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Abstract

Adhesive-free wood-plastic composite panels made with lignocellulosic wastes, and recycled plastics can be a sustainable option
for generating useful “green” products. The present work assessed the physical-mechanical properties of adhesive-free panels
produced with Qualea sp. sawdust and recycled polypropylene (PP). Discarded PP packaging was used. The packages were
washed and ground with a laboratory knife mill until particle size of 10 to 14 mesh. Qualea sp. sawdust was sieved to select
particle size of 14 to 30 mesh. Four experimental treatments were assessed by varying the percentages of PP and sawdust, as
follows, 60 and 40%, 70 and 30%, 80 and 20%, and 90 and 10%, in an entirely randomized design with 3 panels per treatment,
totaling 12 panels. The mats were hot-pressed at 180 °C during 20 min, the first 10 min under pressure of 1.0 MPa and the
remaining 10 min at 42 MPa. Physical-mechanical properties of the panels were obtained as follows: density, moisture content,
water absorption, thickness swelling, moduli of elasticity and rupture, and Rockwell hardness. In general, an increase of the
percentage of PP provided higher dimensional stability to the panels, but there was no significant influence on mechanical
strength.

Keywords Sawmill wastes recycling - Plastics recycling - Qualea sp - Sawdust - Recycled polypropylene - Wood-plastic
composites - Physical-mechanical properties

Introduction cross-contamination, presence of additives, non-polymer im-

purities, and polymer degradation (Pivnenko et al. 2015).

Recycling of post-consumer plastics is a major concern in
waste management, especially due their extended longevity
and recalcitrance in the environment. Although recycling is
an obvious solution to avoid accumulation, it faces several
difficulties along the plastic value chain, such as polymer
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Additionally, the recycling method applied to one type of
plastic often cannot be used for other types, which leads to
the need to develop specific solutions for every type
(Hopewell et al. 2009). Plastics can be recycled by both chem-
ical and mechanical processes, but undoubtedly the latter
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better established due to its lower cost (Pivnenko et al. 2015;
D’ Ambrieres 2019). Usually, recycling strategies aim to turn
plastics into useful items, while keeping the process steps
inexpensive. Whatever the method, waste recycling is prom-
ising and is increasingly being applied, as highlighted by
Talgatti et al. (2017).

Following the path of low-cost options for plastic
recycling, the production of wood-plastic composites
(WPCs) has emerged as an interesting solution, since two
types of wastes can be recycled at the same time, particularly
if industrial wood wastes are used as panel components
(Espert et al. 2004; Milagres et al. 2006). WPC consists of a
mixture including recycled or virgin thermoplastic resin and
wood fibers, more commonly in the form of particles or saw-
dust, pressed or extruded at high temperatures (Hillig et al.
2011; Benthien and Thoemen 2012; Gozdecki et al. 2012;
Horta et al. 2017; Lima et al. 2018). Consolidation between
plastic and wood particles confers better chemical and
physical-mechanical properties to the final WPCs compared
with panels produced with each component alone (Rahman
et al. 2013). When properly produced, WPCs have good par-
ticle adhesion, low density, high dimensional stability, high
temperature resistance, and suitable cracking strength, besides
being virtually immune to fungal and insect attack (Leu et al.
2012; Albinante et al. 2013). Due to these properties, WPCs
can be employed in several end uses, as decks, tables, walls,
and office partitions (Battistelle et al. 2014), to name a few.

Polypropylene (PP) is a type of thermoplastic polymer that
has a prominent place in everyday consumption, mainly due
to its low production cost associated with its high resistance to
impact, high temperatures, and noteworthy impermeability.
But these positive characteristics make PP very difficult to
decompose as waste through weathering (Webb et al. 2013;
Yin et al. 2013), causing increasing accumulation when dis-
posed in the landfills or directly in the environment.
Polypropylene does not present stress-cracking problems,
and while its properties are similar to those of polyethylene,
there are specific differences, including lower density, higher
softening point (above 160 °C), and higher rigidity and hard-
ness (British Plastics Federation 2019). Therefore, just like
other types of plastics, PP disposal and accumulation in the
ground and water bodies is a major problem. Despite being
among the most popular plastic packaging materials, as stated
by Thomas (2019), only around 1% is recycled, which means
to say that most PP is directed to water bodies like oceans as
pointed out by Mai et al. (2018), where it can take over 20-30
years to decompose.

