obtained from
Eucalyptus sp. wood; the pulp exhibited a Kappa number
before bleaching of 18, and 1.6 after the last bleaching
step reaching a value of 88.8 ISO Bright. The pulp was
disintegrated in a blender (power 450 W) for approximately
ten minutes before passing to the Supermascolloider
MKCA6-2J colloidal mill through 10 passes at 1500 rpm
rotation and at a solid concentration (consistency) of 1 %.
Several previous studies (Viana et al., 2019; Potulski, 2016;
Lengowski et al., 2018) have shown that the fiber dimensions
do not change after five passes, but there is a consequent
degradation of the cellulose.

The MCC was donated by JRS PHARMA VIVAPUR
(Rosenberg, Germany) in the form of a white powder
produced from a highly purified pulp, with an average laser
diffraction particle size of 45 — 80 um.

Films production

NFC and MCC were mixed to obtain m:m
suspensions by weight of MCC concerning NFC, and the
seven treatments were defined according to Table 1, having
calculated approximately 150 ml of the suspension for the
production of each film.

To ensure that the MCC was dispersed in the
mixture, it was dissolved in the necessary water amounts
to obtain a NFC / MCC suspension of a solid concentration
(consistency) of 1.5 %. Then, each one of the combinations
was submitted to mechanical agitation in a beaker for five
minutes to formulate seven samples in total and proceed to
the films elaboration by laminar deposition on a flat table,
forming ten films for each treatment.

Table 1.  Treatments and nomenclatures according to
MCC / NFC percentages.

Treatments /

Nomenclatures NFC (%) MCC (%)
FO 100 0
FPC 95 5
FPD 9% o
FPQ 85 15
FPV 80 20
FPY 75 o5
FPT 70 30

Microstructural analysis of NFC / MCC suspensions
and filmes

For the analysis of the structures in the suspensions,
a Transmission Electron Microscope (TEM) model Jeol
JEM 1200 EXII was used with a resolution of 0.5 nm (600
thousand X); each suspension was prepared at five ppm
diluted in distilled water and dripped onto the surface of
the observation screen and transferred to a desiccator for
drying at room temperature (Lengowski et al., 2018).
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Through the electron micrographs obtained
from the TEM, a particle sizing analysis was performed
with a sampling intensity of 60 units in an area of 2.62
mm?, with the help of an image analysis software and a
thresholding filter (ImageJ).

The formed (dry) films surfaces were analyzed using
a Scanning Electron Microscope (SEM) FEI Quanta 450 FEG,
resolution 0.1 nm, HV = 12 kV, Mag = 5 kx, and view field
= 554 pm. The films were placed on aluminum sample
holders with double-sided carbon tape coated with gold.

Physical properties of films

Humidity, thickness, weight, and apparent density

The physical tests of humidity, thickness, weight
and apparent density were carried out in a controlled
environment (temperature 23 + 1 °C and relative humidity
50 + 2 %) following the TAPPI 4020m:1994 specifications
(TAPPI, 1994). Ten samples per treatment were evaluated.
Moisture was determined in the films by the gravimetric
method and according to the TAPPI 4120m:2016 standard
(TAPPI, 2016a). The thickness using the gauge ME-1000
REGMED through the TAPPI 220sp:2016 (TAPPI, 2016b). The
grammage was determined following the recommendations
of the TAPPI 4100m:2019 (TAPPI, 2019) where the films were
weighed, and their area was determined. The apparent
density was calculated according to the specifications of the
TAPPI 220sp:2016 standard (TAPPI, 2016b) calculated by the
film weight and thickness ratio.

Air permeability

Using the Gurley method, the amount of time
required for a given air volume to pass through the film
was measured according to TAPPI 460-om:2016 (TAPPI,
2016¢). The recommended time interval for this test is

from 5 to 1800 s for 100 mL of air; above this range, it is
classified as impermeable material.

Difracdo de Raios X

The analysis was performed on dry films. The
slotted monochromator mode configuration (1, 1, 0.3)
was adopted through the X-ray diffractometer equipment
XRD-7000 from SHIMADZU operating at 40 kv with a
current of 20 mA; rays were collected in the range of 26
= 3-40° at a speed of 2 °/min using Cu-Ka radiation with
a wavelength of A=0.15418 nm (Lengowski et al., 2018).
The data obtained were analyzed with a baseline and
correction filter by Fourier transform (20%) to obtain the
peaks with the OriginPRO software.

