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Paper coating with cellulose micro/nanofibrils (MFC/NFC) can improve the performance of paper packaging.
However, the process cost is high due to the significant energy consumption. The objective of this work was to
produce MFC/NFC with pre-treated fibers using calcium silicate (Cap04Si) and magnesium silicate (MgO3Si) and
evaluate their performance as a coating on cardboard. For the production of MFC/NFC, pre-treatments with
Caz04Si and MgOsSi reduced energy consumption by ~30 %. The layers added to the cardboard reduced the
water vapor permeability, mainly for the coating with 5 % MgO3Si (~98 g mm/kPa~‘day m?). These charac-
teristics indicate that coated paperboard is suitable for packaging bread, cheese, fruit, and vegetables. Suspen-
sions with 5 % and 10 % Cap04Si increased the spread of PVAc, PVOH, and printing ink. The coatings reduced
the strength and stiffness of the papers by ~50 % compared to the uncoated paper due to the wetting and drying
cycles. On the other hand, there was an increase in ductility, which potentiated the paper’s formability. Opti-
mizing application and drying techniques for MFC/NFC and silicate coating formulations can improve the me-
chanical and barrier properties of the coated papers for multilayer packaging.

1. Introduction

To ensure that packaging shows suitable properties to preserve the
characteristics of the products, the industry combines paper with metals
and petroleum-based polymers (Otto et al., 2021). However, these ma-
terials have considerable degradation time, and their accumulation in
the environment risks human health and the life cycle in aquatic and
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terrestrial ecosystems (Mascarenhas et al., 2022a). It is estimated that
around 30 % of the packages produced are single-use, mainly composed
of non-biodegradable materials (Miller, 2020; Dey et al., 2021). Due to
this, biopolymers have been extensively researched in renewable pack-
aging production. Cellulose micro/nanofibrils (MFC/NFC) stand out in
this context because they are renewable and have technological ad-
vantages. It can be used in packaging paper coatings, such as high
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contact surface, biodegradability, high tensile strength, and the possi-
bility of obtaining films/composites with a barrier to gases and fats
(Mirmehdi et al., 2018a; Yu et al., 2019; Lu et al., 2022).

On the other hand, obtaining MFC/NFC demands high energy con-
sumption to deconstruct the cell wall, therefore chemical or enzymatic
pre-treatments are applied to the cellulosic pulp to facilitate the me-
chanical fibrillation process and obtain more individualized MFC/NFC
(Cruz et al., 2022). One of the best-known pretreatments with high ef-
ficiency to facilitate fiber deconstruction is 2,2,6,6-tetramethylpiperidi-
ne-1-oxyl (TEMPO)-mediated oxidation, but the reagent cost is very high
and can generate non-eco-friendly compounds, making it necessary to
implement means of effluent recovery and treatment (Rol et al., 2019;
Chen et al., 2022a).

This demonstrates the need for the development of new types of
pretreatments that can provide individualization of NFC, lower energy
consumption, and lower costs. Khadraoui et al. (2022) studied the
production of NFC from marine lignocellulosic biomass and observed
that combination of steam explosion and twin-screw extrusion associ-
ated with pretreatment with NaOH at concentrations of 10 or 20 %
(w/w) allowed to obtain NFC with lower lignin contents and interesting
characteristics for papermaking and biocomposites. Mnasri et al. (2022)
employed different deep eutectic solvents for refining Eucalyptus and
cotton fibers and observed modifications in crystallinity and xylan
content. This resulted in increased water retention in the fibers and
enhanced internal and external fibrillation of the cell wall. These au-
thors also observed that the fibers obtained allowed the production of
papers with superior mechanical properties, due to the increased
amount of bonds and maintenance of fiber length.

Another option to reduce reagent costs is the use of alkaline treat-
ments with NaOH or KOH, these reagents can be used because they can
increase fiber swelling and reduce shear forces against the cell wall
during fibrillation in ultra-refiners (Ang et al., 2019; Scatolino et al.,
2022). Dias et al. (2019) produced NFC from Eucalyptus and Pinus fibers
in ultra-refiners and found that the use of NaOH solutions at concen-
tration of 5 % (w/w) under the temperature of 80 °C provided energy
consumption reduction of around 40-60 %. Moreover, for Eucalyptus
and Pinus fibers, Mascarenhas et al. (2022b) used alkaline solutions of
sodium silicate (Na,SiO3) at concentrations of 5 % and 10 % (w/w) and
observed improvements in the individualization of MFC/NFC and
reduction of energy consumption during mechanical fibrillation in the
order of ~50 % compared to untreated fibers.

The pretreatments can also be used to modify the cellulose surface,
aiming to change the physical, chemical, optical, mechanical, and sur-
face properties of MFC/NFC to broaden their range of applications (Rol
et al., 2019). The modification of MFC/NFC for the production or
coating of packaging papers has been addressed in many research. This
is justified due to the improvements that the MFC/NFC provide in
physical, mechanical, and barrier properties to water vapor, gases, and
grease (Jin et al., 2021; Morais et al., 2021). To achieve these results,
polymers and mineral additives can be added to MFC/NFCs, such as
latexes, silanes, and nanoclays (Adibi et al., 2022; Oliveira et al., 2022;
Saedi et al., 2021a).

The use of calcium silicate (Caz04Si) and magnesium silicate
(MgOs3Si) solutions can be considered for this purpose, as they have a
high pH (10—13) and can facilitate swelling, and promote swelling of
the fiber cell wall, enhancing mechanical fibrillation. Research reports
that these silicates have a high affinity for cellulose, which indicates the
possibility of obtaining modified MFC/NFC (Liu et al., 2019; Zhang
et al., 2018a). Nonetheless, few studies explore the possibility of using
these silicates as pre-treatments for producing MFC/NFC aiming for
their application in paper coatings for packaging production. Regarding
this gap in scientific knowledge, the objective of the present work was to
produce MFC/NFC from fibers pre-treated with calcium silicate and
magnesium silicate and to evaluate its performance as a cardboard
coating regarding microstructure, water absorption, and surface prop-
erties concerning water, adhesives and printing ink, barrier and
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mechanical properties.
2. Material and methods
2.1. Pre-treatment of the fibers

Bleached commercial Kraft pulp from Eucalyptus sp. (EUC), con-
taining 79 + 0.3 % of cellulose, 16 + 0.1 % of hemicelluloses, and 0.4 +
0.1 % of lignin was used in the study. The pulp was pre-treated with
calcium silicate (Caz04Si), composed of 25 % CaO and 75 % SiO». A pre-
treatment with magnesium silicate (MgOs3Si) was also carried out,
composed of 64 % of SiO3 and 32 % of MgO. The silicates were provided
by Dinamica Quimica LTDA (Sao Paulo, Brazil). The calcium and mag-
nesium silicate solutions were prepared with deionized water at con-
centrations of 5 % and 10 % (w/w). The EUC fibers were added to the
solutions for the obtainment of suspensions with a concentration of 2.5
% (w/w). The suspensions were kept at a temperature of 80 + 2 °C and
constant stirring at 600 rpm for 2 h (Dias et al., 2019). Posteriorly, the
treated pulps were washed in deionized water until reaching pH 7, in
order to stop the reaction and avoid excessive fiber degradation. As a
control, suspensions were produced with untreated EUC fibers in
deionized water in a proportion of 2.5 %.

2.2. Production of the MFC/NFC

Pulps suspensions with and without pre-treatments were adjusted to
concentrations of 2 % (w/w). The material was stirred for 15 min at 600
rpm to ensure dissociation and fiber swelling. The fibers were processed
using a Masuko Sangyo MKGA-80 Supermasscolloider grinder (Kawa-
guchi, Japan) equipped with a rotating and static stone disc. The sus-
pension was processed with five passes through the equipment at 1500
rpm (Mendonca et al., 2022). The distance between the stones was
gradually modulated from 10 um to 100 ym as the suspension viscosity
increased.

In addition to the general suspension characteristics, to give a clear
idea about the proportional amount of added additive mineral com-
pound (CaySiO4 and or MgO3Si), the authors performed the incineration
of the MFC/NFC in a muffle furnace at 525 °C and calculated the re-
sidual silicate contents by discounting the average ash content of the
untreated samples (Table 1). This characterization was performed using
five repetitions employing the TAPPI T 211 om-02 (TAPPI, 2002)
standard. (Table 2).

