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INTRODUCTION

ABSTRACT

Brazilian flora has more than 12 thousand tropical wood species, which can be the raw
material for the construction industry. Chromated copper borate (CCB) and chromated
copper arsenate (CCA) are wood preservative chemicals, which can generate toxic waste.
Particleboards are usually produced from Pinus sp. and Eucalyptus sp. wood particles and
a polymeric matrix (often formaldehyde-based), and they are used as raw material mainly
for the furniture industry. This study aimed to investigate the technical feasibility of
particleboard production using caixeta wood (Simarouba amara Aubl.) particles and
bicomponent castor oil-based polyurethane resin for tropical wood waste management, as
well as study the impact of CCA/CCB treatments on the performance of these panels
according to NBR 14810 standards. Analysis of variance (ANOVA) tests was performed
to compare ten physical and mechanical properties of the panels produced with CCA,
CCB, and non-treated caixeta wood particles. The performance of caixeta wood panels
was similar to the usually produced boards (using Pinus sp. and Eucalyptus sp. wood).
Furthermore, preservative treatments did not change significantly the mechanical
performance of panels. However, water absorption increased and thickness swelling
decreased in CCA/CCB treated samples.

Caixeta (Simarouba amara Aubl) is a tropical
Brazilian wood widely used because of its physical and

Tropical Brazilian wood species are important raw
materials in the building sector and are used as structural
and non-structural wood components (doors, floors, and
windows) (Calil Junior et al., 2003; Ferreira et al., 2013;
Lukacs et al., 2016; Fueyo et al., 2017). Ter Steege et al.
(2016) pointed out that Brazil has about 12 thousand
tropical wood species, but only a few of them are already
physically and mechanically characterized, leading to the
misuse of such resources (Almeida et al. 2014). The
Brazilian Code ABNT NBR 7190: Design of Timber
Structures (ABNT, 1997) provides the procedures for
calculating wood structures and characterizing wood
properties for structural masonry designs.
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mechanical properties, as well as its good appearance and
coloration (Marques et al., 2006; Azevedo et al., 2010). This
wood species is a raw material for timber structures and is
usually classified into the C20 strength class of the Brazilian
code (Gongalez et al., 2014), with a characteristic value of
5-percentile compression strength parallel to grain of up to
20 MPa. The Brazilian furniture industry demands lots of
caixeta wood, mainly for bespoke production, due to its
coloration, low density (about 0.5 g/cm?®), and low incidence
of defects (Azevedo et al., 2010; Gongalez et al., 2014).

As tropical woods are widely used as raw material
for several Brazilian industry sectors, lots of wastes are
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generated. Therefore, the way these wastes are handled in
these activities should be investigated and find new
alternatives to add value to them (Alves et al., 2014,
Ogunwusi, 2014; Almeida et al., 2017).

Wood-based panels, such as medium-density
particleboards (MDP), can be used to recover tropical wood
residues as they are wood particle composites (usually
Eucalyptus sp. and Pinus sp. from reforestation areas to
large-scale production) and formaldehyde-based polymeric
ligands (Iwakiri et al., 2005; Alves et al., 2014; Nascimento
et al., 2016). These adhesives are the major component of
the final costs of MDP panel production (Mendes et al.,
2010). Wood panels are mainly used in furniture and
building sectors, and about a half of the production is MDP.
This, in turn, is mostly used in furniture manufacturing and
as wood floors (Vidal & Hora, 2014).

Today, synthetic resins are more commonly used due
to their better adhesion properties compared to natural ones.
But now a worldwide trend to use biodegradable, non-
polluting, and renewable products has brought more
investments to search for a free-formaldehyde adhesive
with similar adhesion efficiency (Nascimento et al., 2016).
Castor oil-based polyurethane resin has been an alternative
to formaldehyde-based adhesives, as it is a bicomponent
resin composed of a polyol and a prepolymer (Ferro et al.,
2014). Castor oil is extracted from Ricinus communis seed,
which is found in tropical and subtropical regions and is
very abundant in Brazil. Furthermore, this alternative resin
does not require a paraffin emulsion, which is a positive
point for its use as an adhesive (Bertolini et al., 2014).

