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Abstract: The characteristics of cellulose micro/nanofib-
rils (MFC/CNF) can be improved with pre-treatments of
the original fibers. The present work is proposed to study
pre-treatment with sodium silicate (Na,SiO;) on bleached
fibers of Eucalyptus sp. (EUC) and Pinus sp. (PIN) and its
effects on the quality index of MFC/CNF. Particle homo-
geneity, turbidity, and microstructure of the suspensions
were evaluated. Similarly, the physical-mechanical, and
barrier properties of the films were studied. With the re-
sults obtained for suspensions and films, the quality in-
dex (QI) was MFC/CNF calculated. The smallest particle di-
mension was observed for MFC/CNF of Pinus sp. with 10 %
of Na,Si03, as well as the lowest turbidity (~350 NTU) was
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obtained for MFC/CNF of Pinus sp. with 5% of Na,SiO;.
The pre-treatments reduced the transparency of the films
by ~25 % for EUC and ~20 % for PIN. The films presented
a suitable barrier to UVC radiation, water vapor, and oil.
The tensile strength of EUC and PIN films was increased
by 20 % using 10 % of Na,SiO;. The same concentration
of Na,SiO; provided QI 70 for EUC MFC/CNF. The Na,SiO;
was efficient to obtain the MFC/CNF with interesting prop-
erties and suitable to generate films with parameters re-
quired for packaging.

Keywords: biorefinery; cellulose nanofibrils (CNF); cell
wall; microfibrillated cellulose (MFC); nanotechnology.

Introduction

Cellulose has been intensively studied to reduce the con-
sumption of materials derived from petroleum through
the development of new products because it is abundant,
produced by renewable sources, biodegradable, and has
great versatility. Among research developed with cellu-
lose, studies on cellulosic nanomaterials (CNM) should be
highlighted (Mokhena and John 2020). CNM includes bac-
terial cellulose (BC), cellulose nanocrystals (CNC), cellu-
losic nanofibrils (CNF), microfibrillated cellulose (MFC),
and cellulose micro/nanofibrils (MFC/CNF) (Tayeb et al.
2018, Balea etal. 2020, Chanda and Bajwa 2021). Addi-
tionally, these materials attract interest from the scientific
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and industrial community due to their properties such as
biocompatibility, high surface area, three-dimensional mi-
crostructure, unique optical properties, high rigidity, and
specific strength (Guan et al. 2020, Mokhena etal. 2021).
Other research horizons of MFC/CNF refer to applications
in optical and electrical sensors (Teodoro et al. 2021), drug
and food encapsulation (Amalraj et al. 2018), paper coat-
ings for packaging (Yook et al. 2020), film production and
composite reinforcement (Mascarenhas et al. 2022), emul-
sion stabilizers (Li etal. 2021), and water treatment pro-
cesses (Mohammed et al. 2018).

MFC/CNF are produced by chemical methods or pro-
cesses based on mechanical shearing of fibers’ cell walls.
The most used mechanical processes include microflu-
idization (Perrin etal. 2020), sonication (Wu etal. 2021),
high-pressure homogenization (Karina etal. 2020), and
mechanical fibrillation in ultra refiner (Berto and Arantes
2019). Nevertheless, the energy demand for cell wall de-
construction is a limiting factor for MFC/CNF production
in industrial scaling, as the consumption values range be-
tween 20000 kWh/t and 30000 kWh/t (Kumar et al. 2021).

Due to the high power consumption, enzymatic,
mechanical, or chemical pre-treatments are applied to
the fibers. Pre-treatments can also modify the cellulose
surface, depending on the applications, such as car-
boxymethylation, silylation, cationization, phosphoryla-
tion, sulfoethylation, and TEMPO (2,2,6,6 — tetramethyl-
piperidine-1-oxyl) mediated oxidation (Rol etal. 2019,
Trovagunta etal. 2021). Although pre-treatments can sig-
nificantly reduce energy consumption, the reagent cost is
high or the process results in the formation of chemical
compounds harmful to health and the environment, as ob-
served in TEMPO-mediated oxidation.

Alkaline pre-treatments are studied as an alterna-
tive to reduce energy consumption and reagent costs for
MFC/CNF production (Sukmawan etal. 2022). Alkaline
agents enhance the MFC/CNF individualization because
they promote fiber swelling, reduce the degree of cellu-
lose polymerization and remove hemicelluloses by break-
ing intermolecular ester bonds with cellulose and lignin,
enabling the gelation process (Noremylia et al. 2022).

The main alkaline pre-treatments are NaOH-based so-
lutions in concentrations ranging from 2% to 10 %. Mar-
tins etal. (2021) obtained MFC/CNF with diameters vary-
ing between 15nm and 30nm and observed a 48 % of
reduction in energy consumption, using NaOH solution
5% (m/m) as pre-treatment for unbleached Eucalyptus
sp. fibers. Similarly, Dias et al. (2019) reduced energy con-
sumption for MFC/CNF production by 40 % for Eucalyp-
tus sp. and 62 % for Pinus sp. On the other hand, Malu-
celli et al. (2019) reported that the NaOH does not always
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reduce energy consumption and can impair the MFC/CNF
quality, as the alkaline action can possibly make the fibers
stiffer and reduce the colloidal stability. Limitations such
as this indicates the need to research other alkaline pre-
treatments. Sodium silicate (Na,SiO;) can be considered
as an alternative for this purpose because of solutions
with concentrations greater than 5% (m/m) present pH
between 12 and 14 (Hashem etal. 2010). Na,SiO; solu-
tions are applied to remove lignin and hemicelluloses to
improve the cellulosic pulp bleaching (Moghaddam and
Karimi 2020).

However, the effects of Na,SiO; on MFC/CNF suspen-
sions and derivatives (foam, films, nanopapers, and com-
posites) are little-known and may influence the charac-
teristics of turbidity, transparency, barrier, and mechan-
ical properties, making them different from those ob-
tained by more conventional pre-treatments. Therefore,
studies aiming to compare MFC/CNF obtained by differ-
ent processes and pre-treatments are essential to facil-
itate decision-making regarding their applications. Des-
maisons et al. (2017) developed a quality index using mul-
tivariate models with high precision based on characteri-
zations of MFC/CNF in a simplified way. This index is cal-
culated from the properties obtained from the suspension
(turbidity, particle homogeneity, and macroscopic dimen-
sion) and MCF/CNF films (Young’s modulus, porosity, and
transmittance).

