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PREFACE

In recent years, researches focusing on the development of non-con-
ventional building materials, based on agro-industrial waste, have been 
gaining attention in the academic and scientific circles. In 2013 research-
ers of the University of São Paulo created, in the Faculty of Animal Science 
and Food Engineering (Pirassununga-São Paulo-Brazil), the NAP-BioS-
Mat (Agriculture Biosysten Materials) and the Post-Graduation course on 
Materials Science and Engineering, with the concentration area “Devel-
opment, characterization and application of materials applied to the agro 
industry”. Aiming to bring together results of this work in University of 
São Paulo and in other relevant international research institutes, we or-
ganized a publication “Non-conventional Building Materials based on 
agro-industrial wastes” which has financial resource provided by Brazil-
ian government agency CAPES.

This publication present scientific research developed by researchers 
of the University of São Paulo, São Paulo State University, Federal Uni-
versity of Santa Catarina, Federal University of Maranhão, Federal Uni-
versity of Amazon,  University of the Amazon State, Federal University 
of Pará, Federal University of São João del Rei, Federal University of São 
Carlos (Brazil); Consejo Nacional de Investigaciones Cientificas y Tec-
nológicas (CONICET) and Centro Experimental de Vivienda Economi-
ca (CEVE) (Argentina); University of Coimbra (Portugal); University of 
Dar es Salaam, Kenya Polytechnic University and The Open University of 
Tanzania (Tanzania).

This book presents results of the research carried out with polymer 
based composites of some agro-industrial wastes: sugar cane bagasse, 
straw and husk left over from rice, açaí fiber, coffee husks, babassu husk 
fiber, wastes of oat hulls, wastes of reforestation wood, peanut husks, 
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wastes generated in the production of Amazon vegetable fibers, bamboo 
particulate waste and life cycle of wood-based composites.

We express our thanks to the authors that provided their contribu-
tions and to the Post-Graduation course on Materials Science and Engi-
neering of FZEA-USP, Brazil.

Prof. Francisco Antonio Rocco Lahr 
EESC/USP/Brazil

Prof. Holmer Savastano Junior 
Prof. Juliano Fiorelli 

FZEA/USP/Brazil
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ABSTRACT: The production of the high performance structural panel of bamboo partic-
ulates emerged with the need to obtain better utilization of this material in manufactur-
ing of Glued Laminated Bamboo (Glubam). It was still intended to use other waste from 
bamboo chain from its primary processing, such as: tops, bases and small-diameter 
stems. The advantage of these panels is that the raw material supply is abundant, 
because it is a fast growing grass of easy levels of maintenance and harvest. The 
bamboo has been considered an excellent alternative to replace the wood in the mar-
ket. Its use in the production of particleboards is well-accepted, because they behaved 
similarly those produced exclusively with wood. This is a preliminary work about a new 
bamboo-based composite, and it aims to evaluate the improvements in the utilization of 
reinforcements in particleboards, both made from bamboo species of Dendrocalamus 
asper. So, it was necessary to produce panels with and without reinforcement, aiming to 
have evaluation parameters. Castor oil-based polyurethane resin was used as the binder 
in view of materials with lower toxicity. The results of physical and mechanical properties 
presented are: specific gravity, moisture content, thickness swelling, water absorption, 
modulus of rupture (MOR) and modulus of elasticity (MOE) in static bending, internal 
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adhesion and screw pullout strength. The tests were performed according to standard 
documents EN 310/2000 and NBR 14810/2002, obtaining results superior to those 
stipulated by them. Therefore, it is shown that this panel is economically viable and 
environmentally friendly alternative for the utilization of the waste generated in bamboo 
processing of the species of Dendrocalamus asper species, combined with the castor 
oil-based polyurethane resin, favoring the used in structures, floorings, furniture, etc.

Keywords: Glued Laminated Bamboo. Waste. Particleboards. Structural reinforcement.

1.	 INTRODUCTION

Particleboard, among other lignocellulosic-based products emerged 
with the need to improve the utilization of raw material, applications of 
new product in specific situations, profitability, costs and market growth. 
Many lignocellulosic materials with their different species can be used to 
manufacture boards from small-diameter logs, chips, branches and saw-
mill waste.

These new products have applications in many industrial segments, 
especially in furniture, construction and for packaging. Many studies 
focus on the development of new examples of particleboards, and some of 
them can reach values of mechanical properties for structural purposes.

In this sense, the bamboo can be a good alternative for the particle 
production, considering the high mechanical strength of its fibers. Its 
application is ancient and is widely used in the eastern countries, while 
the western region it is still seen as a lower quality material, since only in 
last decade the industries started to develop products of this raw material.

In practice, it serves as food for humans and animals, biomass for 
renewable and clean energy, construction materials and raw material for 
many industrial sectors, as well as it can be identified as an element to 
contain erosion, and for the excellent values of strength and stiffness in 
parallel tension to grain.

It is a grass that offers many economic advantages, such as fast-growing, 
perennial, high adaptability, ease of maintenance and harvesting; because 
it does not require techniques with complexity for its establishment as 
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planting, minimizing the pressure on indiscriminate use of wood species 
in extinction risk.

In Brazil, the lack of adequate processes of mechanization and auto-
mation of the bamboo generates large waste amounts, which can become 
environmental pollutants if it is not used. Besides this waste, bamboo 
laminas have been studied for their application as reinforcement in tim-
ber or in wooden composites, increasing its diversification and valoriza-
tion of the use of lignocellulosic materials of lower earned value, making 
them an eco-efficient alternative.

This chapter aims to demonstrate, through this new product patented 
by the UNESP Agency of Innovation (Agência UNESP de Inovação – 
AUIN), a possibility to use and valuation of this important material, the 
bamboo, through a composite of high structural performance, formed by 
particles of waste and with reinforcement with bamboo laminas.

2.	 LITERATURE REVIEW

2.1 	 BAMBOO

According to Pereira and Beraldo (2007), bamboo is an ancient plant 
and of a crescent importance to humanity, and it is known as the “poor’s 
wood” in India, “The people’s friend” in China and “the brother” in 
Vietnam; in the west it is less known and is usually associated to lesser 
importance constructions.

Pereira (1997) comments that the bamboo is a natural resource that 
spend less time to be renewed, and there is no forest species that can com-
pete in growth speed and profitability per area. He adds that its structural 
properties, in relation to weight-resistance outweigh the woods, being 
compared with steel and fibers.

To Lima Júnior and Dias (2001), the bamboo is a vegetal material whose 
mechanical properties indicate good potential to be exploited for engineer-
ing. The plant has long stems, internally hollow, which are closed in approx-
imately regular intervals, by a diaphragm in the regions of the nodes; its 
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walls have excellent tension and compression strengths, comparable to 
most hardwoods, emphasizing its low specific weight about 8.5 kN/m3.

The stems are formed by an alternate series of nodes and internodes. 
With the growth of bamboo, each new internal node is surrounded by a 
protective stem leaf (sheath). The stems are formed by fibers, vessels and 
sap conductors, which are non-uniformly distributed in transversal sec-
tion, surrounded by a kind of matrix called parenchyma. These stems dif-
fer according to species in length, wall thickness, diameter, nodes spacing 
and strength. They are mostly hollow, and in some species can find solid 
internodes (GHAVAMI, 2004).

According to Beraldo, Espelho and Ferreira (2006), bamboo stems are 
normally attacked by insects when they are exposed to the environment 
or by microorganisms when they are in contact with the ground. The 
young stems harvested before they have branches and leaves, these stems 
are not attacked by woodworms, although they have the same dimensions 
of mature stems. The real explanation for this fact is related to the absence 
of starch, which is only metabolized by mature stems.

The Dendrocalamus giganteus species has stems with height among 24 
and 40 meters, internodes among 0.40 to 0.50 meters, diameters among 
0.10 to 0.20 meters and with dense wall, which however varies with the 
height. It is a bamboo species of general uses and it adapts to tropical and 
subtropical regions. Some characteristics of giant bamboo are shown in 
Table 1 for a better understanding of this species (PEREIRA, 1997).

Table 1 – Characteristics of Dendrocalamus giganteus stem

Stem layer Vessels (%) Fibers (%) Parenchymas (%)
Internal 11 16 73

Intermediate 9 32 59
External 8 55 37

Source: Pereira (1997).

Pereira (1997) incites that the fibers are the primarily responsible for 
the resistance of bamboos, with in general a distribution of 40-90% in 
external part and of 15-30% internally. Although it is a grass, bamboos 
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have arborescent habit, and in the same time that tress, they have an aerial 
part composed by stem, leaves and branches, and another, underground, 
with rhizome and roots (Fig. 1).

Figure 1 – Bamboo parts. Source: National Mission on Bamboo Application (2004).

Hidalgo-Lopez (1974) emphasizes the rhizome function is related to 
store nutrients and also it serves as reproducing structure. Bamboos pres-
ent three types of rhizomes (Fig. 2):

i)	 Pachymorph: clumping and sympodial, present genres 
of Dendrocalamus, Bambusa (with sub-genre Guadua), 
Elystrosthachys, Gigantocloa, Oxytenantheru, etc.;

ii)	 Mixed type: semi-clumping and anfipodial, present in almost all 
genres;

iii)	 Leptomorph: stolon or running and monopodial, present genres 
of Phyllostachys, Arundinaria, Sasa, Shibataea and Sinobambusa. 
(LOPEZ, 1974)
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Figure 2 – The rhizomatic systems of bamboos and spatial distribution of woody bamboos culms. 

Source: Makita (1998).
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The Figure 3 shows the applications of the bamboo parts according to 
the age of the plant.

Figure 3 – Classification of the commercial parts of a bamboo plant. Source: Jaquez (1990).

2.2	 PARTICLEBOARD

First particleboard industry in Brazil was created in 1966 in Curitiba, 
Paraná. Thenceforth, many industrial plants emerged in South and 
Southeast regions, and the Brazilian production of particleboards 
achieved the mark in 1998 of 1,313 million of m3. Particleboard has 
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multiple applications, contrasting with the uses for furniture and room 
partitions, and secondarily in the construction (IWAKIRI et al., 2006).

According to Dacosta et al. (2005), in recent years, raw material yield 
in sawmills has been characterized in a relatively low level, increasing the 
volume of waste, causing a strong tendency of use of these same and of 
lower quality wood for the particleboard production.

Particleboard is a panel produced with the use of a synthetic adhe-
sive, wherein the particles are consolidated by an application of heat and 
pressure in a specific press. The geometry of the particles, their origin in 
relation to the species and their homogeneity, types of adhesives, pressing 
time, density and manufacturing processes can be modified to produce 
different products.

According to Nascimento (2003), the raw material for the particle-
boards production can be: forest material from pruning and thinning; 
coarse industrial waste such as slabs, regular and irregular pieces, waste 
rolls from lamination, etc.; fine industrial waste, such as sawdust, shav-
ings; wood chips of industrial processing of furniture and carpentry; lig-
nocellulosic materials such as bagasse, rice straw and other agricultural 
waste, this latter pure or mixed with wood particles.

During the manufacturing process, special additives may be added to 
improve dimensional stability of the board, increasing the fire resistance, 
among other properties.

Wood low density is one of the main requirements regarding the suit-
ability of a species for particleboard production. The compaction ratio, 
which is the ratio of the specific gravity of the board and the wood used 
in this board, defines the level of densification of this material, and it 
will reflects in the physical mechanical properties of the boards. Suitable 
compaction ratio for particleboards production is in the range of 1.3 to 
1.6, and therefore low density species are the most recommended. Values 
above 1.6 can improve the strength properties, but on the other hand, the 
thickness swelling will be superior due to the higher compression on the 
material during the pressing stage of the board (IWAKIRI et al., 2006).

The particle size influences in the classification of the boards as homo-
geneous or multilayer. In homogeneous boards, particles with different 
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granulometry have the same proportion, resulting in a single operation 
in the forming stage of the board. Multilayer boards are formed by three 
layers or more. Constituent particles are distributed in successive oper-
ations, symmetrical about a central layer. Internal layers are composed 
of larger particles and outer layers are arranged with smaller particles 
(NASCIMENTO, 2003).

Properties such as static bending and internal bond are significantly 
affected with variations in dimensional elements of the particles. Other 
process variables such as type and amount of resin, chemical additives, 
moisture of the particles and pressing cycle must be controlled to ensure 
the required quality according to standard documents (IWAKIRI, 2003).

Santos et al. (2009) emphasize particulate products formed by par-
ticleboards, mineral boards and fiberboards have replaced the products 
traditionally used and many particleboard types are conquering com-
mercial space because of: best price/performance ratio, range of available 
products, f lexible application for various purposes and growing aware-
ness within modern society that is no longer viable the processes with 
high levels of losses of wood.

In the search for alternative processes for industrial production, which 
predatory processes are conventionally used, it was found, in the bamboo 
material, a great alternative for the production of particles. Bamboo is 
present in the culture and life of humans since the beginning, serving 
as food, shelter, tools, utensils and a myriad of other items. Currently, it 
is estimated that about one billion people worldwide have bamboo as a 
source of livelihood. Due to its contribution, today there is a large indus-
trial development of the use of this material (LIMA, 2008).

Despite its reduced diameter, when bamboo is compared to wood, 
it can achieve standards of boards considerable for certain applications. 
The machinery for wood, some methods and processes can be adapted for 
bamboo. Furthermore, despite its large size, this material has small distor-
tions and a good stability for the production of panels (MOIZÉS, 2007).

It is a plant that offers many economic advantages, such as fast-grow-
ing, perennial, and ease of establishment, maintenance and harvest-
ing, because it does not require techniques with complexity for its 
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establishment as planting. It can be used as a substitute agronomic in 
marginal areas, optimizing productions which receive more attention 
of foreign markets, thus replacing wood in several aspects (SLONGO; 
KUPERSTEIN; BUENO NETTO, 2009).

The panels of bamboo particle emerged with the objective to utilize 
the waste of bamboo processing such as tops, bases and stems of small 
diameter (KAI; XUHE, 2005). Therefore, according to these authors, the 
great advantage of these types of panels is that the supply of raw material 
is abundant.

Calegari et al. (2007) accept the utilization of bamboo stems/culms 
for the production of particleboard, since these boards behaved similarly 
to those produced exclusively from wood.

Recently, the increase in timber prices and the declining of the avail-
ability of wood resources promoted the search for some alternative. 
Similar to wood, bamboo is a natural organism. It is resistant, light and 
renewable, and with a strong ability to adapt to the environment. The 
growth speed is much higher than that of most trees and their properties 
are superior to those of juvenile wood of rapid growth. For example, in 
comparison with the wood, bamboo has a higher strength/weight ratio, 
superior abrasion resistance, and a low expansion ratio after moisture 
absorption. The best way to use bamboo on a large scale is to design and 
produce a series of bamboo panels based on different structures and func-
tions according to the properties of bamboo (KAI; XUHE, 2005).

With respect to wooden particleboards Iwakiri et al. (2000) evalu-
ated the feasibility of using woods of Eucalyptus maculata, E. grandis 
and E. tereticornis as waste of processing in sawmills, for production of 
chipboards. It was produced boards of these three species, and also of 
their proportional mixing, with two levels of resin (8 and 12%). The pan-
els were manufactured with nominal density of 0.75 g/cm³ with pressing 
temperature of 140°C and pressing time of 8 min. The panels produced 
with 12% of resin showed better results than those with 8%.

Haselein et al. (2002) produced structural particleboards using Pinus 
elliottii (Engelm) particles with nominal dimensions of 110, 75 and 40 
millimeters in length, 0.5 to 1.0 mm thick and 20-millimeter wide. The 
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particles were randomly oriented in molds without background with 
dimensions of 50 x 50 x 20 cm. The mats were pressed at 180°C for 10 min 
to obtain a thickness of 9.5 mm and a density 0.7 g/cm³, approximately.

