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Abstract: Despite the great potential of cellulose wood pulp and cellulose
nanofibrils as reinforcing filler in thermoplastics, its use is limited due to its
tendency to form agglomerates and due to its high hydrophilic character. Here
we describe fiberboard composites with high contents of wood pulp or cellulose
nanofibrils, and a resin of poly (styrene-methyl-methacrylate-acrylic acid) used
as water-based emulsion. Cellulose wood pulp and cellulose nanofibrils were
used directly in the form of water suspensions. The method is based on the
flocculation of the polymer emulsion followed by agglomeration of a mixture of
the polymer emulsion and cellulose suspension, leading to the co-precipitation of
the composite material, which can be easily separated from the water phase.
Composites with acrylic polymer/cellulose fibers in the proportions of 75:25,
50:50 and 25:75 wt% were prepared. Composites were characterized by scanning
electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA), dynamic mechanical analysis (DMA) and
water absorption tests. SEM analysis revealed a very good dispersion of the
fibers without evidence of agglomeration, which led to superior mechanical
properties. These results showed the effectiveness of the methodology and the
potential of cellulose wood pulp and CNF as reinforcement fillers in fiberboard
composites and any other high fiber-content materials.
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1 Introduction

The development of composites reinforced with materials derived from renewable resources is of
great interest nowadays. This approach opens the possibility of technological innovation since new
materials and new processing strategies can be developed. Cellulose nanofibrils (CNF) and bleached
cellulose wood pulp are interesting examples of renewable materials for composite reinforcement purpose.
These materials have low cost since bleached cellulose pulp is a commodity and CNF is produced from
wood pulp and interesting properties, such as low density, low coefficient of thermal expansion, high
surface area, high specific strength, high Young’s modulus [1], besides the advantages of the nanometric
nature of CNF [2].

Cellulose fibers are high hydrophilic materials forming strong agglomerates, especially when dried,
and this feature makes it very difficult to disperse them in the majority of commercial thermoplastic
polymers, which are predominantly hydrophobic. [3,4] This is the main reason why cellulose wood pulp
and CNF are not used more extensively as reinforcement in non-water soluble matrices [5-7].

Several studies have been published regarding to the preparation and characterization of composites
of diverse polymer resins with cellulose such as phenolic [8], epoxy [9], acrylic [10], polyester [11] and a
variety acrylic copolymer emulsions [11-13]. In general, these methods are laborious and involve the use
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of organic solvents and complex chemical reactions and/or expensive processes, which generally modifies
the cellulose properties. [12,14,15].

The process described in this paper is based on a previous research in our group, in which composites
with low fiber content (5 to 15 wt%) were prepared by an all-aqueous process based on the quick
destabilization of a mixture of polystyrene nanoemulsion and cellulose wood pulp or CNF suspension [16].
The principle of the method is based on the flocculation of a polymer nanoemulsion in the presence of a
fiber or nanofiber suspension. Nanoemulsions are stable due to the repulsive ionic forces between the
polymer particles and, when a coagulant is added, the particles are attracted one to each other leading to the
coagulation. When the coagulation takes place in the presence of fibers, the fibers are coated by the polymer
and it can be removed from the suspension after agglomeration as a composite mass.

Here we describe an alternative way for the preparation of fiberboard composites with high fiber
content, up to 75%. This is a challenge since at high fiber loads the agglomeration will be favored,
resulting in poor finishing and poor mechanical properties. The process is based on the flocculation of a
nanoemulsion of an acrylic resin in the presence of cellulose wood pulp or CNF suspension. The focus of
this work was the control of the process aiming to avoid fiber segregation and agglomeration. The
material generated using the method was processed as thermoplastic composites with fiber content of 25,
50 and 75 wt%.

2 Experimental
2.1 Materials

Commercial acrylic resin based on styrene, methyl methacrylate and acrylic acid was supplied as
emulsion by Hydronorth Brazil, with solid content of 13,9 wt%, pH 9 and My = 175.000 g.mol™.
Aluminium potassium sulphate salt (KAl; (SO4)2°12H,0) solution (alum) used as flocculation agent was
supplied by Synth (Brazil). Bleached Kraft wood pulp (CP) from Eucalyptus was supplied by Suzano
Papel e Celulose S.A. Cellulose nanofibrils (CNF) aqueous suspension at 3 wt% solid content produced
from bleached Eucalyptus wood pulp was supplied by Suzano Papel e Celulose S.A.