The research amount using this methodology is incip-
ient, due to the fact of being a relatively new method, as
we can see in works such as Desmaisons et al. (2018), Rol
etal. (2018), Banvillet et al. (2021a), Banvillet et al. (2021b)
and Espinosa etal. (2020). As the database on MFC/NFC
produced from pre-treatments with Na,SiO; is very scarce,
the present work proposed to evaluate the pre-treatments
of Eucalyptus sp. (EUC) and Pinus sp. (PIN) pulps with
Na,Si0; solutions at concentrations of 5 % and 10 % (m/m)
and its effects on the properties of the suspensions, films,
and MFC/NFC quality index.

Materials and methods

Fibers pre-treatment with sodium silicate

Commercial bleached kraft pulps of Eucalyptus sp. (EUC)
and Pinus sp. (PIN) were subjected to pretreatment with
Na,Si0; (18 % Na,0; 63% SiO,) produced by Dindmica
Quimica LTDA (Sdo Paulo, Brazil). Na,SiO; solutions with
concentrations of 5% and 10 % (m/m) (Table 1) were pre-
pared with deionized water heated in a water bath at a tem-
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Table 1: Identification of pre-treatments with sodium silicate solu-
tions in different concentrations applied to fibers from Eucalyptus
sp. and Pinus sp.

Pulp Condition Identification

Eucalyptus sp. Untreated EUC control
Pre-treatment with 5 % of Na,Si0O;  EUCSS 5%
Pre-treatment with 10 % of Na,Si0; EUCSS 10 %

Pinus sp. Untreated PIN control
Pre-treatment with 5% of Na,Si0O3;  PINSS 5%

Pre-treatment with 10 % of Na,SiO3; PINSS 10 %

perature of 80 °C. After solubilization, EUC and PIN pulps
were mixed with Na,SiO; solutions to obtain suspensions
of 2.5% consistency (m/m). Pulps were kept at a temper-
ature of 80°C + 2°C and constant stirring of 500 rpm for
2h (Dias etal. 2019), being posteriorly washed in deion-
ized water until pH 7.

Production of cellulose micro/nanofibrils
suspensions and films

Suspensions with pre-treated fibers in 2.0% (w/w) for
EUC and 1.5% (w/w) for PIN were produced using deion-
ized water. To ensure swelling and dispersion, the fibers
were stirred at 500 rpm for 15 min. Suspensions with un-
treated fibers in the same proportions presented were also
produced. The fibrillation process was carried out with 5
passes of suspensions through the grinder - Supermass-
colloider Masuko Sangyo MKGA-80 (Kawaguchi, Japan), at
1500 rpm. The initial distance between the grinder discs
was 10 pm and was adjusted to 100 um as the suspension
viscosity increased. The energy consumptions of fibrilla-
tion were 3000 kWh/t for EUC SS 5 %, 4100 kWh/t for EUC
SS 10 %, 4000 kWh/t for PIN SS 5% and 4500 kWh/t for
PIN SS10 %. For untreated fibers, energy consumption was
7500 kWh/t for EUC and 10000 kWh/t for PIN until gel for-
mation. Films were produced with MFC/CNF suspensions
in the concentration of 1% (w/w) by the “casting” method,
which consists of solvent evaporation at room temperature
(+ 22°C). Each film was produced from 50 g of suspension
poured into acrylic plates with a diameter of 15 cm. Five
films were produced for each treatment.

Chemical characterization of the fibers

Contents of extractive-free carbohydrates of treated and
untreated EUC and PIN fibers were determined following
the TAPPI T 249 cm 21 standard (TAPPI 2021a). Lignin con-
tent was obtained according to the procedure described in
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TAPPI T 222 om-02 (TAPPI 2021b). For both pulps, cellu-
lose content was calculated by subtracting the total glu-
cose content and the glucose content associated with man-
nose, since for every 3 mannose units there is one glucose
unit (Dias etal. 2019). Therefore, hemicellulose content
was obtained by the sum of galactose, arabinose, xylose,
and mannose, with the respective glucose amount (Zhou
etal. 2016, Qaseem et al. 2021).

Dimension and homogeneity of the particles

To estimate the fiber’s residual fraction after the fibrilla-
tion process, images were taken using the Olympus BX41
light microscope (Tokyo, Japan). MFC/CNF suspensions
were diluted in deionized water in proportion 0.1 % (w/w).
Suspension drops were deposited on glass slides and cov-
ered with a coverslip for observation using an objective of
10x.

The images obtained were transformed into the 8-bit
format and analyzed using the “particle analysis” routine
to obtain the average area of particles (macroscopic di-
mension), of the software Image J (Rueden etal. 2017).
This procedure was performed using six images per sam-
ple. Homogeneity of particles was calculated with the rel-
ative frequency observed for visible particles smaller than
5um?, between 5 and 10 um?, and larger than 10 um? (Des-
maisons et al. 2017). As greater the number of particles in-
cluded in the same size class, with a smaller standard de-
viation for each class, the greater the homogeneity.

Turbidity of the suspensions

The turbidity of the MFC/CNF suspensions was deter-
mined in a Plus Alfakit turbidimeter (Santa Catarina,
Brazil), adjusted to a wavelength of 860 nm. MFC/CNF
aliquots were collected, under stirring at 900 rpm, in con-
centration 0.1% (w/w). Five measurements were done for
each sample.

Microstructure of the films

Films samples with 5 x 5mm were submerged in liquid
nitrogen for instant freezing, then fractured and fixed on
sample holders (stubs) containing double-sided adhesive
tapes. The samples were subjected to metallic coating in a
gold evaporator (SCD 050) before the micrographs obtain-
ment in an ultra high resolution (UHR) scanning electron
microscope with a field emission gun (SEM/FEG) TESCAN
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CLARA (Libusina, Czech Republic), under the conditions
of 10 KeV, 90 pA, with a working distance of 10 mm.