Dias (2005) presents a study on using of castor oil-based polyurethane 
in chipboards manufacture. Panels were produced with a composition of 
Eucalyptus grandis, Eucalyptus urophilla e Pinus elliottii, pressed at a tem-
perature of 60°C and 90°C with addition of paraffin emulsion to this mix, 
with the objective to improve their hygroscopic properties of the panels.

Dacosta et al. (2005), evaluated mechanical properties of wood 
chipboards, made from waste of Pinus elliottii (Engelm.). Two residues, 
wood chips and shavings, were used pure or mixed with urea-formalde-
hyde-based adhesive. Nominal densities of the boards were 0.6 and 0.7 g/
cm³. The specific pressure applied was 30 kgf/cm and the temperature of 
boards was set at 180°C. The closing time of the press was 40s, and the 
total pressing time, applied to promote the evaporation of water and the 
adhesive curing was 8 min. Among results of other tests, in the screw 
pullout strength test, it was observed that with the increase of density this 
property showed a higher value.

Cabral et al. (2007) evaluated the properties of Oriented Strand Boards 
(OSB) produced with wooden flakes of Eucalyptus grandis, Eucalyptus 
urophylla and Eucalyptus cloeziana. The density of the boards was close 
to 0.70 g/cm³, and with phenol-formaldehyde resin in a proportion of 8% 
of solids in dry mass of particles. Boards were pressed at 32 kgf/cm² and 
at a temperature of 170°C.

Melo and Del Menezzi (2010) evaluated the influence of density on 
physical-mechanical properties of particleboards made with particles of 
Eucalyptus grandis W. Hill ex Maiden. Thereunto, three densities were 
tested: 0.6, 0.7 and 0.8 g/cm³. In each density level were produced panels 
with 8% of urea-formaldehyde resin and 1% of wax/paraffin. The pressing 
occurred at 3.0 MPa for 8 min at a temperature of 180°C.

With respect to bamboo chipboards, Lima et al. (2008) made homoge-
neous chipboards manufactured with bamboo of Dendrocalamus gigan-
teus species, with the addition of bract (leaf stem), arising from the clump 
of bamboo used, high in fiber, with the objective of using it to replace 
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solid wood and also to add earned value to the material. Five treatments 
were considered: 100% bract, 75% bract and 25% bamboo, 50% of each 
material, 25% bract and 75% bamboo and finally 100% bamboo. The 
same were produced with urea-formaldehyde resin (10% of solids in dry 
mass) and composed with 20% of fine chip and 80% of thick chip.

Silva et al. (2008) produced homogeneous chipboards with leaf stems 
and reinforced with bamboo waste of the species Dendrocalamus gigan-
teus, in the proportion of 75% of bamboo and 25% of leaf stems manu-
factured with different percentages of urea-formaldehyde resin (8%, 10% 
12% to 15% by weight of dried material), composed of 80% of coarse par-
ticles and 20% of fine particles.

Carvalho, Valarelli and Visnardi (2009) produced chipboards with 
particles of bamboo and Pine. The materials used were: urea-formalde-
hyde adhesive, in the proportion of 10% (dry weight of material), bamboo 
particles from the apical part of the stems and Pine particles from indus-
trial processing. The particles suffered the action of a chipper, and then 
they were classified in two types of sieve: one of 1.2 mm (fine) and other 
of 4 mm (thick). Particles were pressed at a temperature of 130°C for a 
period of 10 min.

Laemlaksakul (2010) evaluated the technical feasibility of experimen-
tal particleboards (single-layer) from bamboo waste of Dendrocalamus 
asper (Backer) species, by converting bamboo into strips, which are used 
to make laminated bamboo furniture. The materials were placed in a 
mold box of 400 mm x 400 mm, and then the panels were compressed 
with a hot press until it reached 15 mm at a temperature of 120°C, and a 
pressure of 150 kg/cm2 for 5 min. The adhesive used was urea-formalde-
hyde at 86.94% of solid content.

The values of the physical mechanical properties obtained for men-
tioned boards will be explained in tables in the results topic, for better 
interpretation and comparison of the data.
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2.3	 RESINS AND APPLICATIONS

Organic polymers of natural or synthetic origins are the principal 
chemical ingredients in all formulations of adhesives for wood. A polymer 
is compound formed by reaction of small and simple molecules with func-
tional groups which allow their combination to proceed to a higher molec-
ular weight under suitable conditions. First adhesives for wood based on 
synthetic polymers have been produced commercially in the 1930s. This 
marked the beginning of fundamental changes in the composition of 
adhesives of natural synthesized polymers. These resins should not be 
stronger, tougher and more durable than wood, but also have much higher 
water resistance than resins based on natural polymers (VICK, 1999).

According Plepis (1991), polyurethane-type polymers appeared in 
1937 and achieved great importance during the Second World War, and 
its production was tripled in the 70’s.

The adhesive glues for wood have an important role in the development 
and growth of forest products industry, and they have been a key factor in 
the efficiency of use of wood products. By far, most uses of wood resins have 
been applied in the manufacture of building materials such as: plywood, 
particleboards, fiberboards, laminated boards, etc. (VICK, 1999).

Marques (2009) considers applications of polyurethane-based res-
ins started in Germany for bonding of non-vulcanized rubber with steel 
using triisocyanato triphenylmethane; this technology has been extended 
to wooden planes in early 40s. Currently, polyurethane resins are used in 
numerous examples for various markets, they are known for their excel-
lent adhesion, good flexibility, hardness, high cohesion, abrasion resis-
tance and fast cure. The polyurethane adhesives are mainly used in the 
respective sectors: packaging, instruments, books, footwear, plywood, 
furniture, medicine, flexible laminates, assemblies, electronics, aero-
space, automotive, abrasives, and other textiles.

Natural adhesives can be of animal proteins (albumin, gluten and 
casein) or vegetal (potato, soy, wheat and latex).

According Maloney (1996), due to the need to decrease the formalde-
hyde emission, a carcinogenic product, derived from urea-resins, various 
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studies were developed through their mixtures with other resins, such as 
melamine resins, which also provide greater moisture resistance to the 
boards.

There is a global trend in demand for biodegradable materials, 
non-polluting and biomass-based products. According to Araújo (1992), 
this trend has leveraged researches with polyurethane derived from cas-
tor oil, thus expanding new perspectives for its development.

According to José and Beraldo (2006), internationally known as “cas-
tor-oil” and in Brazil as “caturra” or “mamona”, the castor bean (Ricinus 
communis) is a plant of Euphorbiaceae family, from which castor-oil is 
extracted. This plant is found in tropical and subtropical regions, and is 
very abundant in Brazil.

It is classified as waterproof and it has characteristic of non-aggres-
sive to the environment and humans. The curing is processed with room 
temperature, and it can be accelerated with temperature of 60 to 90°C 
(DIAS, 2005).

From the castor-oil makes it possible to synthesize polyols and pre-
polymers with different characteristics which, when combined, result in 
a polyurethane. This polyol mixture (castor oil-based) and prepolymer, 
in cold situation, cause the polymerization reaction of the mixture. This 
reaction leads to the formation of the polyurethane, and the percentage of 
polyol can vary, which define a greater or lesser hardness, as well as the use 
of suitable catalyst to increase the reaction rate (JOSÉ; BERALDO, 2006).

According to Pereira and Beraldo (2007), disturbances caused by the 
presence of starch particles contained in bamboo are not so important 
for the adhesion of binder in chipboards using organic or vegetal resins, 
contrary to the situation when inorganic binders are used.

3.	 METHODOLOGY

Materials and machineries used in this study were: bamboos of 
exotic species popular in Brazil Dendrocalamus asper (very confused 
by Dendrocalamus giganteus), castor oil-based polyurethane adhesive, 
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trimmer saw with adapter for cylindrical pieces (circular saw), band saw, 
surface planer, vibrating screen, kilns with and without air circulation, 
gluing machine, analog digital scale, caliper and digital caliper, hydrau-
lic press, universal testing machines (EMIC DL30ton and Dartec 10ton). 
The methodology and laboratories where the research was developed is 
described briefly in next chapters.

3.1	 LABORATORIES

For the present study, specimens from the combination of waste and 
bamboo laminas of the species Dendrocalamus asper were used. Waste 
and bamboo laminas were produced in the sawmill laboratory at Campus 
of Itapeva, of the Wood Industrial Engineering course, of São Paulo State 
University (UNESP). Tests of density, water absorption and thickness 
swelling (2h and 24h), moisture content and static bending were con-
ducted in the Laboratory of Materials of the same academic Campus of 
UNESP/Itapeva.

The boards were manufactured in Laboratory of Wood and Timber 
Structures (LaMEM), of Structures Department (SET), at School of 
Engineering of São Carlos (EESC) of University of São Paulo (USP), 
located in the Campus of São Carlos, where tests of internal adhesion and 
screw pullout strength (top and faces) were also performed.

3.2	 BAMBOO LAMINAS MANUFACTURING

For the manufacture of laminas to be used as reinforcement has been 
necessary to machine the whole bamboo, using a support (see Fig. 4) to 
adapt the trimmer saw to enable the cut stage, since it is a cylindrical 
material, with lower dimensions than the woods normally used in this 
machine.
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Figure 4 – Support for circular saw.

Bamboos were machined into six parts with circular saw and each one 
was machined in the band saw to remove diaphragms (Fig. 5). After, these 
pieces were machined in the surface planer to reach the desired thickness, 
ranging among 1.0 to 3.0 mm.

Figure 5 – Diaphragm removal.

3.3	 WASTE

The waste used in the manufacture of boards were collected during 
the processing of the laminas and separated through a vibrating screen 
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(Fig. 6). They were divided into three groups: wood dust and particles 
retained in the sieves of 3 and 7 mm of diameter. After this step, part of 
the waste was treated in hot water to reduce starch amount of the residues.

Figure 6 – Vibrating screen.

3.4	 WASTE TREATMENT

Part of the bamboo waste was inserted in containers with a capacity 
of 18 liters and the waste was submerged in water for 20 hours in a kiln. 
This time was needed for the water reached a temperature of 100°C, rec-
ommended in the literature for this kind of treatment, which serves to 
remove the starch present in the bamboo. The starch is savor to wood-
worms as well as this substance could damage the process of bonding for 
some types of resins.

3.5	 DRYING

The drying stage occurred in a kiln (Fig. 7) at a temperature of 60°C. 
Treated and untreated bamboo wastes were dried in the same manner.
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Figure 7 – Waste drying.

3.6	 BOARD MANUFACTURING

The wastes were weighed by particle size, separated two groups: dust 
and particles (3 and 7 mm). The latter was homogeneously mixed with the 
adhesive, castor oil-based polyurethane resin through a gluing machine, 
and finally they were placed in the mold for pressing (Fig. 8).

Nine boards were produced, all with same standard material amount, 
and pressed at high temperature. Four of them suffered previous waste 
treatment (with reinforcement), three boards without the treatment (with 
reinforcement), two panels without treatment (without reinforcement) to 
analyze the influence the treatment and the reinforcement in the boards. 
It is noteworthy that the number of board produced was resulted from the 
amount of available bamboo stems and waste.
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Figure 8 – Forming stage of the board.

3.7	 TESTS

The specimens for physical and mechanical tests were produced 
according to the orientation of the laminas, in the reinforced panels, 
which were arranged in the same direction, parallel to each other (Fig. 9).

Figure 9 – Arrangement of the laminas for the tests.

The dimensions, number of specimens and their respective normative 
standard documents used for particleboards are presented in Tab. 2.
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Table 2 – Dimensions, number of specimens and their respective normative documents.

Tests Standards
Sample numbers 
(Specimen/panel)

Dimensions 
(mm)

Density NBR 14810 5 50 x 50
Moisture Content NBR 14810 5 50 x 50

Thickness Swelling / Water Absorption NBR 14810 5 25 x 25
Static Bending (Em and fm) EN 310 5 330 x 50

Internal Adhesion NBR 14810 5 50 x 50
Screw Pullout Strength NBR 14810 2 150 x 75

The boards were trimmed and then the reinforced as both the unrein-
forced panels were cut according the scheme shown in Fig. 10. Specimens 
with dimensions of 330 x 50 mm for static bending test and of 150 x 75 
mm for screw pullout strength test (face and top) were used. Specimens 
for tests of internal adhesion, density, moisture content, thickness swell-
ing and absorption of water were used from specimens of static bending 
tests (330 x 50 mm).

Figure 10 – Cut scheme of the boards.
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4. 	RESULTS AND DISCUSSION

In this chapter are presented and discussed the results of tests of den-
sity, moisture content, thickness swelling, water absorption, static bend-
ing, internal adhesion, screw pullout strength (face and top) performed 
according to the standards NBR 14810/2002, and EN 310/2000. All cal-
culations were performed using software Microsoft Office Excel 2007. 
Average thicknesses of the panels are shown in Tab. 3.

The acronyms correspond respectively to:
a)	 CP: specimens from bamboo particleboards;
b)	 CT: board with reinforcement and with treatment;
c)	 CST: board with reinforcement and without treatment;
d)	 C: board without reinforcement and without treatment;
e)	 x: average value;
f)	 sd: standard deviation;
g)	 CV: coefficient of variation (%).

Table 3 – Average values of the thicknesses of the bamboo particleboards.

Thickness of the bamboo particleboards (mm)
CP CT 1 CT 2 CT 3 CT 4 CST 3 CST 4 CST 5 C 1 C 2
1 14.50 14.95 13.63 15.47 12.58 13.33 13.95 9.33 10.38
2 14.48 14.72 13.86 15.40 12.93 13.45 13.42 9.40 10.54
3 15.53 15.05 13.93 14.65 12.53 13.45 13.58 9.73 10.31
4 15.07 15.48 14.45 15.03 12.85 13.55 13.55 10.10 10.04
5 14.63 15.22 13.83 15.13 12.65 13.27 13.23 9.63 10.15
x 14.84 15.08 13.94 15.14 12.71 13.41 13.55 9.64 10.28
sd 0.45 0.29 0.31 0.33 0.17 0.11 0.26 0.31 0.20

CV 3 2 2 2 1 1 2 3 2

The variation in the thickness of the boards with reinforcement may 
be consequence of the variation of the thickness of the bamboo laminas, 
which it is verified in Tab. 4, as well as the average values of the thick-
nesses of bamboo laminas.
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Table 4 – Average values of the thicknesses of the bamboo laminas.

Average of thicknesses of bamboo laminas (mm)
CP CT 1 CT 2 CT 3 CT 4 CST 3 CST 4 CST 5
x 1.92 1.93 1.63 2.13 1.72 1.78 1.82
sd 0.53 0.52 0.43 0.37 0.39 0.31 0.25

CV 27 27 27 17 23 18 13

In some static bending specimens occurred the detachment of part 
of the bamboo laminas. It is probably because of the moisture content of 
the bamboo laminas present larger in relation to the moisture of bamboo 
waste.

4.1	 DENSITY TEST

Table 5 present the average values of the density of the particleboards 
in kg/m³. Through this table can be noted that the authors had problems 
to manufacture the specimen number 2 of the board CST 5 (board with 
reinforcement and without treatment).

Table 5 – Average density of the bamboo particleboards.