To increase the service life of wood materials and
structures, chemical treatments against biological
decomposition are needed mainly for low-density wood
species. In this context, water-soluble preservatives are
mostly used since they increase wood resistance to
xylophagous organisms (Boschetti et al. 2016). In Brazil,
the most common chemical preservatives are chromated
copper borate (CCB) and arsenate (CCA) (Bertolini et al.,
2014). For this reason, CCA- and CCB-treated wood
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residues deserve more attention due to the toxicity of these
chemicals (Vidal et al., 2015). In short, Brazilian wood
particleboards must be evaluated for technical feasibility, as
well as for physical and mechanical properties due to
protective chemicals against biological attacks.

Particleboard performance evaluation is based on
NBR 14810 (ABNT, 2018), which prescribes physical and
mechanical tests for the following properties: Density,
Modulus of Elasticity and Modulus of Rupture in Static
bending test, Internal Adhesion — Perpendicular tension
stress, Thickness Swelling in 2 and 24 hours Water absorption
in 2 and 24 hours, Edge Screw Pullout and Face Screw
Pullout, and establishes the reference performance values.

This study aimed to investigate the technical
feasibility of particleboards of CCA- and CCB-treated
caixeta wood and castor oil-based bicomponent
polyurethane resin based on their physical and mechanical
properties determined according to the NBR 14810 (ABNT
2018) code, besides comparing them (CCA, CCB, and
untreated) to evaluate the impact of preservative treatment
on panel performances.

MATERIAL AND METHODS

Caixeta wood lumbers were treated against biological
attack with CCA and CCB preservatives. Both treatments
were performed using the vacuum-pressure method at
pressures between 1.21 and 1.41 MPa, with preservative
retention of 9.6 kg per cubic meter of treated wood.

CCAJ/CCB treated and non-treated wood lumbers
(the three treatments considered) were processed in a knife
mill for the production of particles. Castor oil-based
polyurethane resin was used to glue wood particles in a ratio
of 12% adhesive/wood particles, as it is an alternative to
formaldehyde-based adhesives.

Three particleboards were made for each treatment,
totaling 9 panels. Figure 1 illustrates the manufacturing of
particleboards, wherein Figure l1la shows the press
equipment and Figure 1b the final panel produced.

FIGURE 1. (a) Panel press equipment. (b) Finished panel.

Dimensions of the final panels were 300 mm x 300
mm x 10 mm (length x width x thickness). After production,
they were tested for physical and mechanical performances
according to the NBR 14810 standards (ABNT, 2018). The
polyol/pre-polymer considered mass proportion equal to
1:1, one part of polyol for one part of pre-polymer. Panels
were pressed at 100°C and 4 MPa for 10 minutes

The following panel properties were determined:
Density (g/cm?®), Modulus of Elasticity (MOE) and Modulus
of Rupture (MOR) in Static bending test (MPa), Internal
Adhesion (MPa), Thickness Swelling in 2 and 24 hours (%),
Water absorption in 2 and 24 hours (%), Edge Screw Pullout
(N), and Face Screw Pullout (N).
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Each panel provided five specimens for static
bending tests, three for Internal Adhesion tests, three for
Thickness Swelling tests in 2 and 24 hours, three for Water
absorption tests in 2 and 24 hours, two for Edge Screw
Pullout tests, and two for Face Screw Pullout tests. The
entire physical and mechanical characterization of
particleboards provided 306 determinations.

Statistical analysis was performed using the R
software version 3.5.2. Analysis of variance (ANOVA) tests
was performed at a 5% significance level for evaluation of
the equivalence among groups (three treatments
considered). For ANOVA validation, variance normality
and homogeneity were tested by Shapiro-Wilk and
Bartlett’s tests at the same significance level of 5%. The
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means of physical and mechanical properties were
compared by Tukey's test considering a significant p-value
of 5%.