2.3. * Standard deviation; ** non-detected

The energy consumption was evaluated during the fibrillation pro-
cess by considering the average electric current of each passage, the
equipment voltage, the fibrillation time, and the initial mass of the un-
treated and pretreated pulps. The energy consumption was calculated
for the passage in which the suspension presented gel consistency, ac-

Table 1
Parameters of MFC/NFC suspensions produced for cardboard coating.
Formulation Viscosity pH MFC/NFC Silicate Solids
(cP) content content content
(%) (%) (%)
Control 7323 + 7.2+ 1.40 + 0.05 ND* * 1.40 +
173 * 0.2 0.05
Cay04Si 5 % 2853 £ 61 7.8 & 1.20 £+ 0.30 1.64 + 2.85 +
0.2 0.40 0.07
Cay04Si 10 4909 + 7.0 £ 1.05 + 0.08 2.99 + 4.00 +
% 142 0.4 0.12 0.20
MgO3Si 5 % 2606 + 50 7.7 £ 1.30 + 0.04 1.47 + 2.77 +
0.5 0.06 0.10
MgO3Si 10 3166 + 7.1+ 1.14 £ 0.06 2.30 = 3.50 =
% 152 0.2 0.09 0.15
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Table 2
Characteristics of the coated cardboard with different formulations.
Types of coating Coating Grammage (g/ Identification
thickness (um) m?)
Control paper (uncoated) - 301 +£1.5 cp
Wet control paper - 302 + 2.5 wcp
MFC/NFC 38.0 + 3.0 313+ 15 MFC/NFC
MFC/NFC pre-treated with 40.0 + 3.6 312 £ 2.2 CS5%
Cay04Si 5 %
MFC/NFC pre-treated with 39.0 +£ 4.3 311 +£ 2.0 CS10%
Caz04Si 10 %
MFC/NFC pre-treated with ~ 40.8 + 1.8 311 £ 2.6 MS5%
MgO3Si 5 %
MFC/NFC pre-treated with 38.0 + 3.3 312+ 1.4 MS 10 %
MgOsSi 10 %
* Standard deviation
cording to Eq. 1.
Pxt
EC (kWh/t) = ( ) (€8]

Where P (voltage x electrical current) is the equipment potency (kW); t
is the time spent for fibrillation (h); and m is the mass of pulp subjected
to fibrillation (t).

2.4. Cardboard coating with MFC/NFC

Before applying the coatings, the suspension concentrations were
adjusted to approximately 1.0 % (w/w), according to the solids content
of MFC/NFC. A duplex commercial cardboard was used with a thickness
of 0.48 + 0.02 mm, a grammage of ~300 g/m?, and dimensions of
297 x 210 mm. Four layers of the coating were applied to add a
grammage of 12 + 2 g/m? to the cardboard. A laboratory coating ma-
chine equipped with cylindrical bars with grooves for spreading the
liquid was used to apply the suspensions to the paper surface at a 7 m/
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min speed. Three coats were applied with the grooved bar spaced at
0.5 mm, being the last layer applied with the bar without grooves. For
each layer added, the paper was subjected to drying in an oven at 105
+ 2 °C for 10 min (Fig. 1).

Cardboard coated only with MFC/NFC without silicates, and un-
coated papers were also evaluated. For evaluating the effect of wetting,
the cardboards were wetted in a coating machine and subjected to
drying, as well as performed for papers coated with several formulations
(Fig. 2). For each treatment, five samples were evaluated.

2.5. Characterization of the fibers

2.5.1. Fourier transform infrared spectroscopy

Infrared vibrational spectroscopy analyzes were performed on the
pulps pre-treated with silicate and untreated pulps A Varian 600-IR FTIR
spectrometer with Fourier transform (FTIR) was used coupled with a
GladiATR accessory from Pike Technologies (Santa Clara, USA). The
measurements were done by attenuated total reflectance (ATR), at 45°
with zinc selenide crystal. The spectral range was analyzed at
400-4000 cm ™!, resolution of 2 cm ™, and 32 scans.

2.5.2. Water retention index

The water retention index (WRI) was determined based on the Scan C
62:00 standard (SCAN, 2000). Suspensions containing 0.5 % (w/w) of
treated and untreated fibers were prepared. Subsequently, the water
from the suspension was drained in a Thermo Fisher Scientific Heraeus
Megafuge 16 R centrifuge (Waltham, USA), and adjusted to a force of
3000 G for 15 min. The fibers retained on the sieve were weighed and
subjected to drying at a temperature of 100 + 2 °C until a constant mass.
This assay was performed with four repetitions for each pretreatment
and the WRI was calculated according to Eq. 2.

WRI (g/g) = (%) -1 (2)

Preparation
of solutions

Performing the pre-treatments

Eucalyptus
fibers

. Temperature: 80 °C —
A Stirring: 500 rpm | )
Duration: 2h ': “

Suspensions
A\

\y ~
\

Mechanical fibrillation:

5 cycles/1500 rpm

L]
Concentration: Fibers/solutions: i S
5 or 10% (w/w) 2.5% (w/w)
Production
of MFC/NFC Cardboard Coating
() @
MFC/NFC &/
Application Smooth bar

Coating machine

Spline bar
(0.5 mm)

Layer a;;plication

Fig. 1. Scheme of pre-treatments with calcium silicate and magnesium silicate on the EUC fibers; production of MFC/NFC, and cardboard coating.
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Fig. 2. A) Typical FTIR spectra and B) WRI for untreated and pre-treated fibers
with silicates.

Where M; and M, are the masses after draining in a centrifuge and after
drying, respectively.

2.6. Characterization of the MFC/NFC suspensions

2.6.1. Microstructural analysis of MFC/NFC

For analysis of the particles in the suspensions after the fibrillation
process, images were obtained by an Olympus BX41 light microscope
(Tokyo, Japan). The MFC/NFC suspensions were diluted in deionized
water to a concentration of 0.10 % (w/w). Drops of MFC/NFC suspen-
sions were added to glass slides, which were covered with a coverslip for
observation using an objective of 10x at a range of 1280 x 1024 pixels.

In addition, samples of the suspensions at a concentration of 0.001 %
(w/w) MFC/NFC were sonicated at 150 Hz for 2 min (Silva et al., 2020).
Subsequently, small aliquots were added to the double-sided carbon
tape adhered to the aluminum sample holder (stubs). After an overnight
period in a desiccator with silica gel, the samples were gold metalized in
a sputtering device (SCD 050). The morphology of the MFC/NFC was
observed on an ultra-high resolution (UHR) field emission scanning
electron microscope (SEM/FEG) TESCAN CLARA (Libusina, Czech Re-
public) using 10 KeV, 90 pA and 10 mm working distance. MFC/NFC
diameters were measured for at least 200 individual structures using
ImageJ software (Rueden et al., 2017).

2.6.2. Stability and zeta potential of the suspensions
The suspension stability test was conducted according to the meth-
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odology presented in Guimaraes Junior et al. (2015). MFC/NFC sus-
pensions (10 mL) with a concentration of 0.25 % (w/w) were previously
homogenized in a magnetic stirrer at 500 rpm for 1 h and poured into
tubes. For each pre-treatment, five samples of the suspensions were
photographed every 1 h for a total period of 8 h. The software ImageJ
(Rueden et al., 2017) was used to measure the total height of the liquid
and the height of the suspended MFC/NFC of each image. The stability
was calculated according to Eq. 3.

Stability (%) = (;)XIOO 3)

Where S corresponds to the height of the suspended particles in the tube,
and T corresponds to the total height of the liquid present in the tube.

The zeta potential ({) was determined in order to evaluate the effect
of pre-treatments on the electrostatic stability of MFC/NFC suspensions.
The Nano-ZS90X Malvern Zetasizer equipment (England, United
Kingdom) was turned on for 30 min, for calibration, before the mea-
surements. The readings were performed at a temperature of 25 °C,
using 1 mL of each coating formulation with a concentration of 0.1 %
(w/w). Five measurements were performed for each treatment (Zhang
et al., 2018a).

