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LIGNOCELLULOSIC COMPOSITES FROM BRAZILIAN GIANT
BAMBOO (Guadua magna) PART 1: PROPERTIES OF RESIN BONDED
PARTICLEBOARDS

Larissa M. Arruda’, Claudio H. S. Del Menezzi?, Divino E. Teixeira®, Priscila C. De Araiijo*

ABSTRACT

This experiment evaluated the utilization of the recently identified Brazilian giant bamboo, Guadua
magna (Londofio & Filg.) to manufacture medium density particleboard. Four board types were tested:
two of them exclusively with particles of bamboo and two in a mixture of bamboo with Pinus taeda
wood particles. The target density of the panels was 0.65 g/cm?® for all treatments. The particleboards
were bonded using 8% content of urea-formaldehyde (UF) and phenol-formaldehyde (PF) resins, based
on dry weight mat. Mechanical, physical and nondestructive properties of the panels were assessed.
The particleboards produced with PF showed better dimensional stability than UF particleboards. The
addition of wood particles improved the mechanical properties of E , T, and IB. The flexural properties
of the panels (E, f,,) could be modeled using either E, , or density and the models fitted presented high
predictability (>66%).

Keywords: particleboard, bamboo, Guadua magna, Pinus taeda, nondestructive testing.

INTRODUCTION

In Brazil the production of timber from planted forests for industrial use increased 2.1% per year in
the last 10 years, reaching 162.5 million m? in 2009 (Associacao Brasileira dos Produtores de Florestas
Plantadas - ABRAF, 2010). For better utilization of this resource, the Brazilian panel industry is investing
in the quality of the production line, updating technologies and modernizing industrial plants (Mattos
et al. 2008).

The Brazilian production of reconstituted wood based panels was about 5.28 million m? in 2009
(ABRAF, 2010): 47.1% of this volume comprised medium density particleboard (MDP), followed by
medium density fiberboard (MDF) (45.3%) and hardboard (7.6%). This value does not comprise oriented
strandboard (OSB), whose production in 2009 was around 350,000 m®. Other materials such as agri-
based residues have been investigated and used to produce reconstituted panels (Teixeira ef al. 2009;
Almeida et al. 2002; Okino et al. 1997). Various sources of agricultural lignocellulosic fibers, namely
wheat straw, kenaf, bamboo, rice husk an rice straw, can be used to manufacture composites (Hiziroglu
et al. 2008). In this context, bamboo can be considered an excellent alternative to replace wood in the
particleboard industry. Calegari et al. (2007) reported the use of bamboo particles (Bambusa vulgaris)
for particleboard manufacturing and concluded that the properties were similar to that of panels made
with 100% of wood.

'Forest Engineer, MSc Student in Forest Science. Department of Forest Engineering, Faculty of Technology,

University of Brasilia, Brasilia — DF, POBox 04357, 70904-970, Brazil.

2Adjunct Professor, Forest Engineer, Dr. Department of Forest Engineering, Faculty of Technology,

University of Brasilia, Brasilia — DF, POBox 04357, 70904-970, Brazil.

Researcher, Forest Engineer, PhD. Forest Products Laboratory, Brazilian Forest Service, Brasilia — DF, 70818-900, Brazil.
“Forest Engineer. Department of Forest Engineering, Faculty of Technology,

University of Brasilia, Brasilia — DF, POBox 04357, 70904-970, Brazil.

Corresponding Author: cmenezzi@unb.br

Received: 18.07.2010. Accepted: 02.12.2010.



There are 34 bamboo genera and some 232 species in Brazil, a few not yet botanically identified.
Seventy five percent of these species are considered endemic and 89% of all known genera and around
65% of all species in the New World are in Brazil (Filgueiras and Gongalves 2004). Thus, there is a
huge potential for developing products using bamboo as raw material in Brazil.