In the context of recycling, although wood wastes generat-
ed by sawmills do not contain toxic chemicals or dangerous
metallic elements, they also have large production, low rate of
degradation, and can cause severe environmental impact.
Bark, sawdust, trimmings, split wood, sander dust, and off-
cuts are the commonest wastes derived from sawmilling and

woodworking (Ogunbode et al. 2013, Lopes et al. 2015,
Carvalho et al. 2018). Unfortunately, this type of waste has
limited reuse or recycling, so it is disposed mainly by open
dumping or open-air burning, or occasionally taken to land-
fills. In Brazil, reuses of larger wood pieces from sawmilling
can include domestic usage and raw material for making char-
coal. Shavings are consumed almost completely as bedding
for poultry, but the waste most often cited difficult to reuse or
recycle is sawdust (Carvalho et al. 2015). This is case of
Qualea sp., which is a wood species of significant economic
importance in Mato Grosso state, Brazil, since it has several
uses and is found in abundance in areas subject to sustainable
forest management. When milled, about 50% of the original
log volume is wasted, and sawdust is the most troublesome
component to reuse or recycle economically (Melo et al. 2016,
2019), which causes the nuisance of increasing accumulation
in sawmill yards (Lima et al. 2018). Several studies have re-
ported the combined recycling of PP and sawdust for the pro-
duction of WPCs (Milagres et al. 2006; Hillig et al. 2011;
Rahman et al. 2013; Horta et al. 2017). However, a wide
variation of physical-mechanical parameters of these products
can occur by changing the components’ percentage and above
all the type of wood species. Therefore, since the characteris-
tics found for one type of sawdust and mixture of components
in WPCs cannot be generalized from one experiment to an-
other, it is necessary to evaluate each type of sawdust as well
as to assess its best proportion in relation to PP.

Therefore, the present work had the goal of assessing the
physical-mechanical properties of WPCs produced with dif-
ferent percentages of Qualea sp. sawdust and recycled PP.

Material and methods
Collection of materials and production of the WPCs

The experiment was carried out in the Wood Technology and
Wood Products Chemical Technology Laboratories of Federal
University of Mato Grosso (UFMT, Sinop campus, Mato
Grosso state, Brazil). For production of the WPCs, discarded
polypropylene was used, mainly from mineral water, yogurt,
milkshake, and ice cream cups. The cups were washed and
ground in a laboratory knife mill (Retsch Grindomix GM 200)
until particle size reached the range of 10 to 14 mesh. Qualea
sp. sawdust was obtained from a local sawmill and sieved to
reach particle size in the range of 14 to 30 mesh, according to
the procedure described by Lima et al. (2018). Both materials
were oven dried at 60 + 2 °C for 6 h until PP particles and
sawdust reached moisture content of 0 and 8%, respectively.
After this, by using a square aluminum frame with dimensions
of 17.5 cm length, 17.5 cm width, and 0.5 cm thickness, mats
with different proportions of PP and sawdust were prepared.
Four experimental treatments were assessed by varying the
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percentages of PP and sawdust, as follows: 60 to 40%, 70 to
30%, 80 to 20%, and 90 to 10%, in an entirely randomized
design with 3 panels per treatment, totaling 12 panels. In each
treatment, sawdust and PP particles were placed in a rotary
stainless-steel drum (50 cm height x 20 cm diameter) and
mixed during 5 min at 80 rpm. For each experimental treat-
ment, the composition of PP and sawdust was considered as
having a target final density of 800 kg m . The mats were
hot-pressed at 180 °C during 20 minutes, the first 10 min
under pressure of 1.0 MPa and the remaining 10 min at 42
MPa. No adhesive or agglutinant was added, so the PP was
responsible for the particle bonding process. After the hot-
pressing step, the panels were cooled by immersion in water
at room temperature, according to the procedure described by
Lima et al. (2018) and test specimens were prepared for
physical-mechanical assessment.