Density of the bamboo particleboards (kg/m³)
CP CT 1 CT 2 CT 3 CT 4 CST 3 CST 4 CST 5 C 1 C 2
1 866 869 844 854 897 897 887 767 799
2 920 870 938 962 931 997 – 935 885
3 875 924 949 933 901 990 919 966 917
4 882 928 896 894 856 887 935 984 991
5 826 775 886 904 898 871 890 915 961
x 874 873 902 910 897 929 908 913 911
sd 34 62 42 41 27 60 23 86 74

CV 4 7 5 4 3 6 3 9 8

The results presented in Table 5 showed in general a small variation 
in density for different treatments evaluated, as evidenced by coefficients 
of variation less than 10%. Besides these variations among treatments, 
small variations among panels of the same treatment and among samples 
originating from the same board were evidenced.
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These variations occur during the manufacturing of the compounds, 
and their main cause reflects in variations in mass, moisture content 
and in the lack of homogeneity of particle distribution on the mattress 
(MELO; DEL MENEZZI, 2010). Regardless of treatment or presence of 
reinforcement of bamboo laminas, the average density of the boards was 
900 kg/m³.

4.2	 MOISTURE CONTENT TEST

Table 6 shows the values for moisture content of all the particleboards 
tested.

According to Pierre (2010), there is significant effect of final moisture 
content of board on physical and mechanical properties, with a general-
ized downward trend in mechanical properties when the moisture content 
increases.

Table 6 – Moisture content of the boards.

Moisture content (%)
CP CT 1 CT 2 CT 3 CT 4 CST 3 CST 4 CST 5  C1 C 2
1 5.36 6.31 6.25 6.02 5.50 5.57 6.50 7.21 8.42
2 5.30 5.50 5.09 4.63 3.96 3.73 – 5.66 6.63
3 5.17 5.46 4.52 4.55 4.83 4.07 4.88 5.32 6.07
4 6.04 5.38 5.55 5.40 5.95 5.44 4.84 4.97 4.78
5 6.71 7.11 6.26 5.66 5.70 5.60 6.78 6.14 4.98
x 5.72 5.95 5.53 5.25 5.19 4.88 5.75 5.86 6.17
sd 0.65 0.75 0.75 0.65 0.80 0.91 1.03 0.87 1.47

CV 11 13 14 12 15 19 18 15 24

Regardless of the presence of treatment or reinforcement, the aver-
age moisture content of boards was 5.6%, which is in the range 5 to 11% 
prescribed by NBR 14810/2002. There was small variation in moisture 
content among boards of different types of treatments, as evidenced by 
the differences among average values of boards and total average value.
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4.3	 THICKNESS SWELLING AND WATER ABSORPTION

Tables 7, 8, 9, 10 and 11 show the values for the water absorption (WA), 
thickness swelling (TS) and the average values for 2 hours and 24 hours.

Table 7 – Values of the water absorption test in 2 hours.

Water absorption in 2h (%)
CP CT 1 CT 2 CT 3 CT 4 CST 3 CST 4 CST 5 C 1 C 2
1 7.04 3.55 1.86 2.91 3.13 3.20 3.64 6.17 6.48
2 3.50 2.72 3.94 9.51 5.70 3.86 – 3.28 3.78
3 6.85 2.12 2.90 2.80 4.40 3.52 4.61 2.32 3.55
4 4.61 3.25 4.35 2.64 6.85 5.31 3.83 2.39 2.88
5 5.20 3.47 4.72 3.62 3.36 4.78 4.26 4.55 3.21
x 5.44 3.02 3.55 4.30 4.69 4.13 4.08 3.74 3.98
sd 1.50 0.60 1.17 2.94 1.58 0.88 0.44 1.63 1.44

CV 28 20 33 68 34 21 11 44 36

Table 8 – Values of the water absorption test in 24 hours.

Water absorption in 24h (%)
CP CT 1 CT 2 CT 3 CT 4 CST 3 CST 4 CST 5 C 1 C 2
1 17.67 9.61 8.23 9.73 10.47 14.08 15.23 23.31 32.02
2 10.62 9.10 10.65 23.83 17.54 12.79 – 11.72 16.09
3 15.33 7.37 9.28 9.29 13.60 12.50 16.84 8.77 14.66
4 12.00 9.15 11.18 8.85 18.54 17.60 12.72 9.70 10.62
5 13.81 10.52 12.82 10.21 12.38 16.71 14.44 18.00 14.93
x 13.89 9.15 10.43 12.38 14.51 14.74 14.81 14.30 17.67
sd 2.77 1.15 1.76 6.42 3.43 2.31 1.72 6.19 8.29

CV 20 13 17 52 24 16 12 43 47
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Table 9 – Values of thickness swelling test in 2 hours.

Thickness swelling in 2h (%)
CP CT 1 CT 2 CT 3 CT 4 CST 3 CST 4 CST 5 C 1 C 2
1 5.04 4.80 4.79 5.33 6.67 1.53 1.66 4.70 4.37
2 4.17 2.11 3.13 3.95 3.55 2.97 – 2.70 2.33
3 3.71 2.50 1.04 3.81 4.03 4.59 5.62 2.36 2.97
4 2.76 2.47 2.37 2.21 3.85 3.00 2.61 0.93 2.11
5 1.53 2.52 4.56 0.82 3.12 4.94 1.98 3.69 3.32
x 3.44 2.88 3.18 3.22 4.24 3.41 2.97 2.87 3.02
sd 1.35 1.09 1.56 1.74 1.40 1.38 1.81 1.42 0.90

CV 39 38 49 54 33 41 61 49 30

Table 10 – Values of thickness swelling test in 24 hours.

Thickness swelling in 24h (%)
CP CT 1 CT 2 CT 3 CT 4 CST 3 CST 4 CST 5 C 1 C 2
1 8.51 5.20 2.84 8.49 4.62 8.91 4.53 8.78 10.93
2 6.79 5.78 7.71 6.47 8.43 5.72 – 7.12 8.44
3 8.24 4.01 4.36 5.55 6.01 7.44 6.28 7.60 7.14
4 6.60 5.07 5.26 4.97 7.41 8.85 5.72 2.69 6.43
5 5.94 4.52 7.21 4.70 5.20 6.46 6.47 10.46 7.59
x 7.22 4.92 5.48 6.04 6.33 7.48 5.75 7.33 8.11
sd 1.11 0.68 2.01 1.53 1.57 1.42 0.87 2.90 1.74

CV 15 14 37 25 25 19 15 40 21

Table 11 – Average of the water absorption and thickness swelling

CP WA 2h (%) TS 2h (%) WA 24h (%) TS 24h (%) Moisture (%)
CT 4.08 3.18 11.16 5.91 5.61

CST 4.30 3.54 14.68 6.52 5.27
C 3.86 2.95 15.98 7.72 6.02

According to prescription of NBR 14810/2002 standard, the values of 
thickness swelling and water absorption (for 2 hours immersion) must 
not exceed 8%. In Table 11, in the thickness swelling test this value was 
not reached, even for a 24 hour of immersion time, whereas for the water 
absorption test occurred the same behavior (for 2h), and the highest aver-
age value occurred for particleboards without treatment and without 
reinforcement (double of value) for the 24h of immersion time, once this 
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maximum value for this property is not stipulated by the standard docu-
ment aforementioned.

Independently of the treatment, chipboards with reinforcement 
showed the lowest average values of water absorption and thickness 
swelling for a greater exposure to moisture, due to a certain contention 
in swelling by the presence of a layer of bamboo laminas. Another factor 
that may have contributed in this behavior is the use of castor-oil polyure-
thane resin as a binder adhesive.

Figure 11 shows the specimens after the test of 24 hours, which is 
observed that there was no substantial change in the appearance of these 
specimens, in relation to aspect observed in the same test for other com-
posites of wood particulates, in view of they are two delicate tests for 
wood-based derivatives.

Figure 11 – Aspects of the specimens after test of 24 hours.

Briefly, the Table 12 shows the results of several authors regarding of 
water absorption and thickness swelling for comparison with the data for 
this study, which are inserted at the end of it, named as “*current study”. 
Castor oil-based polyurethane and urea-formaldehyde resins are repre-
sented, respectively, by CP and UF.
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Table 12 - Results of studies regarding of water absorption and thickness swelling.

Authors Composition
WA 2h 

(%)

WA 
24h 
(%)

TS 
2h 
(%)

TS 24h 
(%)

Resin

Iwakiri et al.
(2000)

Eucalyptus maculata
Eucalyptus grandis

Eucalyptus tereticornis
Mixture of the 3 species

27.95
13.94
15.67
18.29

50.06
37.37
37.82
45.59

21.25
12.38
12.48
15.55

32.22
24.23
23.51
28.37

UF

Cabral et al. 
(2007)

E. urophylla / P. elliottii
100% Eucalyptus grandis
E. urophylla / P. elliottii

9.08
10.64
9.69

–
6.12
6.67
6.23

– UF

Carvalho, 
Valarelli and 

Visnardi (2009)

100% Bamboo
75% Bamboo / 25% Pine
50% Bamboo / 50% Pine

59.48
22.22
26.17

77.49
56.78
62.77

7.73
4.04
5.13

9.33
9.02
9.58

UF

*current study
D. Asper (unreinforced panel)

D. Asper (reinforced panel)
3.86
4.18

15.98
12.79

2.95
3.34

7.72
6.18

CP

In Table 12, the results show that the values for these two physical 
properties, in tests with 2 and 24 hours of immersion, were below the 
obtained in studies of particleboards realized by other authors, with wood 
particles or bamboo, and in most studies higher values were found than 
those obtained in the treatments of this work.

4.4	 STATIC BENDING

Iwakiri et al. (2008) state the influence of density on mechanical prop-
erties of chipboards can be attributed to the compression ratio of the par-
ticles, which constituting the mat. If there had been a difference among 
the densities, it was expected the higher density particleboard presented 
higher values of modulus of rupture (fm) and modulus of elasticity (Em) in 
static bending. Tables 13 and 14 show, respectively, the average values for 
modulus of rupture (fm or MOR) and modulus of elasticity (Em or MOE) 
in static bending.

The average values of fm (Table 13) for boards with reinforcement 
and treatment, with reinforcement and without treatment, and without 
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reinforcement and treatment respectively were 137 MPa, 153 MPa and 38 
MPa, as evidenced that the addition of reinforcement of bamboo laminas 
in the particleboards generates an increase of over 200% in the value of 
strength in static bending, although the same do not affect the final den-
sity of the composite.

These data also overcame and surpassed the required values of stan-
dard documents NBR 14810/2002 of 16 MPa for wooden particleboards, 
and EN 300/2002 for OSB board type 4 of 28 MPa, even for panels pro-
duced without the addition of reinforcement.

Table 13 – Average values of modulus of rupture in static bending.

fm (MPa) 

CP CT 1 CT 2 CT 3 CT 4 CST 3 CST 4 CST 5 C 1 C 2
1 80 99 134 137 146 160 143 26 21
2 124 140 135 185 134 169 – 41 29
3 110 149 157 174 103 188 179 55 37
4 135 148 129 177 127 147 164 54 45
5 105 127 139 153 189 105 140 41 26
x 111 133 139 165 140 154 156 44 31
sd 21 21 11 20 31 31 18 12 10

CV 19 16 8 12 23 20 12 27 30

On the other hand, the average value of fm of the chipboards with treat-
ment was lower than the untreated boards, evidencing that a prior treat-
ment to reduce the starch did not affect the board bonding process with 
the castor oil-based polyurethane adhesive, as cited by José and Beraldo 
(2006). Table 14 presents the average values for the Em in static bending.
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Table 14 – Average values of modulus of elasticity in static bending.

Em (MPa) 

CP CT 1 CT 2 CT 3 CT 4 CST 3 CST 4 CST 5 C 1 C 2
1 10284 12779 15110 16174 14787 16716 15103 5567 7102
2 17989 15625 15166 18648 12681 14572 – 8379 4974
3 11442 15864 17159 19619 12647 17452 16738 5262 4623
4 18029 15591 12995 19600 13516 14062 13664 3810 4788
5 14910 14726 15614 18764 16277 14185 11597 6841 7204
x 14531 14917 15209 18561 13982 15397 14275 5972 5738
sd 3603 1271 1490 1410 1550 1573 2183 1724 1298

CV 25 9 10 8 11 10 15 29 23

Average values of Em in Table 14 for particleboards with reinforcement 
and treatment, with reinforcement and without treatment, and without 
reinforcement and treatment respectively were 15804 MPa, 14551 MPa 
and 5855 MPa, evidencing that the addition of reinforcement of bamboo 
laminas in the panels generates an increase of over 200% in value of mod-
ulus of elasticity in static bending, although they do not influence final 
density of the composite.

These data also overcame and extrapolated that required by EN 
300/2002(38) for OSB type 4 4800 MPa, even for boards produced without 
the addition of reinforcement.

Briefly, in the Table 15 are presented the values of fm and Em obtained 
by several authors regarding particleboards of wood and bamboo, for 
comparison with the data of this study, which are placed at the end of it. 
Castor oil-based polyurethane, urea-formaldehyde and tannin-formalde-
hyde adhesives are represented, respectively, by CP, UF and TF.

In Table 15 may be noted the values for strength and modulus of elas-
ticity in static bending for chipboards of this study were much higher 
than those found by other authors, regardless of treatment, presence of 
reinforcement or to be made with bamboo or wood.

It also highlights the fact that the presence of reinforcement with bam-
boo laminas increased the values for these properties, probably because of 
the laminas were manufactured with the outside of stems, where bamboo 
has a higher amount of fiber.
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There are some papers on mechanical properties of particleboards of 
bamboo, but each one has a special feature, which impedes a more accu-
rate and direct comparison in this specific topic.

Table 15 – Values of the properties for lignocellulosic particleboards.

Authors Composition
Density
(kg/m³)

Resin
fm

(MPa)
Em

(MPa)

Haselein et 
al. (2002)

Pinus elliottii 700 TF 10 1863

Dias (2005)
P. elliottii (48%) / E. grandis (47%) / 

E. urophilla (5%)
810 CP 18 3034

Lima et al. 
(2008)

100% Bamboo bract
75% Bract / 25% Stem
50% Bract / 50% Stem
25% Bract / 75% Stem
100% Bamboo stem

870 UF

11
11
15
17
21

1335
1332
2105
2654
3901

Silva et al. 
(2008)

Dendrocalamus giganteus –

8% UF
10% UF
12% UF
15% UF

8
9

10
12

1315
1452
1732
1976

*current 
study

D. Asper (unreinforced panel)
D. Asper (reinforced panel)

912
899

CP
38

142
5855

15297

In some boards occurred a partial separation of the laminas due to 
the difference of strength between the chipboard with the bamboo fibers, 
or through the difference in moisture of the material, as shown in Fig. 12. 
These unattached parts were not used for the following tests.

Figure 12 – Detachment of the reinforcement after the static bending test.
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4.5	 Internal adhesion

Table 16 shows the results for the internal adhesion test obtained for 
manufactured boards. Several attempts were performed to enable the test. 
Various materials and adhesives were tested, and only the metal traction 
blocks resisted this test. Due to the bonding time and the amount of trac-
tion blocks available, the test was not realized in all of specimens.

The results show that regardless of treatment and presence or absence 
of bamboo laminas as reinforcement, the values were higher than those 
prescribed by the standard documents NBR 14810/2002 at 0.40 MPa for 
wood chipboards and EN 300/2002 at 0.45 MPa to OSB type 4. Prior treat-
ment of particles did not present different results in untreated boards.

Higher values of internal adhesion for particleboards without rein-
forcement were evidenced, which can be explained by the rupture of rein-
forced particleboards have occurred in some specimens, particularly in 
the glue line, between the reinforcement and the board surface, and prob-
ably at the limit of resistance of castor oil-based polyurethane adhesive. 
In the unreinforced panels, the ruptures occurred in the center (core) of 
the specimens (Fig. 13).

Figure 13 – Aspect of the specimens after the internal adhesion tests.
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Table 16 – Average values of internal adhesion test.

