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Abstract: To extend the application of cost-effective high-yield pulps in packaging, strength and
barrier properties are improved by advanced-strength additives or by hot-pressing. The aim of this
study is to assess the synergic effects between the two approaches by using nanocellulose as a bulk
additive, and by hot-pressing technology. Due to the synergic effect, dry strength increases by 118%
while individual improvements are 31% by nanocellulose and 92% by hot-pressing. This effect is
higher for mechanical fibrillated cellulose. After hot-pressing, all papers retain more than 22% of
their dry strength. Hot-pressing greatly increases the paper’s ability to withstand compressive forces
applied in short periods of time by 84%, with a further 30% increase due to the synergic effect of the
fibrillated nanocellulose. Hot-pressing and the fibrillated cellulose greatly decrease air permeability
(80% and 68%, respectively) for refining pretreated samples, due to the increased fiber flexibility,
which increase up to 90% using the combined effect. The tear index increases with the addition of
nanocellulose, but this effect is lost after hot-pressing. In general, fibrillation degree has a small effect
which means that low- cost nanocellulose could be used in hot-pressed papers, providing products
with a good strength and barrier capacity.

Keywords: hot-pressing technology; microcellulose; cellulose nanofibers; nanocellulose; high-yield
pulp; CTMP; paper quality; packaging

1. Introduction

High-yield pulps (HYP) have become a key material in sustainable products because
of their resourcefulness and cost efficiency [1] and the potential to manufacture products
which achieve certain important properties, such as a high bulk in paperboard and high
light scattering in printing papers. They are produced at a yield of over 90% from different
wood sources (or annual plants) by means of mechanical or combined chemical and
mechanical processes [2,3]. One of the driving forces has been the fact that if high-yield
processes can be used to a higher extent, it will be possible to manufacture more products
from the same amount of wood since the corresponding yield for chemical pulps is around
50%. In addition, due to HYPs being a traditional and mature sector, industrial interest in
this area is growing since new applications have been developed over the last few years.
The market reduction, especially in printing products, due to digitalization, has forced
the sector to search for other possible market strategies, transforming the processes and
developing new HYP-based which includes their application for packaging to replace
fossil-fuel-based plastic products [4]. Consequently, the research interest in improving the
quality of papers obtained from HYPs has increased significantly in recent years [5,6].

The hot-pressing of various wood-based materials, such as wood, plywood, particle
board, and fiberboard, has been used over the years to improve their material proper-
ties [7,8]. Song et al. (2018) showed that with a combination of chemical pre-treatment and
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hot-pressing, it is possible to densify the wood by almost 300% up to 1300 kg/m3 and to
improve the tensile strength by over 1000% to 587 MPa [9]. This was obtained when 12%
of the lignin was left in the wood prior to hot-pressing, which was optimal to maximize
both density and strength values. On the other hand, Cristescu et al. (2015) concluded that
temperature (up to 250 ◦C), compared to pressure and pressing time, is the most influential
parameter in hot-pressing laminated beech, as it provides the highest density, strength, and
lowest water sorption compared to the samples pressed at lower temperatures [10]. During
hot-pressing, heat and mass-transfer processes interact with each other, in combination
with deformation and chemical reactions, making the mechanism complex and challenging
to investigate [11]. Therefore, simulations of hot-pressing have also been carried out to
further understand the mechanisms at work [12,13].

Similar optimal amounts of lignin have been reported to maximize the reinforced effect
of hot-pressed paper [14]. The benefit of using this hot-pressing method in combination
with other methods to increase the strength of the sheet, such as the addition of chemicals,
is that it is environmentally friendly and also that the sheet keeps its properties better
over time [15]. In recent years, several studies have demonstrated that the hot-pressing of
papers obtained with HYPs enhances their properties. Clear improvements are observed
in both wet and dry tensile strength compared to non-pressed papers [16,17]. Joelsson
et al. (2020) showed that the dry tensile strength of paper produced with various pulps,
chemi-thermomechanical pulp (CTMP), thermomechanical pulp (TMP) and others, could
be improved even by 100% when passing the paper through hot nips (200 ◦C, 6 MPa) [18].
Moreover, the wet strength increased dramatically from 2 kN·m/kg to about 16 kN·m/kg
after hot-pressing. A high compression strength was also achieved, probably due to the
high bending stiffness of the lignin-rich CTMP fibers compared to lignin-free chemical
pulp fibers. Furthermore, promising results have also been found regarding other impor-
tant properties of the paper for the final applications, such as water resistance. Contact
angle measurements showed increased values for the hot-pressed paper samples, which
suggests a more hydrophobic surface due to the increased density and smoothness of the
paper [18–20].

The quality profile of these laboratory paper sheets is in line with or superior to which
is demanded today for commercial advanced sustainable packaging paper materials (even
without any addition of chemicals, such as wet-strength agents), where very high strength
is highly prioritized, in products such as liners, and paper bags. Moreover, it was lately
shown that it is possible to achieve wet-strength levels of over 50% of the dry-strength level
by combining the hot-pressing of CTMP or lignin-rich kraft pulp with sizing agents such as
ASA [15].

Since the different levels of improvement were related to the lignin content [21], the
prerequisite to achieve these improved properties, both for wood and paper materials, is
that optimal conditions during the press-drying of sheets are achieved, specifically that
the temperature exceeds the softening temperature of lignin and hemicellulose. In 2021,
Joelsson indicated that even better strength improvements might be possible at further
increased press-drying temperatures [22].

On the other hand, in recent decades, it has also been proved that nanocellulose
(NC) significantly increases mechanical and barrier paper properties, allowing the use of
paper in applications covered in our days by other materials. Numerous studies related
to the production, characterization, and use of NC in different applications of interest are
described in the literature [23–26]. This is due to the excellent properties of this family of
products, including the ability to form stable three-dimensional networks, its great mechan-
ical resistance, colloidal properties [27], its high specific surface, adsorption capacity [28] or
the capacity of functionalization, among others [29,30]. All these properties together with
the great availability, and biodegradable, biocompatible and environmentally friendly prop-
erties of these materials make them of great interest in an endless number of applications
like biomedicine [26,31], nanocomposites [32], reinforced inorganic matrix [33], rheology
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modifiers [34], aerogels and foams [35], food industry [36], energy [37], environmental [38],
papermaking [39] and many others [40,41].

One of the most promising NC applications is in papermaking, especially in bulk and
surface applications [39]. NC has been applied in papermaking due to its strong properties,
mainly its high strength and mechanical properties; dry and wet strength; Z-strength and
fracture toughness [42,43]; decreased porosity and permeability; enhanced barrier proper-
ties towards air, grease, water vapor and liquids; high oxygen-barrier performance [44]; its
low density, enabling grammage reduction while increasing tensile strength [45]; increased
filler retention and reduced surface roughness and water penetration [46]; decreased linting
problems in printing papers [47]; and increased coloring efficiency of colored papers [48],
water treatments [49], etc. Furthermore, as NC has a relatively high number of carboxyl
groups, their reactivity make it possible to modify the hydrophilicity and charge surface
to improve their potential applications in papermaking [39,50,51]. In addition, among all
potential applications in papermaking, the use of NC as a reinforcement additive has been
the most studied. NC-reinforced paper has the potential not only to improve conventional
packaging paper, but also to progress to the substitution of non-biodegradable plastics
obtained from fossil resources, as in the case of food packaging.

All published market studies about NC show that the market is expected to grow from
USD 300 million currently to USD 800 million by 2026, which means an annual growth rate
of more than 30% in the coming years, and this will certainly continue to grow in the future
driven by the sustainability trend [52].

Therefore, the industrial and academic community are making a tremendous effort
to unlock the potential for engineered sustainable materials based on NC, but several
challenges remain related to the production, characterization and application of these prod-
ucts [53,54]. Factors such as process optimization and cost-effective production methods
need to be further addressed. In this aspect, the in situ production and application of
NC is considered. From this point of view, NC produced from fibers containing lignin,
called lignocellulosic micro/nanofibers [55–58], and from recycled fibers, is attracting more
attention since paper improvements were observed in z-strength, tensile index, tear index,
burst index, E-modulus, strain at break, tensile stiffness, and air resistance [59,60].

The aim of this manuscript is to investigate the synergic effect of using fibrillated
cellulose, containing micro and nanofibers (CMNFs), as a bulk additive, and hot-pressing
to improve the properties of the paper. The cellulose source to produce CMNFs was the
waste from a liner paper machine using 100% recovered paper. To our best knowledge, the
use of NC to further enhance paper properties in conjunction to hot-pressing is a novel
approach that has not been reported in the literature yet.