2.6.3. X-ray diffraction (XRD) of MFC/NFC

X-ray diffraction (XRD) was performed to verify possible changes in
the crystalline structure of the cellulose after the pre-treatments were
performed. Spectra were acquired from intact films produced from
MFC/CNF by the “casting” method. The analyzes were performed using
an x-ray diffractometer Shimadzu Corporation XRD 6000 (Kyoto,
Japan), adjusted with Cu Ka radiation (1.1540 f\) at 30 kV and 30 mA.
Scattered rays were collected in the range of 20 = 10-40°, a rate of 2 °/
min (Tonoli et al., 2021). Curve noises were removed by the adjacent
average method, with 10 points per window, producing smoothed pat-
terns without compromising peak information.

2.7. Characterization of the coated papers

2.7.1. Microstructural analysis of the papers

Samples with 5 x 5 mm of the coated and uncoated papers were
submerged in liquid nitrogen for flash freezing, fractured with a scalpel,
and fixed on sample holders (stubs) containing double-sided carbon
adhesive tapes. Subsequently, the material was subjected to metallic
coating in a gold evaporator (SCD 050) and analyzed in a scanning
electron microscope with field emission (SEM/FEG) TESCAN CLARA
(Libusina, Czech Republic), with ultra-high resolution (UHR), under
conditions of 10 KeV, 90 pA, and a working distance of 10 mm. Micro-
graphs of the fracture and the top of the cardboard samples were ob-
tained. The energy dispersive spectroscopy (EDS) analysis was
performed to evaluate the penetration of the coatings in the cardboard.
The X-Flash6-60 Bruker X-ray detector (Billerica, USA) from the SEM/
FEG was calibrated for the element analysis condition. The SEM with
EDS with 500x magnification allowed the obtainment of energy spectra
of the elements along with the fracture profile (line scan mode). The
elements distribution (mapping function) along the samples was studied
with a working distance close to 10 mm, Kcps value greater than 30
units, voltage at 20 KeV, and Bean Current around 5 nA.

2.7.2. Contact angle, wettability, and free surface energy

The contact angle and wettability of the cardboards were evaluated
according to the TAPPI T 458 cm-14 (TAPPI, 2014). The measurements
of the contact angle were performed using a Kriiss DSA30 goniometer
(Hamburg, Germany). Ten samples with dimensions of 10 x 50 mm
were cut, which were fixed on a glass slide. For evaluation, 15 uL of
deionized water was dripped on the papers to calculate the average
contact angle between the water drop and the surface after 1s. The
wettability of the papers was calculated with the average values of the
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contact angles measured between 5 and 55 s, according to Eq. 4.

(A-a)

Wettability (°/s) = =5 (@)

Where A is the average contact angle after 5s (°) and a is the average
contact angle after 60 s (°).

To verify the ability to spread adhesives on the surface of coated
cardboards, the test was also conducted using polyvinyl acetate - PVAc
for industrial use. To evaluate the coated papers as a spreading agent for
other industrial coatings, the contact angle and wettability were eval-
uated for polyvinyl alcohol (PVOH) diluted in deionized water at a
concentration of 5 % (w/w) with the agitation of 300 rpm at 90 °C,
produced by Kuraray America Inc. (Texas, USA). The spread of ink on
the cardboard surface was also evaluated, using the T504 printing ink
produced by Epson Brazil Ind. LTDA (Sao Paulo, Brazil). These tests
were performed using 20 samples and adapting some procedures from
ASTM D7490-13 (ASTM Standard, 2022). The surface free energy was
obtained according to the methodologies presented by Tonoli et al.
(2009) and Arantes et al. (2019) using the same goniometer above-
mentioned. The liquids used for the test are shown in Table 3.

2.7.3. Water absorption (Cobb test)

The water absorption test (Cobb Test) was performed according to
ASTM D3285-93 (ASTM Standard, 2005). Five samples with dimensions
125 x 125 mm were cut and kept in a desiccator with silica for 72 h at
room temperature (25 + 2 °C), and weighed. The papers were fixed in a
Cobb Tester TKB Instruments (Sao Paulo, Brazil) and 100 mL of deion-
ized water was poured into the equipment ring that delimits a certain
area of the paper surface, for 2 min. The excess water was removed from
the paper surface. The paper was placed between two sheets of blotting
paper and pressed with a cylindrical roller. Finally, the papers were
weighed again to calculate the water absorption by Eq. 5.

Cobb (g/m*) = (M; — M) x 100 5)

Where Mi and Mf are the mass (g) of the paper, before and after the
contact with water, respectively.

2.7.4. Water vapor permeability

For each treatment, five circular samples with a diameter of 16 mm
were prepared. The samples were stored in an air-conditioned room with
a temperature of 25 °C and relative humidity of 65 % for 3 days, ac-
cording to ASTM E96-16 (ASTM Standard, 2016a). The samples were
placed in glass capsules partially filled with s { lica previously dried at
105 °C, which were placed in desiccators containing a saturated solution
of KCZ at 38 °C to obtain an atmosphere with a relative humidity of 90
%, according to ASTM E104-02 (ASTM Standard, 2012). The capsules
with the papers and silica were weighed on an analytical balance for 8
days. The water vapor transmission rate (WVTR) and water vapor
permeability (WVP) were calculated using Eq. 6 and Eq. 7.

w

WVTR (g /m*day) = 6
(¢ y) XA (6)
WVIR x e
WVP (g mm | kPa ‘day m*) = __WVIRxe) 7)
(p x UR; — URy)
Table 3
Characteristics of liquids used for surface free energy test.
Test liquids Superficial tension (mJ/m?)
Dispersive Polar Total
1-Bromo-2-naphthalene 44.6 0 44.6
Ethylene glycol 29.0 19.0 48.0
Di-iodomethane 48.5 2.3 50.8
Glycerol 37.0 26.4 63.4
Water 21.8 51.0 72.8
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Where w is the mass of the capsule with sample (g); t is the time (days); A
is the exposed area of the sample (m?); eis the sample thickness (mm); p
is the water vapor pressure (kPa) and URf - URd is the difference be-
tween the humidity outside and inside the capsule at 38 °C.

2.7.5. Mechanical characterization of the papers

The mechanical tests were performed with an adaptation of the
ASTM D 828-16el (ASTM Standard, 2016b). The Stable Micro Systems
TATX2i texturometer (Godalming, United Kingdom) equipped with a
500 N load cell was used to determine the strength, Young’s modulus,
and elongation at break in the tensile test. Ten specimens with di-
mensions of 10 x 100 mm were tested with an initial distance of 50 mm
between the grips and a test speed of 0.8 mm/s.

2.8. Statistical analysis

Data were analyzed using graphic analysis (FTIR and XRD) and
descriptive statistics, sketching column graphs with the averages and
standard deviation for each property.

3. Results and discussion
3.1. FTIR and WRI

From the spectral curves of the pre-treated pulps, it was possible to
observe the presence of peaks referring to the functional silicate groups,
even after washing and stabilization of the pH. For CS 5 % and CS 10 %,
there was a significant reduction in the angular vibration peaks of the C-
H and -OH cellulose groups (Fig. 2), situated around 2890 and
3350 cm™! (Lopes et al., 2018), indicating a strong interaction of the
calcium silicate with the fibers. This behavior was also observed by Li
et al. (2010) when studying the synthesis of cellulose and calcium sili-
cate composites using ethanol in their solubilization.

To obtain similar results, Li et al. (2018) used hydrochloric acid to
facilitate solubilization and exposure of calcium silicate fillers to
enhance its interaction with cellulose. From the point of view of in-
dustrial scaling, these results highlight the advantages of the process
carried out in the present work, because it was not necessary to use
additional reagents to increase the impregnation of calcium silicate to
cellulose, making the fibers pre-treatment cheaper and more
eco-friendly. Another evidence that shows the modification of the fibers
pre-treated with calcium silicate is the absorption range between 448
and 457 cm ™!, which corresponds to the angular vibration of SiO4, and
tetrahedral Si-O-Si (Ray et al.,, 2018; Rotermel et al., 2021). Peaks
observed in the range from 980 to 990 cm ™! correspond to the stretching
of the Si-0O, Si-O-Ca, and O-Si-O vibrational modes (Puertas et al., 2004;
Li et al., 2010). The increase in peak intensity in the bands 690 and
790 em ™! correspond to the absorptions of Si-O-Si and SiO bonds,
respectively (Al-Oweini e El-Rassy, 2009, Gupta et al., 2019).