According to French (2020), several diffraction
methods are used to analyze the crystallinity of
cellulose, and even when there is no consensus
regarding which method to apply, the Segal method is
the most used (Segal et al., 1959). The crystallinity index
was determined by the Segal method.

Chemical characterization

Zeta Potential

The zeta potential analyzes were performed in the
Stabino PMX 400 equipment with aliquots of the mixture
suspensions in the proportion of 1100 (m/m) diluted
in distilled water. Seven replicates were made for each
treatment, with 121 observations in each replicate. The
equipment measures the surface charge of the particles,
which is directly related to their stability in dispersion.

Fourier Transform Infrared Spectroscopy (FTIR)

Measurements were performed on previously dried
films, using a Bomem Michelson MB100 device with 32
scans acquisition, 4 cm™ resolution, in the absorption range
between 4000 and 400 cm™.

Thermal characterization

Thermogravimetric analysis (TGA)

The analyzes were performed using TA Instruments
Q50 equipment under conditions of argon atmosphere in a
continuous flow of 60 mL.min™. A sample with around 5 mg
of sample in platinum crucibles was used at a heating rate
of 10 °C.min™, in a temperature range from 25 °C to 600 °C.
Usually, an inert or synthetic atmosphere is used for thermal
analysis; the gas used (Argon) is an inert gas frequently used
for the thermogravimetric analysis of the cellulose (Nurazzi
etal, 2027; Huang et al., 2012; Leal et al., 2015; Hameed et al,,
2022; Mironova et al., 2019; Monteiro et al., 2012).

Statistical analysis

According to the nature of each test, the following
analyzes were carried out: descriptive statistics and/or
dispersion for morphology, zeta potential, and physical
properties. In addition, it was made a frequency analysis
for morphology. For zeta potential and physical properties,
a normality test (Kolmogorov-Smirnov and Shapiro-Wilk,
respectively) for homogeneity of variance (Levene) and a
difference of means test for independent samples (Kruskal-
Wallis H for non-homogeneous variances and ANOVA for
variances homogeneous). The evaluated properties were
considered dependent variables, and as independent
variables, the increase in the concentration of MCC in NFC
according to the treatments presented in Table 1. The IBM
SPSS Statistic 22 tool was used.

RESULTS

Microstructural analysis of NFC / MCC suspensions
and filmes

In Figure 1, the MET micrographs for each treatment
are shown. From the MET micrographs, an analysis of diametric
frequencies was performed, presented in Figure 2, Figure 3
shows part of the SEM micrographs of the surface of the films..
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Figure 1.  Microstructural analysis (TEM) of NFC / MCC
suspensions. a) FO, b) FPC, ¢) FPD, d) FPQ, e) FPV, f) FPY
and g) FPT.

Figure 2. Diametric distribution of NFC / MCC structures
in suspensions.
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Figure 3. Microstructural analysis (SEM) of NFC / MCC
filmes. a) FO, b) FPC, ¢) FPD, d) FPQ, e) FPV, f) FPY and g)
FPT.

Physical properties of films

Humidity, thickness, weight, and apparent density

Moisture and grammage were controlled
properties in the laboratory; the grammage had no
significant differences between the samples (values
between 16.69 g.m=? and 20.3 g.m?), and the average
humidity of the films remained at 9 + 1 %.
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In the case of the thickness (averages between
21.60 um and 63.60 um), a maximum value was observed
for the film with the highest percentage of MCC addition
(FPT) and a minimum value for the control sample
(FO) with a tendency to increase according to the
interpolation polynomial and the correlation coefficient
R? = 80 %. According to the hypothesis test (ANOVA),
statistically, significant differences were observed with a
confidence level of 95 %.

Otherwise, the density has the maximum value in the
control sample (FO) and the minimum for the FPT treatment
(averages between 0.79 g.cm?® and 0.32 g.cm?), with an
inverse trend proportional to the incorporation of MCC in
the films according to the interpolation polynomial and
the correlation coefficient R? = 63 %, observing statistically
significant differences with a confidence level of 95 %.