2.2 Fiberboard Composites Preparation

Bleached pulp was dispersed in water for 24 h at a concentration of 8 wt%. This cellulose fibers
suspension was homogenized with an Ultra-Turrax homogenizer (model T-25, IKA-Germany) operating
at 10.000 rpm for 10 minutes. Then, cellulose pulp (CP) or cellulose nanofibrils (CNF) suspension was
mixed with the acrylic resin emulsion (AR) and homogenized with the Ultra-Turrax for 2 min. The
proportions of cellulose fibers suspension and acrylic resin emulsion were set to give composites with
final polymer/cellulose proportions of 75:25, 50:50 and 25:75 wt%, named respectively as AR/CP 75:25,
AR/CP 50:50 and AR/CP 25:75. Similar procedure was used to prepare the composites based on CNF,
which were named AR/CNF 75:25, AR/CNF 50:50 and AR/CNF 25:75, respectively to their
CNF/polymer proportions of 75:25, 50:50 and 25:75 wt%.

The flocculation and agglomeration were obtained adding 10 mL/L of a 1 wt% solution of alum
under vigorous agitation. Flocculation took place after few minutes and was evidenced by the separation
of a white mass from water, which was visible as a clear liquid layer at the top of the mixture. In the
second step of the process, the water was removed by filtration and the material retained on the filter was
washed with distilled water and then removed in the form of a plate. The plate was dried in an air-
circulation oven at 60°C for 24 hours and hot-pressed at 160°C and 10 MPa for 3 minutes generating the
plates of the composite material. The step in which the wet sheet is removed from the filter is critical once
it should have uniform thickness to give a homogeneous fiberboard without voids or defects.
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2.3 Characterization

FTIR spectra were obtained using a Perkin-Elmer Spectrum 100 FT-IR Spectrometer with attenuated
total reflectance (ATR) device of diamond coated zinc selenide crystal. The measurements were
performed with 4 cm™ resolution being taken 32 scans for each run performed from 650 to 4000 cm™.

Thermogravimetric analysis (TGA) was assessed using a Perkin Elmer Thermogravimetric Analyzer
Pyris 1 TGA equipped with a platinum crucible using samples with 3-10 mg at constant heating rate of 10
°C.min" from room temperature to 850°C, under nitrogen flow at 20 mL.min™.

Water absorption experiment was carried out by the immersion of small plates with 40 x 4 x 1 mm in
distilled water at room temperature for 72 hours, and the mass gain were measured in intervals of 2 hours. For
weighing, the samples were removed and the excess water was carefully removed with an absorbent tissue.

DMA measurements were carried out in a Perkin Elmer DMA 8000 Dynamic Mechanical Analyzer
equipment working in three-point bending mode. Samples were analysed at temperature range from -20 to
150°C, heating rate of 3 °C.min"'", and oscillation frequency of 1 Hz.

Tensile Tests were carried out in an Instron 5969 Universal Testing Machine equipped with a 5 kN
load cell, at a deformation rate of 100 mm.min" according to ASTM D 638. Specimens were 108 mm x
10 mm and were kept at 23°C and 50% RH for 72 hours before tests.

Scanning Electron Microscopy (SEM) of fragile fractured surface obtained in liquid nitrogen were
examined using an Inspect F50 scanning electron microscope from FEI, the Netherlands.

3 Results and Discussions
3.1 Composites Fiberboard Preparation

Fig. 1 shows the dried composites before hot-pressing prepared with CNF (1A) and cellulose wood
pulp (1B).

Figure 1: Photographs of the dried fiberboard composites before pressing, prepared with A) CNF and B)
cellulose wood pulp (CP)

It is possible to observe that AR/CNF samples (Fig. 1(A)) are very homogeneous material, and the
AR/CP samples (Fig. 1(B)) shows less homogeneous aspect with agglomerates of wood pulp and regions
of voids.

Fig. 2 shows the fiberboard composites after hot-pressing. As observed, before the hot-pressing
process the CNF composites are more homogeneous while CP composites show agglomerates with an
irregular surface evidenced in AR/CP 25:75 (Fig. 2(F)).
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Figure 2: Fiberboard composites obtained by co-precipitation process and hot pressing (a) AR/CNF
75:25, (b) AR/CNF 50:50, (c) AR/CNF 25:75, (d) AR/CP 75:25, (e) AR/CP 50:50 and (f) AR/CP 25:75

As already mentioned, the method used is based on the flocculation and coagulation of a polymer
nanoemulsion in the presence of the fiber in water suspension [16]. The nanoemulsion stability is due to
the repulsion between the negatively charged particles prepared with an anionic surfactant. When the
stability of the nanoemulsion is broken by the addition of divalent or trivalent ions, such as AI*, the
repulsion between particles is replaced by attraction forces leading to the flocculation and then
coagulation of the polymer particles [17,18]. The flocculation occurs due to the van der Waals attraction
forces among the components, once the repulsion of the charged particles is shielded by the flocculant
agent, which neutralizes the particle charge. The destabilized particles and fiber mixture agglomerate into
larger aggregates that can be separated from the water, giving rise, directly, to the composite. When the
coagulation takes place the fiber in suspension are coated with the polymer emulsion, followed by the
composite mass formation, in which the fiber/matrix dispersion is high homogeneous.

