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Abstract: The present work aims to combine the unique properties of cellulose nanofibers (CNF) with
polyvinyl alcohol (PVA) to obtain high-performance nanocomposites. CNF were obtained by means
of TEMPO-mediated ((2,2,6,6-Tetramethylpiperidin-1-yl)oxyl) oxidation, incorporated into the PVA
matrix by means of compounding in a single-screw co-rotating internal mixer and then processed
by means of injection molding. It was found that CNF were able to improve the tensile strength of
PVA in 85% when 4.50 wt % of CNF were added. In addition, the incorporation of a 2.25 wt % of
CNF enhanced the tensile strength to the same level that when 40 wt % of microsized fibers (stone
groundwood pulp, SGW) were incorporated, which indicated that CNF possessed significantly higher
intrinsic mechanical properties than microsized fibers. SGW was selected as reference for microsized
fibers due to their extended use in wood plastic composites. Finally, a micromechanical analysis was
performed, obtaining coupling factors near to 0.2, indicating good interphase between CNF and PVA.
Overall, it was found that the use of CNF is clearly advantageous to the use of common cellulosic
fibers if superior mechanical properties are desired, but there are still some limitations that are related
to processing that restrict the reinforcement content at low contents.

Keywords: cellulose nanofibers; polyvinyl alcohol; nanocomposites; nanocellulose; natural fiber
reinforced composites

1. Introduction

The main objective of a composite, resulting from the combination between two or more materials,
is to obtain a new material with unique properties, based on the combination and synergies that were
provided by the original ones, as well as reducing production costs and environmental impacts [1-3].
In this search, several thermoplastic and thermosetting polymers have been reinforced with a wide
variety of fillers, both for technical and economic purposes. However, glass, carbon, or aramid fibers
are typical fillers for such thermoplastic materials [4,5]. These composite materials, due to their
greater characteristics when compared to the neat matrix, are currently being commercialized and
accepted by the market, to the point that they are even considered as commodities (i.e., polypropylene
reinforced with 30% of glass fibers). However, although they exhibit excellent mechanical properties,
they also present important drawbacks and limitations related to their low recyclability, unhealthy
manipulation of the reinforcement, and null sustainability [6]. While it is true that natural fiber
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reinforced composites are penetrating into the market in the recent years, especially in the form of wood
plastic composites (WPC) for the building and automotive sector, their market share is still low when
compared to glass or carbon fiber reinforced composites [7,8]. These composites are usually based
on polypropylene or polyethylene and reinforced with high-yield fibers, such as stone groundwood
(SGW) or thermomechanical pulps (TMP), or even wood sawdust [3,7,9].

Inrecent years, nanostructured cellulose fibers have been developed with the purpose of obtaining a
fully bio-based, biodegradable, and biocompatible material with improved properties when compared
to common cellulose fibers [10]. Nanocellulose (NC) presents high specific surface, aspect ratio,
transparency, low density (similar to native cellulose), high intrinsic mechanical properties, and a
reactive surface due to the presence of hydroxyl groups [11-14]. As in the case of common cellulosic
fibers, they can be obtained either from softwood, hardwood, plants, or even agriculture residues, and
by means of different treatments [15-20]. NC can be even obtained from bacteria, such is the case
of bacterial cellulose (BC). Recently, the Technical Association of Pulp and Paper Industry (TAPPI)
proposed a standardization in terms and definitions for cellulose nanomaterials [21]. By definition,
cellulose nanomaterials can be divided into two categories: nano-objects and nano-structured, which,
at the same time, each category is divided into two subcategories: cellulose nanocrystal (CNC) and
cellulose nanofibers (CNF) for nano-objects and cellulose microcrystal (CMC) and cellulose microfibril
(CMF) for nano-structured. As expected, the classification is based on morphology and crystallinity
degree. Their unique properties confer them the capability to be used in several sectors, such as
papermaking, paints, biomedicine, composites, and many other sectors [22-28]. Despite all of the
abovementioned promising applications, the use of NC in thermoplastic composites is still challenging,
mainly due to the hydrophobic character of most of the matrices, the water content of NC, and its
hydrophilic character. In fact, several works have reported the incorporation of NC into polymer
matrices by means of solvent-exchange techniques, as well as dissolving the matrix in order to promote
the dispersion of the reinforcement in compatible solvents [29,30].

Among the abovementioned categories, CNF deserve special attention. CNF can be obtained by
means of several methods, i.e., oxidation, enzymatic hydrolysis, cationization, or even fully mechanical
methods [17,31-34]. Each treatment, which is usually followed by a fibrillation step that might include
high-pressure homogenization, microfluidization, or grinding, leads to significantly different CNF in
terms of morphology, properties, characteristics, and, thus, potential applications [16,34-36]. Thus, it is
well known that TEMPO-mediated oxidation leads to relatively long and thin fibers with a great surface
area, while other treatments are based on the reduction of the cellulose chain length, such is the case of
enzymatic hydrolysis. In addition, the ability to form structured networks and stable suspensions will
depend on the morphology of the CNEF, but also on the surface charge thereof [12,37,38]. In addition,
CNF present significant advantages to CNC in some applications, such is the case of nanocomposites.
The use of CNF as polymer reinforcement can be advantageous to CNC if a strong and entangled
network is desired inside the nanocomposites, according to Eichhorn et al. (2010). This mainly comes
from the ramifications that can be found in CNF, as well as their ability to bend and greater surface
area [25].

Polyvinyl alcohol (PVA) is a well-known polymer that is used for several purposes, such as
water-soluble detergent capsules, coating in papermaking, film-forming for packaging, and others [39,40].