Physical properties of the films

Before the mentioned tests, the films were conditioned at a
temperature of 25 °C and relative humidity of 65 %, accord-
ing to TAPPIT 402 sp-21 (TAPPI 2021c). The thickness of the
films was obtained using a digital micrometer (0.001 mm),
following the TAPPI T 411 om-15 standard (TAPPI 2015).
The grammage was obtained according to TAPPIT 410 om-
08 standard (TAPPI 2013), weighing the films in analyti-
cal balance and determining their respective areas with a
digital caliper (0.001 mm). The grammage (g/m?) was cal-
culated with the ratio mass/area. The bulk density of the
films was calculated by the ratio between the grammage
and thickness. The porosity (@) was calculated by the ra-
tio between the bulk density of the film and the cellulose
density (Equation (1)).

D(%) =1- (p—f> 6]

pc

where pf is the bulk density of the films (kg/m>) and pc is
the cellulose density (1540 kg/m?).

Light transmittance and transparency of the
films

The light transmittance on the films was obtained in five
replications for each treatment, in a Genesys 10S UV-
Vis Thermo Scientific spectrophotometer (Massachusetts,
USA), adjusted with wavelength ranging between 200 and
800 nm. The transmittance obtained at 600 nm was used
to calculate the transparency of the films (Tr), following
the procedures presented by Sothornvit et al. (2010) (Equa-
tion (2)). The transmittance observed in 550 nm was used
to calculate the quality index.

(log Tgp0) o)

Tr(%) = —¢

where T, = transmittance in 600 nm (%) and th = thick-
ness of the films (mm).

The opacity of the films was obtained following the
methodologies presented in Fakhouri etal. (2013) and
Lago et al. (2020). A Konica Minolta CM-5 colorimeter (Os-
aka, Japan), adjusted with a viewing angle of 10 ° and D65
illuminant (daylight) was used for the analysis. For obtain-
ing the luminosity values (L*), the films were evaluated in
a black pattern and a white one. These data were used to
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calculate the apparent opacity (Equation 3) and the results
were expressed on a scale from 0 to 100 %. For each treat-
ment, five samples were analyzed.

Opacity(%) = % x 100 3)

where Yb = sample luminosity in the black pattern and
Yw = sample luminosity in the white pattern.

Water vapor barrier and grease resistance of
the films

Five samples with a diameter of 16 mm were prepared for
each treatment and stored in a conditioned room with a
temperature of 25 °C and relative humidity of 65 % for three
days, according to ASTM E96-16 (ASTM 2016). After this pe-
riod, the samples were placed in glass capsules partially
filled with dry silica. The capsules were placed in desicca-
tors containing saturated KC¢ solution at 38 °C to create an
atmosphere with a relative humidity of 90 %, as requested
by ASTM E104-02 (ASTM 2012). The capsules with samples
were weighed in analytical balance for eight consecutive
days. The water vapor transmission rate (WVTR) and wa-
ter vapor permeability (WVP) were calculated with Equa-
tion (4) and Equation (5).

2 _
WVTR(g/m” day) = 1 (4)
5 2y (WVTR x th)
WVP(gmm/kPa™ daym”) = —(p ~UR, —UR) (5)

where W = capsule weight with sample (g); t = time (days);
A = exposed area of sample (m?); th = film thickness (mm);
p = water vapor pressure (kPa); UR, and UR,; are, respec-
tively, the the humidity inside the desiccator (90 %) and
inside the capsule.

A grease resistance test was conducted following the
TAPPI T 559 cm-12 standard (TAPPI 2012). Ten films with
dimensions 216 x 279 mm were cut, in which drops of the
test solutions were applied. The solutions were classified
from 1, less aggressive and composed only of oil, to 12,
more aggressive and composed of toluene and n-heptane.
One drop of oily solution was applied on the film surface,
being removed after 15s. The film was classified with the
highest score (solution from 1 to 12) that permeates the
sample.

Mechanical properties of the films

The tensile strength of the films was evaluated according
to ASTM D 882-18 (ASTM 2018) using a Stable Micro Sys-
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tems texturometer, TATX2i, (England, United Kingdom)
equipped with a load cell with a capacity of 500 N. To de-
termine the tensile strength, Young’s modulus, and elon-
gation at break, 10 specimens were tested for each treat-
ment, with dimensions of 10 x 100 mm. The initial dis-
tance between the grips was 50 mm, with a test speed of
0.8 mm/s.

Quality index of the cellulose
micro/nanofibrils

The simplified quality index (QI) was determined from the
multivariate model developed by Desmaisons et al. (2017),
using data of macroscopic dimension, particle homogene-
ity, turbidity, the transmittance at 550 nm, Young’s modu-
lus, and porosity (Equation (6)). The parameters “weights”
applied must result in the sum of 10. Therefore, the distri-
bution of weights was carried out according to the applica-
tion (films for packaging and colloidal stabilizers) of sus-
pensions and films reported in the literature (Desmaisons
etal. 2018, Rol et al. 2019).

QI =15x [-2.67 x In(x;) + 12.81] + 1.5 x [0.18 X (x,)]
+1.5% [0.10 x (x3) + 11] + 1.5 x [1.65 x In(x,) + 2.7]
+1.5x [-0.036 x (x5) X 1.27 X (x5)]

+2.5x [3.81-0.16 x (xq)] (6)

where x; = macroscopic dimension (pmz); X, = homogene-
ity (%); x3 = turbidity (NTU); x, = transmittance in 550 nm;
X5 = Young’s modulus (GPa); and x, = porosity (%).

Statistical analysis

Data obtained were analyzed using descriptive statistics,
using the software R Core Team (2020), indicating average
and standard deviation.
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Results and discussion

Chemical composition

Regarding EUC control, treatments EUC SS 5 % and EUC SS
10 % reduced hemicellulose contents by 2.6 % and 1.3 %,
respectively, resulting in a slight increase in relative cel-
lulose contents (Table 2). Compared with the PIN control,
PIN SS 5% obtained a reduction of 3.4% in hemicellu-
loses amount, whereas for PIN SS 10 %, the reduction was
13.1%. In addition, for PIN pulp, the type of hemicellu-
lose most affected by the treatment with 10 % Na,SiO; was
mannose, followed by xylose and arabinose.