The species of bamboo used in this experiment was collected in the Brazilian state of Goids
(Midwestern region) and recently described by Filgueiras and Londofio (2006). The geographic
distribution and habitat of G. magna appear to be quite distinct from those of G. angustifolia, which
occurs in moist inter-Andean valleys of Northwestern region of South America. On the other hand, G.
magna occurs in river banks along Gallery Forests in Central Brazil (Filgueiras and Londofio 2006).
The typical G. magna bamboo has 12.6 - 23.4 m of height and 6 - 12 cm of diameter and is expected to
have potential applications in civil engineering, housing, furniture, general farm uses, etc. Several local
artists and artisans are looking for alternative uses for the culms of “taquarucu”. In rural localities of
occurrence, it is traditionally used to build rustic homes, and other constructions, such as barns, fences,
etc.

Blending wood or even other lignocellulosic fibers to manufacture particleboard is commonly
reported in the literature. According to Vital er al. (1974) the characteristics of particleboards with a
mixture of raw materials are similar to those produced with only one type of material and it depends
exclusively on the density of the mixture. It is usual mixing wood of different densities (del Menezzi
et al. 1996; Hillig et al. 2002; Naumann et al. 2008; Vital ef al. 1974) or blending wood with bamboo
fibers (Almeida et al. 2008; Calegari ef al. 2007; Hiziroglu et al. 2005). In this context, this research
was designed to evaluate the technical feasibility of blending particles of bamboo (G. magna) and Pinus
taeda for producing particleboard bonded with synthetic resins (UF and PF) as well as to assess the
properties of the panels.

MATERIALS AND METHODS

Particles preparation

The culms of bamboo were obtained in the state of Goids, Midwestern region, and the logs of
Pinus taeda 21 years old were collected in Arapoti, Southern region. The materials were stored in an
environmentally controlled room at (22 + 2)°C and (60 = 2)% relative humidity. The culms were immersed
in water for one week to diminish the starch, sugar and soluble materials content. This procedure was
necessary to make cutting easier and to reduce biodegradation. The culms were then cut into slices (20 cm
long) and processed in a rotary disk flaker. The wood was cut into blocks with dimensions of 19 cm by
20 cm by 3.5 cm along the grain and chipped into flakes. Afterwards, the flakes from the bamboo and the
wood were separately reduced to particles in a hammer mill through a mesh wire of 5 mm opening.

The particles were screened through three sieves, in the following order: a. 3.0 mm; b. 1.5 mm; c.
1.0 mm. The particles that passed the 3.0 mm sieve and were retained in the sieves of 1.0 mm and 1.5
mm were used for particleboard manufacturing. After screening, the wood and bamboo particles were
dried to 5% moisture content at 70°C. Only particles of bamboo were weighed to verify the processing
yield. However, the particle dimensions were determined for both species.

Board manufacturing and testing

The pre-weighed furnish (=<760g) was placed into a rotary blender and mixed with urea-formaldehyde
(labeled as BB/UF) and phenol-formaldehyde (labeled as BB/PF) resins with 61% and 46.5% of solids
content, respectively. Based on the solids content of UF, 2% of ammonium chloride was used as hardener.
The amount of either resin, in each board manufactured, was 8% based on the dry weight of particles.
The homogenized mixture was hand-formed into mats of 300 mm x 300 mm and hot pressed at 170°C
for 10 minutes using a nominal pressure of 4.0 N/mm?. Three replicates (panels) were produced for
each board type. After manufacturing, the boards were conditioned at (22 + 2)°C and (60 + 2)% relative



Lignocellulosic composites ...: Arruda et al. _9-58 2011
)

humidity. The target board density was 0.65 g/cm? and the target board thickness set to 13.0 mm. The
boards were manufactured according to four treatments outlined in Table 1.

Table 1. Treatments of the particleboards made with 100% bamboo and
blends of bamboo with wood particles.