The integration of these two phases in one seems to be a good way to form eco-sustainable
composites due to the chemical structure of both PVA and natural fibers. The presence of hydroxyl
groups in cellulosic fibers, and even some aromatic hydroxyls from lignin in the case of unbleached
fibers, glimpse a good interface between polymer matrix and reinforcement. In fact, in the case of
unbleached fibers or nanofibers, this interaction between aromatic hydroxyl groups present in lignin
has been previously reported for polyolefin-based composites in the presence of maleated coupling
agents or even with PVA matrices [3,41,42]. PVA has been widely used for the preparation of natural
fiber reinforced composites, containing micro and nanostructured fibers, as well as lignocellulose [39].
However, the water sensitiveness of PVA, together with the high hydrophilicity of natural fibers,
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seems to jeopardize the dimensional stability of the resulting composites. In fact, Cinelli et al. (2006)
found that low temperatures were required for PVA/natural fiber composites processing due to the low
thermal stability of cellulosic fibers and, thus, the use of plasticizers was required to avoid excessive
pressures in the injection units. In addition, plasticizers were also helpful to decrease the brittleness of
the resulting materials, but, at the same time, the tensile strength [43].

There are some works dealing with the incorporation of microfibrillated cellulose (MFC), cellulose
nanocrystals (CNC), and cellulose nanofibers (CNF) to PVA matrices. However, none of these
works studied the incorporation of these nanostructured cellulosic materials through conventional
techniques, such is extrusion, followed by injection molding. For instance, Peresin et al. (2010)
prepared electrospun mats containing PVA and CNC (0-15 wt %), but only mechanical improvement
on the storage modulus was observed due to the strong interactions between the matrix and the
reinforcement [44]. Liu et al. (2013) developed PVA-based nanocomposites that were reinforced
with CNF by means of solution casting method, obtaining mechanical properties enhancement
significantly low while taking the reinforcing potential and intrinsic properties of CNF into account [45].
More recently, Espinosa et al. (2019) showed the effect of incorporating lignin-containing CNF into
PVA matrices, obtaining a significant enhancement of the tensile strength. However, the authors
adopted a solvent casting strategy as in many other works, thus limiting the industrial viability of
such nanocomposites [42]. Indeed, the interesting properties of CNF against common cellulosic fibers
should allow for the addition of low amount of CNF with important effects and improvements on the
final properties of the nanocomposites. Other approaches, such is the case of MFC-reinforced PVA
nanocomposites, did not show significant advantages to the use of common cellulosic fibers, apart
from the benefits on composite production and processing [40].

While there is no doubt that the use of natural fibers in polymer composites as substitutes of those
based on glass, aramid, or carbon, is a good approach, when reviewing the available literature, it seems
that there are some controversies about the advantages and disadvantages of using nanostructured
cellulose fibers as thermoplastic reinforcement [25,46,47]. Concretely, Lee et al. (2014) indicated
that more than 30 vol. % of CNF is required to significantly improve the mechanical properties of
polylactic acid (PLA), hindering the dispersion of the reinforcement within the matrix unless they are
not chemically modified to balance their hydrophilic/hydrophobic character [46]. This issue was also
revealed in other works dealing with the use of such nanostructured cellulosic fibers as reinforcement,
pointing that one of the biggest issues is to avoid CNF agglomeration [39]. Nonetheless, it must be
pointed out that the interface between natural fibers and PLA, even at the microscale, is something still
unsolved and requires further research [48-50].

The properties of thermoplastic composites result from a combination of the fiber and matrix
properties and the ability to transfer stresses across the fiber-matrix interface, i.e., the interfacial shear
strength (IFSS), according to Thomason (2002) [51,52]. Among the different parameters presenting
significant impact on the final balance of properties of composites, the volume fraction of reinforcement,
its dispersion and orientation within the matrix, its morphology, the interaction between fiber and matrix
(IFSS), and the intrinsic properties of the reinforcement are of prime importance [53]. When considering
a system that is composed by cellulose-based reinforcement and PVA, apparently, the interaction
between fiber and matrix can be assumed to be satisfactory, promoting the transfer of stress from
matrix to reinforcement. Regarding the dispersion and orientation, it must be considered that it
will mainly depend on the compounding and processing strategy. Thus, it is expected that, in the
abovementioned works, the distribution of the reinforcement was appropriate, but CNF or CNC were
randomly oriented, leading to completely isotropic structures [42,44,54]. On the other side, there are
those materials processed by means of conventional techniques, such as extrusion and/or injection
molding. Such composite materials usually exhibit a slight orientation of the reinforcement, which
is mainly induced by the injection molding process [51,55]. The aspect ratio and specific surface of
reinforcement also play a key role in the mechanical performance of the resulting composites [25].
In fact, one of the main advantages of using nanostructured fibers as thermoplastic reinforcement is
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the elimination of defects or weaker parts of the original fibers that would act as the starting point of
cracks. In addition, the increase on the interfibrillar bond densities presumably creates a structure that
favors ductility and bending strength, as well as an increase on the strain at break [25,56]. Finally, the
intrinsic properties of fibers has been usually determined by means of micromechanical modelling
or zero-span tensile tests [51,55,57-61]. However, zero-span tensile tests may lead to error during
measuring due to test conditions and/or defects on the tested filaments or fibers and, in addition, it is
unconceivable for nanosized reinforcement. On the other hand, micromechanical analysis has been
traditionally conducted for microsized fibers and the volume of the interface between the matrix and
reinforcement is usually neglected [62].

For all of the above, the present work aims at evaluating the reinforcing potential of CNF prepared
by means of TEMPO-mediated oxidation in injection-molded PVA nanocomposites and determining
the micromechanical parameters that influence the resulting properties. As reference, SGW was
selected mainly due to its commercial availability and its extended use as reinforcement of WPC,
as mentioned above. Further, the available literature on the use of SGW as reinforcement is extensive.
Indeed, this is a limitation of the present work that should be addressed in future research comparing,
for instance, the obtained results with other pulp fibers as PVA reinforcement. In addition, the present
work proposes a method for nanocomposites preparation that is based on conventional techniques and
analyzes the micromechanical aspects with slight modifications for nanosized reinforcement, obtaining,
in the end, the intrinsic tensile properties of CNF.