Fiber modification was also observed when using magnesium sili-
cate, which can be occurred due to the increase in intensity in the band
of 473 cm™! and in the absorption bands situated between 540 and
660 cm ™!, which correspond to the stretching of the vibrational mode of
Mg-O (Selvam et al., 2011; Jeevanandam et al., 2013). An increase in
absorption intensity was also observed between the bands of 1420 and
1481 cm_l, corresponding to Mg-OH (Hofmeister and Bowey, 2006).
Another point that indicates the fiber modification with magnesium
silicate is the peak located around 3674 cm™?, attributed to the -OH
group of magnesium ions, located in the octahedral sheets of the mineral
(Frost e Mendelovici, 2006). Regarding the peaks referring to the
angular vibration of the C-O and C-O-C cellulose bonds (1017 cm™* ~
1160 cm™Y) (Foster et al., 2018; Khan et al., 2020), they were not clearly
identified in the fibers pre-treated with magnesium silicate. This
occurred because there was an increase in the peak intensity located at
1088, 801, and 456 cm’l, which are attributed to asymmetric
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stretching, symmetrical stretching, and vibration bending of the Si-O-Si
bonds, respectively (Zhu et al., 2017). Another possibility that explains
the absence of peaks for C-O, is also related to the overlapping of the
asymmetric vibration of O-Si-O located around 1097 cm! (Jia et al.,
2011). The behavior was also observed for fibers pre-treated with cal-
cium silicate. It was also observed in the pre-treated fibers, the sup-
pression of the peak intensity situated between 810 and 896 cm ™. This
spectral region corresponds to the angular vibration of the C-OH groups
of the B-glycosidic bonds that bind hemicelluloses to cellulose (lkra-
mullah et al., 2017; Ozgeng et al., 2017). The changes can directly in-
fluence the surface loads of the cellulose, which affect the interaction
with water and physical and colloidal properties.

The greatest reductions in water retention index (WRI) were
observed for the fibers pre-treated with calcium silicate. The WRI of the
CS 5 % and CS 10 % were, respectively, 45 % and 58 % lower compared
to the control (~1.1 g/g) (see Fig. 2B). These reductions can be
explained by the interaction of the silicate with the -OH cellulose groups.
Chen et al. (2019) and Meija-Ballesteros et al. (2021) explained that this
effect increases the velocity of capillary water flow out of the cell walls
due to the reduction in the number of hydrogen bonds between water
and cellulose, reducing the fiber WRI. The fibers pre-treated with
magnesium silicate presented a slight increase in the WRI. For MS 5 %,
the increase concerning the control was around 5 % and ~2.8 % for MS
10 %. The increase in the WRI occurred due to the Mg-OH groups of the
magnesium silicate and little influence on the reduction of the intensity
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for the -OH cellulose groups. Huan et al. (2018) observed that the
addition of magnesium silicate to composites reinforced with carbon
sheets resulted in increased porosity and water adsorption capacity.

Even so, the WRI values are in agreement with what has been
observed in other works in the literature. Mnasri et al. (2022) verified in
Eucalyptbus fibers WRI values ranging between 1 and 1.35 g/g after
application of enzymatic and deep eutectic solvent pretreatments. Using
the same pre-treatments, these authors found WRI values for cotton
ranging from 0.6 and 0.8 g/g. Similarly, Mejia-Ballesteros et al. (2021)
studied the effect of hornification on unbleached Eucalyptus fibers and
obtained WRI values around 1.7 and 1.1 g/g for unhorned fibers and
fibers submitted to four hornification cycles, respectively.

3.2. Microstructural analysis, fibrillation energy consumption, stability,
zeta potential, and XRD of the suspensions

The untreated fibers resulted in MFC/NFC suspensions with cell wall
fragments and bundles of partially joined fibrils (Fig. 3). Regarding the
suspensions of CS 5 % and CS 10 % (Fig. 3D e 3G), it was possible to
notice that fibrillation occurred more efficiently because the dimensions
of the bundles and cell wall fragments were significantly smaller
compared to the Control (see Fig. 3A and 3B). However, it was possible to
observe the calcium silicate particles in both suspensions (see Fig. 3E e
3H).

The suspensions of MS 5 % and MS 10 % were more homogeneous

Control

MFC/NFC
bund'le/s,
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CS 5%

: More
500 nm |nd|V|duaI|zat|on

CS 10%
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Fig. 3. Light microscopy and SEM images of the EUC MFC/NFC, untreated and pre-treated with calcium silicate and magnesium silicate solutions; A-C) Control; D-F)

CS 5 %, G-I) CS 10 %; J-L) MS 5 %; M-O) MS 10 %.
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among all, showing more cohesive clusters of MFC/NFC and smaller cell
wall fragments (see Figs. 3J and 3M), which indicates a greater ability to
deconstruct fibril bundles. In addition, the residual particles of magne-
sium silicate are smaller compared to calcium silicate (see Figs. 3K and
3N). To better understand the mentioned aspects, Fig. 4 shows the fre-
quency distributions as a function of the diametric classes of the MFC/
NFC obtained from the SEM images. For the Control (Fig. 3C), diameters
of the MFC/NFC were obtained around ~58 nm. In addition, 68 % of the
structures had diameters below 60 nm.

Regarding CS 5 % and CS 10 % (Figs. 3F and 3I), the average di-
ameters of MFC/NFC were around ~42 nm and ~45 nm, respectively.
Considering the frequency of diameters below 60 nm, around ~86 % of
the structures observed for CS 5 % presented themselves in this condi-
tion and for CS 10 % the frequency was 90 %. The MFC/NFC from MS 5
% and MS 10 % had average diameters of ~46 nm and ~55 nm,
respectively (Figs. 3L and 30). In MS 5 %, around ~85 % of the struc-
tures showed diameters below 60 nm, while for MS 10 % the frequency
of structures in this condition was ~66 %. These results indicate that
silicate pretreatments improved fibrillation efficiency, especially when
calcium silicate was used.

Despite the reduction in the WRI caused by the calcium silicate,
which could hinder the MFC/NFC obtainment, the mechanical fibrilla-
tion may have been favored by the initial fiber swelling due to the high
pH (10—13) during the pre-treatment. The cell wall swelling potentiates
the shear against the grinder stones, increases the surface area of the
three-dimensional MFC/NFC network during the dissociation of the
fibril bundles, and promotes the "gel" obtainment with fewer passes
(Gorur et al., 2020; Martins et al., 2021). The magnesium silicate
(pH~10.5) promotes fiber swelling, and the presence of Mg-OH groups
increases the water entry capacity between the cellulose fibrils
(Dimic-Misic et al., 2013; Dias et al., 2019).

The energy consumption to obtain the MFC/NFC reinforces this
reasoning. For the Control, around 8000 + 308 kWh/t were required to
obtain the gel. Considering the CS 5 % and CS 10 % pre-treatments, the
energy consumption was around 6166 + 94 kWh/t and 5833 + 71
kWh/t, respectively. Concerning MS 5 % and MS 10 %, approximately
7000 + 119 kWh/t and 5850 + 58 kWh/t were needed to obtain gel,
respectively. Both calcium silicate and magnesium silicate are insoluble
in water, nonetheless, when dispersed in an aqueous medium, they have
a great capacity for gel formation (Wang et al., 2019; Tang et al., 2021).
Mascarenhas et al. (2022b), using sodium silicate solutions at concen-
trations of 5 % and 10 % (w/w), found energy consumption for
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Fig. 4. Diametric distribution histograms showing the general occurrence of

MFC/NFC for untreated and pre-treated with calcium silicate and magnesium
silicate solutions.
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fibrillation of Eucalyptus and Pinus bleached pulps in the range of
3000-4100 kWh/t and 4000-4500 kWh/t, respectively. Mendonca et al.
(2022) studied alkaline pre-treatments with NaOH to facilitate me-
chanical fibrillation and found reductions in energy consumption of
~31 % for Eucalyptus and ~28 % for Pinus. In the present work, the
reductions in energy consumption were on the order of ~22 % and ~27
% for CS 5 % and CS 10 %, respectively. For MS 5 % and MS 10 %, the
reductions in energy consumption for fibrillation were ~12.5 % and
~27 %, respectively.

These results are unprecedented and meet part of the objectives of
this work. This demonstrates that the silicates, in addition to favoring
individualization and increasing the MFC/NFC homogeneity, promoted
a significant reduction in energy consumption, making the process more
efficient. This effect was assumed to be due to the silicate alkalinity and
also by the intensification of the shear of the fiber cell walls. The
impregnation of the silicate particles on the fiber surfaces may have
increased the abrasion of the cell walls with the grinder stones, which
may explain the smaller dimensions of the fibril bundles and fragments
in the suspensions.