Internal adhesion (MPa)

CP Force (kgf) Area (mm²) IA (MPa)

CT 1 / 1 395 50.67 51.43 1.52

CT 2 / 2 640 50.60 50.34 2.51

CT 2 / 4 770 49.82 50.76 3.04

CT 3 / 4 450 50.19 50.60 1.77

CT 4 / 4 555 50.08 50.50 2.19

CST 3 / 5 340 50.70 50.67 1.32

CST 4 / 3 610 51.11 50.57 2.36

CST 5 / 1 780 50.48 50.48 3.06

C 1 / 1 1100 50.04 50.62 4.34

C 1 / 2 1120 50.09 51.09 4.38

C 1 / 3 720 50.75 50.15 2.83

C 1 / 4 480 50.63 51.21 1.85

C 1 / 5 510 50.64 50.31 2.00

C 2 / 1 715 50.09 50.00 2.85

C 2 / 2 630 50.25 50.69 2.47

C 2 / 3 870 50.41 50.78 3.40

C 2 / 4 705 50.51 50.29 2.78

C 2 / 5 800 50.35 49.16 3.23

x 677 50.41 50.54 2.66

sd 214.91 0.32 0.50 0.85

CV 32.73 0.64 0.98 32.08

Briefly, in Table 17 are presented the values from internal adhesion 
tests of several authors regarding particleboards of wood and bamboo, for 
comparison with the data found in this study, which are cited at the end of 
it, where internal adhesion is named by IA. It is observed that the values 
obtained exceeded those found by other authors, regardless of treatment, 
especially for unreinforced boards.
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Table 17 – Values of internal adhesion for particleboards.

Authors Composition
Density 
(kg/m³)

Resin
IA 

(MPa)
Haselein et al. 

(2002)
Pinus elliottii 700 TF 0.18

Dias (2005)
Pinus elliottii (48%) / E. grandis (47%) 

/ Eucalyptus urophilla (5%)
810 CP 0.88

*current study
D. Asper (unreinforced panel)

D. Asper (reinforced panel)
912
899

CP
3.01
2.22

4.6 	 SCREW PULLOUT STRENGTH

Tables 18 and 19 present the obtained results in the screw pullout 
strength test on the face and on the top of panel. The results obtained for 
the chipboards, regardless of treatment and presence or absence of rein-
forcement, exceeded the required by NBR14810/2002, which stipulates a 
minimum value 1020N, emphasizing the reinforced boards, on average, 
reached more than twice for that value, and for treated boards the values 
were superior to untreated boards. The reinforcement in particleboards 
improves the performance on the face of boards.

Table 18 – Average values of the screw pullout strength on the face of board.

Screw pullout strength on the face of board (N)
CP CT 1 CT 2 CT 3 CT 4 CST 3 CST 4 CST 5 C 1 C 2
1 3000 1750 2300 2900 3750 2950 2450 1950 1400
2 2150 2400 2200 2200 2300 3050 3700 2450 2200
x 2575 2075 2250 2550 3025 3000 3075 2200 1800
sd 601 460 71 495 1025 71 884 354 566

CV 23 22 3 19 34 2 29 16 31
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Table 19 – Average values of the screw pullout strength on the top of board

Screw pullout strength on the top of board (N)
CP CT 1 CT 2 CT 3 CT 4 CST 3 CST 4 CST 5 C 1 C 2
1 2200 2900 2200 1900 3350 2600 2050 2800 3100
2 2100 2400 1850 2100 2850 2400 3800 3150 2950
x 2150 2650 2025 2000 3100 2500 2925 2975 3025
sd 71 354 247 141 354 141 1237 247 106

CV 3 13 12 7 11 6 42 8 4

The results obtained for the chipboards, regardless of treatment and 
presence or absence of reinforcement, again exceeded that required by 
the standard document NBR 14810/2002, which stipulates a minimum 
value of 800 N, reaching more than double of this value. For the untreated 
boards, their values, on average, were superior to the treated panels. It is 
noted that expected values for screw pullout values on the top of panel are 
lower than those on the face, even by standard NBR 14810/2002, position 
which boards demonstrate a major fragility.

Figures 14 and 15 show the specimens of screw pullout strength test 
(on the face and top) of particleboards with and without reinforcement. 
It is observed that the specimens did not show major damage after the 
screw pullout strength test (face and top). This situation is common in 
wooden particleboards, and also it constitutes in a large problem in their 
utilization.

Figure 14 – Screw pullout strength test (reinforced boards).
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Figure 15 – Screw pullout strength test (unreinforced boards).

Some values of screw pullout strength test (face and top) are presented 
in Table 20, according to the available values in the literature, where SPS 
is represented by screw pullout strength test. It is noted that the authors 
did not specify in their studies if the values are related to the screw pullout 
strength on the face or on the top of particleboards. In this test, they only 
focused on wooden panels. Urea-formaldehyde and castor oil-based poly-
urethane adhesives are represented, respectively, by UF and CP.

Table 20 – Values of the screw pullout strength test according to the literature  

for lignocellulosic particleboards.

Authors Composition
Density
(kg/m³)

Resin
SPS (N)

Face Top
Dacosta et al. 

(2005)
Pinus elliottii 700 UF 700.00

Melo and Del 
Menezzi (2010)

Eucalyptus grandis
600
700
800

UF
710.00
891.00
966.00

*current study
D. Asper (unreinforced panel)

D. Asper (reinforced panel)
912
899

CP
2000
2650

3000
2479

It is observed that values found for screw pullout strength test, regard-
less of the treatment, presence of bamboo reinforcement, or if the test 
was on the face or on the top of chipboard, they were superior to those 
found by the other authors. As mentioned Dacosta et al. (2005), a higher 
density value in manufactured chipboards may explain the higher values 
obtained in this test.
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5.	 CONCLUSION

With the use of castor oil-based polyurethane resin in the manufac-
ture of particleboards of bamboo, none treatment is necessary to remove 
the starch, because there is no difference in results of tests on physical and 
mechanical properties with varying concentration of starch.

The water absorption and thickness swelling (2h and 24h) for bam-
boo particleboards and bonding with castor oil-polyurethane adhesive, 
produced in the above conditions, present lower average values that those 
found in the literature of lignocellulosic composites, in other words, in 
wood or bamboo. Boards unreinforced have greater swelling in 24 hours 
compared to the reinforced panels, with respecting the EN 300/2002.

Bamboo particleboards bonding with castor-oil polyurethane resin, 
according to the standard documents described above, present equivalence 
and or superiority to the values found in the literature for particleboards 
produced with different characteristics and traditional resins. The particle-
boards can be considered equivalent in behavior, in particular, to the OSB 
type 4 boards, used in structural applications, and in slightly humid spaces.

Therefore, this particleboard proves to be viable economically and 
enables an alternative for the utilization of the industrial waste generated 
in the processing of bamboo, in this case the species of Dendrocalamus 
asper, combined with castor oil-based polyurethane resin.

Thus, this panel can be applied in structures, partitions, floors, furni-
ture and other uses, with an advantage to have an aesthetically appealing 
surface finish.
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Abstract: The increased use of wood-based products stimulates the development of 
research and technology for application of agricultural and forestry inputs, characterized as 
waste. In this respect, we highlight the extensive areas of sugarcane plantations annually 
generating a significant amount of bagasse from the stalks, which is preferentially used as 
an energy source. Likewise, there are the eucalyptus plantations, with high wood produc-
tivity, associated to an industrial park with advanced technology for the production of pulp 
and paper, fiberboards, particleboard, charcoal, etc. Therefore, this study aims to evaluate 
the potential of bagasse particles from sugarcane stalks and eucalyptus wood fibers for 
composites manufacture. Under laboratory conditions, the bagasse were characterized 
with respect to their size and mixed with eucalyptus fibers for composites with up to 25% 
sugarcane bagasse (increasing increments of 5%) and two levels of urea formaldehyde 
resin (13% and 16%). The physical (density, swelling and absorption) and mechanical 
(MOR, MOE, internal bond and axial screw withdrawal resistance) properties of the panels 
showed satisfactory average values ​​for the design of a new product and mostly attended 
the current specifications. The application of 16% UF resin, compared with 13% UF resin, 
reflected in better physical and mechanical properties and the mean of the assays totally 
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met NBR 15316 (2009) norm. Furthermore, the lowest content of free formaldehyde was 

detected in composites with higher percentage of sugarcane particles. The results indicate 

that the composite of eucalyptus particles and sugarcane bagasse fibers (in percentages 

of 5-25%) present technological properties that meet the standards and feasible produc-

tion possibilities in the existing industrial conditions, indicating its potential for the manu-

facture of products with higher added value. 

Keywords: Eucalyptus fiber. Sugarcane bagasse. Particleboard. Engineering. Sustainability. 

1.	 INTRODUCTION

The use of natural fibers in composites manufacturing is ancient, 
although its industrial application is low due to the costs of adapting the 
industrial process, the lack of information and its availability in the mar-
ket, despite its importance and applications, in particular, in developing 
countries. In this context, the generation of plant fibers, such as agricul-
tural waste, is related to (i) the characteristics of the production process and 
its shredding, (ii) the selective and restricted market conditions, (iii) the 
perishability stage of the natural products and (iv) the limited information 
available for their destination and use (SAVASTANO JR., 2000).

Considering these aspects, it is desirable that institutions that develop 
research related to science and technology in agricultural resources submit 
work proposals that contribute to the resolution of questions regarding the 
use of these resources in a sustainable way, with improved yield potential 
and quality improvement of products generated by the agricultural bases 
industry, thus allowing increased competitiveness in this market segment. 

On the other hand, industrial wastes have been used in conventional 
technological processes for fiberboards production and it is considered 
important to use waste wood from mechanical or chemical processing to 
produce panels, as already occurs in Europe (REZENDE et al., 2008; IPT, 
2009). The research directed towards application of low cost fibrous raw 
material from, agricultural crop waste in the manufacture of composites 
in different regions of the world, has shown satisfactory results in the last 
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decade (WIDYORINI et al., 2005; LEE at al, 2006; OSMAN et al., 2009; 
MENDES et al., 2010; ORTUNÕ et al., 2011; FIORELLI et al., 2012).

In the 1990s the use of residues from the manufacture of MDP (Medium 
Density Particleboard), among others, began primarily in Europe and 
should be applied in Brazil because of the the high availability of agricul-
tural and forest residues. Regarding the industrial manufacturing process 
of fiberboard, the country has major challenges, such as reducing formalde-
hyde emission, panel recycling, the use of resins from renewable resources 
and the optimization of the principle of the 3 F’s (Fiber, Food, Fuel), accord-
ing Borges (2008).

In terms of sugarcane stalk bagasse, industrial projects have been pre-
sented for its use in the production of AFB (Agricultural Fiber Board) pan-
els, integrated to the mills, enabling its use and value. The research car-
ried out in the country and abroad indicate the feasibility of using bagasse 
particles in lignocellulosic matrices for making composites. Among these, 
we highlight the MDP panel due to the technical-operational difficulty in 
laboratory and pilot scale conditions for obtaining fibers with morphology 
similar to those used in MDF (Medium Density Fiberboard).

Thus, the objective is the implementation and effective use of lignocel-
lulosic materials (BUCUR, 2003), serving the needs of modern society by 
developing new products based on wood. It is considered strategic for the 
country to develop technology for the application of bagasse as a fibrous 
raw material in the manufacture of fiberboard and particleboard, minimiz-
ing the demand for eucalyptus wood and providing additional value to an 
agricultural waste destined mainly for power generation. 

Thus, the technological challenge was to develop a new product charac-
terized by a fibrous eucalyptus matrix in which was incorporated crushed 
sugarcane particles as a sustainable biomass. 

1.1 	 Why composites?

The reconstituted woodpanels sector, in Brazil, has invested about 
$1.2 billion in the installation of modern industrial parks providing a total 
installed capacity of approximately 10.3 million m-3 per year (2012), with 5.1 
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million m-3 of MDP and 4.8 million m-3 of MDF panels, making Brazil one 
of the most important countries in manufacturing reconstituted woodpan-
els in the world. 

Industrial parks are located mostly in the Southern and Southeast 
regions of Brazil, which have a greater availability of wood from pine for-
ests and eucalyptus plantations. There are furniture centers in these states 
in Bento Gonçalves (RS), Sao Bento do Sul (SC), Arapongas (PR), Mirassol, 
Votuporanga and São Paulo (SP), Uba (MG) and Linhares (ES), which 
widely use both types of reconstituted panels. 

The significant use of MDF in furniture centers is a result of their tech-
nological characteristics, such as the homogeneity of physico-mechanical 
properties, excellent workability, especially in edging and surfacing, etc., 
supplying part of the technical requirements not met by the MDP (IPT, 
2009) and opening new perspectives for the development of lignocellulosic 
resources for this already established and rapidly growing sector.

1.2 	 The issue of formaldehyde 

Until the decade of 80 urea resins contained large amounts of free form-
aldehyde to facilitate the production of particleboard and MDF panels, due 
to its high reactivity and higher operating speeds. Its major disadvantage 
was the emission of large amounts of formaldehyde during the panel pro-
duction process resulting in a stronger odor and environmental problems 
in the factories. Likewise, formaldehyde emissions caused problems when 
panels were used for flooring, furniture, wall coverings, etc., with intensive 
research in the adhesives industry having resulted, before the 80’s, in the 
development of UF resins to meet current legislation in certain countries, 
as regards the limits of free formaldehyde in woodpanels. 

The formaldehyde used as a chemical adhesive in the manufacture of 
panels, constituting part of the polymer, can be degraded and released into 
the environment. The formaldehyde released and contaminating the envi-
ronment is within the structure of the panels in free form or associated 
to water of the cell wall of the fiberous elements or even in the form of 
hemi-acetals, the most important. 
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The free formaldehyde content in woodpanels is affected by its moisture 
and which relates to the raw materials, production, structure and storage 
conditions of the panels (Irle et al., 2008). As it is classified as a carcinogen 
by the World Health Organization, it is important to decrease its content 
in the reconstituted composite and research has been directed to the appli-
cation of “formaldehyde free” resins, as those based on tannins, and the 
incorporation of alternative raw materials (BORGES, 2008; MULLEN, 
2008; BUYUKSARI et al., 2010; MOUBARIK et al., 2010).

1.3 	 Why sugarcane stalk bagasse? 

The planting of about 10 million hectares of sugarcane elevates Brazil 
to the position of the world’s largest producer and annually promotes pro-
duction of about 175 million t of bagasse, which is indicated as a raw mate-
rial for numerous applications such as for the manufacture of reconstituted 
woodpanels. 

The crushed sugarcane is a source of electricity and heat, for the sugar 
and alcohol mill itself or to be sold. From the 90s there was an increase 
in the surplus bagasse in light of the reduction of steam consumption by 
increasing efficiency in the industrial plant production processes, creating 
new opportunities for its use. Also in this respect, the straw recovery by 
improving the harvesting process, led to an increase in the biomass avail-
ability for heat and electricity generation in boilers, and to produce ethanol 
by hydrolysis, allowing the use of bagasse for making reconstituted panels.  

The resulting biomass from agricultural and industrial segments of 
the sugar and ethanol industry has a competitive cost, with the sugarcane 
bagasse and straw with estimated costs (base year 2020) of less than $10.00 
and than $10.00 per t (dry basis). Compared with the United States, for 
example, it indicates that the cost per ton of biomass will be $30-35.00 in 
2020 (BRAZIL, 2007). 

Thus, Brazil brings together highly natural and geographical condi-
tions to assume a leading position in the world scenario in the production 
and use of biomass from sugarcane and other agricultural and forest crops.
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1.4 	 Why Eucalyptus sp wood? 