These results can be explained by the high Na,SiO;
solution alkalinity (pH ~ 12). Na,SiO; is used to increase
the capacity to remove lignin and hemicelluloses, improv-
ing the pulp bleaching (Hashem et al. 2010, Moghaddam
and Karimi 2020). Studies indicate that hydrolysis of alka-
line solutions promotes the saponification of intermolec-
ular ester cross-links that link hemicelluloses to cellu-
lose or other components such as lignin (Grigatti etal.
2015, Melati etal. 2019). Removing hemicelluloses from
fibers promotes an increase in relative sugar content, al-
lows easier access to cellulose chains, and facilitates cell
wall swelling (Shimizu et al. 2016). These effects facilitate
the MFC/CNF production by mechanical method, as the
cell wall swelling promotes the macrofibrils loosening, in-
creases the contact surface of fibers, making them more
susceptible to shocks against the grinder stones, intensi-
fying the shear forces on the cell wall (Trovagunta etal.
2021). With more passes through the grinder, the alkaline
pre-treatments potentiate the reduction of particle sizes
and increase the exposure of the cellulose OH groups. Fur-
ther, there is an increase in the number of hydrogen bonds
between cellulose and water, facilitating gelation (Fon-
seca etal. 2019). These mechanisms can reduce energy
consumption during MFC/CNF production (Martins et al.
2021).

Table 2: Average and standard deviation for chemical components of untreated and pre-treated pulps with sodium silicate solutions in con-

centrations 5% and 10 %.

Identification Glucose Galactose Arabinose Xylose Mannose Totallignin  Cellulose Hemicelluloses
EUC control 79.1+0.3* ND** ND 157+0.1 ND 04+01 79.1+03 15.7£0.1
EUCSS 5% 80.2+0.2 ND ND 15.5+0.2 ND 05+0.1 80.2+0.2 15.5+0.2
EUCSS 10% 80.1+£0.5 ND ND 153+03 ND 08+0.1 80.1+0.5 153+0.3
PIN control 80.0+0.7 ND 0.5+0.1 9.6+0.1 7.5+0.1 0.5+0.1 782+0.6 17.6 £ 0.3
PIN SS 5% 79.6+0.2 ND 0.5+0.1 94+01 7.1+0.1 07+01 77903 17.0+0.3
PINSS 10 % 79.9+1.1 ND 0.4+0.1 9.0+0.1 59+0.1 04+01 785+1.1 153 +0.3

*Standard deviation; **not detected.
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On the other hand, excessive hemicelluloses removal
can hinder the obtainment of MFC/CNF gels. Dias etal.
(2019) and Albornoz-Palma etal. (2020) explained that
hemicelluloses, especially xylans, contribute to gel for-
mation with fewer passes through the grinder. Because
they are amorphous molecules, xylans can reduce the wa-
ter output from fibers and potentiate the establishment
of hydrogen bonds between cellulose and water, increas-
ing the suspension viscosity during mechanical fibrilla-
tion (Afsahi et al. 2018, Claro et al. 2019). Moreovet, it can
be said that pre-treatments with Na,SiO; were able to re-
duce the hemicellulose contents, but not harm the gel ob-
tainment.

Dimension, homogeneity of particles, and
turbidity

In the particles classes with an area smaller than 5pm?
(Figure 1), the frequencies obtained for EUC SS 5% and
EUC SS 10 % (~42%) were slightly lower than those ob-
served for EUC control (~45%). Regarding this class, the
highest frequency among treatments was observed for PIN
SS 10 % (~56 %) followed by PIN control (~48 %) and PIN
SS 5% (~46 %).

60
[ EUC control I PIN control
I EFUC SS 5% I PIN SS 5%
50 Hm EUC SS10% [ PINSS 10%

Frequency (%)
w
o

5-10
Classes (um?)

Figure 1: Classes of particles area of MFC/CNF suspensions from
untreated and pre-treated pulps with sodium silicate solution in
concentrations 5 % and 10 %.

For classes with areas between 5 and 10 um?, the fre-
quencies were strongly similar among the pre-treatments
studied. Regarding the particles class with areas larger
than 10 pmz, it was observed that EUC SS 5% and EUC
SS 10 % showed similar frequencies (~40 %) which were
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higher in relation to EUC control (~35 %). Also in this class,
PIN SS 5% (~37 %) presented higher frequencies than PIN
control (~35) and PIN SS 10 % (~28 %).

For some pre-treatments, the particle area was slightly
larger in relation to their respective controls. This indicates
that the action of Na,SiO; contributed to the greater ef-
ficiency of mechanical fibrillation. Furthermore, it is no-
table that EUC control and PIN control particles are com-
posed of fibrils bundles of partially dissociated and cell
wall fragments (arrows in Figure 2A).

Differently than indicated for controls, the particles
with larger dimensions observed for EUC SS 5 % and EUC
SS 10 % suspensions were formed by the aggregation of
fibrils already individualized, much smaller, and thin cell
wall fragments (arrows in Figures 2B and 2C). These char-
acteristics were also observed for PIN MFC/CNF (arrows in
Figures 2D, 2E, and 2F). Table 3 shows the averages for par-
ticle size as a function of the respective area class. Con-
sidering only the pre-treated pulps, around 59 and 71 % of
the particles showed areas smaller than 10 um? and with
low standard deviation (< 3.4 pmz), indicating greater ho-
mogeneity of the MFC/CNF suspension (Desmaisons et al.
2017).