2. Materials and Methods

2.1. Materials

SGW pulp was kindly supplied by Zubialde S.A. (Aizarnazabal, Spain) and it was used as
reinforcement with no further treatment for comparison purposes. Torraspapel S.A. (Sant Joan les
Fonts, Spain) kindly supplied bleached kraft pine fibers (BKPF), from Celulosa Arauco y Constitucion
(Constitucion, Chile), and they were used for the production of CNF and then used as reinforcement.
PVA (M., 30,000-70,000, 87%-90% hydrolyzed) was used as polymer matrix. All of the required
reagents for the characterization and CNF production were supplied by Sigma—Aldrich (Barcelona
Spain) and they were used as received.

2.2. Preparation of CNF

TEMPO-mediated oxidation was performed maintaining pH at 10, according to the methodology
that was reported by Isogai et al. (2011) [11]. In a typical experiment, 15 g of BKPF were suspended
in 1500 mL of water containing dissolved NaBr and TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl
radical). The amount of NaBr and TEMPO was calculated to be 100 and 16 mg/g of BKPF, respectively.
The suspension was kept under gentle stirring for 15 min. in an IKA RW28 Basic stirrer to assure a
good dispersion of all the substances. Subsequently, 8 vol. % NaClO solution was added drop-wise
to the slurry, maintaining the pH at 10. The volume was calculated to add 5 mmol of NaClO per g
of BKPFE. Afterwards, a 0.1 M NaOH solution was gradually added until no significant changes on
pH were observed. The oxidized suspension was then washed with distilled water until obtaining a
neutral pH in order to remove any trace of non-reacted reagents and catalyst.

Finally, the trated suspension (2 wt % consistency) was gradually passed through a high-pressure
homogenizer (PANDA Plus 2000, Gea Niro Soavi, Parma, Italy) operating at different pressures.
The selected sequence was three passes at 300-bar, three passes at 600-bar, and three passes at 900-bar,
as previously reported [28]. The pressure was gradually increased to avoid clogging in the pressure
chambers. The resulting gel-like suspension was stored in plastic bottles and preserved at 4 °C for
further use and characterization.
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2.3. Characterization of the Reinforcement

2.3.1. Characterization of CNF

Carboxyl content (CC) was measured prior to high-pressure homogenization in order to determine
the effectiveness of the oxidative treatment. This determination was conducted by means of
conductimetric titration in a Meter Basic 30 (Crison Instruments, S.A., Alella, Spain). For this,
100 mg of oxidized BKPF were suspended in 15 mL of a 0.01 N HCl solution and kept under gentle
stirring for 10 min. This process might exchange the Na* cations from the COO™ groups at the cellulose
surface by protons H*. The suspension was then titrated with a 0.01 M NaOH solution, recording the
conductivity of the suspension every 0.1 mL addition. The titration curve exhibited the presence of a
strong acid (excess of HCI) and a weak acid (carboxylic acid). The carboxyl content was then calculated
according to Equation (1).

CC = 162:c-(Vy = V1 )-(w = 36:(Va = V1)) Q)

where V; and V) are the equivalent volumes of the added NaOH in liters, c is the concentration of the
NaOH (0.01 M), and w is the dry weight of the sample in grams.

Colloidal titration determined cationic demand (CD) using a particle charge detector Miitek
PCD04 (BTG GmbH, Wefiling, Germany). This titration was performed through the surface adsorption
of polydiallyldimethylammonium (polyDADMAC) and the excess was titrated with poly(ethylene
sulfonate) sodium salt (Pes-Na), both from BTG (Wefilling, Germany). The molecular weight (M) of
the polyDADMAC was 107 kDa. First of all, a CNF suspension at 0.04 wt % consistency was prepared
and dispersed while using an Ultraturrax T25 (IKA, Konigswinter, Germany) at 20,000 rpm for 10 min.
From this suspension, a 10 mL-aliquot was taken and then mixed with 25 mL of polyDADMAC for
5 min. under gentle stirring. The suspension was then centrifuged for 90 min. at 1254 G-force in a
Sigma Laborzentrifugen (6K15). Then, 10 mL of the supernatant were taken to the particle charge
detector and titrated with 0.01 N Pes-Na until the display exhibited a potential of 0 mV. The CD was
finally calculated according to Equation (2):

CD — (CpolyDADMAC‘VpolyDADMAC) - (CPes—Na'VPes—Nu) @)
Wsample

where Cyoiypapmac and Vpes N, are the concentration and volume of the poly DADMAC, respectively,
Cpes-Na and Vpes N, are the concentration and volume of Pes-Na, respectively, and wggpie is the dry
weight of sample.

The degree of polymerization (DP) was determined by means of viscosimetric measurements
of dissolved cellulose in cupriethylenediamine, according to UNE 57-039-92 and Henriksson et al.
(2007) [17]. Briefly, the viscosimetric average molecular weight was calculated from Equation (3), where
1 is the intrinsic viscosity, K equals to 2.28, and a equals to 0.76. The relationship between the intrinsic
viscosity and the degree of polymerization can be described by Mark-Howink-Sakurada equations.

n=KM" (©)

The specific surface area was estimated from the carboxyl content and cationic demand,
as previously reported [10]. For this, it was considered that the interaction between CNF surface and
the added polyDADMAC during CD determination occurred through two mechanisms. On the one
hand, interaction between carboxyl groups and polyDADMAC and, on the other, surface adsorption.
In addition, it was assumed that the surface adsorption of polyDADMAC took place as a monolayer
and that polyDADMAC exhibits a cylindrical geometry. The first assumption, related to the monolayer
adsorption, can be considered due to the molecular weight of the used polyDADMAC, as previously
reported by the authors [63]. Thus, the surface of polyDADMAC was estimated by calculating the
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monomer’s surface and its degree of polymerization (667), while also considering the bond distances.
These dimensions were previously calculated by Espinosa et al. (2016) and they accounted for 5.427
and 4.849 A for diameter and length, respectively. Thus, the theoretical CNF’s surface area can be
calculated through Equation (4).

ocne = (CD = CC)-opt 4

where ocnr and op,. are the specific surface areas of CNF and polyDADMAC, respectively. The diameter
of CNF can be calculated thus assuming that CNF exhibited a cylindrical geometry. The length of CNF
was estimated according to a previously reported methodology, which was based on the DP [64].