Scatolino et al. (2022) explained that the alkaline pre-treatments in
fibers contribute to the reduction of the hemicellulose content and in-
crease fiber swelling. Furthermore, they can facilitate the MFC/NFC
obtainment in the grinder with a reduction in energy consumption of
more than 45 % during mechanical fibrillation (Ang et al., 2019). The
results are interesting for applying these suspensions as a coating on the
paper using bars and considering the possibility of industrial scaling.
Particles with smaller dimensions allow an optimized distribution of the
suspensions on the paper surface, reducing the appearance of disconti-
nuities between the applied layers (Tyagi et al., 2021).

After 8 h, the stabilities of the CS 5 % and CS 10 % suspensions were
46 % and 70 % lower compared to the control (92 %), respectively
(Fig. 5A).

Regarding CS 5 %, in the first 4 h of evaluation, the stability of the
suspensions was abruptly reduced. From 5-8 h of testing, the sedimen-
tation of MFC/NFC suspensions was small (2 %). For CS 10 %, the sta-
bility reduced by 2/3 of the original condition during the first 4 h of
testing. From this moment to the end of the test, the variation was not
notorious (~1.7 %). The MS 5 % suspension showed a reduction of the
stability of around 22 % compared to the control. For the MS 10 %
suspension, this reduction was around 57 %. MS 5 % showed no ten-
dency to stabilize the sedimentation of the particles because the stability
was reduced until the end of the test. On the other hand, the MS 10 %
had its stability reduced by 2/3 after 6 h of testing. Posteriorly, the
sedimentation was increased by ~4 %.

The reduction in the stability of suspensions obtained from fibers
pre-treated with silicates is related to the impregnation of the -OH cel-
lulose groups, which are the main ones responsible for the electrostatic
repulsion of MFC/NFC in aqueous media (Li et al., 2021). This effect was
more intense for calcium silicate. For magnesium silicate, as already
demonstrated, the presence of Mg-OH groups may have contributed to
the maintenance of particles in suspension. Calcium silicate and mag-
nesium silicate are insoluble in water and have positive charges on their
surfaces (Ca>" and Mg>") besides different configurations of amorphous
silica (Spinthaki et al., 2018; Tipper et al., 2021). This contributes to the
impregnation of cellulose by silicates, interruption of the repulsion of
charges in the water, and reduction of the dynamics of random move-
ment of particles (Brownian movement), enhancing the sedimentation
of MFC/NFC (Yang et al., 2021). Silva et al. (2021) also observed similar
behavior when they submitted bleached Eucalyptus MFC to drying and
redispersion cycles. These authors found that drying promoted the for-
mation of MFC aggregates that limited the electrostatic repulsion ca-
pacity, which increased the sedimentation of the suspensions by ~50 %.

The results for the zeta potential of the suspensions reinforce the
explanations presented (see Fig. 5B). The values for CS 5 % and CS 10 %
were around — 25 and — 34 mV, which were 32 % and 76 % lower than
the control, respectively. For MS 5 %, the results for { were around
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Fig. 5. A) Stability, B) zeta potential ({) C) x-ray diffractograms of EUC MFC/NFC suspensions untreated and pre-treated with calcium silicate and magnesium
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— 21 mV, being ~8 % lower compared to the control. For MS 10 %, the {
values were around — 27 mV, which represented a 40 % of reduction in
relation to the control. According to Patel and Agrawal (2011) and
Bhattacharjee (2016), colloidal suspensions can be classified according
to ¢ as highly unstable (0 to —10 mV), relatively stable (4 10 to
—20 mV), moderately stable ( + 20 to —30 mV), and highly stable (>
+ 30 mV). Blanco et al. (2018) showed that { values lower than
— 15 mV indicate that MFC/NFC suspensions may show a tendency to
agglomeration and sedimentation. In addition, suspensions with ¢ values
lower than 25 mV, or greater than — 25 mV may eventually agglom-
erate, due to interparticle interactions, including van der Waals forces
and hydrogen bonds (Predoi et al., 2020). This behavior was also
observed in the present work.

The stability of suspensions is one of the main technological vari-
ables involved in the context of paper coating (Pawlowski, 2009).
Maintaining the viscosity of the formulations is essential for obtaining
paper coatings with uniform surface and interlayer distribution (Liu
et al., 2017). Shenoy and Shetty (2022) showed that { and surface ten-
sion are correlated. These authors found that clay-based suspensions
with ¢ values around — 30 mV resulted in increased surface free energy
of the coating, improving fixation and transfer of ink onto cardboard.

These results can be explained by the modification of the crystalline
pattern of the cellulose with the pre-treatments (Fig. 5C). In the sample
referring to the Control, the diffraction peaks of halos located at 20
= 14.9-16.5°, 22.5°, and 34.5° are clearly presented, attributed to the
crystalline planes (1-10), (110), (200) and (004) of type I cellulose,
respectively (French, 2014). When observing the diffractograms of CS 5
% and CS 10 % it is possible to notice that the intensity of the cellulose
crystalline halos was suppressed due to the appearance of peaks located
at 20 = 21.1°, 26.8°, and 36.8° which are referring to the typical crys-
tallographic pattern of Caz04Si and Cag04Si xH20 (Meiszterics et al.,
2010). Lietal. (2010) and Jia et al. (2011) obtained similar results to the

present work and found that this effect is due to the strong interaction
between calcium silicate and cellulose.

For MS 5 % and MS 10 %, the typical crystallographic pattern of
cellulose I was also not identified. Classic diffraction peaks of MgO3Si
were observed with values of 20 = 19-30° and 20 = 32-38°, which were
consistent with results obtained in the literature (Wang et al., 2010;
Zhao et al., 2015). Between 20 = 10° and 19.1° peaks referring to the
presence of MgO3; and Mg(OH), were observed (Jin and Al-Tabbaa,
2013; Zhang et al.,, 2018b). High-intensity peaks located at 26
= 28.8°, on the other hand, indicate the presence of residual silica from
magnesium silicate (Darghouth et al., 2021), strongly adhered to cel-
lulose. These results corroborate the behavior observed for stability and
zeta potential, confirming the strong interaction of silicates even after
the mechanical fibrillation process, proving the occurrence of modifi-
cations in the chemical structure of cellulose.

These aspects allow the predictability of the coating parameters (e.g.
weight, gas barrier, strength) according to the purpose of the paper
application (Tyagi et al., 2021; Jin et al., 2021). With the knowledge of
viscosity and stability, it is possible to make decisions regarding the need
to implement suspension agitation, speed of application, and the
dimension of the amount of material to be prepared for use in the pro-
duction line.

3.3. Microstructural analysis, contact angle, wettability, and surface
energy of the papers

SEM micrographs allowed us to observe that the wetting and drying
of the paper resulted in surface modification in relation to control paper
(CP) (Fig. 6). It was possible to notice greater amounts of void spaces on
the wet control paper (WCP) surface (Fig. 6D) due to the swelling and
contraction of the fibers resulting from the adsorption and desorption of
water (Hubbe et al., 2007). These modifications also occurred between
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Fig. 6. SEM micrographs of the EUC
MFC/NFC coated cardboard from
Eucalyptus sp. untreated and pre-
treated with calcium silicate and
magnesium silicate solutions; A) CP
surface; B) CP cross-section; and C) CP
cross-section zoom; D) WCP surface;
E) WCP cross-section; F) WCP cross-
section zoom; G) MFC/NFC surface;
H) MFC/NFC cross-section; I) MFC/
NFC section zoom; J) CS 5 % surface;
K) CS 5 % cross-section; L) CS 5 %
cross-section zoom; M) CS 10 % sur-
face; N) CS 10 % cross-section; O) CS
10 % cross-section zoom; P) MS 5 %
surface; Q) MS 5 % cross-section; and
R) MS 5 % cross-section zoom; S) MS
10 % surface; T) MS 10 % cross-
section; and U) MS 10 % cross-
section zoom.