Target Target density
Treatment Adhesive compression  Proportion of particles (g/em®)
ratio
BB/UF UF 1.41 100% bamboo, 0% wood 0.65
BB/PF PF 1.41 100% bamboo, 0% wood 0.65
BP25/PF PF 1.44 75% bamboo, 25% wood 0.65
BP50/PF PF 1.47 50% bamboo, 50% wood 0.65

For panels with mixture of bamboo and P. taeda particles, the compression ratio was based on the
density of the mixture and calculated according to Del Menezzi et al. (1996). Each board was cut in
specimen according to NBR 14810-3 standard (Associa¢do Brasileira de Normas Técnicas — ABNT
2002). The following properties were evaluated: static bending (modulus of rupture, f,, and modulus of
elasticity, E, ), internal bonding (IB), direct surface screw withdrawal (SW), board density (D), thickness
swelling (TS), water absorption (WA), and moisture content (MC). The values of the properties were
compared with those presented as minimum requirements according to ANSI A208.1 standard (American
National Standard — ANSI 1999).

Furthermore, the samples were nondestructively tested (NDT) using a Stress Wave Timer (SWT)
equipment. This technique takes a wave produced by an impact in one side of the material, which travels
along the length of the sample to reach an accelerometer at the other end. The time to reach this distance
is displayed in the SWT device and used to calculate the stress wave velocity (wv). Wave velocity (wv)
in addition to the material density and acceleration due to gravity were used to determinate the dynamic
modulus of elasticity (EMd) according to Souza ef al. (2010) (equations 1 and 2).
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Where:
v,: stress wave velocity, m/s; E,, : dynamic modulus of elasticity, N/mm?; D: density, kg/m’; L: length
of the beam, m; t: wave transit time, ps; g: acceleration of gravity, 9.8 m/s?



Initially, the results for each treatment were separately submitted to an overall analysis of variance
(ANOVA) at 5% significance level in order to test between-board effects. Afterwards, between-treatment
effects were analyzed by running again an ANOVA at 5% significance level. In that later analysis the
number of replicates was 15, the quantity of specimen cut per property for each treatment. To test the
influence of the addition of wood, an analysis of co-variance (ANCOVA) was run using the board density
as covariate. The Tukey test was used to separate the means among treatments for the properties where the
difference was significant. Fisher LSD test (Least Significant Difference) evaluated the means by pairwise
comparisons, based on estimated marginal means. Two regression models (linear and non-linear) were

tested to evaluate NDT variables to predict flexural properties (E,, and f,,) from E, , density and wv.

RESULTS AND DISCUSSION

Processing yield of bamboo and dimension of the particles

During the processing of bamboo in the flaker there was a considerable formation of fines, which
is not appropriate for the manufacture of particleboards. After processing of bamboo culms, 74 kg of
bamboo flakes were produced, 6 kg of which were lost during screening, as air-borne dust material.
The bamboo particles were typically longer, thinner and narrower than the wood ones. As a result, their
slenderness ratio was higher than that of the wood particles (Table 2).

Table 2. Dimensions of bamboo and wood particles *°.

Length (mm) 9.19 (39.28) 12.93 (37.58)
Thickness (mm) 0.56 (30.35) 0.4 (35.0)
Slenderness ratio 16.31 32.29

* Coefficient of variation (%) in parentheses. > The values shown are means from 100 samples.

Moslemi (1974) commented that the best slenderness ratio should range from 120 to 200. Particles
within such ratios are often thin and long, possessing good bending properties along with good board
stability. Therefore, in this work the dimensions of both wood and bamboo particles were not within
the recommended.

Physical properties

The observed density was close to the target set for all the treatments (Table 4). The treatment with
addition of 50% wood produced panels with the highest density (0.69 g/cm?), as expected. ANOVA
tests suggested that the difference between densities in BB/UF and BB/PF was not significant. Boards
made with 100% bamboo particles and bonded with UF (BB/UF) resin showed higher TS than those
made with PF. It resulted in PF boards with better dimensional stability compared to UF bonded boards.
However, water absorption in boards with PF was higher in the two hours soaking, but after 24 hours the
difference was not significant. The MC of BB/PF (10.15%) was higher than BB/UF (9.02%) showing
that the panels with PF resin adsorbed more moisture after manufacturing (Table 3).
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Table 3. Values of physical, mechanical and nondestructive properties obtained from boards made
with 100% bamboo particles a (Number of specimen=15 per treatment).