Transmission electron microscopy (TEM, Carl Zeiss Vision, Madrid, Spain) was performed on a
diluted suspension of CNF in the presence of uranyl acetate. The images were taken in a Zeiss EM910
with a resolution of 0.3 nm.

2.3.2. Characterization of SGW

Morphological analysis was carried out using a MorFi Compact analyzer (TechPap, Grenoble,
France), which is able to calculate, among other parameters, the average length and diameter.
This equipment analyzes an average of 30,000 fibers per test and it is equipped with a CCD camera for
this purpose.

2.4. Composites Preparation

For comparison purposes, composite materials containing 20, 30, and 40 wt % of SGW were
prepared. On the other hand, nanocomposites containing 2.25, 3.375, and 4.50 wt % of CNF were
prepared. In all cases, the PVA matrix and reinforcement were mixed in a Brabender blender at 80 rpm
for 20 min. The temperature was set at 190 °C for SGW composites and at 210 °C for CNF composites.
For comparison purposes, the neat matrix was also processed in the Brabender blender prior to injection
molding. The resulting materials were then cooled down and milled in a knife mill equipped with a
1 mm sieve at the bottom. The resulting composites were then processed using an injection molding
Meteor 40 (Mateu & Solé, Barcelona, Spain) equipment operating at 220 °C in the three areas. The first
and second injection pressures, measured at the hydraulic system, were set at 12.25 and 4.90 MPa,
respectively. The tensile specimens were fabricated according to the ASTM D638 standard.

2.5. Characterization of the Composites

The tensile test specimens were conditioned in a climate chamber at 23 °C and 50% of relative
humidity for 48 h prior mechanical testing (ASTM D638). The specimens were then tested according to
the ISO 527 standard using an Instron 1122 Universal Testing Machine (Metrotec S.A., Lezo, Spain)
that was equipped with a 5 kN load cell and two gauges of 35 mm in width and 60 mm in length,
and operating at a rate of 5 mm/min. The Young’s modulus was determined by means of an axial
extensometer. A minimum of ten specimens were tested in each case.

Cross-sectional observation on the broken surfaces of the CNF-reinforced composites was
performed by means of field emission scanning electron microscopy (FE-SEM, Carl Zeiss Vision,
Madrid, Spain). For this, a Zeiss DSM 960 microscope was used and the samples were bound to the
metal holder while using carbon tape and coated with a thin layer of gold.

2.6. Micromechanical Analysis

The micromechanics of the SGW reinforced PVA composites was carried out using the modified
Kelly and Tyson equation [65]. The equation was solved for the composite containing 40 wt % of SGW,
following the methodology that was proposed by Bowyer and Bader [2]. The proposed methods were
applied according to the literature [2,55,65,66]. Once solved, the equation returns the values of the
interfacial shear strength (7), the orientation factor (1), and the intrinsic tensile strength of SGW as
PVA reinforcement (o¢F). The interfacial shear strength and the orientation factor were used as input
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for the Kelly and Tyson modified equation in order to obtain a theoretical intrinsic tensile strength of
the SGW.

The micromechanics of nanocomposites have some particularities with respect to short
fiber-reinforced composites. The main concern is related to the thickness of the interface between the
matrix and the reinforcement. In the case of microsized reinforcement, the thickness of such interface
can be neglected, as the ratio between the interface thickness and the fiber radius is low. In the case of
nanofibers, the thickness of the interface cannot be neglected by micromechanics models [67-69].

The Kelly and Tyson modified equation has been widely used to evaluate the micromechanics of
the tensile strength of short fiber reinforced composites [55,65,70,71]. The original model is based on
an interface with negligible thickness, but can be adapted to the case of nanocomposites. In this sense,
Zare proposed a combination of Kelly-Tyson and Pukanszky models as [62,72]:

.a-t-VE
ofz’flg—mﬂ_vm ®)
t

where /R is the relative yield strength of the nanocomposite as the ratio between the tensile strengths
of the composite (64) and the matrix (6;""). The orientation factor (x1) equalizes the effect of the
orientation of the fibers against the loads. This parameter is known to be mainly impacted by the
equipment and the geometry of the injection mold used to manufacture the specimens. Orientation
factor equals 1 for totally oriented fibers, 3/8 for two-dimensional (2D) random fibers and 1/5 for
three-dimensional (3D) random fiber configurations [73]. The factor « refers to the aspect ratio of the
nanofibers (ratio between its mean length (LNF) and diameter (@™F)). The interfacial shear strength (1)
measures the capacity of the interface to transmit shear loads from the matrix to the reinforcements.
Finally, VNF is the nanofiber content as volume fraction.

Zare proposed the inclusion of the interface thickness (¢) in the equation:

2
t
i 1- [1 + —] -YNE (6)

2

ANF

t
oNC = )(1-0(-1[1 + —]-VNF + o}
2

Equation (6) presents three unknowns, the orientation factor, the interface thickness and the
interfacial shear strength. The authors used a 0.33 value based on the literature [74]. This value is
higher than 1/5 because the nanofibers are expected to show semi orientated arrangements like in the
case of microfibers [71,75]. Subsequently, the interfacial shear strength can be obtained from:

o'-(B-2.04
Xra
With that value, Equation (7) can be used to compute the interface thickness, and the interface
strength (o) can be obtained from:

(1%)
1 m +E
Ot = Ot -e 2 (8)
With r
R 1425V
B— Ln (Ot T1_VANT ) 9

In contract with the original Kelly and Tyson equation, the modified model does not allow for
approximating the value of the intrinsic tensile strength of the nanofibers. Anyhow, if the mean length
of the nanofibers is considered to be lower that the critical length (L.), the use of the definition of a
critical length can be used to establish a lower bound for the intrinsic tensile strength [66]:
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of .gNF [ NF gNF

NF
— >
<Lc o =0, 2 o (10)

When microsized fibers are used for micromechanical modelling, all of the subscripts containing
“NF” should be changed to “F”.