2. Materials and Methods
2.1. Materials

Waste liner from a paper machine using 100% recycled paper was used as cellulose raw
material to produce CMNFs. The reagents used for the TEMPO-mediated oxidation pre-
treatment were 2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) reagent (98 wt.%) supplied
by Sigma-Aldrich (St. Louis, MO, USA), as well as NaBr (>98.5 wt.%), NaOH (>98 wt.%)
and NaClO (12% w/v, previously titrated to obtain the actual concentration) which were
supplied by Panreac AppliChem (Barcelona, Spain). Other reagents used for the charac-
terization of CMNFs were NaCl (>99.5 wt.%), NaOH (>98 wt.%), H2SO4 at 98 wt.% and
crystal violet (>90.0 wt.% anhydrous basis) supplied by Merck (Madrid, Spain), and 0.1
wt.% Poly-L-Lysine solution with a molecular weight > 70,000 by Electron Microscopy
Sciences (Hatfield, PA, USA).

For HYP production, a standard bleached flash dried spruce CTMP (CSF 420 mL) from
SCA Östrand mill (Timrå, Sweden) was used to prepare the paper hand sheets.
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2.2. Methods
2.2.1. Cellulose Pretreatments

To produce the CMNFs, first, liner was left to soak for 24 h to favor fiber swelling before
disintegration into a pulp disintegrator (PTI, Vorchdorf, Austria) at 30,000 revolutions. Two
pretreatments were used to obtain the CMNFs. On the one hand, refining was used as the
mechanical pretreatment using a PFI mill manufactured by Hamjem Maskin AS (Hamar,
Norway). The pulp consistency was adjusted to 10 wt.% and the pulp was subjected to
20,000 revolutions [61,62]. On the other hand, a TEMPO-mediated oxidation (5T-Oxidation)
chemical pretreatment was performed in a 5 L glass reactor at 1 wt.% cellulose consistency
with 0.1 mmol TEMPO/g pulp and 1 mmol NaBr/g pulp [63,64]. Then, 5 mmol NaClO/g
pulp was added to start the reaction which was conducted at room temperature and with
stirring conditions at 200 rpm. During the process, pH was controlled to 10, adding a 2 M
NaOH solution dropwise until pH remained constant [65,66].

2.2.2. Cellulose Treatment

To produce CMNFs, pretreated pulps were mechanically fibrillated using a high-
pressure laboratory homogenizer PANDA 2000 PLUS (GEA Niro Soavy, Parma, Italy)
using pulp suspensions with a consistency around 1 wt.%. Figure 1 shows a scheme of
the production of the CMNFs from the raw material. To achieve different nanofibrillation
yields, four pressure sequences (PS) were carried out in the high-pressure homogenization
(HPH). The PSs are described below from less intensive to more intensive:

• PS0: No homogenization of the fibers, only the pretreated samples.
• PS1: 3 passes of HPH at 300 bars.
• PS2: 3 passes of HPH at 300 bars and 3 additional passes at 600 bars.
• PS3: 3 passes of HPH at 300 bars, 3 passes at 600 bars and 3 passes at 900 bars.
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2.2.3. Chemical Characterization of the Raw Material Used to Produce CMNFs

First, the broke liner was dried to obtain the total solid content of the sample. Ex-
tractives, insoluble and soluble lignin, pectin, cellulose, hemicellulose, and ashes were
measured by triplicate. Extractives of the sample were determined by Soxhlet extraction
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according to TAPPI T204 [67] whereas the ash content was determined by calcination at
525 ◦C, according to TAPPI T211 [68]. Soluble and insoluble lignin, pectin, cellulose and
hemicellulose of raw materials were obtained following the NREL/TP-510-42618 stan-
dard [69]. A weight of 300 mg of the material was hydrolyzed with 3 mL of 72 wt.% H2SO4
for 1 h in a water bath at 30 ◦C. Then, 84 g of deionized water was added and introduced
in an autoclave at 121 ◦C for 1 h. The hydrolyzed samples were vacuum-filtered. Insoluble
lignin remained in the filter whereas the soluble lignin fraction was obtained by measuring
the absorbance of the filtrate in the UV-Visible spectrophotometer at 240 nm. Hemicellulose,
cellulose and pectin content were analyzed in the filtrate after neutralization with CaCO3
and passed through a 0.2 µm filter by using a modular HPLC device Jasco series 2000 (Jasco,
Tokyo, Japan) [70].

2.2.4. Characterization of CMNFs

The aspect ratio was obtained by the simplified gel point (GP) methodology based
on the sedimentation of the fibers by using increments of the derivative at the origin of
the curve Co vs. Hs/Ho, as Equation (1) shows [71]. To determine the GP value, a 250 mL
CMNF suspension was prepared using deionized water and 200 µL of crystal violet 0.1 wt.%
to favor the sediment visualization [72]. The aspect ratio was calculated with Equation (2)
according to Varanasi et al. (2013) [73], assuming a density of fibers around 1500 kg/m3

and the crowding number theory described by Martinez et al. (2001) [74]:

GP = lim
Hs/Ho→0

(
d∅o

d(Hs/Ho)

)
≈ ∅o(i)−∅o(0)

(Hs/Ho(i))− (Hs/Ho(0))
=

∅o(i)
(Hs/Ho(i))

(1)

Aspect ratio = 6.0·
√√√√ 1000

GP
(

kg
m3

) (2)

To characterize the morphology of CMNFs, optical microscopy (OM) and transmission
electron microscopy (TEM) were used. Micro- and nanofibrils were visualized under
5× magnification using a Zeiss Axio Lab.A1 optical microscope and a color microscope
camera Zeiss AxioCam eRc 5s (Carl Zeiss Microscopy GmbH, Göttingen, Germany). TEM
analyses were carried out at the Centro Nacional de Microscopía Electrónica (Madrid, Spain)
with a JEM 1400 microscope from JEOL (Tokyo, Japan). Samples were prepared adding
15 µL of 10% Poly-L-Lysine solution on a copper grid covered with a Formvar/carbon
continuous layer. Then, 12 µL of 0.005 wt.% of CMNF suspensions were deposited and
left to dry before TEM analysis [75]. To process the images, the program of public domain
Image J was used to measure the diameter range of the different suspensions and evaluate
the heterogeneity of the CMNFs. Transmittance readings of 0.1 wt.% diluted suspensions
were measured in the wavelength of 600 nm on a UV–Vis Shimadzu spectrophotometer
UV-160A using distilled water as reference. Finally, the carboxyl content of the suspensions
was determined by conductometric titration according to Xu et al. (2022) [76].

2.2.5. Hand Sheet Preparation and Testing

The CTMP pulp was soaked in hot water for around 1 h to soften the fibers (and
favor fiber swelling). Then, they were hot disintegrated at 2% in solids using a PTI pulp
disintegrator (Vorchdorf, Austria) at 30,000 revolutions according to ISO 5263-3 [77].

Hand sheets of 100 g/m2 were prepared using a Rapid Köthen sheet former (Paper
Testing Instruments, Pettenbach, Austria) according to ISO 5269-2 [78]. The sheets were
dried in the drying plates in the Rapid Köthen until they reached a dry content of 65–70%,
and thereafter put in a sealed plastic bag to maintain their moisture level. They were kept at
4 ◦C until hot-pressing. Figure 2 shows a scheme of the process of hand sheet production.
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All sheets were characterized according to the different ISO standards after condi-
tioning according to ISO 187 [79]. Density (kg/m3) was determined following ISO 534,
grammage (g/m2) using ISO 536, and thickness (µm) with ISO 534 [80,81]. The determi-
nation of air permeability (mL/min) was measured according to the Bendtsen method
following the ISO 5636 [82]. Tensile index (kN·m/kg) was conducted according to ISO 1924
and the wet tensile index (kN·m/kg) following the ISO 3781 [83,84]. Tear resistance (mN)
was determined according to ISO 1974 and SCT (short-span compression test) (kN·m/kg)
following ISO 9895 [85,86]. Error bars were calculated using the standard deviation between
samples with the same conditions.

Paper samples were analyzed using a high-resolution SEM (Tescan Maya3-2016, TES-
CAN Brno, s.r.o., Brno, Czechia). All samples were prepared by sputtering them with a
5 nm thin layer of iridium prior to imaging. The applied electron beam voltage was 3.00 kV,
and the beam intensity was 1.00. To obtain images of the structures at different scales,
magnifications 200×, 1000×, and 2000× were used. The working distance to the sample
was set to approximately 8 mm.