Particle sizes affect the properties of MFC/CNF suspen-
sions. Guimardaes et al. (2016) and Turpeinen et al. (2020)
explained that the viscosity and stability of MFC/CNF
suspensions can be increased with a higher aspect ratio
and homogeneity of particles. Therefore, it can be said
that treatments with Na,SiO; favored the obtainment of
suspensions composed of particles with small diameters,
greater lengths, and greater homogeneity. This can result
in gel formation with fewer passes through the grinder and
reduce energy consumption during the fibrillation pro-
cess (Ang et al. 2019, Jaiswal et al. 2021). This effect is due
to the alkaline action of Na,SiO; solutions, which pro-
motes the loosening of the cell walls of the fibers due to
the removal of hemicelluloses and saponification of the
intermolecular ester bonds, which increase the swelling
capacity of the fibers and the surface area (Kamel etal.
2020, Noremylia et al. 2022), this potentiates the dissoci-
ation of fibril bundles from the abrasion of the grinder
stones.

These results are consistent with other research. Mo-
htaschemi etal. (2014), when carrying out the mechan-
ical fibrillation of Birch kraft pulp subjected to TEMPO-
mediated oxidation, found CNF suspensions with thin-
ner and more homogeneous structures. However, the au-
thors detected the presence of fibers and particle frag-
ments with dimensions in millimeter scales that entan-
gled and formed aggregates, reducing the surface area of
the MFC/CNF network. Zepi¢ et al. (2014) and Osong et al.
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Figure 2: Images of light microscopy of MFC/CNF suspensions from untreated and pre-treated pulps with sodium silicate solution in concen-

trations 5 % and 10 % (10x magnification).

Table 3: Average and standard deviation of particles area of micro/nanofibril (MFC/CNF) suspensions from Eucalyptus sp. and Pinus sp.,
untreated and pre-treated with sodium silicate solutions in concentrations 5% and 10 %.

Class (pm?) Particles area (ym?)

EUC control EUCSS 5% EUCSS 10% PIN control PINSS 5% PIN SS 10 %
<5 2.3 +0.3* 2.4+03 2.4+0.3 23+0.4 23+03 23+03
5-10 7.1+12 7.1+1.2 7.1+1.2 7.1+12 7.1+12 7.0+3.4
>10 50.9 + 160.2 47.4 +126.6 52.2+139.6 44.9 +116.1 52.1 +164.9 46.9 +133.7
Average 20.1 +26.8 19.0 + 24.7 20.6 +27.5 18.1+23.3 20.5+27.5 18.7 + 24.5

*Standard deviation.

(2016) explained that in MFC/CNF suspensions there are
nanofibrils, fibers, fine fibrils, fiber fragments, and fib-
ril bundles, as presented in the present work. As a re-
sult, enzymatic or chemical pre-treatments are applied to
the fibers before the mechanical fibrillation to facilitate
the production of more homogeneous MFC/CNF suspen-
sions, mainly containing nanoscale fragments (Santucci
etal. 2016). Based on these aspects and the experimental
results of this research, it can be said that this objective
was achieved.

Turbidity results reinforce the reasoning presented
since all the pre-treatments applied reduced the turbid-
ity values compared to the controls. The lowest turbidity
value of EUC MFC/CNF was observed for EUC SS 10 % pre-
treatment. For PIN MFC/CNF, the lowest turbidity was ob-
tained for PIN SS 5 % (Figure 3).

500
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350 -

Turbidity (NTU)
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\ %0 %0 ol %% %0
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Figure 3: Turbity of MFC/CNF suspensions from untreated and pre-
treated pulps with sodium silicate solution in concentrations 5 %
and 10 %.
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According to Bejoy etal. (2018), the purpose of this
test is to measure the scattered light at an incidence an-
gle of 90 °, the variation of the readings is related to the
shape and refractive index of the dispersed material. The
unit NTU from turbidimeter refers to nephelometric turbid-
ity units. If the suspension is composed only of nanoscale
particles, the turbidity value is close to zero. On the other
hand, the presence of partially deconstructed fibers in
the suspension will increase turbidity, as observed in the
present work. The experimental results obtained for tur-
bidity were in harmony with values found in other works.
Qu et al. (2019) obtained turbidities ranging between 100
NTU and 500 NTU for CNF produced by mechanical fib-
rillation of kraft pulp from coniferous wood, after TEMPO-
mediated oxidation. Moser et al. (2015) found turbidity val-
ues around 300 NTU when studying CNF obtained from
coniferous pulp produced by fiber steam explosion.

Amini et al. (2020) evaluated the effect of different fine
content on the turbidity of CNF suspensions and obtained
values ranging between 400 NTU and 500 NTU. These au-
thors observed that for higher fines content in the suspen-
sion, the turbidity values increased. These observations
corroborate the understanding of the turbidity variation
observed in the present study. As shown in Figure 2, differ-
ent fibrillation conditions favored the different amounts of
fines and aggregates in the suspensions.

Microstructure and physical properties of the
films

The films obtained were visually homogeneous and mal-
leable, being easily detached from the acrylic plates. Scan-
ning electron microscopy showed a reduction in surface
granularity of films with the application of Na,SiO; (Fig-
ure 4).

Cell wall aggregates and fragments were observed on
the EUC control and PIN control film surface, indicated by
the arrows in Figures 4A and 4], respectively. EUC SS 5%
and EUC SS 10 % films (Figures 4D and 4G) showed higher
surface granularity in relation to PIN SS 5% and PIN SS
10 % films (Figures 4M and 4P). In cross-sections, EUC con-
trol (Figures 4B and 4C) and PIN control (Figures 4K and 4L)
films presented heterogeneous and discontinuous layers,
due to the presence of cell wall fragments with different
dimensions.

EUC SS 5% (Figures 4E and 4F) and EUC SS 10 %
(Figures 4H and 4I) films presented more cohesive and
continuous layers in relation to the control. Similar char-
acteristics were observed for PIN SS 5% films (Figures 4N
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and 40), in which the layers were vertically and horizon-
tally more homogeneous. For PIN SS 10 % (Figures 4Q
and 4R), there was a gap reduction between the MFC/CNF
layers.