3. Results and Discussion

3.1. Characterization of the Reinforcement

Prior to composites preparation, CNF were characterized, as described in the previous section.
CNF exhibited a cationic demand (CD) of 1238 peq/g and the carboxyl content (CC) accounted for
793 peq/g. When considering the amount of NaClO that was used as oxidizing agent, the obtained
values for CD and CC are in consonance with previously reported results [10,28]. In addition, the
obtained diameter and specific surface area, derived from the calculations detailed above, indicated
that the obtained cellulose nanomaterial can be classified as CNF. Concretely, the diameter accounted
for 12.3 nm and the specific surface area, for 216.72 m?/g. This specific surface area indicates that
the presence of free hydroxyl groups at the surface of the CNF is significantly high, glimpsing that
the ability to bond PVA will be notable by means of hydrogen bonding due to its chemical structure.
The degree of polymerization (DP) gives an indication of the length of the CNF, as previously described
by Shinoda et al. (2012). In fact, the authors reported a correlation between the DP and the length of
CNF [64]. The length could be estimated to 1.53 pum if the same relationship is applied to the obtained
results, and when considering that CNF exhibited a DP of 534. Thus, the aspect or slenderness ratio
of the obtained CNF accounted for 124.4. The aspect ratio of reinforcement has been reported to be
one of the main parameters influencing the strength of composites, where high values are pursued.
However, the aspect ratio usually accounts for significantly lower values in the case of microsized
fibers [76,77]. In fact, this is one of the main reasons why CNF-reinforced composites show higher
mechanical properties than fiber-reinforced composites [46,78,79]. Comparatively, SGW exhibited a
length and diameter of 643 and 26.9 um, respectively, resulting in an aspect ratio of 23.9. In fact, this
aspect ratio should allow for SGW to impart significant improvements on the PVA matrix, since it is
widely accepted that fibers with aspect ratios that are higher than 10 may contribute to reinforce the
polymer matrix [77]. However, in the case of CNF, some authors have reported that at least an aspect
ratio of 50 is required to glimpse any reinforcing effect [25,80].

Figure 1 shows a TEM image of the CNF suspension, where the high aspect ratio can be observed,
as well as the diameters of the same magnitude than those calculated above. In addition, although the
CNF suspension was significantly diluted, different contact points can be observed among the different
nanofibers. This fact reveals the ability of CNF to form entangled networks that may confer ductility
and strength to the resulting nanocomposites, as will be later discussed.

Figure 1. Transmission electron microscopy (TEM) image of the obtained cellulose nanofibers (CNF).
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3.2. Macromechanical Evaluation of the Composites

Moderate amounts of CNF were incorporated into the PVA matrix, ranging from 2.25 to 4.50 wt %,
as explained above. The amount of CNF was limited to 4.50 wt % due to processing restrictions,
since the amount of water that CNF retain is high when compared to microsized fibers. The neat
PVA matrix exhibited a tensile strength of 52.40 MPa, while the Young’s modulus accounted for
5.10 GPa. This strength is significantly higher than most of the polyolefin commodities, such as
polypropylene (PP) or polyethylene (PE), and of the same magnitude than polylactic acid (PLA),
according to previously published works [3,48,81]. Regarding the Young’s modulus, it is clear that
PVA is stiffer than the aforementioned materials [41,82]. The evolution of the tensile strength followed
a linear regression with a correlation factor R? = 0.9857 (Figure 2), indicating that both dispersion and
interface were successfully achieved. In fact, this linear behavior fits the rule of mixtures, which is
widely used to describe the mechanical performance of composite materials. For comparison purposes,
Figure 2 also shows the evolution of tensile strength when different percentages of SGW, ranging from
20 to 40 wt %, were incorporated into the PVA matrix.

100

A CNF nanocomposites
—_—— SGW composites

90 1

R =0.9857

80 A
40 wi% SGW

Gtc, MPa

30 wt% SGW

70

20 wt% SGW
60

50 T T T T T

CNF, wt%

Figure 2. Evolution of tensile strength (o) as the amount of CNF was increased. Blue dashed lines
indicate the tensile strength of polyvinyl alcohol/stone groundwood (PVA/SGW) composites at different
SGW content for comparison purposes.

The incorporation of 2.25 wt % CNF increased the tensile strength in a 45.9% and an improvement
of 85.2% was achieved at the maximum dosage of CNE, i.e., 4.50 wt %. This great improvement
with such low reinforcement content can be only achieved if the intrinsic tensile properties of the
reinforcement are extremely high. In fact, the incorporation of 40 wt % of SGW into the PVA matrix
resulted in a similar tensile strength than when 2.25 wt % of CNF were used as reinforcement. The linear
tendency can be attributed to the good dispersion of the CNF within the PVA matrix, as well as the good
interface that the system presents. The amount of hydroxyl groups at the CNF surface is expected to
be high, which is mainly due to the huge specific surface that they present. Thus, the interactions with
the PVA matrix will be presumably abundant and based on hydrogen bonding, promoting the stress
transfer from the matrix to the reinforcement when the nanocomposite is subjected to stress [39,70,83].
CNF generate an expanded high-volume and interconnected web-like structure within the matrix that
inhibits the crystallization of PVA, suppressing the free movement of polymer chains and promoting
the generation of multiple bonds between polymer and reinforcement, as reported by Nakagaito
et al. (2005). With convenient fabrication method, the nanocomposites made of PVA/CNF could
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replace traditional non-biodegradable plastic and composite materials in many applications, including
the automotive sector or even ski poles [40,84]. Although Figure 2 does not show the evolution of
PVA/SGW, the evolution of the tensile strength of such composites also followed a linear tendency.
In fact, although SGW contains a significant amount of lignin that could hinder the interaction with
PVA, in previous works it has been demonstrated that this type of fiber also interacts by means of
hydrogen bonding with other matrices, such is the case of maleated polypropylene. Thus, it has
been extensively reported that a linear tendency as the amount of reinforcement is increased denotes
good interaction between both phases, which means that synergy exists between the properties of the
reinforcement and the matrix as function of the ratios inside the composite [41,48].