Eucalyptus plantations in Brazil occupy 4.5 million ha, an increase of 
41.1% in the 2004-2009 period. Although they are located in a significant 
number of Brazilian states, those in the south-central region stand out and 
the growth of the planted area is associated with increased productivity and 
wood quality, reducing the rotation cycle due to selection of new genotypes 
and hybrids, advances in management, mechanization of forest plantations 
and other factors. 

On the other hand, there is a significant increase in investment by for-
est-industrial sector companies using eucalyptus wood as exclusive raw 
material, resulting in a strategic global position. In this respect, for the pro-
duction of MDF panels in Brazil, there is a significant increase in the use of 
eucalyptus wood in relation to pine. While in the 1997-2002 period pinus 
wood was used exclusively, in 2003-2006, the eucalyptus wood was used in 
the production of 17% of MDF panels. From 2006 it was found that 23% 
of MDF panels were made ​​of eucalyptus wood, currently followed by an 
upward trend (BELINI; TOMAZELLO FO, 2010). 

The main advantages of using eucalyptus wood in the production of 
MDF panels relate to the (i) lower cutting cycle and tree rotation of euca-
lyptus forest plantations and, consequently, return on invested capital, (ii) 
higher wood density, resulting in higher yield in terms of relative volume of 
timber / panel, (iii) use of wood and bark (full use of the logs); for the pine 
trees, the bark needs to be removed, (iv) wood consisting of shorter fibers 
providing better post-machining quality. 

2. 	METHODOLOGY 

2.1. Obtaining natural fiber components for composites 
	m anufacture 

Sugarcane stalk bagasse: samples were collected in the patio of São 
Manuel SA Sugar Mill in São Manuel-SP (Fig. 1A, B and C) at the outlet of 
the crushing and broth obtaining system. Subsequently, they were dried in 
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an oven at 105ºC, to 5% moisture to prevent the growth of microorganisms, 
and submitted to particle size classification for panels manufacture. The 
previous year’s crop of bagasse particles stored in piles were separated and 
not collected because of their degradation by thermophilic microorganisms 
(Fig. 1D). 

Figure 1 – Loading and layout of the sugarcane stalk bagasse on the patio (A, B, C); partially 

degraded appearance of the particles inside the hill (D).

For laboratory preparation of the composite, bagasse samples were 
granulometrically classified in the vibrating screens of the Produtest, model 
G equipment, through 5 openings (12.0 mm, 6.3 mm, 3.15 mm, 2.0 mm and 
<2.0 mm - collector). Exploratory classification evaluations indicated that 
the fraction passing through the sieve of 3.15 mm is characterized by large 
fiber bundles which differ in particle size from the fibers used in the man-
ufacture of MDF panels.  

Thus, all the fibrous material that passed through the sieve of aper-
ture 2.0 mm and was retained in the collecting vessel was used in the 
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manufacture of composites (Fig. 2). Other authors, Widyorini et al. (2005) 
and Ortunõ et al. (2011) used the same aperture sieve (2.0 mm) in the sep-
aration of sugarcane bagasse particles and Arundo donax L., a mediterra-
nean tree species, respectively, for particleboard manufacture.

Eucalyptus wood fibers: the trunks of Eucalyptus grandis trees, 7 years 
old, from plantations of Duratex S.A. in Botucatu-SP, were turned into 
wood chips and then defibered through thermo-mechanical friction of 2 
discs at high rotation, in an industrial MDF panel making process. The 
wood chips defibering conditions were (i) heating time = 4 min, (ii) diges-
tion pressure = 8.0 bar (0.8 MPa) (iii) refining pressure = 8.2 bar (0.82 MPa) 
and (iv) specific energy consumption = 100 kWh/t (360 MJ), usual on an 
industrial scale. The eucalyptus wood fibrous components were collected 
on the industrial production line before blow line process.

Figure 2 – Screening, opening (mm) and particle size fractions of crushed stalks from sugarcane.

2.2. 	 Production of natural fiber composites

Treatments of fibrous components and UF adhesive: 12 treatments 
(Tab. 1) were evaluated with varying eucalyptus fiber and sugarcane parti-
cle mix percentage and two urea formaldehyde adhesive percentages (13% 
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and 16 %). In the manufacture of composites the bagasse percentage was 
0-25% in relation to the eucalyptus fibers, with 5% increases The utili-
zation of a maximum of 25% bagasse particles for composites manufac-
ture was defined for (i) a detailed characterization with small additions of 
raw materials, (ii) appropriate standards and consumer product market, 
(iii) greater acceptance of using small percentage of new raw materials, 
(iv) better coordination with the raw material logistic supply chain and 
(v) capability to use in current manufacturing conditions. 4 composites / 
treatment were made under laboratory conditions in a total of 48 panels. 

Additivies used in composites manufacture: the urea formaldehyde 
adhesive (UF) and wax, used in bonding of the fibers/particles and as a 
water-repellent agent, respectively, were those commonly employed in 
MDF and MDP production industries and their chemical characteristics 
are shown in Tab. 2 and 3. 

Table 1 – Treatments for panel manufacture with eucalyptus fibers and sugarcane stalk particles 

with 13% and 16% of UF adhesive.

Treatment UF Wax
Raw Material

Eucalyptus fibers Bagasse particles
(Nº) (%/dry fiber) (%/dry fiber) (%) (%)

1 13

0.8

100 0
2 16 100 0
3 13 95 5
4 16 95 5
5 13 90 10
6 16 90 10
7 13 85 15
8 16 85 15
9 13 80 20

10 16 80 20
11 13 75 25
12 16 75 25
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Table 2 – Characteristics of urea formaldehyde adhesive (UF) used in panel manufacture. 

Variables Unit Results

Brookfield viscosity cP 350

pH 8,6

Gel time s 50

Solids content % 65

Density g cm³ 1,28

Table 3 – Characteristics of wax used in panel manufacture

Variables Unit Results

Viscosity CF 4 s 30

pH 10

Solids content % 70

Composites manufacture: eucalyptus fibers were dried in an oven 
(2 - 3% humidity) separated into samples and transferred to the rotating 
drum (Fig. 3A, B) and mixed for 2 minutes followed by the batch period 
with the addition of the resin and wax through spray nozzles using com-
pressed air (Fig. 3C) for 3 minutes, providing the spraying of the resin 
on the fiber mass under constant agitation, with homogenization of the 
fibrous matrix (Fig. 3D, E), with a final moisture content of 7% ± 0.5%.

The mass of sugarcane particles and eucalyptus fibers was was man-
ually arranged in a forming box (300 x 370 x 370 mm) (Fig. 4A). Then, 
this mattress of particles was conveyed to a hydraulic system for apply-
ing pressure (Fig. 4B) for 20 seconds to remove internal air, this being a 
pre-pressing, necessary for the correct mat formation (Fig. 4C, D). 

This mattress of fibers of the composite was arranged on a laboratory 
press (Fig. 4E) with a programmed pressing cycle consisting of pressure 
and time maintained in steps in each pressing cycle stage, which remained 
unchanged during pressing of the composites, for a target density in 750 
kg.m-³ and thickness in 15 mm.  The nominal pressing cycle was 10 s at a 
pressure of 0-100 N.cm-², 5 s at 100 N.cm-², 20 s for reduction to 20 N.cm-2, 
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15 s to reduce to 10 N. cm-², pressure maintained for 50 s, increasing to 
30 N.cm-2 in 10 s and maintained for 40 s, which was later reduced to 0 
N.cm-² in 5 s. After pressing, the composite was conditioned at room tem-
perature and adjusted to 370 mm x 370 mm.

Figure 3 – Composite manufacture: (A) resin and wax mixture; (B, C, D) rotating drum for gluing, 

interior detail with nozzles, indicating the agitators; (E) fibers + particles bonded prior to mat 

formation.
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Figure 4 – Composites manufacture. (A) fibers + particles glued in the mattress formation 

box; (B, C) pre-pressing (removal of the internal air and the formation of mattress); (D) placing a 

thermocouple for monitoring the pressing cycle (E) laboratory press used.

2.3.	Ch aracterization of physico-mechanical properties of  
	 composites

For composite of the 12 treatments (Tab. 1), 24 determinations of density 
and internal bond were performed; 18 determinations for swelling in thick-
ness and absorption; 12 determinations of MOR, MOE, and screw with-
drawal of (top). The mechanical analysis of the composites were performed 
on a servo-controlled universal testing machine. Tests of technological char-
acterization of composites met the norm NBR ABNT 15316, 2009.

2.4.	Ch emical characterization (free formaldehyde)

The free formaldehyde levels were determined according to norm 
NBR ABNT 15316, 2009. 100 g of composite (15 mm x 25 mm x 25 mm) 
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were obtained from the test bodies of the composites used in the evalua-
tion of MOR and MOE for each treatment, to determine the concentra-
tion of free formaldehyde by the “perforator” method.

3. RESULTS AND DISCUSSION 

3.1. 	 Sugarcane particle size classification

The classification in the sieve (Tab. 4) indicates the passage of 58.3% 
of the particles through the <2.0 mm opening which were retained in 
the collector. This particle fraction was separated and used in composites 
fabrication since the particle size is similar to that of MDP and suitable for 
blending with eucalyptus fibers.  

The possibility of treating sugarcane particles in a defibrator results 
in a raw material of more uniform particle size and better uniformity, 
with the possibility of their full utilization, significantly above the 58% 
of the mass of particles retained in the sieve. It should be noted that the 
retention of the particles in the sieves is influenced by variables in their 
processing in the industry, according to the type and model of crushing 
equipment. As a reference it is mentioned that obtained retention values ​​
13, 30, 5, 8 and 45% in sieves with openings of 12.7; 6.3; 3.0; 2.0 mm and 
collector, respectively, using the Produtest equipment.
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Table 4 – Classification of cane bagasse particle size in vibrating screen openings  

from 12.7 to 2.0 mm and their average retention values ​​(%)

Sieves             
  (mm)

Retention 
(%)

12,7
0,8 (1,2-0,5)
(0,2) (23,6)

6,3
7,6 (10,1-5,6)
(1,5) (20,0)

3,15
15,7 (18,7-13,5)

(1,6) (10,3)

2,0
17,6 (19,1-15,7)

(1,2) (6,9)

colector
58,3 (61,1-55,8)

(1,8) (3,1)

Average values followed by ​​(max-min) (standard deviation) and (coefficient of variation).

3.2	Ch aracterization of physico-mechanical properties 

3.2.1	P anels of eucalyptus fibers and bagasse particles, with 13% UF adhe-
sive (Tab. 5)

Density: There was no statistical difference in panel density in all 
treatments, classified as “Standard” MDF. The low coefficient of variation 
value indicates homogeneity of panel intra and inter-treatment density 
and the statistical similarity indicates no influence of this variable on the 
physico-mechanical properties. 

Modulus of rupture (MOR): All modulus of rupture values are above 
those indicated in the norm and slightly lower than those of commercial 
MDF panels in Europe, with 38 N.mm-2 (BEKHTA; NIEMZ, 2009); how-
ever, the results were similar to those determined by Aisyah et al. (2013) 
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for Hibiscus cannabinus MDF panels with 12% UF resin (30.3 N.mm-2). 
In Brazil, Torquato et al. (2010) obtained values ​​between 33 N.mm-2 at 42 
N.mm-2 for panels from different manufacturers made ​​with eucalyptus 
and pine fibers. 

Modulus of elasticity (MOE): There was no statistically significant 
difference between treatments, with average values between ​​3067-3419 
N.mm-2, above the minimum specified by the norm. Particleboard panels 
of sugarcane bagasse and eucalyptus with 12% UF resin showed a MOE of 
1063 N.mm-2 (MENDES et al., 2010), lower than in the present work. MDF 
from Hibiscus cannabinus L., with 12% UF resin and nominal density 
700 kg.m-3 showed a MOE of 3619 N.mm-2 (AISYAH et al., 2013) slightly 
higher than in this present evaluation.	

Internal bond: There was significant difference between panels with 
15% and 25% bagasse, with all being within the norm. The coefficient of 
variation, indicative of the dispersion of the resistance value of the panels 
between the treatments, results from the laboratory sizing process; it does 
not reproduce the conditions of the industrial line - blow line application 
- in the uniform distribution of the adhesive on the panels, inspite of the 
equipment and technology applied. 

Internal bond values ​​of commercial MDF panels in Brazil are 0.30 to 
0.53 N.mm-² according Torquato et al. (2010), not meeting the specifica-
tions of the norms. On the other hand, particleboard made of sugarcane 
and eucalyptus fibers with 12% UF resin showed a value of 0.85 N.mm-² 
(MENDES et al., 2010). Also, MDP (15 mm, density 700 kg.m-3, 6, 9 and 
12% UF resin) showed an internal bond of 0.49 N.mm-2, similar to those 
with 0, 10 and 20% cane particles (Hein et al., 2011).

Screw withdrawal: There was no statistical difference for the pan-
els of the treatments, with correlation with density (VASSILIOU & 
BARBOUTIS, 1985) and internal bond (NIKVASH et al., 2010). 

Swelling in thickness and absorption: The panels with 25% bagasse 
exhibited an average value less than the maximum prescribed by NBR 
15316, 2009. There was a reduction in the swelling of the panels with the 
increase in the bagasse percentage, but with higher values ​​compared to 
the panels with 16% resin (Table 6). Mean absorption values ​​indicated 
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statistical similarity to the panels of all treatments, not showing the same 
absorption decrease trend with the bagasse addition, verified in the swell-
ing test. 

3.2.2 	P anels of eucalyptus fibers and bagasse particles, with 16% UF adhe-
sive (Tab. 6): 

Density: The panels show statistical similarity for all treatments, with 
no influence of this parameter on the physical-mechanical properties. 

Modulus of rupture (MOR): There was a less than 10% statistical dif-
ference between the panels with 20% and 25% sugarcane particles, with 
classification within the norm. 

Modulus of elasticity (MOE): There was a statistical difference for 
the panel of 25%, lower than that of the 10% bagasse panel. The lowest 
mean value found for the parameter was 43.5% above the minimum of 
NBR 15316, 2009.

Internal bond: There was a statistical significance for the 25% pan-
els (0.65 N.mm-²), lower than the 10 and 15% bagasse. The value of 0.42 
N.mm-² was obtained in panels of sugarcane bagasse and wood chips 
(Nikvash et al., 2005) and 0.43 N.mm-² in MDF of wheat fiber and 15% 
urea formaldehyde adhesive (Halvarsson et al., 2008), both lower than in 
present work. 

Screw withdrawal: There was a statistically significant difference for 
the 0% panel, higher than that of 25%, with a decrease in the average value 
starting from 20%. This variable is related to the internal bond and has its 
performance parameters specified by EN 320, 1997(27), where all the values ​​
determined in this study are within the specifications. 

Swelling in thickness and absorption: There was a reduction in the 
swelling percentage with increased sugarcane particle percentage, espe-
cially for panels with 20%, similar to the panels with 13% resin, all within 
the norms. There was no statistical difference for panels from different 
treatments, with absorption values ​​ranging from 54.7 to 68.1%.
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Table 5 – Technological properties of panels from eucalyptus fibers and sugarcane particles,  

with 13% UF adhesive.