RESULTS AND DISCUSSION

The performance of each panel could be determined
by the physical and mechanical tests. Tables 1 to 5 show the
summary of the results for Modulus of Elasticity (MOE),
Modulus of Rupture (MOR), Density, Thickness Swelling
in 2h, Thickness Swelling in 24h, Water Absorption in 2h,
Water Absorption in 24h, Internal Adhesion, Edge Screw
Pullout, and Face Screw Pullout.

TABLE 1. Summary of the results for Modulus of Elasticity (MOE) and Modulus of Rupture (MOR) in Static bending test

(MPa).
o MOE (MPa) MOR (MPa)

Statistics
CT CCA CCB CT CCA CCB
Average value 2291.86 2378.69 2170.32 21.16 23.03 18.55
CV (%) 17.63 16.86 16.32 24.40 19.73 22.04
Minimum 1590.80 1788.13 1622.52 13.71 15.94 12.30
Maximum 2956.55 3033.94 2832.04 31.48 30.93 27.50

Count 15 15 15 15 15 15

CV: coefficient of variation (%); CT control panels (caixeta wood without CCA/ CCB treatments)

TABLE 2. Summary of the results for Density and Thickness Swelling in 2h.

o Density (g/cm?®) Thickness Swelling - 2h (%)
Statistics

CT CCA CT CCA CT CCA
Average value 0.82 0.82 0.82 0.82 0.82 0.82
CV (%) 5.54 5.81 5.54 5.81 5.54 5.81
Minimum 0.74 0.73 0.74 0.73 0.74 0.73
Maximum 0.88 0.90 0.88 0.90 0.88 0.90

Count 15 15 15 15 15 15

CV: coefficient of variation (%); CT control panels (caixeta wood without CCA/ CCB treatments)

TABLE 3. Summary of the results for Thickness Swelling in 24h and Water Absorption in 2h.

Thickness Swelling - 24h (%)

Water Absorption - 2h (%)

Statistics
CT CCA CCB CT CCA CCB
Average value 12.25 10.83 9.13 5.40 6.14 7.91
CV (%) 6.06 7.87 11.07 26.06 18.80 15.80
Minimum 11.04 9.91 7.25 3.68 4.17 6.07
Maximum 13.23 12.07 10.55 7.94 7.80 9.80
Count 9 9 9 9 9 9

CV: coefficient of variation (%); CT control panels (caixeta wood without CCA/ CCB treatments)
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TABLE 4. Summary of the results for Water Absorption in 24h and Internal Adhesion.
o Water Absorption - 24h (%) Adhesion (MPa) (%)
Statistics
CT CCA CCB CT CCA CCB
Average value 19.35 24.42 26.72 2.87 3.20 3.23
CV (%) 24.14 13.87 12.28 42.14 32.00 19.73
Minimum 13.32 19.13 22.35 0.79 1.59 2.63
Maximum 27.71 29.42 31.91 4.50 4.37 4.34
Count 9 9 9 9 9 9
CV: coefficient of variation (%); CT control panels (caixeta wood without CCA/ CCB treatments)
TABLE 5. Summary of the results for Edge Screw Pullout and Face Screw Pullout.
o Edge Screw Pullout (N) Face Screw Pullout (N)
Statistics
CT CCA CCB CT CCA CCB
Average value 2141.82 2051.96 1594.13 1226.25 1357.02 1667.70
CV (%) 25.57 33.31 24.83 33.85 14.76 21.21
Minimum 1422.45 1373.4 1128.15 833.85 1128.15 1128.15
Maximum 2648.7 2992.05 2256.3 1912.95 1618.65 2109.15
Count 6 6 6 6 6 6

CV: coefficient of variation (%); CT control panels (caixeta wood without CCA/ CCB treatments)

Particleboards of CCA-treated caixeta wood lumber
showed the highest MOE and MOR values (2378.69 and
23.03 MPa, respectively). The minimum MOE and MOR
values for panel P4 (for use in dry conditions) are 16 and
2300 MPa, respectively (ABNT, 2018). The highest CV
was 24.40% (MOR) for control samples, while the lowest
was 16.32% (MOE) for CCB-treated samples. The
coefficient of variations among the specimens of treatment
(panel). Lower coefficients of variation indicate stability in
the values of particleboard properties, while higher ones
point to greater variations among specimens.