3.2 Fourier Transform Infrared Spectroscopy

The typical spectrum of the cellulosic substrate (Figs. 3(A) and 3(B)) showed bands at 3300, 2880
and 1100 cm ™', associated with the vibration of the O-H, C-H, and C-O-C bonds, respectively [19]. The
bands at 1730 cm™ and 2900 in acrylic resin spectrum is associated to C=0 ester and CHa, typical of the
methyl methacrylate [20], and those at 700 and 750 cm™ corresponded to the vibration of the mono
substituted polystyrene ring. FTIR spectra of the fiberboard composites of AR based on CNF or cellulose
wood pulp resulted in a combination of their typical peaks, and no shifting in vibrational bands were
observed. A gradual increase in peak intensity at 1730 cm™ indicated the increase in the acrylic resin
concentration in the fiberboards composites.
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Figure 3: FTIR spectra of fiberboard composites, polymer resin, CNF and cellulose wood pulp

3.3 Thermogravimetric Analysis (TGA)

Fig. 4 shows the TGA tracing of AR/CNF and AR/CP in which is possible to observe two weight-loss
events, one due to the degradation of the acrylic resin and the other corresponding to cellulose
degradation. The onset of weight loss was observed at 350°C (Fig. 4(A)) for CNF, 350°C for cellulose
pulp (Fig. 4(B)) and 460°C for the acrylic resin. The content of AR and fibers in the fiberboards
composites were estimated by the area of the TGA derivative peaks, and showed in Tab. 1. The results
revealed, in general, that the content of fibers and AR agrees with the theoretical amounts estimated from
the quantity of materials used in the composites preparation.
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Figure 4: Thermogravimetric curves of a) AR/CNF fiberboards, b) AR/CP fiberboards
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Table 1: Compositions of AR/CNF and AR/CP composites, calculated from the peak areas according to
DTGA curves

Composition determined by DTGA area

Fiberboard
AR (%) Cellulose fibers (%)

AR/CNF 75:25 77 23
AR/CNF 50:50 49 51
AR/CNF 25:75 24 76
AR/CP 75:25 71 29
AR/CP 50:50 45 55
AR/CP 25:75 26 74

3.4 Water Absorption

Fig. 5 shows the results of the water absorption tests. In general, the CNF composites showed lower
water absorption than wood pulp composites. It is interesting to observe that the composites with 25 wt%
of cellulose pulp or CNF show water absorptions lower than the acrylic resin. It suggests a synergic effect
that avoids water absorption when cellulose fibers and the resin are used in combination. It is also
possible to observe that CNF absorbs almost 100% of its weight in water, wood pulp disintegrates. The
high-water absorption of the acrylic resin is due to its hydrophilic character probable due to the presence
of acrylic acid in its structure.

(A) 100 (B) 100 CP total dispersion
i D=0 95.9+ E——a——=
0 g 9o f 4 iso—CP
- O =O=CNF > ——AR
80 —/ —0— AR —~ 80 AR/CP 75:25
2 O AR/CNF 75:25 N —X—AR/CP 50:50
é 70 =K== AR/CNF 50:50 < 70 —4—AR/CP 25:75
= —d— AR/CNF 25:75 = VoY X X
2 60 g 60 W ‘ ‘ 8.7
N
g 50 435 g 50 ¥
@ —— (———« B
% 40 4{««‘ 30,9 z 40
5 30 | o= g o) 2 30 -0 o—%0
a 20 3 20 223
14.7
10 10
0 1 | 1 | 1 | 1 0 1 | 1 | 1 | 1
0 25 50 75 0 25 . 50 75
Time (h) Time (h)

Figure 5: Water absorption curves of a) AR/CNF and b) AR/CP fiberboards

3.5 Dynamic Mechanical Measurements

Fig. 6 shows the data of DMA measurements for (A and B) storage modulus and (C and D) loss
tangent (tan J). Figs. 6(A) and 6(B) shows the storage modulus as function of temperature for the CNF
and CP composites, respectively. It is possible to see that glass transition was about 38°C for the acrylic
resin and that fiber addition increases the glass transition temperature. It leads to an increase in the
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modulus of the rubbery plateau above glass transition, as expected for fiber reinforced composites. For
the composite with 75% fiber (CNF and CP) the rubbery plateau is almost suppressed. The tan & curves
for the composites with CNF and pulp are showed in Figs. 6(C) and 6(D), respectively. Fiber load causes
a very relevant decrease in damping. Tan & peak shift to higher temperatures with increase in fiber content.
Tan d peak shows a slight shift from 33°C for neat matrix to about 35°C for the composites with CNF and
CP. The strong reinforcement effect can be attributed to the percolation effect and to the strong
interaction between fibers due to hydrogen bonding [21].
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Figure 6: Storage modulus (E’) vs. temperature of a) AR/CNF and b) AR/CP. Tan 3 of ¢) AR/CNF and d)
AR/CP