2.2.6. Hot-Pressing Technology

The paper sheets were hot-pressed in a planar pressing equipment built at Mid Sweden
University. This equipment mainly contains three parts: the heating blocks, pillar stand,
and compression testing machine (see Figure 3). The heating blocks have a dimension of
300× 300× 40 mm and have three pockets in which flat electrical heating elements, each of
500 W, are inserted. Due to the thickness of 30 mm steel between elements and the pressing
surface, variations in the temperature distribution will be at a minimum. The heating
blocks are, via 20 mm thermal isolating plates, mounted in pillar rack ball brushings to
ensure the best alignment between the blocks. In turn, the upper pillar rack is fixed to
a hydraulic MTSTM material testing machine loadcell and the lower part to the movable
hydraulic piston rod. For the control of block temperature, each has a built-in thermocouple
sensor connected to Eurotherm PID-type regulators which are limited to 300 ◦C. For the
control of compression loads, MTSTM RPC software is used for creating block-programmed
load vs. time sequences up to 100 kN.

In these experiments, the pressing time was set to 3 s, and the pressure to 3.5 mPa. All
experiments were carried out at 260 ◦C with a dry content of 65–70% on the sheets. The
sheets were manually handled during the hot-pressing trials.
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3. Results and Discussion
3.1. Characterization of the Cellulosic Raw Material and the CMNF Suspensions

Chemical characterization of the spruce CTMP used as the HYP and the broke liner
used to produce the CMNFs is shown in Table 1, together with the composition of the
oxidized pulp after 5T-Oxidation. Pulp after refining was not characterized due to the
pretreatment only being mechanical. The raw materials (spruce and liner) were dried
to obtain a total solid content amounting to 96.6 ± 0.2% and 96.8 ± 0.2% for liner and
spruce, respectively. The ash content due to the presence of fillers in the recycled paper
was elevated with an average value of 14.2%, whereas in the spruce this value was under
1% [87]. On the other hand, the content of total lignin in both raw materials was also
elevated with an average value of 17.2% and 29.9%, indicating that only part of the initial
lignin was removed to facilitate the separation of the virgin fibers, as usually performed
in packaging paper. The cellulose content was similar in both cases with a 55.2 ± 0.9% in
the liner and 48.8 ± 1.2% for the spruce CTMP. The hemicellulose content, formed in the
chemical composition by arabinose and the overlapping of xylose, mannose, and galactose,
was 10.6% in liner while the spruce almost doubled this value with 18.5%. Finally, the
extractive content was under 2% for the liner and around 0.5% for the spruce whereas the
pectin content was also low, around 1.5% in both cases. This last parameter was calculated
as the galacturonic acid content in the hydrolyzed sample, but also the rhamnose, which
majoritively proceeds from pectin, although to a lesser extent from hemicellulose. However,
the content of rhamnose is insignificant in the sample under 0.4%, assuming all rhamnose
came from the pectin [88].

Table 1. Chemical composition of spruce CTMP as HYP and recycled liner for CMNF production
before and after 5T-oxidation.

Chemical Composition
(Dry Basis) Spruce CTMP Liner Liner after

5T-Oxidation

Ash (%) 0.7 ± 0.2 14.2 ± 0.1 16.0 ± 0.5
Cellulose (%) 48.8 ± 1.2 55.2 ± 0.9 52.7 ± 1.5

Hemicellulose (%) 18.5 ± 0.9 10.6 ± 0.6 13.1 ± 0.4
Acid insoluble lignin (%) 25.6 ± 0.4 11.7 ± 0.4 7.1 ± 0.5
Acid soluble lignin (%) 4.3 ± 0.1 5.5 ± 0.1 9.0 ± 1.5

Pectin (%) 1.6 ± 0.3 1.2 ± 0.3 <0.5
Extractives (%) 0.5 ± 0.1 1.7 ± 0.3 1.9 ± 0.2
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The suspensions obtained after the different pretreatments and the mechanical ho-
mogenization at several intensities were characterized. The samples pretreated by refining
have an proportion of solids of around 1–1.1% in the suspensions and the carboxyl group
content was 0.46 ± 0.03 mmol/g pulp. In the case of pulps pretreated by TEMPO-mediated
oxidation, the solid content was 1.1–1.2% and the carboxyl group content increased up
to 1.16 ± 0.04 mmol/g pulp which suggested good fiber oxidation, with a remarkable
increase similar to other studies [63,65,76]. The pulp had a higher content of ashes due
to the production of salts as a parallel reaction during the oxidation [89]. In addition, the
action of the oxidant removes part of the insoluble lignin and dissolves the cellulose at
a higher proportion than the hemicellulose [64,90]. On the other hand, in neither of the
pretreatments was a variation in the carboxyl groups observed with the intensity of the
homogenization.

Table 2 shows the transmittance and aspect ratio of the obtained CMNF suspensions.
Transmittance gives an idea of the homogeneity of the CMNFs fibers. When a sample has
been highly fibrillated, the minimum possible diameter is reached, and the suspension
becomes optically transparent at a test concentration (0.1 wt.%), with a transmittance near
to 100% [91,92]. Aspect ratio refers to the relationship between the length and the width of
the fibers. It is a fundamental parameter used to describe the morphology and physical
properties of CMNFs, providing valuable information that influence their mechanical,
thermal, and optical properties [72,93]. Samples obtained by a refining pretreatment have a
low transmittance associated with a low light pass and the presence of more microfibrils
than nanofibrils. In the case of chemically pretreated samples, the proportion of nanofibrils
is higher and the value increases with the intensity of homogenization. It is interesting
to point out that the pretreated sample with 5T-oxidation without homogenization (PS0),
shows too high a transmittance value due to the sedimentation of the fibers, since the
cellulose has not been subjected to any type of defibrillation. As expected, results of the
aspect ratio show an increase with the intensity of homogenization. Comparing both
pretreatments, it is observed that in the case of refining, the fibers are separated from the
primary structure producing more ramified fibers which increase the aspect ratio values.
In the case of 5T-Oxidation, besides cellulose oxidation, the oxidant also produces the
breakage of the cellulose chains into smaller units as reflected in lower aspect ratios [72].

Table 2. Transmittance and aspect ratio of CMNF suspensions.

Homogenization
Intensities

Transmittance Aspect Ratio

Refining 5T-Oxidation Refining 5T-Oxidation

PS0 4.5 ± 0.3 39.1 ± 2.2 86 ± 5 43 ± 2
PS1 4.6 ± 0.4 22.9 ± 0.1 127 ± 5 76 ± 3
PS2 5.5 ± 0.3 27.6 ± 0.6 127 ± 6 101 ± 7
PS3 9.5 ± 0.5 40.7 ± 0.2 128 ± 5 103 ± 8

Micrographs of the suspensions have been carried out using OM (Figure 4) and
TEM (Figure 5) at 5× and 1000×magnification, respectively. At least five images of each
microscopic technique were taken. In addition, the variety of magnifications allows us
to also evaluate the degree of homogeneity of the fiber size. The microfibrils after the
refining pretreatment (PS0) showed a diameter range from 3 to 40 µm as observed in
the OM micrographs. However, TEM images show some thinner fibers of 100 nm but in
a very small proportion. Only after six homogenization passes (PS2) was is possible to
observe a representative number of nanofibers in the samples. After the most intensive
mechanical treatment (PS3), the diameter range of the sample was reduced to a range
between 20 nm and 6 µm. In the case of the fibers treated with TEMPO-mediated oxidation,
the diameter range without homogenization was more heterogeneous with micro and
nanofibrils from 30 nm to 60 µm. Only after the sample was subjected to the mechanical
treatment (PS1) did cellulose start to fibrillate in a notable way, being mostly nanofibers.
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After nine homogenization passes these CMNFs were more homogeneous with a diameter
range between 15 and 70 nm.
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3.2. Paper Properties
3.2.1. Air Permeability

The main property affected by the presence of NC was the reduction in air permeability,
providing products with a good barrier capacity that is beneficial for applications in the
packaging industry, especially for food packaging [94].