Variables
Bagasse particles (%), 13% UF adhesive

NBR 15316
0 5 10 15 20 25

Density                                      
(kg.m-³)

751 a 722 a 750 a 763 a 755 a 764 a 

(7,6) (9,9) (10,0) (6,7) (9,2) (8,0)

Modulus 
of rupture                     
(N.mm-²)

30,2 ab 24,6 b 25,1 b 32,0 a 29,3 ab 28,8 ab minimum                
20 N.mm-²(17,4) (16,5) (25,4) (11,6) (11,0) (24,3)

Modulus of 
elasticity                 
(N.mm-²)

3398 a 3067 a 3256 a 3419 a 3213 a 3345 a minimum             
2200 

N.mm-²(12,9) (11,9) (10,2) (11,2) (8,3) (10,8)

Internal bond                           
(N.mm-²)

0,49 b 0,44 b 0,52 b 0,69 a 0,52 b 0,68 a minimum                 
0,55 

N.mm-²(22,9) (34,6) (29,0) (20,9) (23,2) (14,2)

Screw withdrawal                   
(kgf)

113 a 122 a 119 a 139 a 116 a 130 a 

(17,7) (32,7) (18,7) (20,8) (20,9) (14,9)

Swelling in 
thickness                                    

(%)

13,4 a 13,8 a 14,0 a 13,4 a 14,7 a 10,2 b maximum                 
12,0 %(29,0) (13,2) (22,4) (12,8) (13,6) (26,5)

Absorption                                                
(%)

67,1 a 80,4 a 75,2 a 71,3 a 74,5 a 73,9 a 

(28,7) (23,9) (30,0) (13,5) (25,0) (28,9)
               

Average values followed ​​(coefficient of variation); different letters in the same row differ at 5%  
probability level (Tukey test).
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Table 6 – Technological properties of panels from eucalyptus fibers and sugarcane particles, with 

16% UF adhesive

Variables
Bagasse particles (%), 16% UF adhesive

NBR 15316
0 5 10 15 20 25

Density 
(kg.m-³)

763 a 767 a 795 a 793 a 760 a 775 a 

(9,9) (8,1) (6,5) (6,0) (9,4) (6,4)

Modulus of rupture                     
(N.mm-²)

30,6 
ab 

30,1 ab 36,4 a 
34,2 
ab 

29,5 b 27,2 b minimum                
20 N.mm-²(18,6) (18,8) (11,0) (10,7) (24,7) (20,6)

Modulus of elasticity                 
(N.mm-²)

3643 a 
3533 

ab 
3732 a 

3543 
ab 

3408 
ab

3158 b minimum             
2200 N.mm-²(8,0) (10,8) (9,4) (11,8) (12,9) (9,1)

Internal bond                           
(N.mm-²)

0,80 
ab 

0,71 bc 0,89 a 0,88 a 0,71 bc 0,65 c minimum                 
0,55 N.mm-²(23,7) (21,5) (14,0) (13,6) (22,3) (16,3)

Screw withdrawal                   
(kgf)

168 a 143 ab 165 ab 160 ab 135 ab 129 b 

(21,9) (20,4) (21,7) (17,9) (22,6) (17,1)

Swelling in thickness                                    
(%)

9,8 ab 10,4 a 9,8 ab 9,2 ab 6,7 c 7,9 bc maximum                 
12,0 %(30,6) (18,7) (26,5) (22,7) (32,1) (25,0)

Absorption                                                
(%)

63,5 a 68,1 a 61,3 a 56,3 a 54,7 a 56,2 a

(29,2) (24,1) (18,7) (21,8) (29,4) (25,6)
               

Average values followed by ​​(coefficient of variation); different letters in the same row differ at 5% 
probability level (Tukey test).

3.3 	Eff ect of UF dosage on natural fiber composites 

Composites made ​​with 16% UF adhesive showed better physical and 
mechanical properties compared to those with 13% UF, with a statisti-
cally significant difference between treatments (Tab. 7) however, as the 
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costs of UF resin in MDF or MDP panels represent 30% of the final cost, 
optimization is required on an industrial scale.

The composites with 13% UF met the NBR 15316 (2009) for indoor 
application (Tab 7), except for the swelling, which had a value above the 
maximum allowed; for the best performance of these panels, increasing 
the water repellent wax is recommended, which represents 3% of the final 
cost of MDF and MDP. The literature reports the application of different 
percentages of UF adhesive in the manufacture of composites, with values ​​
of 8-12% (LAHR & CAMPOS, 2004), 11% in MDF of eucalyptus fibers 
(Krzysik et al., 2001; Ye et al., 2007) and 12-15% for panels of agricul-
tural residues (Halvarsson et al., 2008; BELINI et al., 2013).

Likewise, particleboard from bagasse with 8% UF resin showed 
MOR, MOE and internal bond of 10, 1600 and 0.2 N.mm-2, respectively 
(Widyorini et al., 2005), lower than those obtained in the present 
work, with MOR, MOE and internal bond of 28, 3279 and 0.56 N.mm-2, 
respectively (Tab. 5, UF 13%), possibly due to the lower resin percentage. 

Furthermore, the longer pressing of composites, at a same temperature, 
can cause hydrolysis of aminoplastic resin with a decrease of their mechan-
ical properties. The balance between the pressing time and resin percent in 
the manufacture of new panels with a higher percentage of adhesive should 
be analyzed in scientific research that, generally, implies in shorter pressing 
time and the densitometric profile determination and evaluation may be a 
powerful tool for this interpretation (BELINI et al., 2013).
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Table 7 – Technological variables of composite with 13% and 16% UF adhesive

Variables
UF adhesive (%/dry fiber)

NBR 15316
13 16

Density                                      
(kg.m-³)

751 b 776 a
(8,6) (7,9)

Modulus of rupture                     
(N.mm-²)

28,3 b 31,4 a minimum 
20 N.mm-²(19,8) (19,4)

Modulus of elasticity                 
(N.mm-²)

3279 b 3517 a minimum 
2200 N.mm-²(11,3) (11,2)

Internal bond                           
(N mm-²)

0,56 b 0,77 a minimum 
0,55 N.mm-²(28,7) (22,8)

Screw withdrawal                   
(kgf)

122 b 151 a

(22,4) (22,3)

Swelling in thickness                                    
(%)

13,3 a 9,0 b maximum 
12,0 %(22,1) (29,2)

Absorption                                                
(%)

73,7 a 60,1 b 

(25,5) (25,9)
       

Average values followed by ​​(coefficient of variation); different letters in the same row differ at 5% 
probability level (Tukey test).

3.4 	 Levels of free formaldehyde in natural fiber composites 

Panels with 25% sugarcane particles showed a reduction of up to 4 
mg/100 of free formaldehyde content (Tab. 8), compared with the panels 
with 100% eucalyptus fibers, related to the release of furfural as acid that 
reacts with formaldehyde present in the adhesive. This reduced content 
of free formaldehyde was likewise detected in MDP of Pinus pinea cones 
particles and wood chips from Pinus nigra and Fagus orientalis (50/50%) 
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and 10% UF resin compounds as a function of the phenolics in the pine 
cones (Buyuksari et al., 2010). 

Regarding the emission of free formaldehyde, the panels were classi-
fied in E2 class (8-30 mg/100 g). The free formaldehyde content of panels 
in industrial production line is related to the percentage of adhesive and, 
in the panel manufacturing process, greater exposure to formaldehyde 
occurs in the stages of glue preparation, mat forming, pressing and sand-
ing, according Markessini et al., 2010.

In the panels of treatments 1-2, 3-4 and 5-6, made ​​with the same 
percentage of feedstock and resin, the lowest free formaldehyde value 
was observed, generally, applying 16% UF resin. It is considered that the 
increase in UF resin percentage results in higher moisture content of mat 
fibers and in the laboratory pressing, the transfer of heat along its thick-
ness (the inner surface) is more efficient and promotes faster resin curing, 
and therefore the consolidation of the panel. Thus, a consolidated panel is 
subjected to a temperature of the heated press platens for a longer curing 
period, resulting in more efficient reaction of the formaldehyde and urea 
molecules and reducing the free formaldehyde content.  

However, it is noteworthy that the recent development of aminoplast 
resins has led to the manufacture of panels with low free formaldehyde 
content (Markessini et al., 2010).



70

Non-conventional Building Materials based on agro-industrial wastes

Table 8 – Content of free formaldehyde (mg/100 g) in panels with 13% and 16% UF adhesive

Treatment
Eucalyptus 

fibers
Sugarcane 

bagasse
UF Free Formaldehyde

(%) (%) (%) (mg/100g)

1
100 0

13 21,0

2 16 19,0

3
95 5

13 20,3

4 16 18,9

5
90 10

13 20,4

6 16 19,1

7
85 15

13 18,6

8 16 18,3

9
80 20

13 18,7

10 16 18,6

11
75 25

13 16,9

12 16 18,8

4.	C ONSIDERATIONS 

The technological challenge of this work was to develop a new prod-
uct characterized by a matrix of eucalyptus fibers in which a percentage of 
up to 25% of sugarcane bagasse particles was embedded, as a sustainable 
biomass, in two different dosages of urea formaldehyde adhesive (UF) for 
composites production. The results show that:  

The use of bagasse particles has become feasible to manufacture com-
posites in a predominant matrix of eucalyptus fibers. 

To prepare the composites, the recommended mat particle size is <2.0 
mm. 

Regarding the mixture of two raw materials, the use of up to 25% 
of bagasse in panels manufacture under current industry conditions for 
obtaining MDF panels, with small adjustments of the pressing conditions, 
is recommended. 
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Composites made with 16% UF resin showed better performance and 
met the NBR 15316-2 (2009) standards. 

Increase in bagasse percentage reduced free formaldehyde content.
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ABSTRACT: The construction sector is becoming increasingly concerned with the man-
agement of resources and energy. New approaches to minimize the negative impacts of 
the construction and use of buildings include not only protecting natural resources and 
energy, but also designing better solutions in terms of the impact that is estimated to 
be incorporated throughout their life-cycles. A more sustainable construction has also 
been achieved by exploiting the latent value present in industrial waste materials. In this 
respect, it should be noted that agro-industries generate a significant amount of differ-
ent waste products that have the potential to be used in the development of innovative 
building materials. In this work, models of wood walls, composed of straw and husk left 
over from rice cultivation and processing, have been prepared and studied. The density 
of straw and husk contained within the wall was varied and the respective models tested 
for their thermal and acoustic insulation properties. The best models were subsequently 
subjected to an environmental analysis. The life-cycle assessment (LCA) carried out 
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in this work was based on the rice production of Baixo Mondego in the Centre Region 
of Portugal. Both the experimental studies and the LCA results suggest that straw and 
husk from rice are suitable materials for incorporation in wall solutions, providing a good 
functional and environmental performance.

Keywords: Sustainable wall panels. Rice by-products. Thermal and acoustic perfor-
mance. 

1.	   GENERAL INTRODUCTION

1.1 	 SUSTAINABLE CONSTRUCTION

The construction industry is associated with huge environmen-
tal impacts as it uses many natural resources and produces significant 
amounts of waste and CO2. Society’s growing concern with the environ-
mental deterioration and with the over-exploitation of natural resources 
has generated a need for more sustainable construction. It is, thus, essen-
tial to consider the impacts associated with the construction and use of 
buildings, and to seek alternatives to minimize them.

International authorities have established important goals in this 
respect. The European Community, for example, demands greater use of 
renewal energy sources, more energy-efficient solutions and a significant 
reduction in the emission of greenhouse gases (EUROPEAN COMISSION, 
2012). The same principles are implicit in the new regulation covering 
building products (EUROPEAN, 2011), which stipulates basic require-
ments as regards the sustainable use of natural resources, the protection of 
environmental quality and the economy of energy and thermal insulation. 

Thermal insulation materials have an important role to play in this 
context, accounting for the management of energy and comfort levels. 
Hence, it is essential to study the viability of new materials in order to 
develop more sustainable solutions. The development of such products 
with less energy incorporation and lower environmental impact will 
benefit from the recovery of by-products and improvement of the perfor-
mance and durability of the system.
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1.2 	 CONSTRUCTION SOLUTIONS INCORPORATING WASTE MATERIALS

Although the use of sustainable materials is not new, there are still 
enormous technological opportunities available for the optimization and 
characterization of innovative construction solutions that have less envi-
ronmental impact over their life-cycles. Examples of this are the systems 
that exploit the latent value of waste from various industrial sectors. 

The incorporation of waste in cement mortars and concretes has 
been object of intense study. For example, there has been research into 
the incorporation of waste glass (MAIER, 2012; CASTRO, BRITO 2013; 
TAN, DU, 2013) cork (FRADE, TADEU, TORRES, 2012; CARVALHO, 
TEIXEIRA, VARUM, 2013), rubber (MERINO, ASTORQUI, CORTINA, 
2007) and recycled plastic (FERREIRA, BRITO, SAIKIA, 2012) to substi-
tute the traditional aggregate, and also ceramic waste (LAVAT, TREZZA, 
POGGI, 2009), stone dust (SILVA, 2010), blast furnace slag (ÖZKAN, 
YÜKSEL, 2008; ADOLFSSON, ROBINSON, 2011; RODRIGUEZ, 
MANSO, ARÁGON, GONZALES, 2009) and fly ash (ÖZKAN, YÜKSEL, 
2008; BRITO, VEIGA, 2008), whose pozzolanic properties enable the 
quantity of binder to be reduced. Other materials of agricultural origin, 
such as sugar cane (JATURAPITAKKUL, KIATTIKOMOL, 2009), bam-
boo leaves (FRÍAS et al., 2012) and rice straw (WANG, WU, 2013), have 
also been studied.

Other types of mortars, containing lime and waste materials, have 
been studied in order to develop energy-efficient products with low 
environmental impact, such as in rehabilitation processes. In the case of 
aerated lime, there are studies related with the incorporation of ceramic 
waste (MATIAS, TORRES, FARIA, 2010; MATIAS et al., 2012), rice husk 
ash (MELO et al., 2011) and some organic materials (VENTÓLA et al., 
2011). As regards hydraulic lime, there is the incorporation of fly ash, 
metakaolin and anhydrous plaster, plastic waste (MORSY, ALSAYED, 
SALLOUM, 2012), asbestos-cement powder (COLANGELO et al., 2011) 
and waste from the metal industry (KATSIOTI et al., 2010).

Wastes from the construction industry itself, known as construction 
and demolition waste (CDW), have been intensely studied with a view to 
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reducing the demand for new raw materials and the development of new 
materials and applications (CORINALDESI, MORICONI, 2009; BRAGA, 
BRIT, VEIGA, 2012).

As regards insulating materials, an important topic in the context of 
this chapter, research in recent years has focused on the development of 
new thermal insulation materials based on natural products, such as linen 
or hemp fibres (PEREIRA, EVANGELISTA, BRITO, 2012), cotton fibres 
(ZHOU et al., 2012), solid waste from the paper and corn husk processing 
(Lertusutthiwong et al., 2008) or durian and coconut shell waste 
(KHEDARI et al., 2004). Other natural products, such as corncobs, have 
also been used in the design of acoustic insulation materials (FAUSTINO 
et al., 2012). These insulation materials, though yielding promising results, 
do not generally match the performance of fibreglass or rock wool fibres.

Associated to sustainable construction, wood (GOVERSE et al., 2001) 
and cereal straw (ATKINSON, 2008) are commonly used, as they gen-
erally provide high levels of thermal insulation and consequent energy 
savings. These solutions are responsible for maintaining significant quan-
tities of CO2 sequestrated throughout the life of the buildings.

1.3 	 BY-PRODUCTS OF RICE CULTIVATION AND PROCESSING

Agriculture and the respective processing industries generate massive 
amounts of waste and by-products with enormous potential for valorization. 

The Baixo Mondego is an agricultural region located in the cen-
tral-coastal region of Portugal, with a long tradition of rice production 
(ALMEIDA; MARQUES, 2013). It corresponds to an extensive alluvial 
plain with fertile soils (silty loam and clay loam), crossed longitudinally 
by the River Mondego, the longest exclusively Portuguese river, with the 
greatest hydrographic basin and largest average annual discharge. The 
irrigation perimeter of the Baixo Mondego consists of a central valley, 
between the cities of Coimbra and Figueira-da-Foz, and secondary valleys 
of the tributaries of the Mondego, making a total area of around 13 000 ha.