3.6 Tensile Tests

The results of tensile tests are showed in Fig. 7 and the data obtained for Young’s modulus, tensile
stress and elongation at break are presented in Tab. 2. Fiber load improves the modulus and tensile
strength and decreases elongation at break, as expected for composites. The reinforcement effect is much
more pronounced for CNF composites due to its high aspect ratio when compared to cellulose pulp. It is
interesting to observe that even with high reinforcement effect the elongation remains relatively high,
especially for CNF composites.



410 JRM, 2019, vol.7, no.5

(A),, B),,
i —0—AR i —{—AR
35 AR/CNF 75:25 35 AR/CP 75:25
- —%— AR/CNF 50:50 - —— AR/CP 50:50
30 - —<&— AR/CNF 25:75 30 | —4— AR/CP 25:75
g5 %“:25 -
= K ()
20 22
215 e 15 -
AN
10 |6 10
[/
5 5
170%, ' 170%
T A R N E_,
Olllllllllllllllllll 0'I'I'l'l'l'l'l'l'l'
0 5 10 15 20 25 30 35 40 45 50 o 5 10 15 20 25 30 35 40 45 50

Strain (%) Strain (%)
Figure 7: Stress-strain curves of a) AR/CNF and b) AR/CP fiberboards

Table 2: Values for Young’s modulus, tensile stress and elongation at break obtained from mechanical
tests for the composites with CNF and pulp

Samples E modulus *SD Tensile *SD  Elongation  *SD
(GPa) strength at break (%)
(MPa)
AR 0.02 0.01 1.7 0.4 155.2 20.2
AR/CNF 75:25 0.80 0.27 233 1.7 36.6 8.6
AR/CNF 50:50 1.29 0.09 24.1 2.8 32.6 0.8
AR/CNF 25:75 2.75 0.50 35.0 5.2 25.8 9.7
AR/CP 75:25 0.58 0.11 14.0 3.1 30.0 10.5
AR/CP 50:50 1.38 0.42 18.0 4.0 11.6 22
AR/CP 25:75 1.73 0.37 15.7 3.0 6.3 1.1
*Standard Deviation

3.7 Scanning Electron Microscopy (SEM)

Scanning electron microscopy images of the starting materials, nanofibrilated cellulose and wood
pulp, are shown in Fig. 8.

5% A

Figure 8: SEM micrographs of a) CNF and b) cellulose wood pulp
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Fig. 9 shows the fragile fracture surface of composites reinforced with CNF with two magnifications.
Fiber dispersion and fiber adhesion are very good in all the samples. No cluster or agglomerates are
observed, confirming the high efficiency of the method used for composite preparation.

-B1) AR/CNF 75:25, A2-B2) AR/CNF 50:50 and A3-B3) AR/CNF 25:75

Fig. 10 shows the fragile fracture surface of the pulp reinforced composites. Here we can also
observe a good fiber dispersion of the fiber in the matrix. However, some fiber debonding can be
observed. This effect is related to the low adhesion between the matrix and the fiber. This result can be
explained by the low aspect ratio of pulp which decreases fiber adhesion, probably because pulp has an
average length lower than the critical fiber length for the matrix/reinforcement pair. This result
corroborate with the results of the mechanical tests in which a low degree of reinforcement was observed
for the pulp composites.
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Figure 10: SEM micrographs of fractured surface of composites reinforce with cellulose pulp: A1-B1)
AR/CNF 75:25, A2-B2) AR/CNF 50:50 and A3-B3) AR/CNF 25:75. The results obtained showed the
method used for composite preparation is very efficient and can lead to very homogeneous composites
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4 Conclusions

Fiberboard composites of CNF and cellulose wood pulp were prepared by flocculation/coagulation
of a mixture of fiber or nanofibers in suspension and an acrylic resin nanoemulsion. The use of aqueous
media for the processing is one of the advantages of the process, which is a green approach and gives
exceptional result for fiber dispersion, avoiding fiber agglomeration. Fiber dispersion was confirmed by
scanning electron microscopy of fragile fracture surfaces of the composites. Water absorption of the
composites increases, as fibers content of the composites was increased, except for the composites with
25 wt% of fiber. The tensile tests showed the additive reinforcing effect of fiber and nanofibers with an
appreciable increase in the modulus of elasticity and in tensile strength, while elongation at break
decreases less then it is expected for composites. DMA data also indicated the strong reinforcing effect
since the rubber plateau shows a very high level of modulus.
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