Greater granularities and roughness resulted in
greater dispersion of incident light on the surface of the
film, with a decrease in transparency (From etal. 2020).
Films with a more granular surface show a greater con-
tact surface, directly influencing the wettability (Aulin
etal. 2009). This characteristic favors greater amounts of
hydrogen bonds with water molecules. For this reason, ad-
hesion forces overcome the cohesion forces, increasing the
scattering of liquid on the film surface (Dimic-Misic et al.
2019). The thickness ranged between 20 pm and 36 pm
(Figure 5A). The average thickness for EUC control was
18 % lower than EUC SS 5% and 6 % greater than EUC SS
10 %. The smallest variation was observed for EUC SS 5 %
films and the largest for EUC SS 10 %. Film thicknesses of
PIN SS 5% and PIN SS 10 % were 23 % and 12 % superior
compared to PIN control, respectively.

Thickness is strongly influenced by the characteris-
tics of the raw material and the concentration of MFC/CNF
suspensions (Kolakovic et al. 2012). In the present study,
the films were produced with identical suspension volume
and solids content, which indicates that thickness varia-
tions observed were due to the effects of pre-treatments
with Na,SiO; in the film-forming suspensions. Kim etal.
(2021) explained that MFC/CNF suspensions with lower gel
formation, lower viscosity, and lower surface area, tend to
form thinner films. This effect was observed in the present
work because EUC control and PIN control films obtained
the lowest average thickness. These materials presented
suspensions with lower particle homogeneity, which indi-
cates lower gel formation and lower surface area due to the
larger aggregates of MFC/CNF (see Figure 2). All the films
showed increments in grammage compared to the control
(Figure 5B), except PIN SS 10 %. The grammages of PIN SS
59% and EUC SS 10 % were similar (~31g/m?), while the
highest average was obtained for EUC SS 5% (~38 g/m?).
The lowest grammage averages were obtained for PIN con-
trol, PIN SS 10 %, and EUC control, respectively.

For bulk density, EUC SS 5% and EUC SS 10 % pre-
sented averages, respectively, 8.6 % and 13.6 % higher in
relation to EUC control (1007 1<g/m3) (Figure 5C). PIN con-
trol, PIN SS 5%, and PIN SS 10 % showed the greatest
variations in bulk density. Variation of the porosity of the
film followed an inversely proportional trend in relation to
bulk density (Figure 5D), as they are collinear parameters.
Porosity varied between 20 % and 44 %, with the highest
average observed for PIN SS 10 % and the lowest for EUC
SS 10 %. Since the porosity variation was small, due to
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Figure 4: Micrographs of films of MFC/CNF from untreated and pre-treated pulps with sodium silicate solution in concentrations 5% and

10 %; A) EUC control — surface; B) EUC control — cross section and C) EUC control - cross section zoom; D) EUC SS 5 % - surface; E) EUC SS
5% - cross section; F) EUC SS 5 % — cross section zoom; G) EUC SS 10 % — surface; H) EUC SS 10 % — cross section; |) EUC SS 10 % — cross
section zoom; J) PIN control - surface; K) PIN control — cross section; L) PIN control — cross section zoom; M) PIN SS 5 % — surface; N) PIN SS
5% — cross section; O) PIN SS 5 % — cross section zoom; P) PIN SS 10 % - surface; Q) PIN SS 10 % — cross section; and R) PIN SS 10 % - cross

section zoom.

low standard deviation, the results indicated that the films
produced were relatively homogeneous. For suspensions
with larger particle sizes, and in which the “gel point” was
probably prolonged (EUC control and PIN control), poros-
ity averages were slightly higher.

Raj etal. (2015) reported that reduced “gel point” re-
sults in increased porosity of CNF composites, suggesting
that the three-dimensional open/porous structure of cel-
lulose suspension is partially maintained during the for-
mation of the two-dimensional film structure. Research re-
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Figure 5: A) Thickness; B) grammage; C) bulk density; and D) porosity of films of MFC/CNF suspensions from untreated and pre-treated pulps

with sodium silicate solutions in concentrations 5% and 10 %.

ports that thickness, density, and porosity are determining
parameters of the characteristics of the film, as they are
strongly related to mechanical, optical, and barrier prop-
erties to water vapor and gases (Fukuzumi et al. 2013, Be-
dane etal. 2015). Additionally, part of the variations ob-
served for the parameters studied can be explained by
the characteristics inherent to the casting method, which
is widely used in research with cellulose, starch, and
protein-based films (Suhag et al. 2020). Production of films
with larger dimensions is limited, the time of solvent evap-
oration is prolonged and the films may present hetero-
geneity in thickness and wrinkling because the method
does not apply vacuum (Moraes et al. 2013, Espitia et al.
2014). Even so, the results found are in harmony with other
works from the literature. Cruz et al. (2022) found average
thicknesses for MFC/CNF films of EUC and PIN around 35
and 32 pm, respectively. For MFC/CNF films of PIN, Mas-
carenhas etal. (2022) found a thickness value close to
21 pm and bulk density of 1050 kg/m’.

Light transmittance and transparency of the
films

The films showed different transmittance intensities
across the entire wavelength range, indicating the influ-
ence of Na,SiO; pre-treatments (Figure 6A). Most films
showed transmittance below 15 % and only PIN SS 5 % and
PIN SS 10 % showed transmittance below 10 %. For cellu-
lose films, transmittance values in this range indicate suit-
able UV light barrier properties (Cazén etal. 2020). This
characteristic is interesting for applications in the pack-
aging of products susceptible to degradation by UV light,
such as some foods and medicines (Niu etal. 2018, Bas-
tante et al. 2021). For UVB wavelength from 280 to 315 nm,
the highest transmittance was observed for EUC control
film followed by PIN control, EUC SS 5%, EUC SS 10 %,
PIN SS 10 %, and PIN SS 5 %. The same order was observed
for transmittance in the UVA range (315-400 nm). For both
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Figure 6: A) Transmittance; and B) transparency (Tr) of films of
MFC/CNF suspensions from untreated and pre-treated pulps with
sodium silicate solution in concentrations 5 % and 10 %.

UVB and UVA, transmittance rates were low, confirming
that the films produced are translucent (Kim et al. 2021).

For the visible light region (400-700 nm), the trans-
mittance for EUC control and PIN control ranged between
21% and 34 %. For EUC SS 5%, EUC SS 10 %, and PIN
SS 10 %, the transmittance range was between 16 % and
26 %, whereas for PIN SS 5 %o, the transmittance ranged
from 12% to 19 %. The infrared region (> 700 nm), con-
firmed the same trends described for the visible light re-
gion, with increased transmittance intensity with Na,SiO;
pre-treatment.