MS 5% CS 10% CS 5% MFC/NFC wceP CP

MS 10%
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the layers of the paperboard. Compared with CP (Figs. 6B and 6 C), in
the WCP the cell walls collapsed and the fibers rearranged (Fig. 6E). This
induced the formation of more gaps and micro galleries in relation to the
original paper (Fig. 6 F). This effect was also described by Thébault et al.
(2017) when presenting the main factors involved in the process of
coating paper with phenolic resins. Regarding the coating with
MFC/NFC, it was possible to observe that the irregularities and the
number of voids on the paper surface were significantly reduced.
However, fragments of the cell wall of the suspension were observed
distributed on the paper surface (Fig. 6 G).

In the cross-section, voids were also formed between the layers of
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paperboard due to the effect of wetting and successive drying (Fig. 6H).
Oliveira et al. (2022) explained that many cycles of wetting and drying
during the application of the coatings cause the hornification of the fi-
bers, inducing the formation of voids in the paper structure. On the other
hand, the MFC/NFC coating layer has strongly adhered to the paper-
board surface (Fig. 6I).

For the CS 5 % and CS 10 % coatings (Fig. 6 J and 6 M), the surface
was more homogeneous than the MFC/NFC. In addition, calcium silicate
particles measuring around 2.6 pm, in cube format were observed sur-
rounded by MFC/NFC. The coating layers applied to both CS 5 % and CS
10 % have strongly adhered to the paperboard, without delamination
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Fig. 7. A) Contact angle with water; B) wettability with water; C) contact angle with PVAc; D) wettability with PVAc; E) contact angle with PVOH; F) PVOH
wettability on untreated EUC MFC/NFC coated board and pretreated with calcium silicate and magnesium silicate solutions; The drop images are on the same scale.
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(Fig. 6 L and 6 O).

Fig. 5P and 5 S show that MS 5 % and MS 10 % coatings reduced
irregularities and the number of void spaces on the cardboard surface.
Particles of magnesium silicate measuring around 9.2 ym with an aspect
of blades were also observed. This corroborates the results obtained in
the FTIR, in which the band of 3674 cm~ ! was verified, attributed to the
-OH group of the octahedral sheets of magnesium silicate (Frost and
Mendelovici, 2006). Regarding the cross-section, the layer structure of
the papers coated with MS 5 % and MS 10 % was less affected and with
smaller gaps concerning the coatings described above (see Figs. 6Q and
6 T). Some gaps were also detected between the most superficial layers
of the coating, as can be seen in Fig. 6 R and 6 U. However, these
crevices present a lower potential to increase the increase in water ab-
sorption than the gaps observed in the layers below the surface, as
described for WCP, MFC/NFC, and calcium silicate-containing coatings.

The irregularities observed for the papers submitted to wetting and
application of coatings can contribute to greater dispersion of water and
adhesives on the paper. In general, more irregular surfaces combined
with the large amounts of available fillers potentiates the reduction of
the contact angle with the surface (Cruz et al., 2022; Mascarenhas et al.,
2022a). This effect was observed in the present work. It is possible to
verify that the wetting and drying of the paperboard (WCP) promoted a
reduction of the contact angle with water by around 9.6 % concerning
CP (~110°) (Fig. 7). However, the wettability was very similar to
cardboard in its original condition (~0.01°/s) (Fig. 7B).

The coating composed only of MFC/NFC had a reduced contact angle
of about ~37 %, and wettability increased around 20 times about CP
(0.01°/s), which can be due to the greater contact surface of MFC/NFC
and greater exposure of -OH groups (Chen et al., 2022b). The contact
angle for CS 5 % was around 46° and around 38° for CS 10 %. The
wettability for these coatings was very close and varied between 0.17°
and 0.18°/s. Regarding the MS 5 % and MS 10 % coatings, the contact
angle values were similar and ~45 % lower than CP. The wettability
followed the same trend, with values varying around 0.05°/s.

Regarding the test performed with PVAc, WCP presented a contact
angle very close to those of CP (~110°). All the coatings presented a
reduction in the contact angle of PVAc with the paper (see Fig. 7C). The
highest reduction was observed for MS 10 % (~26 %), and the lowest
was obtained for CS 5 % (~8 %). As for wettability, the highest increases
were also observed for MS 10 % (~0.14°/s) and CS 5 % (~0.07°/s) in
relation to CP (0.02°/s) (Fig. 7D). For the PVOH test, the contact angle
for CS 5 %, CS 10 %, MS 5 %, and MS 10 % were around 73 &+ 1.1° (see
Fig. 7E). For CP and WCP the values were around ~119° and ~117°,
respectively. The contact angles for MFC/NFC were around 10 % higher
than those observed for the coated papers. The highest wettability
values were obtained for MS 10 % (~0.07°/s) and MS 5 % (0.06°/s),
followed by MFC/NFC (0.05°/s), CS 5 % (0.03°/s) and CS 10 % (0.02°/s)
(see Fig. 7F). The wettability values of CP and WCP were in the same
range (~0.01°/s).

The reduction of the contact angles for the conditions evaluated
occurred due to the wrinkling of the paper surface. This effect was
caused by the swelling and contraction of the fibers due to the adsorp-
tion and desorption of water, a consequence of the drying process and
application of the coatings (Drelich, 2019). This phenomenon can form
pores and expose the macrofibrils, increasing the contact surface with
water (Abdelouahab et al., 2021). It can be said that the paper in the
original condition had a hydrophobic surface (> 90°), favoring wetting
and causing droplet scattering (Zhao and Jiang, 2018). On the other
hand, all the coatings applied made the papers more hydrophilic, as the
contact angles reduced and the wettability increased, especially for the
calcium silicate coatings.

Tsai et al. (2019) observed that the addition of 20-50 % of calcium
silicate in composites reinforced with chitosan and titanium alloy pro-
moted the reduction of the contact angle to values below 10°. Kotp et al.
(2017) studied the performance of polyamide membranes, concluding
that the addition of magnesium silicate nanoparticles reduced the
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contact angle from ~70° to ~45°, corroborating the results found in this
work. These authors explained that calcium and magnesium silicate
present a large number of external loads that contribute to greater hy-
dration of the surface and interior of the composite matrices. Another
important aspect being considered is that the use of silicates promotes
more efficient fibrillation (see Fig. 3). Further, MFC/NFC have a greater
surface area and exposure of -OH groups, which contributed to the in-
crease in the number of hydrogen bonds with water, increasing wetta-
bility (Lengowski et al., 2020; Xu et al., 2020).

In the context of packaging, reducing the contact angle with PVA can
be interesting because it is one of the main adhesives used in the in-
dustry. The application of cardboard in multi-layer packaging depends
on its ability to spread the adhesive, otherwise, failures in gluing and
layer delamination may occur (Anton et al., 2020). In the present work,
the coatings showed the potential to improve the distribution of the
adhesive and increase the adhesion with other layers (plastics, metals, or
other papers). Chen et al. (2022b) observed results similar to this work.
These authors verified that the application of MFC/NFC modified with
nano-silica for coating paper improved the mechanical strength of
multilayer packaging due to the greater interaction of bonds with the
other materials that compose the layers. This explanation can be applied
to the PVOH, as the applied coatings acted as a kind of primer and
favored its spread on the paper surface. Consequently, due to a large
number of hydrogen bonds established, the adhesion of PVOH can be
potentiated. Thus, the behavior observed for coated papers in this work
becomes interesting from an industrial point of view because it can
provide better fixation of other coatings without the need for additional
surface treatments.

For primary and secondary packaging, used for direct storage with
the product and the stock organization (Mahmoudi and Parviziomran,
2020), it can be said that in some applications (drugs, footwear, cereals)
high wettability will not always be harmful due to the shorter residence
time until reaching the final consumer. These kinds of packaging contain
the manufacturer’s logo, identification, and information about the
composition of the products printed directly on the paper. A higher
wettability can contribute to this purpose (Lourenco et al., 2020).

The test of contact angle using printer ink can be interesting in this
context. The coating containing only MFC/NFC presented a contact
angle 36 % smaller in relation to CP (~34.4°), while the values for WCP
showed differences around ~3 % (Fig. 8A).

The values obtained for CS 5 % and CS 10 % were ~67 and ~79 %
lower concerning CP, respectively. On the other hand, MS 5 % presented
contact angles ~59 % smaller than PC, while for MS 10 % the reduction
was ~57 %. These results indicate a greater ability to spread and fix the
ink on the surface, considering the same volume of ink applied. For CS 5
% and CS 10 %, the spreading was more uniform (see Figs. 8E and 8F).
For MS 5 % and MS 10 % (see Figs. 8G and 8H), the distribution was
more irregular in relation to CP, WCP, and MFC/NFC (see Figs. 8B, 8C,
and 8D).