Comparatively, the obtained nanocomposites exhibit superior mechanical properties than other
PVA/CNF attempts that are available in the literature. For instance, Espinosa et al. (2019) did not report
any significant improvement on tensile strength when the content of TEMPO-oxidized lignocellulosic
nanofibers was increased from 1 to 7 wt %, indicating that their dispersion was probably not assured.
In addition, the improvement was quantified in 46.7% in almost all cases, while this improvement
was achieved with a 2.25 wt % load of CNF in the present work, being significantly improved at
higher dosages. However, in that case, the selected CNF contained lignin, which might hinder the
interaction with PVA [42]. Liu et al. (2013) also reported a significant improvement on tensile strength
due to the incorporation of CNF, obtaining a relative improvement of 19.8% for a 3 wt % CNF dosage.
Nonetheless, the authors incorporated high amounts of CNF into the PVA, reaching reinforcement
loads of 60 wt %. In addition, the neat PVA that Liu et al. (2013) proposed exhibited a tensile strength
of 29.7 MPa, being considerably lower than the selected matrix in this work [45]. In any case, there is
no doubt that CNEF, and even microfibrillated cellulose, have great potential as reinforcement of PVA,
as broadly discussed by Tan et al. (2015) in their review [39].

The great reinforcing potential of CNF can be attributed to a combination of different factors. Apart
from the interactions between reinforcement and matrix, the aspect ratio of the reinforcement is also a
parameter of prime importance, as described by Thomason (2002) [51]. The obtained CNF exhibited
an aspect ratio of 124.4, while, in the case of SGW, this ratio accounted for 23.9, as described above.
Another parameter that deserves special mention is the intrinsic tensile strength of the CNF, as will be
later discussed. Alcala et al. (2013) reported that the intrinsic tensile strength of TEMPO-oxidized CNF
could be quantified in almost 7 GPa, value significantly higher to that reported for common cellulose
fibers, which might range from 0.14 to 2 GPa, depending on the origin and type of fiber [41,55,58,85,86].

Lee et al. (2014), in their review, reported that at least 30 wt % of CNF as reinforcement is required
to obtain significant improvements with respect to the matrix, which was PLLA [46]. In that case, the
interface between reinforcement and matrix was not assured due to the presence of methyl groups
on PLLA chain. Contrarily, the proposed matrix in this work assures the obtaining of a well-bonded
system, showing that low amounts of CNF are required in order to obtain similar results than those
obtained with regular microsized fibers. Qiu and Netravali (2012) studied a similar approach, where
PVA/MEFC composites were produced by means of extrusion and solution casting. In that work, the
authors prepared composites with MFC ratios from 5% to 50% by weight and, in some cases, glyoxal
crosslinking was required. However, the intrinsic properties of the microfibrillated cellulose may be
significantly lower, as well as aspect ratio, thus the achieved enhancements were much lower than the
ones obtained in this work [40].

Although the obtained tensile strength of the nanocomposite reinforced with 2.25 wt % was of the
same magnitude than in the case of reinforcing PVA with a 40 wt % of SGW, their behavior under stress
was completely different. In fact, it has been reported that low amounts of CNF, apart from increasing
the tensile strength and modulus, also contribute to the toughness of the resulting material. Figure 3
shows the stress—strain curves of neat PVA, the nanocomposite reinforced with 2.25 wt % of CNF and,
for comparison purposes, the PVA composite reinforced with 40 wt % of SGW.
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Figure 3. Stress-strain curves of neat PVA and PVA/2.25CNF and PVA/40SGW composites.

The stress—strain curves show the behavior of the tested materials. PVA shows an initial elastic
region with a soft transition to the plastic one, indicating a typical shape for ductile materials. The yield
and ultimate strengths are similar and not far in terms of strains, but the fracture strength was
impossible to measure. On the other hand, the SGW reinforced PVA composite showed a brittle
behavior, with a clear elastic region and a noticeable decrease of the plastic region when compared
with the matrix. The yield, ultimate, and fracture strengths are very similar and not distant in terms of
strain. CNF reinforced PVA nanocomposites showed a ductile behavior like the matrix, possibly due
to the low nanofiber content, being unable to change the fracture mechanism from ductile to brittle,
but increasing the tensile strength and due to the presumably three-dimensional (3D) network that they
are able to conform within the matrix. In the case of the nanocomposites, there is an elastic region, with
a slope between the matrix and the SGW-based composite. The yield strength of the nanocomposite
seemed to be noticeably lower than its ultimate strength. In fact, the yield strength of the SGW-based
composite is higher than the nanocomposite. The ultimate strength is at the end of a soft curve after a
low deformation of the specimen. Further deformations of the nanocomposite specimen decreased its
area and its strengths up to its strength at fracture, being noticeably far from its ultimate strength.

In the case of neat PVA, toughness was estimated to be higher than 4.07 MJ/m3, since the test
was stopped before breaking. In the case of the PVA/2.25CNF, toughness accounted for 5.32 MJ/m3,
indicating that, as previously reported, the incorporation of long and slender nanosized fibers also
benefits this property [39,87]. Contrarily, the incorporation of microsized fibers, such is the case of
SGW, significantly decreased this parameter to 0.71 MJ/m3. The strain at break, another parameter
that provides information regarding the behavior of materials, was significantly different. Overall, the
obtained toughness in the PVA/2.25CNF was higher than values that were reported for PP, PLA, HDPE,
or even collagen, while the tensile strength was significantly superior [48,53,88]. Nevertheless, the
obtained values were lower than those that were reported for natural rubber, CNF/HEC (hydroxyethyl
cellulose) composites, and nanopapers, among others [87].