As it can be seen in Figure 6, in which CMNFs produced with PS2 homogenization
sequence are used, the increase in fibrillated cellulose dosage significantly decreases air
permeability by up to 68%, from 2.084± 75 mL/min to 670± 52 mL/min, with the addition
of 4.5% of refined CMNFs in non-hot-pressed papers (NHP). The synergy effect on air
permeability further increases after hot-pressing (HP) up to 50%, from 418 ± 32 mL/min to
211 ± 30 mL/min. This can be explained because at high temperatures, the fiber structure



Nanomaterials 2023, 13, 1931 10 of 19

becomes more flexible and easier to compress, reaching a high sheet density, and this effect
is accentuated with the presence of CMNFs. NC also acts by blocking the voids in the 3D
network, reducing the ease of air-volume passage within, since compacted NC provides
longer tracks for air molecules to pass through [95]. Air-permeability reduction is also
related to a decrease in porosity with NC addition [96].
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It is remarkable that it is possible to achieve a significant air permeability reduction
at very-low-refining NC dosages (1.5%), decreasing by 40% and 32% in the NHP and
HP papers, respectively. This suggests that a low NC dosage is enough to achieve the
desired properties. It was also observed that the best results were obtained using a refining
process during the pretreatment to produce CMNFs instead of a tempo-mediated oxidation
process (TMO); this can be explained by the fact that with the refining process more flexible
fibers with a higher fine content were obtained, leading to an easier network structure to
compress.

At this low NC dosage (1.5%), a series of tests were performed to calculate the influence
of the fibrillation degree on the reduction in air permeability using the fibrillated cellulose
obtained using the refining pretreatment. Figure 7 shows that air permeability slightly
decreases when the fibrillation degree increases but the improvement does not justify the
use of highly fibrillated NC such as TMO. This is important because low-cost fibrillated
NC could be used in hot-pressed papers. On the other hand, by increasing refining, it is
possible to obtain denser products; this is due to the improvement in fiber flexibility and
the higher content of fines.
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The high differences between the hot-pressed and non-hot-pressed samples could be
explained because of the collapse of the fiber network causing a higher density. In fact,
the density of the hot-pressed papers reaches values around 800 kg/m3, almost double
the average density of the non-hot-pressed papers 450 kg/m3. However, this is not the
only factor as no differences were obtained in the densities of the non-hot-pressed sheet
independently of the NC dosage or of the fibrillation degree. The reduction of bulk with
NC addition can be also associated with intrinsic NC properties, the better fiber network
accommodation entails more compacted papers [97].

The synergy between the use of fibrillated cellulose as a bulk additive and hot-pressing
is very significant. Hot-pressing and fibrillated cellulose highly decrease the air perme-
ability (80% and up to 68%, respectively) for refining the pretreated samples, due to the
increased fiber flexibility, which increase up to 90% using the combined effect.

Figure 8 shows SEM images of different samples; as it can be observed, the surface of
the samples containing CMNFs is covered by the fibrillated cellulose reducing and closing
the voids formed in the 3D fiber network by the larger fibers and, as consequence, these
papers have a lower air permeability.

3.2.2. Dry Strength

Figure 9 shows the increase in tensile index (tensile strength divided by the grammage
of the sheet) when increasing the dosage of fibrillated cellulose produced with a PS2
homogenization sequence. The fiber network strength increased by increasing the number
of bonds. The tensile index increased from 28.3 ± 1.2 kN·m/kg to 37.2 ± 1.0 kN·m/kg
(31.4%) in non-hot-pressed papers and from 54.6 ± 2.7 kN·m/kg to 61.9 ± 1.8 kN·m/kg
(13.4%) in hot-pressed papers when adding refining CMNFs. Due to their high aspect ratio
and large relative surface area, CMNFs can enhance the bonding between fibers and even
form a more crosslinked network [98].

The synergy between the use of fibrillated cellulose as a bulk additive and hot-pressing
is very significant. In the case of dry strength, improvements up to 118% are obtained while
individual improvements are up to 31% by CMNFs and 92% by hot-pressing (see Figure 9).

It should be noted that the addition of fibrillated cellulose also increases the tensile
index after hot-pressing but to a lower level. However, this increment is small in comparison
to the effect of the hot-press itself, which almost doubles the tensile index. This effect is
associated in part to the presence of lignin in the HYP [18]. Therefore, the fiber bonds are
not the only responsible aspect of this increase after hot-pressing, supporting the theory that
paper is strengthened by new covalent bonds, possibly in a crosslinking structure within
the lignin and/or between the lignin and carbohydrates. This can also be demonstrated
when applying 1.5% of refining CMNFs at different fibrillation degrees as it is shown in
Figure 10. As expected, compression strength (SCT) followed the same pattern as tensile
index as shows in Figure 11.

3.2.3. Wet Strength

It is well known that independently of the type of pulp used to produce the paper, the
inter-fiber bonding is unstable in water in untreated papers. As fibrillated cellulose has a
high capacity to absorb water, normally the wet strength of paper containing NC decreases
except in the cases in which the fibrillated material is treated to become hydrophobic.
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As expected, results show that without hot-pressing, papers do not have wet strength.
However, after application of hot-pressing technology, all papers, independently of the
dosage and type of fibrillated cellulose, retain more than 20% of their wet tensile strength
(See Figure 12). A paper is considered to have good wet strength properties when it retains
more than the 15% of its dry tensile strength after being immersed in water [99]. The lower
water uptake can be explained by a combination of factors:

1. The presence of fibrillated cellulose reduces the voids between fibers in the sheet
becoming smaller or closed, providing more fiber-network bonding capacity [100].
The lignin content of CTMP could act acting to protect these fiber-fiber bonds at a
high temperature.
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2. Due to a more hydrophobic surface character of the paper after hot-pressing technol-
ogy [101].

3. New water-resistant bonds such as covalent bonds are formed during hot-pressing [102].
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Furthermore, CMNFs can retain more water using hydrogen bonding and within
the 3D network than pulp fibers due to their large specific area and the high number of
carboxyl groups they contain. Consequently, its addition can improve the hydrogen bonds
between the cellulose fibers during the pressing process, thus increasing the web strength.

3.2.4. Tear Resistance

One of the drawbacks of hot-pressing technology is that the tear index decreases
because the paper obtained has a higher density and it is more rigid. It was decided to test
if the addition of fibrillation material could avoid at least partially this loss in tear index.
As can be seen in Figure 13, tear index increases with the addition of CMNFs maintaining
the fibrillation degree in PS2 and further increases with the fibrillation degree maintaining
the CMNF dose at 1.5% (Figure 13). Further improvements were achieved than previous
studies by Guan et al. (2019) and Balea et al. (2019) demonstrated, which reported that NC
content did cause a slight increase in the tear index [59,103]; however, this effect was lost
after hot-pressing as the material was still very rigid, limiting the application of hot-press
papers to those applications in which tear index values are not critical.
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4. Conclusions

The synergy between the use of fibrillated cellulose as a bulk additive and hot-pressing
has been assessed. This synergy effect is very significant, further improving the properties of
hot-pressed papers. Hot-pressing and fibrillated cellulose highly decrease air permeability
(by 80% and 68%, respectively) for refining pretreated samples, due to the increased fiber
flexibility, which increases up to 90% due to the combined effects. In the case of dry strength,
improvements up to 118% can be obtained while individual improvements were 31% by
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CMNF and 92% by hot-pressing. This effect is more pronounced for mechanical fibrillated
cellulose. It is important to note that after hot-pressing, all papers retain a wet strength 22%
higher than that of the dry strength, even at high NC dosages. Furthermore, the combined
effect also increases the SCT values, related to paper’s ability to withstand compressive
forces applied in a short period of time, by 110% while hot-pressing produces an increase
of 84% compared to the reference paper. The tear index increases with the addition of
nanocellulose, but this effect is lost after hot-pressing.

In general, the fibrillation degree has a low effect, which means that low-cost nanocel-
lulose could be used in hot-pressed papers to provide products with a good strength and
barrier capacity. Data show that it is possible to extend the application of cost-effective
high-yield-pulp packaging through improving strength and barrier properties by using
CMNF as a bulk additive and by hot-pressing the obtained papers. This shows that in
hot-pressing technology, fiber bonding plays a key role, as well as the new covalent bonds
formed at high temperature, possibly in a crosslinking structure within the lignin and/or
between the lignin and carbohydrates. As lignin could play an important role in the en-
hanced properties of hot-pressed paper, it is recommended to explore the possibility of
using lignin-based nanoparticles to obtain more knowledge on this theory.