All treatments had the same density average, with
CV values below 6%. The highest Thickness Swelling in 2h
was 5.75% for control samples (below the maximum 8%
preconized by ABNT, 2018), while the lowest was 4.56%
for CCB-treated samples. The CVs for Thickness Swelling
in 2h ranged between 14.89% and 18.97% for CCA-treated
and control samples, respectively.

The smallest Thickness Swelling in 24h was
observed in CCB-treated samples (9.13%), while the widest
was 12.25% for control samples, with CVs of 11.07 and
6.06%, respectively. For this property, the Brazilian
standard NBR 14810 (ABNT, 2018) establishes a maximum
of 19%. Water Absorption in 2h reached the greatest value
(7.91%) for CCB-treated samples and the lowest (5.40%)
for control samples, with CVs between 15.80 and 26.06%,
respectively. The greatest Water Absorption in 24h was
26.72% for CCB-treated samples, and the smallest

(19.35%) for control samples, with CVs between 12.28 and
24.14%, respectively.

In terms of Internal Adhesion, the highest value was
3.23 MPa for CCB-treated samples (CV = 19.73%). This
value is above the minimum 0.4 MPa preconized by ABNT
(2018) for P4 panels (structural panels for dry conditions).
The lowest value of this mechanical property was 2.87% for
control samples (CV = 42.14%)..

The highest Edge Screw Pullout value was 2141.82
N for control samples, and the lowest 1594.13 N for CCB-
treated samples, with CVs of 25.57 and 24.83%,
respectively. Regarding Face Screw Pullout values, the
largest was 1667.70 N and the lowest 1226.25 N, with CVs
between 14.76 and 33.85% for CCA-treated and control
samples, respectively.

According to the summary of results, CCA-treated
samples showed intermediate values for physical properties
and the best MOR and MOE performances. Our panel
performance findings were compared to those of Bertolini
et al. (2014). Given the similarity in results, we may state
that caixeta wood can be used for particleboard production.

The particleboard panels produced with CCA-,
CCB-treated, and untreated caixeta wood samples (three
treatments) were compared by ANOVA at a 5%
significance level for the ten properties investigated here.
For p-values greater than 5%, we accept the hypothesis of
group equivalence, refuting it otherwise. Table 6 displays
the ANOVA tests.
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TABLE 6. ANOVA tests comparing the three treatments on MDP particleboards for the ten properties analyzed.

ANOVA DF SS MS F p
MOE treatment 2 328626 164313 1.096 0.3430
Residuals 42 6295023 149881
MOR treatment 2 151.600 75.780 3.552 0.0376
Residuals 42 896.200 21.340
Density treatment 2 0.00010 0.00005 0.023 0.9770
Residuals 42 0.08882 0.00211
Thickness Swelling - 2h treatment 2 6.355 3.177 3.991 0.0319
Residuals 24 19.109 0.796
Thickness Swelling - 24h treatment 2 44.040 22.022 28.750 0.0000
Residuals 24 18.390 0.766
Water Absorption - 2h treatment 2 29.820 14.910 9.176 0.0011
Residuals 24 39.000 1.625
Water Absorption - 24h treatment 2 255.800 127.900 8.708 0.0014
Residuals 24 352.500 14.690
Internal Adhesion treatment 2 0.747 0.373 0.384 0.6850
Residuals 24 23.306 0.971
Edge Screw Pullout treatment 2 10758 5379 1.681 0.2190
Residuals 15 47992 3199
Face Screw Pullout treatment 2 6411 3206 2.742 0.0966
Residuals 15 17533 1169
Table 6 demonstrates that only MOR, Thickness property were validated by the Shapiro-Wilk normality test
Swelling in 2h, Thickness Swelling in 24h, Water [SW] and Bartlett's homogeneity test [Bt]. Figures 2 to 6

Absorption in 2h, and Water Absorption in 24h had
significant differences among treatments (underlined
p-values). ANOVA tests for each physical and mechanical

show the ANOVA validation tests, as well as quantile
graphs for the ten investigated properties.