Treat.  Density TS® WA MC Eum fu 1B Ema SW
g/cm3 % N/mm? N
BB/UF 0.64™  21.86*  77.19™ 9.02*%  1819.34™  13.44™ 0.32% 247191  623.77™
(4.68) (24.65) (12.08) (0.83) (12.98) (15.62) (28.46) (8.20) (17.15)
BB/PF 0.65™  1820% 81.77™  10.15* 172270 13.60™ 0.26%  2481.18™ 65457
4.62) (6.86) (10.56) (0.76) (8.73) (15.25) (26.07) (11.88) (20.83)

+ Coefficient of variation (%) in parenthesis. > After 24 hours. *The mean difference is significant at 5%
level. NS: not significant at 5% level; TS = thickness swelling; WA = water absorption;
MC = moisture content; E,, = modulus of elasticity; f,, = modulus of rupture; IB = internal bonding;
E,,, = dynamic modulus of elasticity; SW = screw withdrawal.

Evaluating the addition of wood in treatments BB/PF, BP25/PF and BP50/PF, the ANOVA presented
evidence of difference among density means and the Tukey test divided this means in groups (Table 4).
Thus, assuming density as a covariate (grand mean equals 0.67 g/cm?), the values were estimated for these
treatments. Based in this density, means were estimated for all physical and mechanical properties, except
MC (Table 5). Comparing pairs of values between treatments, the LSD test identified no significance
to TS, WA and MC in treatments of panels with addition of wood. These results mean that the addition
of wood did not affect water-related properties.

Table 4. Result of Tukey test for observed densities in treatments with PF resin a.

. 3
Treatment N. Specimen” Density (g/cm”)
1 2
BB/PF 15 0.65
BP25/PF 15 0.67
BP50/PF 15 0.69

*Based on observed means. Means in same group were not significant at 5% significance level.
> number of specimens taken to calculate mean density.

Mechanical properties

Comparing boards made with 100% bamboo particles and manufactured with UF and PF resins,
the ANOVA test showed no difference between EM and fM. However, it was expected that the boards
produced with PF presented better mechanical properties since this resin generally produces stronger
bond links than melamine and urea based resins (Iwakiri et al. 2005).

Comparing the estimated means for E,; and f, in treatments BB/PF, BP25/PF and BP50/PF, the
addition of 25% of wood particles did not have an effect on the E,,, but 50% of wood caused an
improvement of 8.82% in E . Regarding f,, the Fisher LSD test identified significance difference among
these treatments showing that f, | increases with increase in the proportion of wood (15.03 N/mm?, 16.65
N/mm? and 17.68 N/mm?, respectively) (Table 5).



Table 5. Estimated values of physical and mechanical properties of treatments made from mixture
of bamboo and wood particles (Pinus taeda) **.

Treat. TS® WA® mc! En fm 1B Ewma SW
% N/mm* N

BB/PF 18.6la  7747a 1015  1845.63a  1503a  028a 2635152  668.19a
(6.66) 2.26) 0.78) .77 .55) (13.12) (1.44) @41)

ppaspp 2172 79062 1002™  1888.15a  1665b  047b 2707152  71148a
(5.23) (1.98) (0.94) (1.54) (2.06) (7.43) (1.25) 3.57)

ppsopp 2044 78122 1023 N200858b  17.68c  0.40b  2608.61a  665.55a
(5.85) (2.16) (0.69) (1.57) (2.09) (9.01) (1.40) (4.59)

 Coefficient of variation (%) in parenthesis. > Based on estimated marginal means (density = 0.667). © After
24 hours. ¢ Means not estimated in analysis of covariance. Different letters indicate that the mean difference is
significant at 5% significance level on Fisher LSD test. TS = thickness swelling; WA = water absorption; MC =
moisture content; E,, = modulus of elasticity; f;, = modulus of rupture; IB = internal bonding; E = dynamic
modulus of elasticity; SW = screw withdrawal.