When considering the elastic regions of the stress-strain curves, it becomes apparent that, when
PVA was reinforced, regardless the type of reinforcement, Young’s modulus was increased. The effect
of CNF resulted in a lower impact than the incorporation of SGW, as can be corroborated in Figure 4.
This fact can be surprising, especially when taking into account that CNF have been reported to be
stiffer than regular lignocellulosic fibers [58,85]. The incorporation of 4.50 wt % of CNF into the PVA
matrix increased the Young modulus to 7.45 GPa, value of the same magnitude than that obtained
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with 20 wt % of SGW. However, the incorporation of such an amount of CNF increased the tensile
strength to 97.05 MPa, an unconceivable value if SGW fibers were used. CNF have been reported to
significantly increase the Young’s modulus of PVA, reaching enhancements of 210% when 15 wt %
CNF loads are used [39,45]. For TEMPO-oxidized nanofibers, Espinosa et al. (2019) also found an
improvement of almost 100% when 7 wt % of CNF were incorporated into the PVA matrix [42].

10 - 40 wt% SGW

< - T
¥
&)
w7
R =0.9942
6 -
3] A CNF nanocomposites
_— SGW composites
4 T T T T T
0 1 2 3 4

CNF, wt%

Figure 4. Evolution of Young’s modulus (E;) as the amount of CNF was increased. Blue dashed lines
indicate the Young’s modulus of PVA/SGW composites at different SGW content for comparison purposes.

The linear evolution of Young’s modulus as the amount of CNF was increased in the
nanocomposites is also an indicator that reinforcement was properly dispersed within the PVA
matrix [48,76]. Indeed, this dispersion was clearly observed by means of field emission scanning
electron microscopy (FE-SEM), as reflected in Figure 5.

/

STRUAG 7.8 kV XS5S8.0K 600nm

Figure 5. Field emission scanning electron microscopy (FE-SEM) images of the fracture surface at low
(A) and high (B) magnification.

Several nanosized fibrils can be observed at the fracture surface after mechanical testing.
Apparently, CNF were properly dispersed in the nanocomposite and no voids were observed, which
indicated that no slippage occurred when the nanocomposite was submitted to stress. In addition,
although the observed diameters seem to be slightly higher than those calculated above, it might be
possible that some bundles were generated during compounding.
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3.3. Micromechanal Analysis of the Interface of the Nanocomposites

The modified Kelly and Tyson equation was solved for the composite containing 40 wt % of
SGW, as explained above. The obtained orientation factor was 0.307. This value is well within the
expected 0.25 to 0.35 range, typical from natural fiber reinforced composites processed by means
of injection molding in the same facilities than in the case of the present study [66]. In the case of
microfiber reinforced composites, von Mises (0/™/312) and Tresca (04"/2) criteria are used to obtain a
range of values that define strong interfaces. In the case of PVA, the expected values will vary from
30.2 to 26.6 MPa. The interfacial shear strength for PVA/SGW composites was estimated at 26.34 MPa.
This value almost fits the Tresca and von Mises criteria, evidencing the presence of a strong interface.
In a previous work, where the SGW reinforced polypropylene (PP) composites were prepared and
characterized, the interfacial shear strength accounted for 3.6 and 15.8 MPa for uncoupled and coupled
materials, respectively, evidencing the importance of providing a good interface between matrix and
reinforcement [58]. The value for coupled composites that was reported by Lopez et al. (2011) was
significantly low as compared to the interfacial shear strength that was obtained in the present study
for PVA-based composites. However, it must be considered that the tensile strength of the matrix
limits this parameter. Thus, the obtained differences are understandable when considering that the
tensile strength of PP is significantly lower than PVA’s. The same reinforcement exhibited an interfacial
shear strength of 19.3 MPa when polyamide 11 (PA11) was used as matrix, which was a value near to
Tresca criteria for PAll-based composites [89]. Thus, the PVA-based composites showed interfaces
that were weaker than PP-based materials but stronger than PA11 ones. The intrinsic tensile strength
of SGW as PVA reinforcement was estimated at 428 MPa. This value is in the range 280 and 618 MPa,
being computed for SGW-reinforced PP composites [58]. The literature shows a relation between the
chemical nature of the matrix and the intrinsic tensile strength of the reinforcements [90]. The intrinsic
tensile strength of a reinforcement that was obtained by using micromechanics is related with the
exploitation of the strengthening abilities of the fibers instead of its tensile properties as single fibers.
In this sense, SGW-reinforced PA11 composites delivered a value of 562 MPa [89,91].

The obtained orientation factor and interfacial shear strength were used as input for the Kelly and
Tyson modified equation with the data for the composites with 20 and 30 wt % SGW contents, thus
obtaining theoretical values for the intrinsic tensile strength of the SGW. The obtained values were 401
and 361 MPa, respectively. These values differ from the one that was obtained for the 40 wt % reinforced
PVA/SGW composite, but it can be due to the shape of the stress-strain curves of the PVA/SGW
composites. PVA/SGW composites show a linear elastic region up to almost the maximum tensile
strength (Figure 3). The shape of such curves hinders the application of Bowyer and Bader’s solution
to the Kelly and Tyson model. Other composites do not show this region of low slope [58,89]. It was
impossible to solve the equation for the composites with SGW contents lower than 40 wt %. Besides,
the mean length of the fibers decreases with increasing reinforcement contents and, consequently, the
composites with low reinforcement loads will include longer fibers [53]. Thus, it is possible to obtain
higher strengthening yields for the same reinforcements with lower intrinsic tensile strength.