Author Contributions: Conceptualization, C.N. and P.E.; methodology, A.B., C.N., A.M. and G.P.;
validation, C.N. and P.E.; formal analysis, A.M., G.P., A.B. and C.N.; investigation, A.M., G.P., A.B.,
J.L.S.-S., S.N. and C.N.; resources, P.E. and C.N.; data curation, C.N., A.M., A.B. and C.N.; writing—
original draft preparation, A.M., G.P., A.B., J.L.S.-S. and C.N.; writing—review and editing, A.M.,
G.P., A.B., J.L.S.-S. and C.N.; visualization, A.M., G.P., A.B., J.L.S.-S., C.N. and P.E.; supervision, P.E.;
project administration, C.N. and P.E.; funding acquisition, C.N. and P.E. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the mobility grant received from the Spanish Minister of
Universities, ref: PRX21/00600. We also want to acknowledge the funding of the project nr. 20180234
by the Swedish Foundation: Familjen Kamprads Stiftelse.

Data Availability Statement: Data available on request.

Acknowledgments: The authors want to express their gratitude to SCA R&D Center (Sundsvall) for
allowing the use of its facilities for hand sheet preparation and its characterization.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mboowa, D. A review of the traditional pulping methods and the recent improvements in the pulping processes. Biomass Convers.

Biorefin. 2021, 11, 1–12. [CrossRef]
2. Bohmer, E. The production and use of mechanical and chemi-mechanical pulps. Nord. Pulp Pap. Res. J. 1986, 1, 4–11a. [CrossRef]
3. Hoglund, H.; Bodin, O. Modified thermomechanical pulp. Sven. Papp.-Nord. Cellul. 1976, 79, 343–347.
4. Zhang, Y.; Duan, C.; Bokka, S.K.; He, Z.; Ni, Y. Molded fiber and pulp products as green and sustainable alternatives to plastics: A

mini review. J. Bioresour. Bioprod. 2022, 7, 14–25. [CrossRef]
5. Sandberg, C.; Hill, J.; Jackson, M. On the development of the refiner mechanical pulping process—A review. Nord. Pulp Pap. Res.

J. 2020, 35, 1–17. [CrossRef]
6. Berg, J.-E.; Persson, E.; Hellstadius, B.; Edlund, H.; Granfeldt, T.; Lundfors, M.; Engstrand, P. Refining gentleness—A key to bulky

CTMP. Nord. Pulp Pap. Res. J. 2022, 37, 349–355. [CrossRef]
7. Wei, P.; Rao, X.; Yang, J.; Guo, Y.; Chen, H.; Zhang, Y.; Chen, S.; Deng, X.; Wang, Z. Hot pressing of wood-based composites: A

review. For. Prod. J. 2016, 66, 419–427. [CrossRef]
8. Börcsök, Z.; Pásztory, Z. The role of lignin in wood working processes using elevated temperatures: An abbreviated literature

survey. Eur. J. Wood Wood Prod. 2021, 79, 511–526. [CrossRef]
9. Song, J.; Chen, C.; Zhu, S.; Zhu, M.; Dai, J.; Ray, U.; Li, Y.; Kuang, Y.; Li, Y.; Quispe, N. Processing bulk natural wood into a

high-performance structural material. Nature 2018, 554, 224–228. [CrossRef]
10. Cristescu, C.; Sandberg, D.; Ekevad, M.; Karlsson, O. Influence of pressing parameters on mechanical and physical properties of

self-bonded laminated beech boards. Wood Mater. Sci. Eng. 2015, 10, 205–214. [CrossRef]
11. Dai, C.; Yu, C. Heat and mass transfer in wood composite panels during hot-pressing: Part I. A physical-mathematical model.

Wood Fiber Sci. 2004, 4, 585–597.

https://doi.org/10.1007/s13399-020-01243-6
https://doi.org/10.3183/npprj-1986-01-04-p004-011
https://doi.org/10.1016/j.jobab.2021.10.003
https://doi.org/10.1515/npprj-2019-0083
https://doi.org/10.1515/npprj-2021-0060
https://doi.org/10.13073/FPJ-D-15-00047
https://doi.org/10.1007/s00107-020-01637-3
https://doi.org/10.1038/nature25476
https://doi.org/10.1080/17480272.2014.999703


Nanomaterials 2023, 13, 1931 16 of 19

12. Thoemen, H.; Humphrey, P.E. Modeling the physical processes relevant during hot pressing of wood-based composites. Part I.
Heat and mass transfer. Eur. J. Wood Wood Prod. 2006, 64, 1–10. [CrossRef]

13. Wang, B.J. Experimentation and Modeling of Hot Pressing Behaviour of Veneer-Based Composites. Ph.D. Thesis, University of
British Columbia, Vancouver, BC, Canada, 2007.

14. Mattsson, A.; Joelsson, T.; Miettinen, A.; Ketoja, J.A.; Pettersson, G.; Engstrand, P. Lignin inter-diffusion underlying improved
mechanical performance of hot-pressed paper webs. Polymers 2021, 13, 2485. [CrossRef] [PubMed]

15. Pettersson, G.; Svedberg, A.; Norgren, S.; Engstrand, P. Manufacturing of paper with high wetstrength from CTMP and high
yield NSK by combining sizing and wet strength additives with hot-pressing. In Proceedings of the IMPC 2022, Vancouver, BC,
Canada, 5–8 June 2022; pp. 109–113.

16. Norgren, S.; Pettersson, G.; Höglund, H. Strong paper from spruce CTMP–Part II: Effect of pressing at nip press temperatures
above the lignin softening temperature. Nord. Pulp Pap. Res. J. 2018, 33, 142–149. [CrossRef]

17. Pettersson, G.; Norgren, S.; Höglund, H. Strong paper from spruce CTMP-Part I. Nord. Pulp Pap. Res. J. 2017, 32, 54–58. [CrossRef]
18. Joelsson, T.; Pettersson, G.; Norgren, S.; Svedberg, A.; Höglund, H.; Engstrand, P. High strength paper from high yield pulps by

means of hot-pressing. Nord. Pulp Pap. Res. J. 2020, 35, 195–204. [CrossRef]
19. Good, R.J. Contact angles and the surface free energy of solids. In Surface and Colloid Science: Volume 11: Experimental Methods;

Plenum Press: New York, NY, USA, 1979; Volume 11, pp. 1–29.
20. Joelsson, T.; Persson, E.; Pettersson, G.; Norgren, S.; Svedberg, A.; Engstrand, P. The impact of sulphonation and hot-pressing on

low-energy high-temperature chemi-thermomechanical pulp. Holzforschung 2022, 76, 463–472. [CrossRef]
21. Joelsson, T.; Pettersson, G.; Norgren, S.; Svedberg, A.; Höglund, H.; Engstrand, P. Improved paper wet-strength by increasing

lignin content and hot-pressing temperature. TAPPI J. 2020, 19, 487–499. [CrossRef]
22. Joelsson, T. The Influence of Pulp Type and Hot-Pressing Conditions on Paper Strength Development. Ph.D. Thesis, Mid Sweden

University, Sundsvall, Sweden, 2021.
23. Dufresne, A. Nanocellulose: A new ageless bionanomaterial. Mater. Today 2013, 16, 220–227. [CrossRef]
24. Blanco, A.; Monte, M.C.; Campano, C.; Balea, A.; Merayo, N.; Negro, C. Nanocellulose for industrial use: Cellulose nanofibers

(CNF), cellulose nanocrystals (CNC), and bacterial cellulose (BC). In Handbook of Nanomaterials for Industrial Applications; Elsevier:
Amsterdam, The Netherlands, 2018; pp. 74–126.

25. Negro, C.; Balea, A.; Sanchez-Salvador, J.L.; Campano, C.; Fuente, E.; Monte, M.C.; Blanco, A. Nanocellulose and its potential use
for sustainable industrial applications. Lat. Am. Appl. Res.-Int. J. 2020, 50, 59–64. [CrossRef]

26. Rai, R.; Dhar, P. Biomedical engineering aspects of nanocellulose: A review. Nanotechnology 2022, 33, 36. [CrossRef]
27. Benselfelt, T.; Kummer, N.; Nordenström, M.; Fall, A.B.; Nyström, G.; Wågberg, L. The Colloidal Properties of Nanocellulose.