The addition of 50% of wood in the boards of bamboo increased f, in 17.63%. According to E |
and f, values, the boards (bamboo and bamboo + wood) may be classified as M-1 (for commercial use)
based on the ANSI A208.1 standard. The flexural properties values obtained in this study are consistent
with values reported in other papers. Papadopoulos et al. (2004) studied the technical feasibility of using
Bambusa vulgaris for particleboard manufacture. For a denser particleboard (0.754 g/cm?®) manufactured
with higher UF resin content (10%) they found f,, values around 13.9 N/mm=. However, for this same
bamboo species, Chew and Sudim (1992) found 16.9 N/mm? for 8%-UF-resin bonded particleboard.
Hiziroglu et al. (2005) found in boards made with a blend of 50%/50% of wood particles (Eucalyptus
camaldulensis) and bamboo (Dendrocalamus asper) higher values for E , (2689.0 N/mm?) and f,, (25.5
N/mm?) than boards manufactured in this study. The authors observed that 50% of wood with bamboo
increased the E, in 10.9% and f; in 11.87%. Lee et al. (2006), mixing bamboo (50% Phyllostachis
pubescens) with bagasse (50%), produced a high density particleboard (1.09 g/cm®) that showed f,; value
around 33 N/mm* and E,; value around 3600 N/mm’.

Among treatments manufactured with 100% bamboo, panels made with UF resin showed the highest
value for IB (0.32 N/mm?). PF boards obtained the lowest value (0.26 N/mm?) in the IB test, although
they had low TS. This result was not expected because lower TS values represent higher cohesion
between the particles, providing better dimensional stability and generally presenting higher IB values.
These IB values were unsatisfactory according to the ANSI A208.1 standard (ANSI 1999), that requires
a minimum value of 0.40 N/mm? for IB in particleboard.

The addition of wood increased the IB value by 67.8%. This can be related to the structure of wood
particles that provides a uniform glue-line compared with bamboo particles, since they presented
smoother and flatter surface than bamboo particles. Boards made exclusively with bamboo particles
(BB/PF) presented the lowest estimated value for IB (0.28 N/mm?) (Table 5). Comparing treatments
with addition of wood, the difference between estimated means of IB in treatments BP25/PF and BP50/
PF was not significant. Estimated means of IB in these treatments were satisfactory according to A208.1
(ANSI 1999).

All the boards in this study showed low SW values. Boards made with 100% bamboo particles and
bonded with UF resin resulted in the lower SW value (623.8 N) and boards with 25% of wood particles
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the higher (711.5 N) as seen in Tables 3 and 5. Thus, none of the boards satisfied SW requirements based
on the ANSI A208.1 standard for particleboard graded for commercial use (ANSI, 1999). Kalemwork
et al. (2005) studied an Ethiopian bamboo (Yushana alpina) for particleboard manufacture. The results
obtained for SW ranged from 773 N to 878 N for a 10%-UF bonded particleboard.

Nondestructive testing

In the industrial manufacture of wood-based composite materials, some samples are selected to
destructive testing for quality control. However, there is virtually no assurance that the next board, or
even the next 100 boards, will have the same properties. The quality can further be assessed using NDT
methods to quickly and accurately evaluate the wood-based panels’ properties (Ross and Pellerin 1988).
Targa et al. (2005) suggest that due to viscoelastic behavior, the EM values obtained in the static tests
are lower than those from the dynamic testing (EMd). Usually, dynamic properties overestimate static
properties and this is drawback of the nondestructive evaluation. In all the treatments of this study, EMd
values overestimated the EM up to 44%. The stress wave velocities of the boards were: 1943 m/s (BB/
UF), 1937 m/s (BB/PF), 1996 m/s (BP25/PF) and 1975 m/s (BP50/PF).