A significant part of total area of this valley (56%) is given over to 
rice farming. There are around 6 300 rice farmers in the Baixo Mondego, 
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though many more people than this are dependent on this economic 
activity, given the inclusion of family members. 

Rice is the second most cultivated cereal in the world and is the staple 
food for over half the population. As regards its cultivation in Portugal, it 
has a vegetative cycle of 5 months, between May and September, when it 
is harvested. In the Baixo Mondego, approximately 30 000 tons of rice are 
produced annually, generating a profit of 6 000 000 Euros (a significant 
amount compared with other economic activities in the region) and produc-
ing a large amount of waste. In addition to its economic value, there is also 
cultural value associated to the tradition of rice production in this region, 
which influences other activities of a social and gastronomic nature.

The processing of the rice, from harvesting to the final product, gives 
rise to residues of low economic and nutritional value. Around 15 000 
tons of straw and 6 000 tons of husk are produced annually in this region 
by the processing industry when the grains are shelled. 

Currently rice straw is mostly used for animal bedding, and is sold to the 
livestock farms in the region, while the rest is burned and/or buried in the 
earth. This causes various environmental problems. The burning of straw 
releases significant quantities of CO2 into the atmosphere (0.4 ton of CO2 per 
ton of burnt straw), while burying it releases methane, whose emissions are 
even more harmful (Renewable Energy Institute College of 
Architecture & Environmental Design, 1997). 

Although there is little legislation regulating the disposal of biomass 
waste, there has been some development as regards the promotion of it for 
energy purposes. In this sense, agricultural waste resulting from farming 
and the processing of raw materials has a great deal of potential for use as 
biomass for the production of energy. 

2.	 WALL PANELS COMPOSED OF RICE BY-PRODUCTS

2.1 	 TECHNOLOGICAL SOLUTION

Sustainable product design is an essential part of the EU strategy. In 
this case, a preventive approach is pursued, seeking to optimize the energy 
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and environmental performance of products without compromising their 
functional characteristics. It is also fundamental to study the viability of 
the application of new materials and products in the development of more 
sustainable solutions, giving expression to the concept of passive buildings. 

The walls are an integral part of any construction, whether modern or 
old, and have developed alongside the sector. In the past, walls were made 
of stone masonry or solid stone, and had a structural role as there was no 
other means of support. With the development of reinforced concrete, 
walls no longer had a structural role. They then began to be built out of 
lighter materials, and their functional characteristics were improved. 

Various functional demands are assigned to walls, such as comfort 
and safety. As regards the latter, a wall solution should be characterized 
with respect to its structural stability, behaviour in fire situations and risk 
of intrusion. In terms of comfort, it should present good hygrothermal 
and acoustic behaviour, as well as good visual appearance and tactile 
qualities.

In the designing of new wall solutions, using innovative materials, it 
is necessary to meet technical demands while at the same time ensuring 
that the solution is sustainable and economically viable. These solutions 
should also present appropriate application and maintenance costs, as 
well as be appropriate for different building systems. 

At present there are various sustainable materials on the market for 
use in the construction sector, although opportunities still exist for the 
development of more. Thus, this study aims to develop an innovative 
wall solution composed of wood and by-products from rice cultivation 
(straw and husk), able to provide hygrothermal and acoustic comfort 
inside houses. This study focuses particularly on the thermal, acoustic 
and environmental characterization of the solution, and compares these 
properties with those obtained in equivalent solutions made of rock wool. 

2.2 	 EXPERIMENTAL DETAILS

The experimental models have involved wooden boxes of a size com-
patible with the testing equipment, filled with rice husk or straw (Figure 
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1). In the thermal tests, the box was of adjustable height so that the density 
of the filling material could be easily varied, while in the acoustic tests, it 
was of fixed size, compatible with the pre-fabricated frame used in acous-
tic chambers. In this case, density variation was achieved by increasing 
the mass of filling material inserted into the box. In the construction of 
these boxes, oriented strand boards (OSB) of 15,6 mm thick and with an 
average density of 593 kg/m³ were used.

 	  

(a) (b)

Figure 1 – Schematic representation of the wooden boxes used as experimental models in the 

thermal (a) and acoustic (b) tests.

The rice husk and straw used were of the species Oryza sativa L., sub-
species Japónica, from the Baixo Mondego agricultural region. Rice straw 
(Figure 2a) is a cylindrical stalk of around 3 to 5 mm in diameter and 60 
to 85 cm in length, consisting of 32% cellulose, 30% hemicellulose and 
19% lignin on average (MURAKAMI et al., 2012). Rice husk (Figure 2b) 
is a woody sheath, around 3 to 5 mm in size, composed on average of 
50% cellulose, 30% lignin and 20% silica (MEHTA, 2012). To study the 
influence of the presence of moisture and the size of the rice straw, some 
of these tests were carried out with material that had been dried to 60ºC 
until a constant mass was obtained, and also with ground material. For 
the purposes of comparison, models involving rock wool of three differ-
ent commercial brands were also studied.
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(a) (b)

Figure 2 – Photographic record of the rice straw (a) and rice husk (b) used in the models.

The experimental study took place in the laboratories of ITeCons 
(http://www.itecons.uc.pt). The thermal conductivity tests were done with 
the guarded hot plate λ-meter EP500e (Figure 3), stipulating an average 
temperature of 23ºC and a temperature variation between plates of 20ºC. 
The sound insulation tests were carried out using two acoustic chambers 
of approximately 204 m3 (emitter chamber) and 182 m3 (receiver cham-
ber), intercommunicating through a 10 m2 gap where the sample was 
inserted (Figure 4).
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Figure 3 – Guarded hot plate λ-Meter used in the thermal conductivity tests.

(a) (b)

Figure 4 – Acoustic chambers (a) and pre-fabricated frame (b) used in the sound insulation tests. 
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2.3 	 LIFE-CYCLE ASSESSMENT

Life-cycle assessment (LCA) is a methodology that analyses input and 
output flows (mass and energy) during the life-cycle (LC) of a product or 
service from cradle to grave, so as to quantify and assess their potential 
environmental impacts (SANTOS, 2010). This methodology is based on 
the analysis of a group of subsystems that exchange inputs and outputs 
amongst each other (MALÇA; FREIRE, 2006), thereby enabling the most 
critical areas, or those requiring improvement, to be identified. The LCA 
consists of four fundamental phases (Figure 5).

Figure 5 – Key phases of a Life-cycle Assessment, adapted from ISO 14040:2006.

The goal and scope definition is the phase where the purpose of the 
study is stated and the product or service system defined. It is also in 
this phase that functional unit, system boundaries and assessment crite-
ria are established. In the inventory phase, all the inputs and outputs of 
energy and materials over its LC are quantified iteratively. After that, in 
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the impact assessment phase, the potential environmental impacts related 
to the energy and material flows are assessed. Eventually, in the interpre-
tation phase, information gathered in all the previous phases is analysed 
in accordance with pre-defined aims in order to draw conclusions and 
thereby assist decision-making (ENERBUILCA, 2012).

Figure 6 – Life-cycle stages and modules for the building assessment,  

adapted from EnerBuiLCA (2012).

	
This methodology is described by the international norms of the 

ISO 14000 family, particularly ISO 14040 and ISO 14044. Regarding 
the application of the LCA methodology to construction products and 
buildings, a series of methodological norms has recently been developed 
by the Technical Committee of Standardization 350 - Sustainability of 
construction works (EN 15643, EN 15643-2, EN 15804, EN 15941, EN 
15942 and EN 15978). 

This study was developed in accordance with the norms ISO 14040, 
ISO 14044 and EN 15804, as regards the nomenclature of stages and 

(A3)
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information modules (Figure 6) and the method of characterization used 
to assess the impacts.

3.	 RESULTS

3.1 	 HYGROTHERMICS

The different solutions were tested in order to determine the respec-
tive thermal conductivity (Table 1). As regards the wood boards, there 
was obtained an average thermal conductivity of 0,116 W/(m.°C). In the 
rice straw solution, there was a systematic reduction of thermal conduc-
tivity as the density increased. The lowest conductivity value (0,077 W/
(m.°C) was obtained for a density of 43,4 kg/m3, which was achieved with 
a thickness of 104 mm. As density variation was introduced by varying 
the thickness of the wooden box, it is plausible that part of this effect came 
from the varying thickness of the solution. 

By filling the wooden box with a greater mass of straw, it was possible 
to study its behaviour with greater densities. It was found then that the 
increased density brought a reduction in thermal conductivity, resulting 
in a lower conductivity value of 0,070 W/(m.°C) for a density of 58,4 kg/m3 
and a straw thickness of 115 mm. In order to extend the thermal conduc-
tivity study of the rice straw solution to greater densities, the straw was 
ground up. The significant increase of density was reflected in a reduction 
of thermal conductivity, and a minimum value of 0,063 W/(m.ºC) was 
obtained for a density of 115,2 kg/m3 and a straw thickness of 115 mm.

From the previous results it was also found that a thicker box was 
correlated with an equally greater thermal resistance. Hence, a more reli-
able idea of the thermal conductivity of rice straw as a function of the 
density may be obtained by comparing the results for the same thickness. 
For example, for a straw thickness of 135 mm, it was found that thermal 
conductivity decreases as the density increases. 

In order to test the influence of the moisture present in the rice straw 
(8,5% in weight) on the thermal conductivity, tests were carried out using 
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dry straw. There was a marked reduction in thermal conductivity of the 
respective solution. In this case, a value of 0,067 W/(m.ºC) was obtained 
for a density of 53,3 kg/m3 and a straw thickness of 147 mm.

With rice husk, which has a similar chemical composition to straw 
but is significantly finer, it was possible to test even greater densities. A 
maximum value of 137,9 kg/m3 yielded a thermal conductivity of 0,070 W/
(m.ºC). Once more, the increase of density was found to be responsible for 
the reduction in thermal conductivity. 

When straw and husk were compared, it was found that, although 
the level of insulation promoted by the rice husk was one of the best solu-
tions, much greater densities were required to attain it. In this respect, it 
is important to point out that increasing the density of the rice straw to 
values near to that of rice husk (by using a grinding process) produced a 
solution with a level of insulation greater than that containing husk. 

Eventually, the thermal performance of these solutions was compared 
with reference solutions consisting of three types of rock wool, using 
only a density of 120 kg/m3. An average thermal conductivity of 0,052 W/
(m.ºC), 0,051 W/(m.ºC) and 0,049 W/(m.ºC) was obtained for the different 
rock wools used.

Although the thermal conductivity of rice husk and straw are char-
acteristics of insulating materials, solutions involving them had higher 
thermal conductivity than those containing rock wool. The simultaneous 
use of dry and ground straw (untested models) may produce a better ther-
mal performance. 
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Table 1 – Thermal conductivity results obtained for the different wall models composed of rice 

straw, rice husk and rock wool.

Model
Filling mass 

(g)

Filling 
density 
(kg/m3)

Filling 
thickness 

(mm)

Total 
thermal 

conductivity 
(W/(m.°C))

Filling 
thermal 

conductivity 
(W/(m.°C))

OSB - 593,0 - 0,116 -

OSB/Straw

1398

29,1 155,0 0,103 0,100

OSB/Straw 33,5 135,0 0,089 0,084

OSB/Straw 39,3 115,0 0,085 0,079

OSB/Straw 43,4 104,0 0,077 0,070

OSB/Straw

2080

43,3 155,0 0,090 0,090

OSB/Straw 49,8 135,0 0,080 0,074

OSB/Straw 58,4 115,0 0,070 0,065

OSB/Ground Straw
4100

98,1 135,0 0,066 0,060

OSB/Ground Straw 115,2 115,0 0,063 0,060

OSB/Dry Straw

1897

39,5 155,0 0,076 0,071

OSB/Dry Straw 45,4 135,0 0,069 0,063

OSB/Dry Straw 53,3 115,0 0,067 0,059

OSB/Husk
6031

125,7 155,0 0,078 0,073

OSB/Husk 137,9 141,3 0,070 0,064

OSB/Rock Wool 1

4900

120,0 101,5 0,052 0,045

OSB/Rock Wool 2 120,0 100,5 0,051 0,043

OSB/Rock Wool 3 120,0 100,6 0,049 0,041
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3.2 	 Acoustics

For each frequency band (1/3 of an octave), the average sound pres-
sure was determined in each chamber. The results were corrected for 
background noise, and the equivalent absorption area was determined 
throughout the reverberation time. The sound reduction was calculated 
by adjusting a reference curve to the sound insulation curve, while the 
weighted sound reduction index (Rw) was given by the value of the refer-
ence curve in the 500 Hz frequency. 

The acoustic behaviour of the empty wooden box, i.e., without any 
insulating filling material, produced an increasing level of sound insula-
tion between the low and higher frequencies, with the maximum between 
the 400 and 1250 Hz bands, and a drop between the 1250 and 3150 Hz 
bands (Figure 7a). As regards low frequencies, there were variations in 
insulation resulting from resonance produced within the air space of the 
chamber itself. The drop in sound insulation between the 1250 and 3150 
Hz bands possibly resulted from the many reflections of the sound in the 
air box, leading to a resonance phenomenon. 

The introduction of straw produced an increase in the level of 
sound insulation from 35 to 38 dB in all the densities tested (Figure 7b). 
Increased density produced a complex effect on the level of sound insula-
tion in different frequency regions. For the lower frequencies, the level of 
sound insulation was generally better for a density of 30 kg/m3, while for 
middle frequencies, there was a significant increase in the level of sound 
insulation with the increase in density, particularly in the transition from 
30 to 45 kg/m3.

The introduction of rice husk led to a slight increase in the level of 
sound insulation, which for both densities was around 36 dB (Figure 7c). 
The resulting drop in frequencies associated to air box resonance reduced 
with the increase in the density of the rice husk. In no cases were drops 
attributed to critical frequencies of the panels, as these were situated at 
higher frequencies. 
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The introduction of rock wool led to a sound reduction index of 36 dB 
in one case and 37 dB in the other two (Figure 7d). The behaviour in the 
insulation curves was similar to that described above. 

The results indicate that the sound reduction conferred by the rice 
straw solution is slightly better than that obtained with rice husk or rock 
wool. 

Figure 7 – Normalized airborne sound insulation curves obtained for the (a) empty wooden box, 

(b) wooden box containing rice straw, (c) wooden box containing rice husk, and (d) wooden box 

containing the different rock wools.
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3.3 	 ENVIRONMENTAL ASSESSMENT

The main aim of the LCA study was to quantify and compare the envi-
ronmental and energy performance of the LC of 1 m2 of wall panel (declared 
unit), composed of different fillings: (i) P1 – wooden box with rice straw 
(ground); (ii) P2 – wooden box with rice husk; (iii) P3 – wooden box with 
rock wool. The LC model was developed in accordance with the experimen-
tal study carried out in the ITeCons laboratory, using SimaPro software. The 
inventory was prepared based on the experimental work and data available 
from the technical and scientific literature (e.g. Ecoinvent). This study con-
sidered the extraction and processing of raw materials (A1), transport to the 
site of production (A2) and the production of panels (A3) (Figure 8). 

Figure 8 – System boundary of the wall panel life-cycle model.

The rice cultivation process is a multifunctional system, as a result 
of the several products obtained (rice, straw and husk). Therefore, envi-
ronmental impacts have to be allocated to the different rice outputs, 
using physical properties (mass, energy content or carbon content) or 
other characteristics (economic value). However, the selection of the 
most appropriate allocation method was not always obvious. Hence, in 
accordance with the ISO norms mentioned above, a sensitivity test is 
recommended considering different methods to gauge the influence that 
this solution has upon the results (GARCIA; FREIRE, 2011). This study 
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considered two scenarios, mass allocation and economic allocation (Table 
2). The mass allocation was based on estimated rice production values in 
the Baixo Mondego in 2013, provided by the Agricultural Cooperative 
of the county of Montemor-o-Velho, compatible with the data presented 
in the BIODEN study provided by the Montemor-o-Velho Municipal 
Council (BLUE ERTH, 2008). For economic allocation, the market value 
of each product was considered in accordance with the data supplied by 
the Agricultural Cooperative of the county of Montemor-o-Velho and 
data in an article (DUARTE et al., 2007).