ChemSusChem 2023, 16, 202201955. [CrossRef] [PubMed]
28. Hokkanen, S.; Bhatnagar, A.; Sillanpää, M. A review on modification methods to cellulose-based adsorbents to improve adsorption

capacity. Water Res. 2016, 91, 156–173. [CrossRef] [PubMed]
29. Klemm, D.; Kramer, F.; Moritz, S.; Lindström, T.; Ankerfors, M.; Gray, D.; Dorris, A. Nanocelluloses: A new family of nature-based

materials. Angew. Chem. Int. Ed. 2011, 50, 5438–5466. [CrossRef] [PubMed]
30. Habibi, Y. Key advances in the chemical modification of nanocelluloses. Chem. Soc. Rev. 2014, 43, 1519–1542. [CrossRef]
31. Jorfi, M.; Foster, E.J. Recent advances in nanocellulose for biomedical applications. J. Appl. Polym. Sci. 2015, 132, 14719. [CrossRef]
32. Oksman, K.; Aitomäki, Y.; Mathew, A.P.; Siqueira, G.; Zhou, Q.; Butylina, S.; Tanpichai, S.; Zhou, X.; Hooshmand, S. Review of the

recent developments in cellulose nanocomposite processing. Compos. Part A Appl. Sci. Manuf. 2016, 83, 2–18. [CrossRef]
33. Balea, A.; Fuente, E.; Blanco, A.; Negro, C. Nanocelluloses: Natural-based materials for fiber-reinforced cement composites. A

critical review. Polymers 2019, 11, 518. [CrossRef]
34. Rana, A.K.; Thakur, V.K. Impact of physico-chemical properties of nanocellulose on rheology of aqueous suspensions and its

utility in multiple fields: A review. J. Vinyl Addit. Technol. 2023, 1–32. [CrossRef]
35. Zhao, S.; Malfait, W.J.; Guerrero-Alburquerque, N.; Koebel, M.M.; Nyström, G. Biopolymer aerogels and foams: Chemistry,

properties, and applications. Angew. Chem. Int. Ed. 2018, 57, 7580–7608. [CrossRef]
36. Serpa, A.; Velásquez-Cock, J.; Gañán, P.; Castro, C.; Vélez, L.; Zuluaga, R. Vegetable nanocellulose in food science: A review. Food

Hydrocoll. 2016, 57, 178–186.
37. Chen, W.; Yu, H.; Lee, S.-Y.; Wei, T.; Li, J.; Fan, Z. Nanocellulose: A promising nanomaterial for advanced electrochemical energy

storage. Chem. Soc. Rev. 2018, 47, 2837–2872. [CrossRef] [PubMed]
38. Salama, A.; Abouzeid, R.; Leong, W.S.; Jeevanandam, J.; Samyn, P.; Dufresne, A.; Bechelany, M.; Barhoum, A. Nanocellulose-based

materials for water treatment: Adsorption, photocatalytic degradation, disinfection, antifouling, and nanofiltration. Nanomaterials
2021, 11, 3008. [CrossRef] [PubMed]

39. Balea, A.; Fuente, E.; Monte, M.C.; Merayo, N.; Campano, C.; Negro, C.; Blanco, A. Industrial application of nanocelluloses in
papermaking: A review of challenges, technical solutions, and market perspectives. Molecules 2020, 25, 526. [CrossRef]

40. Bacakova, L.; Pajorova, J.; Bacakova, M.; Skogberg, A.; Kallio, P.; Kolarova, K.; Svorcik, V. Versatile application of nanocellulose:
From industry to skin tissue engineering and wound healing. Nanomaterials 2019, 9, 164. [CrossRef] [PubMed]

41. Delgado-Aguilar, M.; Negro, C. Preparation, Characterization and Industrial Application of Nanocellulose. Nanomaterials 2023,
13, 1592. [CrossRef]

https://doi.org/10.1007/s00107-005-0027-2
https://doi.org/10.3390/polym13152485
https://www.ncbi.nlm.nih.gov/pubmed/34372088
https://doi.org/10.1515/npprj-2018-3009
https://doi.org/10.3183/npprj-2017-32-01-p054-058
https://doi.org/10.1515/npprj-2019-0087
https://doi.org/10.1515/hf-2021-0109
https://doi.org/10.32964/TJ19.10.487
https://doi.org/10.1016/j.mattod.2013.06.004
https://doi.org/10.52292/j.laar.2020.471
https://doi.org/10.1088/1361-6528/ac6fef
https://doi.org/10.1002/cssc.202201955
https://www.ncbi.nlm.nih.gov/pubmed/36650954
https://doi.org/10.1016/j.watres.2016.01.008
https://www.ncbi.nlm.nih.gov/pubmed/26789698
https://doi.org/10.1002/anie.201001273
https://www.ncbi.nlm.nih.gov/pubmed/21598362
https://doi.org/10.1039/C3CS60204D
https://doi.org/10.1002/app.41719
https://doi.org/10.1016/j.compositesa.2015.10.041
https://doi.org/10.3390/polym11030518
https://doi.org/10.1002/vnl.22006
https://doi.org/10.1002/anie.201709014
https://doi.org/10.1039/C7CS00790F
https://www.ncbi.nlm.nih.gov/pubmed/29561005
https://doi.org/10.3390/nano11113008
https://www.ncbi.nlm.nih.gov/pubmed/34835769
https://doi.org/10.3390/molecules25030526
https://doi.org/10.3390/nano9020164
https://www.ncbi.nlm.nih.gov/pubmed/30699947
https://doi.org/10.3390/nano13101592


Nanomaterials 2023, 13, 1931 17 of 19

42. Isogai, A. Wood nanocelluloses: Fundamentals and applications as new bio-based nanomaterials. J. Wood Sci. 2013, 59, 449–459.
[CrossRef]

43. Ankerfors, M.; Lindström, T.; Söderberg, D. The use of microfibrillated cellulose in fine paper manufacturing–Results from a pilot
scale papermaking trial. Nord. Pulp Pap. Res. J. 2014, 29, 476–483. [CrossRef]

44. Tarrés, Q.; Aguado, R.; Pèlach, M.; Mutjé, P.; Delgado-Aguilar, M. Electrospray deposition of cellulose nanofibers on paper:
Overcoming the limitations of conventional coating. Nanomaterials 2022, 12, 79. [CrossRef]

45. Kajanto, I.; Kosonen, M. The potential use of micro-and nanofibrillated cellulose as a reinforcing element in paper. J. Sci. Technol.
For. Prod. Process. 2012, 2, 42–48.

46. Lourenço, A.F.; Gamelas, J.A.; Sarmento, P.; Ferreira, P.J. A comprehensive study on nanocelluloses in papermaking: The influence
of common additives on filler retention and paper strength. Cellulose 2020, 27, 5297–5309. [CrossRef]

47. Balea, A.; Merayo, N.; Fuente, E.; Negro, C.; Delgado-Aguilar, M.; Mutje, P.; Blanco, A. Cellulose nanofibers from residues to
improve linting and mechanical properties of recycled paper. Cellulose 2018, 25, 1339–1351. [CrossRef]

48. Dai, L.; Wang, X.; Jiang, X.; Han, Q.; Jiang, F.; Zhu, X.; Xiong, C.; Ni, Y. Role of nanocellulose in colored paper preparation. Int. J.
Biol. Macromol. 2022, 206, 355–362. [CrossRef] [PubMed]

49. Balea, A.; Monte, M.C.; Fuente, E.; Sanchez-Salvador, J.L.; Blanco, A.; Negro, C. Cellulose nanofibers and chitosan to remove
flexographic inks from wastewaters. Environ. Sci. Water Res. Technol. 2019, 5, 1558–1567. [CrossRef]

50. Tayeb, A.H.; Amini, E.; Ghasemi, S.; Tajvidi, M. Cellulose nanomaterials—Binding properties and applications: A review.
Molecules 2018, 23, 2684. [CrossRef]

51. Hashemzehi, M.; Mesic, B.; Sjöstrand, B.; Naqvi, M. A Comprehensive Review of Nanocellulose Modification and Applications in
Papermaking and Packaging: Challenges, Technical Solutions, and Perspectives. Bioresources 2022, 17, 3718–3780. [CrossRef]

52. SPER Market Research Pvt. Ltd. Nanocellulose Market Size-By Raw Material, by Product Type, by Application-Regional Outlook,
Competitive Strategies and Segment Forecast to 2032. 2022. Available online: https://www.marketresearch.com/SPER-Market-
Research-Pvt-Ltd-v4234/Nanocellulose-Size-Raw-Material-Product-34372094/ (accessed on 18 May 2023).