According to Souza et al. (2010) several studies have suggested that an increase in material continuity,
i.e. a decrease in empty spaces, increases stress wave velocity of the board. In this context the particle
geometry plays an important role. In fact, Han ez al. (2006) observed the following stress wave velocities
according to the kind of the board evaluated: = 1870 m/s (particleboard), ~2770 m/s (OSB) and =~ 4300
m/s (plywood). Del Menezzi et al. (2007) found a stress wave velocity around 2850 m/s for thermally
treated OSB. Recently, Souza et al. (2010) evaluated LVL boards made from Pinus oocarpa and P.
kesyia nondestructively and the stress wave velocity ranged from 4686 m/s to 4946 m/s depending on
the position of the panel assessed.

In wood-based composites, there are many voids and regions with different properties. Therefore,
during NDT, a reduction in stress wave velocity can take place and consequently lead to a low EMd
compared with EMd in wood. In this study, the lower value of EMd was 2471.91 N/mm? and the maximum
was 2707.15 N/mm?. When just stress wave velocity (wv) was used as a independent variable to predict
f,, and E,,, both linear and non-linear models presented low R* values. Despite this finding, Souza et al.
(2010) found that stress wave velocity only might have potential to predict E, of LVL boards since a
fitted model using this variable gave a coefficient of determination (R?) of ca. 0.5. Otherwise, E,, showed
good correlation with E, and f, , especially in BB/UF and BP50/PF boards, and the maximum value of
R? in these regressions was 83% (Table 6). According to Teixeira and Moslemi (2001), in studies with
wood-based composites this R? is acceptable and highly significant. Additionally, the results obtained
in this present work are similar to those observed by other authors for wood-based panels. Ferraz et
al. (2009) employed the same nondestructive method to predict flexural properties of laminated strand
lumber (LSL) and oriented strand lumber (OSL) made from Chrysophyllum sp., a Brazilian tropical
hardwood. Models with R? ranging from 0.59 to 0.80 could be modeled to explain the variation of the
flexural properties using E, , as a predictor.

Density also showed good correlation with mechanical properties, mainly with EM in the BB/UF
treatment. Both models, linear and non-linear, had high R? 0of 0.91 and 0.92 (Table 6). The good correlation
of E,,,and density with mechanical properties is important because it is possible to determinate these
properties without destroying the material.



Table 6. Linear and non-linear models fitted to predict flexural
properties of the evaluated treatments.

Treatment Models
Linear R? SEE Non-linear R2 SEE
BB/UF  E,, = -3067.611234 + 7629.612498. D 91%  3:93% E, =6120.152783. D 2% 929  371%
E = -796.099368 + 1.058058. Eyq 81%  5:08% By =0.018840. By 14054 83%  558%
BB/PF  f, = .21.898924 + 54.997213. D 66%  8:89% f, =44.848740. D 275 70%  8:60%
BP25/PF  E,, = -3491.066144 + 8034.439946. D 74%  5-34% B, = 5947315722, D 2856 76%  5271%
BPSO/PF £, = 8547248 + 0.010017. Epg 82%  4.35% fy=0.000219. Epy "5 83%  4.40%

D = specimen density; E,; = modulus of elasticity; f,, = modulus of rupture; E,; = dynamic modulus of
elasticity; R? = coefficient of determination; SEE = standard error of estimative

CONCLUSIONS

The studied bamboo species contained too much parenchymatic cells and produced longer and thinner
particles, which created a large amount of fines. Thus, the processing method must be improved. The type
of resin apparently did not have an effect on bamboo boards made with Guadua magna, except for TS,
MC and IB. The addition of wood particles in the bamboo boards improved the E, and f,,, while other
properties were not affected. Evaluating E,, and f, the particleboards were classified for commercial
use (M-1) based in the ANSI A208.1 standard. The flexural properties of the panels (E,,, f,,) could be
modeled using either E,,; or density and the models fitted presented medium-high predictability.
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