Air Permeability

The air permeability in the films resulted in
averages above 1800 s/100cm’, a value that, according
to the standard TAPPI 460-om:2016 (TAPPI, 2016c),
characterizes the material as impermeable.

X-Ray Diffraction

In Figure 4 the crystalline peaks for the different
treatments are shown. All samples exhibited peaks
002 22°<6<23° and IAM between 18°<8<19, which is
characteristic of type | cellulose, also known as native
cellulose, which forms its structure by repeating B units (1-
4) D-glucopyranose (Rol et al., 2019).

Figure 4. X-ray diffractogram for films.

Using the Segal method (Segal et al., 1959), the
percentage of crystalline cellulose in the samples was
calculated, estimating the difference between the intensity
of the most significant crystalline peak (plane 002) and the
minimum intensity between the two peaks.

Table 2. Segal index of films.
Sample Cl (%)
FO 76.91
FPC 77.74
FPD 78.90
FPQ 78.13
FPV 78.99
FPY 81.19
FPT 82.28

A maximum value of 82.28 % was observed for the
FPT film (sample with the highest incorporation of MCC)
and a minimum value of 76.91 % for the control sample
(FO), with an increasing trend according to the interpolation
polynomial and the correlation coefficient R? = 86%.

Chemical characterization

Zeta Potential

A value of -29.38 mV was observed for the
FPT film (sample with the highest percentage of MCC
addition) and a value of -17.60 mV for the film without
MCC (control sample FO), with an increasing tendency
according to the interpolation polynomial and the
correlation coefficient R? = 83 %. In addition, it was
observed that the samples had values with reduced
dispersion (between the samples) that are evidenced in
CV (%) less than 10 %, characteristic of homogeneous
samples. In Table 3, the average zeta potential values
obtained can be detailed.

Table 3. Zeta potential (mV) of suspensions.
Sample Average
FO -17.60a 49
FPC -21.12b 73
FPD -17.82a @3
FPQ -21.53b ©0
FPV -25.10c ¢2
FPY -25.21c ©2
FPT -29.38d “2

Equal letters represent statistically similar means (Tukey).
Values between relatives are the percentage variation
coefficients of the samples.

Fourier Transform Infrared Spectroscopy (FTIR)

The films obtained from the suspensions were
submitted to FTIR analysis to check functional groups’
presence. As a result, it can be seen that the spectrum of
all films is very similar and shows characteristic cellulose
bands Figure 5.

CERNE (2022) 28: e-103077



Fuenmayor et al.

FTIR of films.
Thermal characterization of filmes

Figure 5.

Thermogravimetric analysis (TGA)

In Figure 6, the thermal behavior of the studied
samples is presented. An increase in the initial temperature
was observed in films with higher amounts of MCC, from
226 °C (FO); 230°C (FPC); 232°C (FPD); 234°C (FPQ); 235°C
FPV); 235 °C (FPY) to 237 °C (FPT), observing increases in
the resistance to thermal degradation of the films.

Figure 6. TGA curve of films.
DISCUSSIONS

Microstructural analysis of NFC/MCC suspensions
and filmes

The TEM micrographs Figure 1a-g suggest the
formation of a nano-lattice, produced by interactions and
entanglement, mainly between the NFCs, which, as it is
known, expose numerous hydroxyl groups along their chain.

Through the TEM micrographs, an analysis of
diametric frequencies (Figure 2) of the structures of the
materials of this study (vertical bars) and the average
diameter of the fibers with their respective dispersions
was performed. It can be seen that the control sample
(FO) has a concentrated diameter ratio between
0-10 nm and 11-20 nm. As the concentration of MCC
increases, there is an increase in the diameter of the
structures in the frequency categories, decreasing
the participation of the 0-10 nm category, and the 11-
20 nm and 21-30 nm categories start to have greater
participation. According to Hubbe et al. (2017), it can be
explained by the formation of NFC and MCC aggregates
because it makes sense to expect more tangles between
the structures, especially when they are in an aqueous
medium where elongated particles are forced to collide
increasing the degree of agglomeration. Due to this, it
can be expected that the cellulose-cellulose contact in
a blend prepared under wet conditions can contribute
to structural weaknesses as hydrogen bonds contribute
to the bonding between fibers.