Transmittance values for EUC SS 5% and EUC SS
109% were 27 % and 24 % higher than the EUC control,
respectively. Compared to the PIN control, the transmit-
tances for PIN SS 5% and PIN SS 10 % were 15% and
20 % higher, respectively. In general, variations for Tr be-
tween treatments were low. Considering only MFC/CNF
films from pre-treatments, the Tr values obtained for PIN
were slightly higher than those found for EUC.
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The transparency of MFC/CNF films can be influenced
by the dimensions of cellulose fibrils, fiber aggregates, de-
gree of homogenization, and the granularity/roughness of
the film surface (Mascarenhas et al. 2022). The granularity
was lower for PIN SS 5% and PIN SS 10 % (see Figures 4M
and 4P). MFC/CNF diameters are smaller in relation to the
wavelength of visible light, as a result, dense packing of
cellulose bundles can cause suppression or projection of
light scattering, depending on the fibrillation degree (Ku-
mar etal. 2014).

The transparency is also affected by the MFC/CNF
crystal structure, therefore, as smaller the dimensions of
the crystallites present in the cellulose aggregates, the
greater the light scattering, which results in lower trans-
parency (Zhang et al. 2015). The results indicated improve-
ments in the optical properties, mainly regarding the bar-
rier to UVC. This aspect is important for the application of
the film, as transparency is configured as an important in-
dicator for the commercial destination, such as packaging
(Jing et al. 2022). The highest opacity values were obtained
for EUC control (~59 %) and PIN SS 5 % (~60 %) while the
lowest value was found for EUC SS 5% (~53 %) (Figure 7).
Films produced with EUC SS 10 %, PIN control, and PIN SS
10 % showed intermediate opacity values (~55 %).
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Figure 7: Opacity of films of MFC/CNF suspensions from untreated
and pre-treated pulps with sodium silicate solution in concentra-
tions 5% and 10 %.

The higher opacity can be explained by the presence
of cell wall particles, bundles of fibrils, and MFC/NFC ag-
gregates in the composition of the films, as seen in Fig-
ure 4. Larger fragments offer a greater barrier to the pas-
sage of light through the films (Wang et al. 2013), as evi-
denced by the transmittance results.
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The opacity in some cases can more consistently ex-
plain aspects related to the influence of the degree of fib-
rillation and the dimensions of the MFC/NFC in the films.
Hsieh et al. (2017) and Xinping et al. (2020) explained that
the presence of larger fragments in NFC films/nanopapers
from bleached materials may allow the passage of light be-
cause they have certain transparency. This may contribute
to the overestimation of transparency values, which will
not necessarily be associated with a higher degree of fibril-
lation and may represent higher opacity values (Yang et al.
2019a, Hou et al. 2020).

Barrier properties and grease resistance

The highest values of WVTR were observed for EUC control
and PIN SS 10 %, whereas the other films presented values
ranging from 1170 to 1220 g/m? day (Figure 8A). The WVP
averages of the films were decreased in the following or-
der: EUC SS 5%, EUC SS 10 %, PIN SS 5%, EUC control,
PIN SS 10 %, and PIN control (Figure 8B).

For EUC SS 5% the WVP was slightly higher because
the films were thicker in relation to other treatments. As
already mentioned, it is possible that excessive fibrillation
affected the three-dimensional structure of the MFC/CNF
network, reducing the number of interfibrillar interactions
and allowing the formation of isolated aggregates. This
results in the appearance of regions with void spaces in
the films, facilitating the passage of water vapor (Li etal.
2019).

Based on the TAPPI T 559 cm-12 standard (TAPPI2012),
all the films were resistant to kit 12, which is more ag-
gressive because it contains higher n-heptane and toluene
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amounts. This indicates that the films present a high bar-
rier to the fats penetration and the ability to retain fine
and viscous oils, which can be found in foods, grains,
and waxes. This result is in accordance with other re-
search, which reports that films and paper coatings based
on MFC/CNF present resistance to oil penetration (Tyagi
etal. 2018, Jin et al. 2021).

Cruz etal. (2022) and Mascarenhas et al. (2022) also
observed high resistance to oil penetration in MFC/CNF
films from Eucalyptus sp. and Pinus sp. The authors ex-
plained that because the MFC/CNF diameters are very
small, the layers architecture of the films tends to be
strongly closed and difficult for being penetrated by vis-
cous liquid.

According to the classification presented by Wang
etal. (2018), it can be considered that all films presented
an average barrier to water vapor because the WVP values
were between 0.4 g mm/day m® kPa and 4 mm/day m” kPa.
These authors also reported that films with these char-
acteristics could be used for food packaging, depending
on their nature. The films evaluated in the present study
meet the WVTR and thickness for package bakery prod-
ucts, fruits, and salads (Wang et al. 2018).

WVP values obtained in the present work were lower
than results found in the literature, demonstrating that
the pre-treatments performed contributed to the barrier
properties improvement. This is an advantage because in
general, MFC/CNF are combined with synthetic polymers,
proteins, and minerals to improve gas barrier properties
(Zhang et al. 2021).

Hasan etal. (2021) found WVP values ranging from
5mm/daym?kPa to 25mm/daym’kPa when analyz-
ing different techniques for film production obtained
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Figure 8: A) Water vapor transmission rate (WVTR) and B) water vapor permeability (WVP) of films of MFC/CNF suspensions from untreated
and pre-treated pulps with sodium silicate solution in concentrations 5% and 10 %.
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from CNF from untreated coniferous fibers by mechan-
ical fibrillation. Wang etal. (2020) found WVP around
5.5mm/day m> kPa and 12mm/day m?kPa for NFC films.
Nascimento et al. (2021), studying films composed of cel-
lulose nanocrystals and bacterial nanocellulose, found
WVP values ranging from 2.96mm/daym?kPa and
3.57 mm/day m? kPa. Evaluation of permeability is impor-
tant in choosing a better destination for the films. For
applications involving foods like fresh vegetables, perme-
able films could be applied, while poorly permeable films
can be indicated for foods and dehydrated products (Lago
etal. 2020).