53. Wang, Q.; Yao, Q.; Liu, J.; Sun, J.; Zhu, Q.; Chen, H. Processing nanocellulose to bulk materials: A review. Cellulose 2019, 26,
7585–7617. [CrossRef]

54. Balea, A.; Blanco, A.; Delgado-Aguilar, M.; Monte, M.C.; Tarres, Q.; Mutjé, P.; Negro, C. Nanocellulose Characterization
Challenges. Bioresources 2021, 16, 4382–4410. [CrossRef]

55. Brodin, F.W.; Eriksen, Ø. Preparation of individualised lignocellulose microfibrils based on thermomechanical pulp and their
effect on paper properties. Nord. Pulp Pap. Res. J. 2015, 30, 443–451. [CrossRef]

56. Aguado, R.; Tarrés, Q.; Pèlach, M.À.; Mutjé, P.; de la Fuente, E.; Sanchez-Salvador, J.L.; Negro, C.; Delgado-Aguilar, M. Micro-and
nanofibrillated cellulose from annual plant-sourced fibers: Comparison between enzymatic hydrolysis and mechanical refining.
Nanomaterials 2022, 12, 1612. [CrossRef] [PubMed]

57. Malekzadeh, E.; Tatari, A.; Firouzabadi, M.D. Preparation, characteristics, and soil-biodegradable analysis of corn
starch/nanofibrillated cellulose (CS/NFC) and corn starch/nanofibrillated lignocellulose (CS/NFLC) films. Carbohydr.
Polym. 2023, 309, 120699. [CrossRef] [PubMed]

58. Osong, S.H.; Norgren, S.; Engstrand, P. Paper strength improvement by inclusion of nano-lignocellulose to Chemi-
thermomechanical pulp. Nord. Pulp Pap. Res. J. 2014, 29, 309–316. [CrossRef]

59. Balea, A.; Sanchez-Salvador, J.L.; Monte, M.C.; Merayo, N.; Negro, C.; Blanco, A. In situ production and application of cellulose
nanofibers to improve recycled paper production. Molecules 2019, 24, 1800. [CrossRef] [PubMed]

60. Kumar, V.; Pathak, P.; Bhardwaj, N.K. Waste paper: An underutilized but promising source for nanocellulose mining. Waste
Manag. 2020, 102, 281–303. [CrossRef]

61. Janardhnan, S.; Sain, M. Bio-treatment of natural fibers in isolation of cellulose nanofibres: Impact of pre-refining of fibers on
bio-treatment efficiency and nanofiber yield. J. Polym. Environ. 2011, 19, 615–621. [CrossRef]

62. Sanchez-Salvador, J.L.; Monte, M.C.; Batchelor, W.; Garnier, G.; Negro, C.; Blanco, A. Characterizing highly fibrillated nanocellu-
lose by modifying the gel point methodology. Carbohydr. Polym. 2020, 227, 115340. [CrossRef] [PubMed]

63. Isogai, A.; Saito, T.; Fukuzumi, H. TEMPO-oxidized cellulose nanofibers. Nanoscale 2011, 3, 71–85. [CrossRef]
64. Kuramae, R.; Saito, T.; Isogai, A. TEMPO-oxidized cellulose nanofibrils prepared from various plant holocelluloses. React. Funct.

Polym. 2014, 85, 126–133. [CrossRef]
65. Filipova, I.; Serra, F.; Tarrés, Q.; Mutjé, P.; Delgado-Aguilar, M. Oxidative treatments for cellulose nanofibers production: A

comparative study between TEMPO-mediated and ammonium persulfate oxidation. Cellulose 2020, 27, 10671–10688. [CrossRef]
66. Park, J.Y.; Park, C.-W.; Han, S.-Y.; Kwon, G.-J.; Kim, N.-H.; Lee, S.-H. Effects of pH on nanofibrillation of TEMPO-oxidized paper

mulberry bast fibers. Polymers 2019, 11, 414. [CrossRef]
67. TAPPI T 204 cm-17:2017; Solvent Extractives of Wood and Pulp. TAPPI: Peachtree Corners, GA, USA, 2017.
68. TAPPI T 211 om-16:2016; Ash in Wood, Pulp, Paper and Paperboard: Combustion at 525 Degrees C. TAPPI: Peachtree Corners,

GA, USA, 2016.
69. NREL/TP-510-42618; Determination of Structural Carbohydrates and Lignin in Biomass. NREL: Golden, CO, USA, 2012.
70. Martin-Dominguez, V.; Garcia-Montalvo, J.; Garcia-Martin, A.; Ladero, M.; Santos, V.E. Fumaric Acid Production by R. arrhizus

NRRL 1526 Using Apple Pomace Enzymatic Hydrolysates: Kinetic Modelling. Processes 2022, 10, 2624. [CrossRef]

https://doi.org/10.1007/s10086-013-1365-z
https://doi.org/10.3183/npprj-2014-29-03-p476-483
https://doi.org/10.3390/nano12010079
https://doi.org/10.1007/s10570-020-03105-w
https://doi.org/10.1007/s10570-017-1618-x
https://doi.org/10.1016/j.ijbiomac.2022.02.151
https://www.ncbi.nlm.nih.gov/pubmed/35245570
https://doi.org/10.1039/C9EW00434C
https://doi.org/10.3390/molecules23102684
https://doi.org/10.15376/biores.17.2.Hashemzehi
https://www.marketresearch.com/SPER-Market-Research-Pvt-Ltd-v4234/Nanocellulose-Size-Raw-Material-Product-34372094/
https://www.marketresearch.com/SPER-Market-Research-Pvt-Ltd-v4234/Nanocellulose-Size-Raw-Material-Product-34372094/
https://doi.org/10.1007/s10570-019-02642-3
https://doi.org/10.15376/biores.16.2.Balea
https://doi.org/10.3183/npprj-2015-30-03-p443-451
https://doi.org/10.3390/nano12091612
https://www.ncbi.nlm.nih.gov/pubmed/35564321
https://doi.org/10.1016/j.carbpol.2023.120699
https://www.ncbi.nlm.nih.gov/pubmed/36906356
https://doi.org/10.3183/npprj-2014-29-02-p309-316
https://doi.org/10.3390/molecules24091800
https://www.ncbi.nlm.nih.gov/pubmed/31075959
https://doi.org/10.1016/j.wasman.2019.10.041
https://doi.org/10.1007/s10924-011-0312-6
https://doi.org/10.1016/j.carbpol.2019.115340
https://www.ncbi.nlm.nih.gov/pubmed/31590859
https://doi.org/10.1039/C0NR00583E
https://doi.org/10.1016/j.reactfunctpolym.2014.06.011
https://doi.org/10.1007/s10570-020-03089-7
https://doi.org/10.3390/polym11030414
https://doi.org/10.3390/pr10122624


Nanomaterials 2023, 13, 1931 18 of 19

71. Sanchez-Salvador, J.L.; Monte, M.C.; Negro, C.; Batchelor, W.; Garnier, G.; Blanco, A. Simplification of gel point characterization
of cellulose nano and microfiber suspensions. Cellulose 2021, 28, 6995–7006. [CrossRef]

72. Sanchez-Salvador, J.L.; Campano, C.; Lopez-Exposito, P.; Tarrés, Q.; Mutjé, P.; Delgado-Aguilar, M.; Monte, M.C.; Blanco, A.
Enhanced Morphological Characterization of Cellulose Nano/Microfibers through Image Skeleton Analysis. Nanomaterials 2021,
11, 2077. [CrossRef] [PubMed]

73. Varanasi, S.; He, R.; Batchelor, W. Estimation of cellulose nanofibre aspect ratio from measurements of fibre suspension gel point.
Cellulose 2013, 20, 1885–1896. [CrossRef]

74. Martinez, D.; Buckley, K.; Jivan, S.; Lindstrom, A.; Thiruvengadaswamy, R.; Olson, J.; Ruth, T.; Kerekes, R. Characterizing the
mobility of papermaking fibres during sedimentation. In The Science of Papermaking: Transactions of the 12th Fundamental Research
Symposium, Oxford; The Pulp and Paper Fundamental Research Society: Bury, UK, 2001; pp. 225–254.

75. Campano, C.; Balea, A.; Blanco, Á.; Negro, C. A reproducible method to characterize the bulk morphology of cellulose nanocrystals
and nanofibers by transmission electron microscopy. Cellulose 2020, 27, 4871–4887. [CrossRef]

76. Xu, H.; Sanchez-Salvador, J.L.; Balea, A.; Blanco, A.; Negro, C. Optimization of reagent consumption in TEMPO-mediated
oxidation of Eucalyptus cellulose to obtain cellulose nanofibers. Cellulose 2022, 29, 6611–6627. [CrossRef]

77. ISO 5263-3:2023; Pulps—Laboratory Wet Disintegration—Part 3: Disintegration of Mechanical Pulps at >85 ◦C. ISO: Geneva,
Switzerland, 2023.