Physical-mechanical properties

The physical- mechanical properties of WPCs were de-
termined according to the routine described in the standard
ASTM D638 (ASTM 2002). For physical properties, 6
test specimens per treatment were used with dimensions
of 4.0 cm length, 2.0 cm width, and 0.5 cm thickness.
The following tests were performed: density, moisture
content, water absorption (WA), and thickness swelling
(TS), with TS determined after 2, 24, and 72 h of im-
mersion in water. For mechanical assays, test specimens
measuring 11.00 cm length, 4.2 cm width, and 0.5 cm
thickness were used. The static bending test was carried
out with 6 test specimens to obtain both moduli of
elasticity and rupture (MOE and MOR) by using a uni-
versal testing machine (Emic Instron, S3o José dos
Pinhais, PR, Brazil) equipped with a 20 KN
compression/tension load cell. Rockwell hardness test
(RHT), also using 6 test specimens but with dimensions
of 4.0 cm length, 2.0 cm width, and 0.5 cm thickness,
was performed with a Rockwell durometer (Mitutoyo,
Sao Paulo-SP, Brazil). For this test, an initial load of
10 Kgf cm > and a final of 60 Kgf cm 2 were applied
by using a '4” spherical diamond penetrometer.

Experimental data analysis

Initially, a statistical trend analysis by was performed to eval-
uate the effect of the increasing level of PP in the WPCs after
immersion in water, specifically regression analysis with mod-
el adjustment. When regression analysis could not be applied,
analysis of variance was adopted considering the variation in
the composition of panels. If significant statistical differences
were detected, the Tukey test at 95% probability was applied.
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Results and discussion
Physical properties

Physical characterization of WPCs is shown in Table 1, with
the respective properties, density and moisture content. For
density, significant differences were observed between the
experimental treatments with 60 and 80% PP, with the latter
treatment producing denser WPCs. The moisture content of all
WPCs was lower than 3.0%. Only the 60% PP treatment
showed different behavior from the others, presenting higher
moisture exchange with the environment, most likely due to
its lower content of PP and consequent lower particle sealing,
which did not prevent sawdust from absorbing moisture after
ambient exposure. The moisture content values lower than
3.0% reported here are similar to those found in other studies
that also employed thermoplastic resins and sawdust to make
panels (Leu et al. 2012; Rahman et al. 2013). This behavior is
expected in WPCs as a response to the addition of polymers,
which when receiving high levels of pressure and temperature
melt and bond to the sawdust, resulting in a waterproof struc-
ture after cooling. Besides this, hot pressing most likely de-
creases the number of wood hygroscopic sites able to absorb
moisture, so this might be another factor contributing to in-
crease the waterproof character of WPCs (Weber and Iwakiri
2015).

Observed density of the WPCs was in the range of 782.50
to 915.00 kg m >, not far from the experimentally projected
density of 800 kg m . The increasing levels of added PP did
not lead to significant statistical increase in density, meaning
that, as shown in Table 1, there was no statistical difference
among experimental treatments regarding that property.
Compared with other studies, the values presented here are
lower. WPCs composed of 50% PP and 50% Eucalyptus sp.
sawdust reached density of 930 kg m >, as reported by
Macedo et al. (2015). Likewise, WPCs produced with 70%
PP and 30% Dypterix odorata sawdust had density of 940 kg
m>, according to Lima et al. (2018). Density values vary
according to the combination of particles employed in the
production of WPCs. The fact that PP and the Qualea sp.

Table1 Density and moisture content of WPCs produced with different
proportions of polypropylene and sawdust

Composition (%) Density (kg m>)  Moisture content (%)

Polypropylene ~ Sawdust

60 40 782.50 +23.85%  2.95+0.56"
70 30 842.50 +71.55®  2.35+0.29°
80 20 915.00 +57.23° 233 +0.04°
90 10 847.50 £ 4.33®®  232+0.08°

*In the columns, means followed by same letters are equal by the Tukey
test at 5% significance
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wood have, respectively, 910 (Calister 1997) and 680 kg m™>
(Nahuz 2013), explains the density values found in our exper-
iments, close to the projected value of 800 kg m > and lower
than those reported in the works cited above. Density is a
variable of fundamental importance for WPCs, as pointed
out by Rahman et al. (2013) and Lima et al. (2018). The main
goal of adding thermoplastic resins in WPCs is to increase
their density and improve the mechanical strength of the lig-
nocellulosic fibers (Rahman et al. 2013). Additionally, the
latter authors reported that composites achieved higher dimen-
sional stability after PP addition, an important property for
production of panels.