In SEM micrographs (Figure 3) of surface films, it
was observed (when MCC started to be added - Figure
3b-g stress points or agglomerates (clusters) that occur
when excess particles are added to the compositions
(Espitia et al., 2013; Hubbe et al., 2017). According
to Hubbe et al. (2017), nanocelluloses, when used as
reinforcement in a polymer matrix, show maximum
strength at a certain degree of reinforcement but
a decrease in strength at high concentrations. The
same author states that, thus, deterioration of higher
reinforcement levels is sometimes attributed to the
produced agglomerates; these agglomerates are
generally groups of cellulose particles or fibers that in a
structure can create weak points, mainly if there is air or
direct contact between the cellulose particles without
an intermediate polymer matrix. Pereira (2015) states
that these stress points are prone to fracture, leading to
a decrease in the mechanical properties of the nanofilm.

Physical characterization

Thickness and apparent density

The thickness of the films formed with the minor
proportions of MCC was considerably smaller than those
with more significant amounts. The coalescence of NFC and
MCC particles can explain this, producing a less uniform
and compact film. As the incorporation of MCC in the films
increases, the rate of thickness is greater than the rate of
increase in grammage due to the greater dimension of
MCC in NFC matrix material.

Density is related to the porosity of the material; the
more compacted the structures, the greater the number of
hydrogen bonds and the denser the film; when they are
denser, they have a positive influence on the mechanical
properties of the films (Claro, 2017; Viana et al., 2019).
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Air Permeability

Permeability, in turn, is directly related to the
porosity and crystallinity of the material. A compact and
little porous morphology generate resistance to the
passage of air. Hubbe et al. (2017) reported that adding
nanocellulose reinforcements to polymeric films can also
reduce oxygen permeability due in part to the crystallinity
of the nanocelluloses.

X-Ray Diffraction

As expected, adding MCCin different proportions
in the NFC material increased the crystallinity index. That
confirms the presence of amorphous regions in the NFC
structure, different from MCC, which is produced using
hydrolysis mechanisms with strong acids to remove the
amorphous regions and preserve the crystalline ones.
Therefore, it is hoped that the crystallinity index will
always be higher for the MCC. The crystallinity of the
MCC can vary between 65 % and 83 % (Manals; Penedo,
2011; Terinte, et al., 2011).

The increase in the crystallinity index in the
films, proportional to the amounts of MCC added,
produces an increase in the crystalline domains and
favors the performance of the different properties of
the evaluated materials.

According to Miranda (2015), the more cellulose
present in the material, the more resistant it will be;
however, the mechanical performance also depends on
other structural parameters such as the number, length, and
width of the unit cells, the lignin content present among
others. In addition, Pereira (2015) states that the higher the
crystallinity index in the materials, the more resistant they
are to thermal degradation, while the crystalline regions are
less susceptible to the action of heat.

It can be said that MCC has excellent potential
for applications due to its high crystallinity, structural
characteristics, and nature.

Hubbe et al. (2017) present a collection of
information from several authors who found that NFC
can have a crystallinity index between 60 % and 70 %.
However, other values are reported in studies carried out
on bleached pulp from Eucalyptus sp (Parize et al., 2017),
with a crystallinity index of 61 %.

Chemical characterization

Zeta potential

An electrostatically stabilized nanosuspension s
assigned values between -30 to +30 mV zeta potential
(Jasmani and Adnan, 2017). However, particle aggregation can
affect this stability, as the colloid tends to reduce the surface
energy; the higher the load value (+or -), the more dispersed
the particles and the greater the stability of the suspension
(Savchenko and Velichko, 2019). In this way, the understanding
of surface charges in formulations is essential because it is
related to good dispersion of the particles.