The micromechanics study of the PVA/SGW composites showed materials with strong interfaces
and a mean exploitation of the strengthening capabilities of SGW.

Following, the micromechanics of the interface of the nanocomposites was examined. Interfacial
shear strength (), interface thickness (t), and interface strength (0;') computed with Equations (7), (6),
and (8), respectively, are shown in Table 1.

The values of the interfacial shear strength are in the range between 31.25 and 25.28 MPa.
Thus, the interface can be considered to be quite strong. Other researchers obtained similar strong
interfaces. Chopra et al. (2017) obtained an interfacial shear strength around 22 MPa for carbon
nanotube reinforced polybutylene terephthalate nanocomposites [73]. The same authors also observed
a tendency of the interfacial shear strength to decrease with increasing percentages of reinforcement.
This can be related with the increasing difficultly in obtaining good reinforcement dispersions when its
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percentage is increased. In any case, the values suggest the existence of a relevant interface between
the CNF and the matrix.

Table 1. Micromechanics of the tensile strength of PVA/CNF nanocomposites.

CNF%ww VNEy/y  7(MPa) t(mm) ofMPa) oM (MPa) fe

2.250 0.0185 31.25 120.6 94.83 7622.5 0.21
3.375 0.0280 27.40 93.4 104.23 6825.6 0.19
4.500 0.0370 25.28 96.2 97.56 6297.5 0.19

The obtained values for the thickness of the interface layer are significant when compared to the
nanofibers diameter. The theoretical diameter of the interface layer is between 19.6 and 15.2 times
higher than the fiber diameter. On the other hand, as compared with the diameter of a microfiber,
the diameter of such fiber is between 111.5 and 144.0 times larger than the interface layer thickness.
The obtained values are higher than expected and, in some sense, contradict some authors that preview
interface thickness always lower than the nanofiber diameter [92]. Chopra et al. (2017) obtained a
similar interface layer thickness of such a layer for nanocomposites, and agreed in the fact that the
model overestimates the thickness of such layer. The same authors proposed a second equation, based
on a modification of combined Leidnar-Woodhams and Pukanszky models for cylindrical nanofillers
that returns layer thickness 10 orders of magnitude smaller [73]. However, even if the interface
thickness was 10 times smaller, it cannot be considered to be irrelevant in the case of nanocomposites,
as usually is in the case of microsized fiber reinforced composites. The values suggest the existence
of a wide interface layer around the nanofibers. Such wide interface areas increase the area that is
susceptible to matrix nanofiber interactions and, thus, the creation of strong interfaces. Chopra et al.
(2017) related the creation of such wide areas with good fiber dispersion and low fiber aggregates
creation [73].

The strength of the interface was found to be in the range between 94.8 and 104.2 MPa, clearly
higher than the tensile strength of the matrix. The thickness of the interface layer affects the strength
of such a layer and, the larger the thickness, the lower the strengths. This was observed by other
researchers, who stated that thin interface layers will be always stronger than thick one’s for similar
interfacial shear strength values [62,73].

Using the definition for the critical length of a fiber (Equation 10), it is possible to establish a
lower bound for the intrinsic tensile strength of the fibers (o;") or nanofibers (o;NF). Table 1 shows the
obtained values for the CNEF. This values are in the range from 6297.5 to 7622.5 MPa. These values are
15 to 18 times higher than the SGW fibers as PVA reinforcement, showing the notable strengthening
abilities of nanofibers in front of microsized fibers. The intrinsic tensile strength of CNF is around nine
to 18 times the typical intrinsic tensile strength of a natural fiber [55,66,93]. Moreover, the theoretical
intrinsic tensile strength of the CNF will be equal or higher than the obtained values (Equation (10)).
This value can then be used to solve a modified rule of mixtures for the tensile strength:

of = ol f-VNF 4 ot (1 - VIF) (11)

where f; is a coupling factor that accounts for the impact of the quality of the interface, the mean
orientation of the fibers, and the morphology of such fibers. The literature shows that in the case of
short fiber semi aligned reinforced composites the coupling factor takes values around 0.2 when a very
good interface is obtained [94]. Table 1 shows the obtained coupling factors. All of the values are near
0.2, corroborating the strength of the interface between CNF and PVA.

4. Conclusions

In this work, biodegradable PVA nanocomposites reinforced with CNF have been prepared
and tested. The matrix was intentionally selected due to its affinity with cellulose, bringing to the
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light the impact of using CNF instead of microsized fibers. It was found that the incorporation of
low amounts of CNF lead to nanocomposites with significantly high tensile strength and toughness.
Concretely, the incorporation of a 2.25 wt % of CNF enhanced the tensile strength of the PVA to the same
magnitude than when 40% of microsized fibers was added. Further, the incorporation of 4.50 wt % of
CNF increased the tensile strength of PVA in an 85.2%, almost reaching 100 MPa of tensile strength.
Moreover, a high strain at break was found for the nanocomposites, with no significant reduction
with regard to the neat matrix. In addition, the incorporation of CNF into the PVA matrix lead to
tougher structures, clearly indicating that a 3D structured network was created within the matrix
mainly due to the high aspect ratio of CNF. Regarding Young modulus, the results indicated that the
use of nanostructured reinforcement affects, to a lesser extent, the rigidity of the material, corroborating
the obtained values for toughness. The linear behavior of Young’s modulus as the amount of CNF
was increased indicated that CNF dispersion was properly achieved. This was corroborated by means
of FE-SEM observation. From the study of the interface, coupling factors that were near to 0.2 were
obtained, which indicated that a good interface was obtained. In addition, the obtained intrinsic tensile
strength of CNF was found to be 15 to 18 times higher than SGW in the same matrix. Overall, it was
found that the use of CNF is clearly advantageous to the use of common cellulosic fibers if superior
mechanical properties are desired, but there are still some limitations that are to processing that restrict
the reinforcement content at low contents.
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