Paper wettability has a high correlation with printability (Aydemir
et al., 2020; Ozcan et al., 2021). If the wettability is low, the ink fixation
on the paper can be impaired during the handling of boxes and bags, due
to friction, ultraviolet radiation (UV), pH variations, and contact with
humidity or cleaning products in the gondolas (Ozcan e Kandirmaz,
2020; Zotek-Tryznowska et al., 2020; Geng et al., 2021). Mirmehdi et al.
(2018a) observed that the use of MFC/NFC as a coating improved the
properties for writing and printing on the paper surface. In addition,
coatings act to reduce the surface tension to control and restrict the
expansion of ink drops (Mielonen et al., 2015). These characteristics
were observed, mainly for coatings containing calcium silicate. The
surface free energy also helps to understand these results, as all coated
papers showed low surface tension and high surface energy (>
45 mJ/m?) (see Fig. 8I). The CS 10 %, MS 5 %, and MS 10 % coatings
resulted in increases in surface free energy, which were around 4.7 %,
3.2 %, and 6.6 % over CP (~45 mJ/m?), respectively. No considerable
increase in surface-free energy was observed when evaluating WCP. The
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Fig. 8. A) Contact angle, images of the ink spreading on the paper: B) CP; C) WCP; D) MFC/NFC; E) CS 5 %; F) CS 10 %; G) MS 5 %; H) MS 10 %, and I) free energy of
surface coated with EUC MFC/NFC untreated and pre-treated with calcium and magnesium silicate solutions.

CS 10 % coating increased the polar component energy by approxi-
mately 96 % compared to CP (~4.4 mJ/m?). The CS 5 % and MS 5 %
coatings resulted in increases in the polar component of around 47 %,
explaining the higher wettability values and the greater spread of ink on
the surface of the papers.

Surface free energy allows determining the excess energy on the
surface of a solid and can be correlated with the adhesion between
different materials as a function of the proportions between polar or
dispersive energy (Tanzadeh and Shafabakhsh, 2020; Yongabi et al.,
2020). The increase in the surface free energy is related to the presence
of hydroxyl groups, responsible for the interaction with polar liquids
(Zotek-Tryznowska and Katuza, 2021). Higher surface energy favors a
more efficient distribution of ink and adhesives in coated papers. This
aspect is interesting for the industry, as it can contribute to reducing the
amount of paint applied and favoring its drying after application (She-
noy and Shetty, 2022). Generally, the industry uses corona treatment to
improve the adhesion capacity of the paper (Lopes et al., 2018), the
evaluated coatings have the potential to dispense this step, depending on
the desired application.

Ozcan et al. (2021) studied the printability with water-based inks
and observed that a surface free energy between 40 and 44 mJ/m?
increased the wettability and printability of the paper. Madeira et al.
(2018) reported that surface free energy is also correlated with adhesion
strength and can be a tool to assess the quality of multilayer gluing on
the packaging.

3.4. Water absorption of the papers

All the coatings provided an increase in Cobb values compared to CP
(~38 g/m?) (Fig. 9A). It was also possible to identify a slight increase in
water absorption in PCM (~5 %). The Cobb values found for the coating
containing only MFC/NFC were ~65 % higher than those observed in
PC. This can be explained by the greater exposure of hydroxyl groups,
which favored the water absorption and the swelling of the paperboard
fibers (Mascarenhas et al., 2022a).

For CS 5 %, the Cobb values were increased by ~68 %, while for CS
10 %, the increase was around 63 %. Considering the MS 5 % and MS 10
% coatings, the increments in the Cobb values were around 28.5 % and
49.2 %, respectively. The increases in Cobb can be explained by forming
a complex network of microgalleries in the paper layers as a function of
the wetting caused by the addition of coatings and by the drying steps
(see Fig. 6). The results found are in harmony with other studies. Jeong
and Yoo (2020) evaluated cardboard coated with sucrose suspension,
beeswax, and whey protein and obtained Cobb values between 60 and
85 g/mz. Similarly, Shen et al. (2021) obtained Cobb values between 40
and 100 g/m? for papers coated with PVA and nanoclay.

Further, as explained above, these coatings increased the wetting and
surface energy of the paperboard. However, employing EDS scanning
electron microscopy, the presence of Si (blue) and Ca (cyan) was veri-
fied, indicating the penetration of silicates in the layers of paperboard at
depths ranging from 100 to 150 pm for CS 5 % and CS 10 % (see Fig. 9B
and 9C). Due to the lower viscosity (2600-3300 cP), the MS 5 % and MS
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Fig. 9. A) Water absorption (Cobb) and SEM micrographs with EDS of the cardboards cross-sections coated with EUC MFC/NFC untreated and pre-treated with
calcium and magnesium silicate solutions; B) CS 5 %; C) CS 10 %; D) MS 5 %; and E) MS 10 %.

10 % suspensions penetrated between 250 and 350 um deep into the
paper, as highlighted for Si (blue) and Mg (magenta) in Fig. 9D and
Fig. 9E. This potentiated the entry of water into the microgalleries (red
arrows in Fig. 9), increasing water absorption in the papers. Adibi et al.
(2022) described this behavior when evaluating paper coating with
alpha-1-3 glucan and latex. These authors explained that adding the wet
layer to the paper surface promotes the swelling of the fibers, which
rearrange themselves and form empty spaces between them.

As a result, part of the coating solids was transported along with the
solution to the paper’s subsurface layers (Fig. 10). After drying, they
remain impregnated due to the contraction of the fibers and the estab-
lishment of bonds with the cellulose (Thébault et al., 2017). This process
can be intensified by adding more layers and performing new drying
steps, as observed in the present work.

The amount of research using silicates as a paper coating is minimal,
but the application of this material in other conditions can contribute to
understanding the results found. Calcium and magnesium silicate are
widely used as additives to improve the hydration and cohesion of
particles dispersed in cementitious matrices (Cho et al., 2020). These
silicates have large amounts of charges available to establish electro-
magnetic interactions (Sadek et al., 2016; Saedi et al., 2021b), which can
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be potentiated with MFC/NFC.

Kumar et al. (2011) explained that the retention of calcium-based
minerals, sodium silicate, and aluminum silicate on the surface and in
the lumen of the fibers could increase the paper’s water absorption. By
analogy, these hypotheses could be applied to explain the increase in
water absorption in paperboard.

It should be noted that the Cobb test is not only used to assess water
absorption in the paper. It is also used to determine the ability of glue
penetration (Gok and Akpinar, 2020). For papers with low surface en-
ergy and Cobb values, some types of adhesive cannot penetrate, leading
to the reduced anchorage between the bonded faces. On the other hand,
high Cobb values result in excessive adhesive consumption, which can
harm bonding and increase production costs. This variable is crucial in
the production of multilayer packaging, as the paper must promote
adequate adhesion to the other layers (metals or plastics) to guarantee
the barrier to gases and mechanical resistance. Dohr and Hirn (2020)
found that adhesive penetration is strongly related to the strength of
Kraft sack paper. The authors explained that surface sizing could result
in delamination problems between the layers due to the smaller chem-
ical and physical anchorages in the voids located in the subsurface layers
of the paper.
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3.5. Water vapor permeability and mechanical properties of the papers

For WCP, the wetting and drying stages contributed to a slight in-
crease in the values of WVTR and WVP in the order of 2.5 % and 5 %,
respectively, concerning CP (Figs. 11A and 11B). This was assumed to be
due to the increase in the number of empty spaces and microgalleries
between the layers of the paperboard, facilitating the passage of water
vapor.

The coating of cardboard with MFC/NFC resulted in a reduction of
WVTR by ~6 %, and for the WVP, it was very similar to that observed for
CP(~105g mm/kPa ! day m?). The reduction in WVTR is related to the
characteristics of the MFC/NFC film on the paper surface, which has a
structure with organized layers, very tangled, and higher density,
making it difficult for the passage of gases (Wang et al., 2020;
Hashemzehi et al., 2022).