Figure 1 depicts, respectively, the water absorption from 2
to 72 h after immersion (graph A) and the quadratic regression
model explaining the behavior of that physical property with
increasing levels of PP in the WPCs (graph B). For all exper-
imental treatments, water absorption was lower than 6.0%,
with 60% PP being the treatment with the highest absorption
(4.8%). Water absorption decreased as the PP percentage in-
creased in the WPCs, as also shown in the Fig. 1, graph A.
Values for water absorption found in the present work are

similar to those reported by Lima et al. (2018), who observed
water absorption lower than 1.2% after 24 h of immersion.
The authors produced WPCs with Dipterix odorata sawdust
and PP in the respective proportions of 30 and 70%. Our
results are better than those reported by Macedo et al.
(2015), who found water absorption lower than 2.0% after
2 h of immersion and 7.6% after 24 h, even with the addition
of adhesive in the WPCs.

However, water absorption tended to stabilize after 60 h for
the treatments of 70, 80, and 90% PP, most likely due to the
saturation of sawdust particles. As indicated by the adjusted
model shown in Fig. 1, graph B, as PP addition increased, the
water absorption decreased, which was expected due to the
hydrophobic character of the polymer. Low water absorption
is desirable, since it contributes to better WPC dimensional
stability, and also permits defining the practical uses, as
commented by Leu et al. (2012) and Battistelle et al. (2014).

For all experimental treatments, as shown in Fig. 2 (graph
A), thickness swelling (TS) decreased as the percentage of PP
increased. Nevertheless, TS was lower than 14% for all WPCs
even after 72 h of immersion, with the minimum value for the

Fig. 1 Water absorption of WPCs 6.0
after 2 to 72 h of water immersion e — 90%PP --- 80% PP
(a) and adjusted model for water 504 e
absorption as function of e
polypropylene percentage (b) g 40- am= 70% PP oo 60%PP T
- .
4 .
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Fig. 2 Thickness swelling of 15.0
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90% PP treatment. That behavior was expected since with a
higher proportion of plastic in the composite, the wood parti-
cles’ voids and cracks were better blocked, preventing water
penetration, as described by Hillig et al. (2011) reporting re-
sults of WPCs produced with sawdust and high-density poly-
ethylene. For the TS after 24 h of immersion for the WPCs
produced with 60% PP, the values observed in the present
work are close to those found by Rahman et al. (2013), about
6%, for WPCs produced with the same proportions of sawdust
and polyethylene terephthalate. Values of TS near the results
presented here were reported also by Lima et al. (2018), who
determined 1.0 and 6.0% after 2 and 24 h of immersion, re-
spectively, for WPCs produced with sawdust and PP in the
proportions of 30 and 70%. When the type of sawdust is
considered, the effect of PP addition on the reduction of TS
observed in this work was clear. For solid Qualea sp. wood
(without addition of polymers or adhesives), the TS values
after 2 and 24 h of water immersion were, respectively, 4.28
and 10.48% ,as reported by Longo et al. (2015). As expected
by comparing these values with the TS of the WPCs produced
with sawdust from the same type of wood, the PP addition
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improved the dimensional stability, as also reported by Espert
etal. (2004) and Albinante et al. (2013). The positive effect of
increasing PP addition in the WPCs, which was responsible
for the reduction in TS, can be observed in the adjusted model,
shown in Fig. 2, graph B.

Water absorption and thickness swelling are important pa-
rameters to assess the dimensional stability under weathering
for outdoor applications, as mentioned by Rahman et al.
(2013). According to Lima et al. (2018), the mechanical
strength of WPCs with low dimensional stability can be neg-
atively affected by water absorption during weathering, due to
loss of integrity caused by alterations in their structure, and
further disintegration can occur since swelling breaks the
bonds among particles. In this sense, the WPCs produced in
the present work reached acceptable dimensional stability
values.