MOE MOR
SWtest-p =0.2368 SWtest - p=04120
- Bttest - p=0.8654 Bttest- p=0.6906
% _ [ % | [
2 &
£ 8 E g
[} m
g " 3
o o =
- 5
wmo 7] o
Theoretical Quantiles Theoretical Quantiles

FIGURE 2. ANOVA validation tests for MOE and MOR.
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Sample Cuartiles
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FIGURE 3. ANOVA validation tests for Density and Thickness Swelling in 2h.
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FIGURE 4. ANOVA validation tests for Thickness Swelling in 24h and Water absorption in 2h.

Sample Quartiles
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SWtest-p =0.4982
Bttest - p=0.5426
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Internal Adhesion
SWtest - p=0.3469
Bttest-p=10.2313
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FIGURE 5. ANOVA validation tests for Water absorption in 24h and internal Adhesion.
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Edge Screw Pullout
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Face Screw Pullout
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FIGURE 6. ANOVA validation tests for Edge Screw Pullout and Face Screw Pullout.

According to Figures 2 to 6, all parameters showed
homogeneity in variances among the three treatments, and
results had a clear normal distribution, thus validating the
ANOVA tests.

When ANOVA p-values were significant, parameter
means were evaluated by Tukey's contrast test. Figures 7 to

11 show the boxplots of the three groups for all
investigated mechanical and physical properties, as well as
contrast test results. In the contrast tests, equal letters
mean equivalent groups, wherein "a" is greater than "b,”
which is greater than “c.”

MOE (MPa) MOR (MPa)
s I — —
21 ™ B T :
2 s4_]
o S S
o o T
2 i '
& ! . . . — .
|f|_._ |§|_i_ |E|::i = 7 (aj) ||3:;E IabL._
T T _;_ T _:_ T
CCA  CCB CcT CCA  CCB CT
FIGURE 7. Boxplots and contrast tests for MOE and MOR.
Density (g/m3) Swelling - 2h (%)
UC{ n - —_
= ! . S o i
" S B - '
= ! w - H .
- .
[T -
= ' ' T
{ah ap ay (b} — fah
G E = 4 —— (b -
= ; - - .
_:_ T T T .II T
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FIGURE 8. Boxplots and contrast tests for Density and Thickness Swelling in 2h.
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FIGURE 9. Boxplots and contrast tests for Thickness Swelling in 24h and Water Absorption in 2h.
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FIGURE 10. Boxplots and contrast tests for Water Absorption in 24h and Internal Adhesion.
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FIGURE 11. Boxplots and contrast tests for Edge Screw Pullout and Face Screw Pullout.

As shown by the boxplots and contrast tests, most of
the physical and mechanical properties remained equivalent
in terms of panel performance (control vs. without
treatment). Summarizing the results into three treatment
comparisons, CCA and CCB treatments increased Water
Absorption and decreased Thickness Swelling in panels.
Therefore, preservatives seem to facilitate Thickness
Swelling in panels, with less water impregnation in wood
microstructures (cell wall). This can be due to the hysteresis
effect and chemical components in wood cavities (Amaral,
2012). Moreover, CCA- and CCB-treated wood samples
seem to be more susceptible to free water retention instead
of water impregnation, leading to decreased wood-particle
swelling and increased water absorption.

CONCLUSIONS

Based on our results, we can conclude that caixeta
wood can be used as raw material in particleboard
production and provide to them a physical-mechanical
performance similar to that often observed in panels made
of Pinus sp. and Eucalyptus sp. woods. Moreover, castor
oil-based polyurethane resin yielded good adhesion for the
panels produced in this study, as confirmed by comparing
our results with the Brazilian code reference values and with
the findings of Bertolini et al. (2014), who used the same
adhesive with conventional wood particles.

Also importantly, preservative treatments (CCA and
CCB) against biological attacks made on caixeta wood seem
to facilitate free water penetration into the cell lumen, thus
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increasing water absorption. However, these samples
showed a low thickness swelling percentage, probably due
to a decrease in impregnation water penetration (due to
preservative chemical components), in addition to
hysteresis effect (due to swelling and shrinking cycles of
preservation method).
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