The FO, FPC, FPD, and FPQ samples presented zeta
potential in absolute value between 17 mV and 21 mV. In
contrast, the FPV, FPY, and FPT samples presented zeta
potential (in absolute value) between 25 mV and 29 mV.
The samples in the first group can be easily agglomerated
due probably to the more significant presence of the
OH groups. In the second group, an increase in the zeta
potential was observed, which can be explained, first, by
the method of production of MCC, which occurs through
acid hydrolysis with hydrochloric acid, resulting in a surface
with negative charges, which contribute to a homogeneous
dispersion of MCC, with less tendency to agglomerate and
provide more excellent stability to the suspension. (Hindi,
2017; Pereira, 2015). The second aspect to consider is the size
difference between nanofibrils and cellulose microcrystals,
which probably influenced the different results obtained
for zeta potential due to the possible entanglements of the
structures (Palacios et al., 2019; Siqueira et al., 2009).

Fourier Transform Infrared Spectroscopy (FTIR)

Among the most significant bands found, the band
of 3370 cm™, which refers to O-H vibrations, indicates the
presence of cellulose (Dewes et al., 2018). Ciolacu et al.,
(2011) observed that this peak (characteristic of hydrogen
bonds), when sharper and less intense, can occur due
to intramolecular and intermolecular hydrogen bond
divisions (Tozluoglu et al., 2017). The absorption band
located at 2900 cm™ refers to C-H stretching vibrations
in the C-H, C-H, and C-H, functional groups. This
displacement confirms the amorphous area’s presence
in the cellulosic samples (Ciolacu et al, 2011). The band
located at 1640 cm™ refers to water adsorption (Tozluoglu
etal, 2017). At1430 cm™, a band was observed, indicating
vibrations in C-H,, known as the crystallinity band
(Lengowski, 2016). The bands found at 1370 cm™ and
1317 cm' refer to deformations in the O-H, CH, and CH,
functional groups, referring to cellulose (Tozlouoglu et al.,
2017). The band observed at 1317 refers to the C-H twist
and is responsible for the crystallinity. The peak observed at
1200 cm™ provides similar information to the band at 3400
cm™ (Tozlouoglu et al,, 2017). The band observed at 1160
cm™ refers to asymmetric vibrations and stretching in the
C-O, C-C, and C-O-C bonds. The peak at 898 cm™ provides
information on the vibration of the anomeric carbon group
of C1-H carbohydrate (Manals and Penedo, 2011).

Thermal characterization

Thermogravimetric analysis (TGA)

Three thermal events characteristic of lignocellulosic
materials were observed: in the first event, the degradation
of hemicelluloses occurs; in the second, the degradation
of cellulose; and in the third, the decomposition of lignin
begins (Sjostrom, 2013; Kawamoto et al., 2015). There were
increasing variations in the initial temperature range (T

OﬂSet)
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with the increase of MCC; This result can be influenced by
experimental conditions such as atmosphere or flow and
heating rates in addition to the crystallinity, particle size,
mass, or impurities, properties of cellulose (Leal et al., 2015).
The increase in the crystallinity index in the films,
proportional to the amounts of MCC incorporated,
produces an increase in the crystalline domains and
favors the performance of the different properties of the
materials. Other authors have observed that the higher
the crystallinity index in the materials, the more excellent
the resistance to thermal degradation due to them being
less susceptible to the action of heat (Pereira, 2015;
Lengowski et al, 2018). Thermal stability is considered
a relevant characteristic for nanostructured films like
effective reinforcement materials in different applications.
The typical processing temperature of thermoplastic
materials is above 200°C; therefore, nanostructured
materials increasingly used as reinforcements should be
evaluated regarding this property (Pereira, 2015).

CONCLUSION

Based on the results obtained in the study, it was
possible to conclude the following; proportional increase in
the diametric frequency of the structures in the suspensions
was evidenced. Although thicknesses maintain a growing
proportional relationship according to the incorporation
of the MCC in the films, in terms of density, they present
an inversely proportional relationship since the thickness
growth taxa will be much higher than the grammature
growth taxa. It was possible to control the grammature and
statistically it did not change. According to Gurley's test, the
films can be considered impermeable to air passage. An
increase in the film's Segal index was observed according
to the incorporation of MCC, equivalent to a percentage
increase of 7%. It was obtained variations of the zeta
potential values from unstable suspensions to suspensions
close to stable. The films showed thermal stability greater
than 220 °C, making them an alternative nanostructured
and organic material for thermal integrity applications.
The films produced may have the potential for various
applications in the chemical sector and materials such as
coatings, packaging, and the composition of a range of
thermoplastic materials.
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