Mechanical properties

Mechanical characterization of the WPCs, represented by the
results of static bending, is shown in Fig. 3. Modulus of
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elasticity (MOE), varying from 2271 to 2967 MPa, did not
present any statistical difference among treatments. In turn,
the modulus of rupture (MOR) varied in the range of 8.1 to
13.5 MPa. Despite the decrease in the 80% PP treatment, there
was no statistical difference between it and the treatments with
60 and 90% PP.

For MOE, the values observed in the present work are close
to the value of 2213 MPa reported by Battistelle et al. (2014),
who produced WPCs with 70 and 30% PP and sawdust, re-
spectively. As shown in Fig. 4, there was no statistical differ-
ence among the experimental treatments regarding the MOR
as a function of PP addition levels. The MOR values are sim-
ilar to the 13.0 MPa reported by Milagres et al. (2006), who
produced WPCs with 75% PP and 15% wood particles of
Eucalyptus grandis with adhesive addition. However, the
MOR values of the present work are lower than the
20.6 MPa reported by the same authors for WPCs produced
with Pinus particles and PP with variation in the range of 90 to

Polypropylene (%)

70%. The higher values of MOR observed by Milagres et al.
(2006) most likely can be attributed to the adhesive addition,
although this possible positive effect was not observed by
using eucalyptus particles. The MOE and MOR values in this
work did not increase greatly as the proportion of PP in-
creased. This behavior can likely be explained by the WPC
densities, which also are close to each other, a pattern reported
likewise by Iwakiri et al. (2005). Variations in density imply
different proportions of voids in the solid structure, which
directly affects the technological properties of panels: the
higher the number of voids, lower the WPC mechanical
strength will be, and vice versa. Besides this, as reported by
Murayama et al. (2019), the addition of plastic in higher pro-
portion in relation to lignocellulosic raw material caused a
decrease in mechanical strength of WPCs. However, that de-
crease in strength usually is followed by a decrease in density
as well, which was not the case in the present work, where the
observed values of MOE and MOR were satisfactory even in

@ Springer



4864

Environ Sci Pollut Res (2020) 27:4858-4865

Fig. 4 Statistical comparison of 75 +
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*Means followed by same letters are statistically equal at 5% of significance by Tukey test

the treatments with higher proportions of PP, respectively, 80
and 90% PP. Another important point is the fact that even
though recycled polymer in the WPCs, the mechanical
strength values reported here are higher than those obtained
by Mattos et al. (2015) and Lima et al. (2018) using virgin
resins.

There was no statistical difference among the experimental
treatments for Rockwell hardness, as shown in Fig. 4, even
though the property varied from 52.2 to 56.6 HRL. However,
the values reported here are higher than that observed by Lima
et al. (2018), which was 19.8 HRL. The values of the present
work are similar to those reported by Idrus et al. (2011), with
sawdust from tropical tree species, respectively Eugenia sp.,
Artocarpus rigidus, Artocarpus elasticus, and Koomassia
malaccensis, in the sawdust proportions of 10 to 30%. They
observed Rockwell hardness varying from 65.0 to 80.0 HRL
among the experimental treatments evaluated.

The mechanical properties obtained in this work indicated
the WPCs are suitable for use in floors and decks, for instance,
since they presented acceptable values of MOE, MOR, and
Rockwell hardness. The suitable mechanical properties com-
bined with good range of density and dimensional stability,
reflected by both low water absorption and thickness swelling,
complete the requirements for the uses cited above, and are in
accordance to the values reported in other studies, as discussed
previously.

Conclusions

Sawdust of Qualea sp. was successfully used to produce
wood-plastic composites having polypropylene as support.
There was no need for adhesive addition, since the PP itself
was able to keep the particles bonded, generating WPCs with
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acceptable physical-mechanical properties, similar to products
described in the literature. Among the experimental treat-
ments, the best results regarding to physical-mechanical prop-
erties were achieved with 70% of PP particles and 30% of
sawdust. The production of these WPCs is a good strategy
to recycle both waste sawdust and PP cups.
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