Mechanical properties of the films

EUC SS 10 % achieved tensile strength of ~82MPa, 17 %
higher compared to EUC control (Figure 9A). The strength
of PIN SS 10 % (~70 MPa) was around 20 % higher in rela-
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tion to PIN control. The highest values for Young’s modulus
(Figure 9B) were found for EUC SS 5 % (~4 GPa) and PIN SS
10 % (~3.5 GPa), while the lowest value was obtained for
PIN control (~1.7 GPa). These results indicate that the pre-
treatments proposed promoted improvements in mechan-
ical properties, especially for EUC SS 10 %.

Films with higher density showed higher values of ten-
sile strength. Yang etal. (2019b) and Liang etal. (2020)
explained that MFC/CNF present absolutely small dimen-
sions, which favors the obtainment films with high layer
compaction and a great number of hydrogen bonds. As a
result, there is an increase in density and greater slipping
resistance in the structure of the film, when subjected to
tensile stress. Analyzing the results of Young’s modulus
and elongation at break (Figure 9C), it is possible to note
that films with lower strength presented lower elongation
(< 8%), lower energy absorption, and presented lower
tenacity when compared to films with higher strength
(EUC SS 5% and EUC SS 10 %). Verker etal. (2009) ex-
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Figure 9: A) Tensile strength; B) Young’s modulus; C) elongation at break; and D) stress x strain curves (tensile test) of films of MFC/CNF
suspensions from untreated and pre-treated pulps with sodium silicate solution in concentrations 5 % and 10 %.
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plained that films with this characteristic release the high-
est percentage of energy absorbed in the elastic phase, as
observed for EUC control, PIN control, and EUC SS 10 %
(Figure 9D).

In general, films presented strengths consistent with
other studies. Noorbakhsh-Soltani etal. (2018) when
studying nanocellulose and chitosan films for food pack-
aging, found tensile strength ranging between 60 and
70 MPa and Young’s modulus between 2 and 4 GPa. Wang
etal. (2020) evaluated films produced with different pro-
portions of CNC/CNF for application in packaging and ob-
tained tensile strength around 40-80 MPa and Young’s
modulus ranging from 2 to 7 GPa.

Quality index of the cellulose
micro/nanofibrils

The QI values for MFC/CNF of EUC and PIN were similar,
ranging between ~53 and ~58. However, for EUC SS 10 %
(~70), the IQ values were 16 % higher in relation to other
treatments (Figure 10).
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Figure 10: Quality Index (QlI) of MFC/CNF suspensions from un-
treated and pre-treated pulps with sodium silicate solution in con-
centrations 5% and 10 %.

Research indicates that QI is related to energy con-
sumption during mechanical fibrillation. Desmaisons
etal. (2017) reported that QI values between 50-70 are
characteristic of MFC/CNF produced with energy con-
sumption of around 5000 kWh/t. Banvillet etal. (2021a)
found QI values ranging between 40-60 when produc-
ing CNF from pulps treated with 10% NaOH (w/w).
The authors found that these QI values are according
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to energy consumption between 2000-5000 kWh/t dur-
ing mechanical fibrillation. In the present work, the en-
ergy consumption until the gel consistency was between
3000-4100 kWh/t for EUC control and 4400-4500 kWh/t
for PIN control.

Besides correlating with energy consumption, QI is
also calculated based on the suspension properties and
resulting film/nanopaper, including particle dimensions
in multiple length scales (Desmaisons et al. 2018). Com-
paring the results obtained in Rol etal. (2019), Banvil-
let etal. (2021a), and Dias et al. (2022) QI values from the
present study were comparable to those obtained for pre-
treatments already established and with potential for in-
dustrial application, such as pre-treatment with NaOH
solution 10 % (QI between 54-82), oxidation with perio-
dates - sulfonation, NaBH,, amines, and ClO, (~62), car-
boxymethylation (~66), enzymatic pre-treatments (68-75)
and pre-treated fibers with deep eutectic solvent (66—72).

Given the reduced number of studies addressing QI,
the studies mentioned corroborate the results found in the
present research, because the QI was in accordance with
the same variation presented in the literature. Moreover,
it can be said that Na,SiO;3 proved to be efficient, improv-
ing the MCF/CNF individualization, being a low-cost al-
ternative, and with effects similar to other successful pre-
treatments.

Conclusion

Fibers from Eucalyptus sp. and Pinus sp. were treated
with Na,Si0; to reduce energy consumption in mechani-
cal fibrillation, evaluating the properties of suspensions,
films, and posteriorly, calculating QI. Pre-treatments with
Na,SiO; resulted in greater individualization, greater ho-
mogeneity, and lower turbidity of the MFC/CNF suspen-
sions. Films properties were strongly influenced by the
suspension characteristics. The transparency of the films
produced with treated fiber was ~22 % lower compared to
the controls. Barrier properties to grease were suitable for
all the treatments, although the same was not observed
for the barrier to water vapor. Young’s modulus was in-
creased from 2 to 4 GPa for both pulps with the treatment
with 10 % of Na,SiO;. Considering the greater individual-
ization capacity of MFC/NFC, a greater barrier to UV ra-
diation, less water vapor penetration, and greater tensile
strength, the best results were found for MFC/NFC ob-
tained from EUC and PIN pre-treated with 10 % Na,SiOs.
As for the QI, the highest values were found for the PIN
MFC/CNF obtained with pre-treatment with 10 % Na,SiO5
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(~ 70). For EUC fibers, the highest QI values (~ 58) were
found for MFC/NFC obtained from the pre-treatment using
5% Na,Si0s;. The suspensions showed interesting charac-
teristics for applications in the form of emulsion stabiliz-
ers. The films presented microstructural, physical, optical,
barrier, and mechanical properties suitable to the param-
eters required for packaging. The experimental results in-
dicate that the use of Na,SiOj; as fibers pre-treatment for
production of MFC/CNF has potential for industrial scal-
ing up, with low cost and similar to other pre-treatments
already established.
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