78. ISO 5269-2:2004; Pulps—Preparation of Laboratory Sheets for Physical Testing—Part 2: Rapid-Köthen Method. ISO: Geneva,
Switzerland, 2004.

79. ISO 187:2022; Paper, Board and Pulps—Standard Atmosphere for Conditioning and Testing and Procedure for Monitoring the
Atmosphere and Conditioning of Samples. ISO: Geneva, Switzerland, 2022.

80. ISO 536:2019; Paper and Board—Determination of Grammage. ISO: Geneva, Switzerland, 2019.
81. ISO 534:2011; Paper and Board—Determination of Thickness, Density and Specific Volume. ISO: Geneva, Switzerland, 2011.
82. ISO 5636-3:2013; Paper and Board—Determination of Air Permeance (Medium Range)—Part 3: Bendtsen Method. ISO: Geneva,

Switzerland, 2013.
83. ISO 1924-3:2005; Paper and Board—Determination of Tensile Properties—Part 3: Constant Rate of Elongation Method

(100 mm/min). ISO: Geneva, Switzerland, 2005.
84. ISO 3781:2011; Paper and Board—Determination of Tensile Strength after Immersion in Water. ISO: Geneva, Switzerland, 2011.
85. ISO 9895:2008; Paper and Board—Compressive Strength—Short-Span Test. ISO: Geneva, Switzerland, 2008.
86. ISO 1974:2012; Paper—Determination of Tearing Resistance—Elmendorf Method. ISO: Geneva, Switzerland, 2012.
87. Han, J.S.; Jung, S.Y.; Kang, D.S.; Seo, Y.B. Development of flexible calcium carbonate for papermaking filler. ACS Sustain. Chem.

Eng. 2020, 8, 8994–9001. [CrossRef]
88. Wang, L.; Zhao, Z.; Zhao, H.; Liu, M.; Lin, C.; Li, L.; Ma, B. Pectin polysaccharide from Flos Magnoliae (Xin Yi, Magnolia biondii

Pamp. flower buds): Hot-compressed water extraction, purification and partial structural characterization. Food Hydrocoll. 2022,
122, 107061. [CrossRef]

89. Sanchez-Salvador, J.L.; Campano, C.; Negro, C.; Monte, M.C.; Blanco, A. Increasing the Possibilities of TEMPO-Mediated
Oxidation in the Production of Cellulose Nanofibers by Reducing the Reaction Time and Reusing the Reaction Medium. Adv.
Sustain. Syst. 2021, 5, 2000277. [CrossRef]

90. Ma, P.; Fu, S.; Zhai, H.; Law, K.; Daneault, C. Influence of TEMPO-mediated oxidation on the lignin of thermomechanical pulp.
Bioresour. Technol 2012, 118, 607–610. [CrossRef]

91. Hsieh, M.-C.; Koga, H.; Suganuma, K.; Nogi, M. Hazy transparent cellulose nanopaper. Sci. Rep. 2017, 7, 41590. [CrossRef]
[PubMed]

92. Sanchez-Salvador, J.L.; Campano, C.; Balea, A.; Tarrés, Q.; Delgado-Aguilar, M.; Mutjé, P.; Blanco, A.; Negro, C. Critical
comparison of the properties of cellulose nanofibers produced from softwood and hardwood through enzymatic, chemical and
mechanical processes. Int. J. Biol. Macromol. 2022, 205, 220–230. [CrossRef]

93. Iwamoto, S.; Lee, S.-H.; Endo, T. Relationship between aspect ratio and suspension viscosity of wood cellulose nanofibers. Polym.
J. 2014, 46, 73–76. [CrossRef]

94. Lavoine, N.; Desloges, I.; Dufresne, A.; Bras, J. Microfibrillated cellulose–Its barrier properties and applications in cellulosic
materials: A review. Carbohydr. Polym. 2012, 90, 735–764. [CrossRef] [PubMed]

95. Nair, S.S.; Zhu, J.; Deng, Y.; Ragauskas, A.J. High performance green barriers based on nanocellulose. Sustain. Chem. Process. 2014,
2, 1–7. [CrossRef]

96. Pego, M.F.F.; Bianchi, M.L.; Yasumura, P.K. Nanocellulose reinforcement in paper produced from fiber blending. Wood Sci. Technol.
2020, 54, 1587–1603. [CrossRef]

97. González Tovar, I.; Alcalà Vilavella, M.; Chinga Carrasco, G.; Vilaseca Morera, F.; Boufi, S.; Mutjé Pujol, P. From paper to
nanopaper: Evolution of mechanical and physical properties. Cellulose 2014, 21, 2599–2609. [CrossRef]

98. Sun, X.; Wu, Q.; Zhang, X.; Ren, S.; Lei, T.; Li, W.; Xu, G.; Zhang, Q. Nanocellulose films with combined cellulose nanofibers and
nanocrystals: Tailored thermal, optical and mechanical properties. Cellulose 2018, 25, 1103–1115. [CrossRef]

99. Lindström, T.; Wågberg, L.; Larsson, T. On the nature of joint strength in paper-A review of dry and wet strength resins used in
paper manufacturing. In Proceedings of the 13th Fundamental Research Symposium, Cambridge, UK, 11–16 September 2005;
pp. 457–562.

https://doi.org/10.1007/s10570-021-04003-5
https://doi.org/10.3390/nano11082077
https://www.ncbi.nlm.nih.gov/pubmed/34443907
https://doi.org/10.1007/s10570-013-9972-9
https://doi.org/10.1007/s10570-020-03138-1
https://doi.org/10.1007/s10570-022-04672-w
https://doi.org/10.1021/acssuschemeng.0c01593
https://doi.org/10.1016/j.foodhyd.2021.107061
https://doi.org/10.1002/adsu.202000277
https://doi.org/10.1016/j.biortech.2012.05.037
https://doi.org/10.1038/srep41590
https://www.ncbi.nlm.nih.gov/pubmed/28128326
https://doi.org/10.1016/j.ijbiomac.2022.02.074
https://doi.org/10.1038/pj.2013.64
https://doi.org/10.1016/j.carbpol.2012.05.026
https://www.ncbi.nlm.nih.gov/pubmed/22839998
https://doi.org/10.1186/s40508-014-0023-0
https://doi.org/10.1007/s00226-020-01226-w
https://doi.org/10.1007/s10570-014-0341-0
https://doi.org/10.1007/s10570-017-1627-9


Nanomaterials 2023, 13, 1931 19 of 19

100. Rezayati Charani, P.; Dehghani-Firouzabadi, M.; Afra, E.; Blademo, Å.; Naderi, A.; Lindström, T. Production of microfibrillated
cellulose from unbleached kraft pulp of Kenaf and Scotch Pine and its effect on the properties of hardwood kraft: Microfibrillated
cellulose paper. Cellulose 2013, 20, 2559–2567. [CrossRef]

101. Friedrich, D. Thermoplastic moulding of Wood-Polymer Composites (WPC): A review on physical and mechanical behaviour
under hot-pressing technique. Compos. Struct. 2021, 262, 113649. [CrossRef]

102. Robertson, G.L. Recycling of aseptic beverage cartons: A review. Recycling 2021, 6, 20. [CrossRef]
103. Guan, M.; An, X.; Liu, H. Cellulose nanofiber (CNF) as a versatile filler for the preparation of bamboo pulp based tissue paper

handsheets. Cellulose 2019, 26, 2613–2624. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s10570-013-9998-z
https://doi.org/10.1016/j.compstruct.2021.113649
https://doi.org/10.3390/recycling6010020
https://doi.org/10.1007/s10570-018-2212-6

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Cellulose Pretreatments 
	Cellulose Treatment 
	Chemical Characterization of the Raw Material Used to Produce CMNFs 
	Characterization of CMNFs 
	Hand Sheet Preparation and Testing 
	Hot-Pressing Technology 


	Results and Discussion 
	Characterization of the Cellulosic Raw Material and the CMNF Suspensions 
	Paper Properties 
	Air Permeability 
	Dry Strength 
	Wet Strength 
	Tear Resistance 


	Conclusions 
	References