About CS 5 %, the WVTR was very close to the observed for CP
(~1265 g/m2 day), while for CS 10 %, a reduction of ~4.2 % was
observed. For WVP, a slight increase (~4.7 %) of the values for the CS 5
% coating was observed. The best barrier properties were obtained using
the MS 5 % and MS 10 % coatings, for which WVTR obtained reductions
of ~12 % and ~5.5 % in relation to CP, respectively. As for WVP, MS 5 %
promoted a reduction of ~14 %, while for MS 10 %, no substantial
differences were observed with the other coatings.

Despite the formation of microgalleries, the reductions observed for
the calcium and magnesium silicate coatings are due to the impregna-
tion of subsurface layers of the cardboard, as shown in Figs. 9 and 10.
The silicate particles occupied a large part of the void spaces between
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the fibers, and in the MFC/NFC network, reducing the flow of water
vapor through the layers of the paper. Similarly, Kumar et al. (2011)
explained that adding minerals (aluminum silicate and limestone fillers)
promotes the occupation of pits, lumen, and mesopores with dimensions
of 2-100 nm in diameter present in the fibers and between the fibers.
This effect was most prominent for magnesium silicate due to the blade
shape of the particles (see Fig. 6).

Huang et al. (2018) explained that this feature contributes to better
dispersing particles in paper microgalleries. Rastogi and Samyn (2015)
demonstrated that the barrier properties of a coating composed of sili-
cates depend on its state of aggregation, dispersion, and orientation of
the layers. In general, the results are in harmony with other works in the
literature. Chen et al. (2022b) obtained WVTR between 1200 and
2000 g/m? day for MFC and nano-silica coated papers.

Wang et al. (2022) obtained WVTR ranging between 1200 and
1500 g/m? day for paperboard, with a basis weight of 300 g/m?, coated
with carboxymethyl cellulose sodium and carboxymethyl chitosan.
Marzbani et al. (2021), on the other hand, obtained WVP values ranging
from 108 to 573 g mm/kPa~! day m? when evaluating paperboard
coating with different concentrations between polyethylene wax and soy
protein-based. Considering possible applications for coated papers,
Wang et al. (2018) showed that WVTR values between 1000 and 10,
000 g/m? day indicate that the film/paper can be applied in packaging
bakery products and cheeses, fruits, and vegetables.

The values of tensile strength and Young’s modulus for WCP were
~53 and ~59 % for CP, respectively, which indicates that wetting and
drying contributed to the reduction of the mechanical strength of the
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Fig. 11. A) WVTR; B) WVP; C) tensile strength; D) Young’s modulus; E) elongation at break; and F) stress x strain curves in the tensile test of cardboard coated with
EUC MFC/NFC untreated and pre-treated with calcium and magnesium silicate solution.

papers (Fig. 11C and D). The tensile strength and Young modulus for
MFC/NFC, CS 5 %, MS 5 %, and MS 10 % were very similar and were in
the range of 20.2 & 0.06 MPa and 0.79 =+ 0.05 GPa, respectively. For CS
10 %, the results for tensile strength (~42 MPa) and Young’s modulus
(~1.6 GPa) were slightly lower than those observed for CP. Cataldi et al.
(2019) and Wohlert et al. (2022) explained that over time water can
plasticize (soften) and hydrolyze cellulose and its derivatives. These two
phenomena alter and destabilize the cellulosic structures in the paper.
Roig et al. (2011) found that this effect is due to the physical aging of the
paper and the relaxation of cellulose f 1-4 bonds.

Salmén and Larsson (2018) exposed that temperature and humidity
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induce the softening of lignocellulosic fibers. The action of water in this
context is known as "hygroplastification", which consists of reducing the
glass transition temperature and the stiffness of the cell wall after being
subjected to different steps of water sorption. Haslach Junior (2000)
pointed out that paper mechanical properties significantly depend on
the responses to applied loads, humidity, and temperature. The authors
explained that successive wetting and drying processes cause the fibers
to move apart and reduce the interactions between the cellulose mole-
cules, as the hydrogen bonds become very weak. This is due to the effect
of hysteresis that prevents the fibers from returning to their original
condition after drying-induced contraction (Salmén and Larsson, 2018).
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These explanations clarify the results, as the wetting and drying
process during the coatings possibly promoted accelerated aging,
intensifying the action of water in breaking hydrogen bonds and
reducing the adhesion between the fibers. For the case of CS 10 %, the
low reduction in mechanical strength can be explained by the higher
viscosity (~4900 cP), lower water penetration, and stronger anchorage
of the coating on the paper surface, as seen in Fig. 8C. In higher con-
centrations, MFC/NFC and calcium silicate formed larger tangles (see
Fig. 6 M). This increased the amount of substances with higher hygro-
scopic potential, favoring the retention of water on the surface, pre-
venting the swelling of the deeper layers, and preserving the structure of
the paper.

Tensile strength indicates the strength of paper and paperboard,
which depends on factors such as sizing, fiber length, and fiber strength
(Aboura et al., 2004). Assessing the deformation, ductility, and tensile
energy absorption in the tensile test can help predict the cardboard
performance, particularly when the material is subjected to unequal
stresses (Fadiji et al., 2018). The coatings made the paper more
malleable due to the greater deformation capacity (see Figs. 11E and
11F). Except for PC (3.8 %) and CS 10 % (3.9 %), the other coatings
showed elongation at break ranging between 8.5 % and 9.8 %.

Mirmehdi et al. (2018b) also found that increasing nanoclay contents
in MFC/NFC suspensions in paper coating resulted in a reduction of
mechanical strength in the order of 33 % compared to those without
nanoclays. Similar results were obtained by Oliveira et al. (2022), which
attributed this effect to the hornification of the fibers due to the wetting
and drying cycles of the paper during the application of the coatings
with NFC and silica. Franke et al. (2020) evaluated paperboard coated
with plastic multilayers and obtained improvements in paperboard
formability, as observed in the present work. The authors found that the
coated papers showed a reduction in tensile strength from 70 MPa to
30 MPa and Young’s modulus was reduced from 6.5 GPa to 2.5 GPa.

The ductility is an interesting feature in the packaging (Marsh and
Bugusu, 2007), as it allows the paper to be folded for the production of
boxes of different formats or transport in the form of reels without
breaking the fibers. Fadiji et al. (2018) pointed out that when low
ductility is detected in a tensile test, the low fracture strength of
paperboard under other loading forms is often observed. Vishtal and
Retulainen (2012) exposed that ductility is related to formability, which
is the ability of the material to undergo plastic deformation without
damage. These authors explain that this feature is crucial for
cardboard-based materials, as it enables the production of paper trays,
cups, paper plates, paper tubes, food containers, and various consumer
packaging using the deep-drawing method.

Considering the characteristics presented, the coated papers have
more interesting properties for application in multilayer packaging than
uncoated paper. In addition to mechanical properties, papers coated
with calcium and magnesium silicates improved the ability to spread
and absorb adhesives, other coating layers, and ink on the paperboard,
which can increase the adhesion capacity with other materials or
printability. Furthermore, it was observed that there was an improve-
ment in the performance of the paper’s ability to prevent the passage of
water vapor.

4. Conclusion

The pre-treatments with calcium silicate reduced water retention in
the fibers. The FTIR observed new functional groups in cellulose (O-Si-
O, Mg-OH, Si-O-Ca, Si-O-Si). Pre-treatments reduced energy consump-
tion in the production of micro/nanofibrils (~30 %). Coatings with the
suspensions reduced the amount of void space on the surface of the
paperboard. In the cross-section, microgalleries were formed due to the
paper wetting and drying cycles, especially for MFC/NFC, CS 5 %, and
CS 10 %. The formation of layers with micro/nanofibrils without and
with silicates on the surface and subsurface of the paperboard improved
the barrier properties, making them suitable for application in bread,
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cheese, fruits, and vegetable packaging. MFC/NFC, CS 5 %, and CS 10 %
increased the water spread on the paperboard’s surface. The highest
wettabilities were observed for CS 5 % and MS 10 % in the assay con-
ducted with PVAc. For PVOH, the highest wettability was obtained for
MFC/NFC, MS 5 %, and MS 10 %, suggesting improvements in adhesive
anchoring and adhesion with other coating layers. The coatings
increased the spread of ink on the surface of the paper. The strength and
stiffness of the papers were reduced due to wetting and drying during
the application of the coatings. There was an increase in elasticity,
which enhances the formability of paperboard for applications in
packaging with different formats. Optimizing application and drying
techniques for MFC/NFC and silicate coating formulations can improve
the coated packaging papers’ mechanical and barrier properties.
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