Table 2 – Allocation factors for rice and respective by-products.

Products
Annual 

Production (t)
Mass Allocation 

(%)
Market Price 

(€/kg)
Economic 

Allocation (%)

Rice 30000 58,82 0,27 85,44

Straw 15000 29,41 0,08 12,66

Husk 6000 11,76 0,03 1,90

In the impact assessment phase, two methods were used: the 
Cumulative Energy Demand (CED), for the energy assessment and CML 
– IA v4.1, for the environmental assessment. The energy was assessed in 
terms of the primary renewable and non-renewable energy consumptions, 
while the environmental was assessed in terms of the impact categories 
mentioned in EN 15804:2012, e.g., global warming, depletion of the ozone 
layer, acidification, eutrophication, photochemical ozone creation, deple-
tion of abiotic resources (elements) and depletion of abiotic resources 
(fossil fuels).

The energy assessment results showed that the rock wool solution (P3) 
presents the most significant primary energy consumption (renewable + 
non-renewable). The results also showed that the consumption of non-re-
newal energy for this solution (P3) was higher than those obtained for the 
other solutions considered in the study (Figure 9). With regard to the rice 
husk (P1) and straw (P2) solutions, the consumption of renewable energy 
was significantly higher than the consumption of non-renewable energy.
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Figure 9 – Comparative energy assessment of the different models under study  

(product stage: A1-A3).

On the environmental level (Figure 10), it was found that the rock 
wool solution made the greatest contribution to all impact categories, 
with the exception of the depletion of abiotic resources (elements). Here, 
the rice husk and straw solutions had the greatest impact due to land-
use for rice production. The husk solution performed best in all impact 
categories and in the different allocation scenarios considered. As for the 
allocation scenarios, it was found that impacts for all categories would be 
greater for the mass allocation than for the economic allocation. This was 
because, in the mass allocation, the impacts were distributed in accor-
dance with the mass of the by-products, which had higher scores (29,41 % 
for straw and 11,76% for husk) than the economic allocation (12,66% and 
1,90% respectively).
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Figure 10 – Comparative environmental assessment regarding the global warming (kg CO
2
 eq.)  

of the different models under study (product stage: A1-A3).

Figure 11 – Comparative environmental assessment regarding the ozone depletion (kg CFC-11 eq.) 

of the different models under study (product stage: A1-A3).
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Figure 12 – Comparative environmental assessment regarding the eutrophication (kg (PO
4
)3- eq.) of 

the different models under study (product stage: A1-A3).

Figure 13 – Comparative environmental assessment regarding the acidification (kg SO
2
 eq.) of the 

different models under study (product stage: A1-A3).
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Figure 14 – Comparative environmental assessment regarding the photochemical ozone creation 

(kg C
2
H

4
 eq.) of the different models under study (product stage: A1-A3).

Figure 15 – Comparative environmental assessment regarding the depletion of abiotic resources - 

elements (kg Sb eq.) of the different models under study (product stage: A1-A3).
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Figure 16 – Comparative environmental assessment regarding the depletion of abiotic resources - 

fossil fuels (MJ) of the different models under study (product stage: A1-A3).

4.	 CONCLUDING REMARKS

The construction sector is today increasingly concerned with the 
management of resources and energy, but also with the environmental, 
economic and social issues that these entail.

The main aim of this study was to develop an innovative wall solu-
tion composed of wood and rice husk or straw, oriented towards the 
eco-building market. It was shown that the use of these materials enables 
a sustainable product to be obtained. These products that has less envi-
ronmental impact than conventional products yet offer levels of thermal 
and acoustic insulation suitable for this type of application. 

Although the use of straw and wood in house building is not new, 
there are still great technological opportunities in the optimization and 
characterization of building solutions that maximise the benefits of these 
materials. 
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ABSTRACT: Particleboards, in general, are defined as the product of the agglutination 
of small particles of lignocellulosic materials, usually with the use of synthetic adhesives, 
under pressure and heat, for a certain period of time. In Brazil, the production of parti-
cleboards is performed only with reforested wood; however, the study of other materials 
in such processes would be interesting. The productivity of bamboo biomass can vary 
between 50 to100 ton/ha./year and harvesting the bamboo is advantageous after the 
third year because this crop does not need replanting. However, in Brazil, a study about 
the control of the sizes of the chips deriving from bamboo culms to manufacture par-
ticleboards has still not been outlined.  The study of the combination between chips of 
different dimensions (determined by a set of sieves) was the main focus of the research. 
We elaborated traces to determine the better distribution of the percentage of particles 
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relative to the physical properties and mechanics of the particleboards. We used chips 

with the following dimensions in millimeters: 4.75; 4.00; 3.35; 2.80; 2.00; 0.84 e 0.42. 

The percentage of adhesive resins was kept at 12% for all traces. The physical and 

mechanical characteristics of the particleboards were determined by standardized tests 

(14.810 ABNT standards), which are: absorption coefficient of water, relative humidity, 

specific mass, swelling, bending resistance and traction parallel to the fibers, as well 

the analysis of the internal adherence of the particles. The research demonstrated a 

potential to generate expressive results with respect to the characterization of the Bam-

boo particleboard product in compliance with the national interests in the support of 

research and technological development.

Keywords: Particleboard. Bamboo physical and mechanical tests.

1.	 INTRODUCTION

The term ‘particle’ is defined in the ASTM D 1554 (2010) standard as 
the aggregate component of a wood particleboard, or of other lignocellu-
losic materials, including all of the smaller subdivisions of wood, man-
ufactured by mechanical means. Thus, the mechanical resistance of the 
particles obtained is considerably lower than the resistance of the wood 
from which they were made.  In other words, the final structure of the 
panel represents a unit that has empty spaces and ruptures that reduce 
mechanical resistance instead of a massive element as stated in Dacosta 
et. al. (2005).

In this context, ABNT NBR14810-1 standard of March 2002 defines 
agglomerated wood board, or wood particleboard, as a “product in the 
shape of a board, 3 to 50 mm thick, composed of agglomerated wood par-
ticles with thermofixed natural or synthetic resins under pressure and 
heat. The geometry of the particles and their homogeneity, the adhesive 
types, the density and the manufacturing processes may be changed to 
create products for specific uses. Additives may also be incorporated 
during the manufacturing process to provide special characteristics to 
the panels.
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The production of wood particleboards made a large progress world-
wide from the sixties onwards. Nevertheless, and in spite of also having 
been influenced by such trend, Brazil had a small industrial production 
with significant advances only in the eighties while in other developed 
countries such as the United States, Canada and Germany research 
increased along with the manufacture of wood particleboards. Despite 
the potential of the sector, the development of research on the matter is 
scarce, Peixoto and Brito (2000). It is also important to consider the fact 
that, in Brazil, the studies on better particle granulometry has not been 
receiving the due attention.

It is also worth stressing the important role synthetic adhesives have 
in manufacturing wood particleboards for the final cost of the boards 
depends on the type of adhesive used. The production of synthetic adhe-
sives with the purpose of being used in the production of plywood began 
with the production of phenol formaldehyde resins (1929), urea formal-
dehyde (1931), melamine formaldehyde in the late thirties, and resorcinol 
formaldehyde in 1943, Iwakiri (2005) apud Tsoumis (1991).

According to Iwakiri (2005), the urea formaldehyde resin developed 
in the early thirties has an extensive application in the worldwide wood 
industry. This type of resin is used in more than 90% of the wood panels 
manufactured because it represents low costs in relation to the other res-
ins that exist in the market. 

In recent studies accomplished by Alves & Silva (2013) and Marton & 
Silva (2013), they evaluated particleboards made from the waste of four 
species of native wood used by furniture manufacturers and from the 
waste of five species of native wood used by the woodwork industry in 
the region of São José do Rio Preto, respectively. Both studies considered 
the granulometric analysis of the waste in compliance with NHR 7217 of 
August 1987 and they reached the conclusion that granulometric strips 
with less than 2 mm significantly interfere in bending resistance; how-
ever, they may contribute to increase resistance to perpendicular traction 
and to screw removal.

The civil construction and real estate sectors are the main ones 
responsible for technological advancement in the wood particleboard 
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industry. According to Weber (2011), long and thin particles result in a 
larger slenderness ratio and produce panels with greater resistance to static 
bending and dimensional stability. Industrially, larger particles are used 
in the internal layer and smaller, or thin, particles are used in the external 
layer. Using thin particles guarantees a better finish to the surface of the 
panel, mainly aiming at improving the conditions of applying revetment 
materials. On the other hand, a high percentage of thin particles increases 
resin consumption and affects the quality of the panels, because it reduces 
internal adherence between the internal and external layers of the panel.

Nevertheless, there are not any specifications or standards referring to 
the quantity and dimensions of the particles.  Because of that, this paper 
intends to find trace of bamboo chips in which there is a better accom-
modation of the particles to decrease such empty spaces, thus improving 
their physical and mechanical characteristics, varying the percentage 
distribution of the particles according to their dimensions and keeping 
a standard percentage of adhesive resin in all of the boards. In order to 
achieve that, we will use chips with the following dimensions: 4.75; 4.00; 
3.35; 2.80; 2.00; 0.84; and 0.42 mm. The same tests will be performed with 
different traces. The physical and mechanical characteristics of the par-
ticleboards will be determined by means of standardized testing, which 
are: absorption coefficient of water, relative humidity, specific mass, 
swelling, bending resistance and traction parallel to the fibers, as well as 
the analysis of the internal adherence of the particles.

The main control variables of the productive process when producing 
wood particleboards (chipboards) are: the density of the wood to be used, 
the density of the board, the geometry and humidity of the particles, the 
quantity of resin and the pressing cycle. The resistance and dimensional 
stability properties of the boards produced depend on the control of 
such variables, the most important of which are: static bending elasticity 
and rupture modulus, internal bonding, water absorption and thickness 
swelling, Iwakiri e. al, (1999).

According to Iwakiri et al., (1999), one of the characteristics of the 
particleboards produced in Brazil is the use of small-dimensioned par-
ticles that cause limitations in the dimensional stability and bending 
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resistance. Therefore, such boards are used for furniture, internal envi-
ronments (partition walls) and electronic device components. Moreover, 
the smaller the particle, the larger the surface area and the quantity of 
resin needed.  However, the larger the density of the wood, the smaller 
the surface area and the smaller the area of contact between the particles, 
which results in a decrease in the mechanical resistance of the board.

There are many advantages in using the wood particleboards instead 
of wood in its natural status, since the dimensions of the panels are not 
related to the dimension of the trees and the quality of the wood.  There 
is also a possibility of eliminating many defects arising from drying, the 
anatomy of the trees such as knots, tree medulla and reducing anisotropy, 
which gives the final product less heterogeneity than the one found in 
sawn wood as reported by Alves & Silva (2013).

Resin is the most expensive material in the production of particle-
boards; therefore, one is required to pay attention to its use and dosage. 
The most commonly used resins currently are composed of polymers of 
urea formaldehyde and phenol formaldehyde. The urea formaldehyde 
polymers are for internal use because of their low resistance to humidity 
and lower costs, and the phenol formaldehyde polymers are for external 
use due to their greater durability and resilience.

In consonance with Peixoto and Brito (2000), the density of the wood 
and the compacting ratio of the board are two important factors to be 
considered.  Another factor that influences the mechanical properties of 
a particleboard is the dimension and shape of the particles themselves. 
The geometry of the particles is one of the basic factors that determine 
the properties and characteristics of the boards, together with the kind 
of wood, type and quantity of resin and other additives. Once the geom-
etry or granulometry of the particles is changed, it is also necessary to 
investigate the best proportion of adhesives to be employed, among other 
variables of the process.

Brito & Silva (2002), in studies developed with particles of various sizes 
and shapes, have determined that the linear expansion of the boards at 40ºC 
and 90% of the relative humidity was affected by the geometry of the par-
ticles.  They also noted that boards with smaller particles presented greater 
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linear expansion. Brito & Silva (2002) have concluded that the decrease in 
the size of the particles did not result in a decrease in bending resistance.

Consequently, for the purposes of this study, we performed assess-
ments based on the procedures provided by the ABNT – Brazilian 
Association of Technical Standards through NBR 14.810 (2006) Wood 
Particleboards - Part 3: Testing Methods, of and the following activities 
were considered to develop the study:

i)	 Bamboo chips manufactured from bamboo waste by using cut-
ting mills. Such waste are obtained from machining procedures at 
the UNESP/FEB Bamboo Experimentation Laboratory; 

ii)	 Granulometric classification of the chips;
iii)	 Produce, at laboratory scale, bamboo particleboards with differ-

ent configurations with respect to the size of the chips by evaluat-
ing the different stages involved in the process;

iv)	 Evaluate the physical and mechanical behavior of the boards 
produced.

2.	 MATERIAL AND METHODS

The bamboo used in this research belongs to the Dendrocalamus 
giganteus species which is classified as Bambusae, subfamily Gramineae, 
monocotyledon, and belongs to the angiosperms. It was taken from 
the Agricultural Experimental Area of UNESP/FEB and it is the waste 
material generated in the craftwork production process at the Bamboo 
Experimentation Laboratory of UNESP/FEB.

As reported by Hiziroglu et al., (2005) the bamboo is the most diverse 
group of plants in the  gramineae family. With a 3 to 5-year plant maturity 
cycle, the bamboo is one of the renewable plants with the fastest growth. 
Some plants grow at the rate of one meter per day during the growth 
period. The bamboo is a robust plant and is tolerant to poor soils and to 
adverse topography and weather.

Similarly to wood, the bamboo is a lignocellulosic material that 
presents high resistance, broad geographic distribution in Brazil and is 
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considered an underutilized species. Polucha (2006) clarifies that the 
bamboo has high levels of productivity per area and it can be grown in 
inhospitable  and degraded land. Thus, the bamboo can be a good alterna-
tive for manufacturing reconstituted panels. As a result, the bamboo can 
promote the diversification of engineered products that are manufactured.

The physical properties of the panels made with bamboo chips 
(Dendrocalamus giganteus) and the addition of 12% of the SikaBond® T54 
FC adhesive were evaluated according to traces established in the following 
table:

Table 1 – Traces and their respective percentages.

TRACES Dimension of the chips  (mm)

(%) 4.75 4.00 3.35 2.80 2.00 0.84 0.42

T1 0 32 8 16 24 20 0

T2 8 24 24 4 20 15 5

T3 16 16 16 16 16 10 10

T4 24 8 24 12 12 5 15

T5 32 0 24 8 8 0 20

To manufacture the boards, after the bamboo was processed and 
chopped into chips, the chips passed through a cutting mill. Later, they 
were submitted to a classification performed by passing them through 
a set of sieves shaken by a mechanical shaker. The process was repeated 
innumerous times until the pre-established quantity of particles for all 
dimensions were obtained. This step was very slow because the sieves 
tolerated a limited quantity of material and it was necessary remove all 
the sieve meshes for each procedure. The particles took six minutes on 
average to pass through the set of sieves and the quantity of fine particles 
was much higher at the end of the classification.

More than 30 kilos of bamboo chips were sieved. An amount larger 
than the one that would be used in the composition of traces was necessary 
because the quantity of thin chips was much higher than the amount of thick 
and medium ones at the end of the classification. The process was repeated 
until the necessary quantity of chips for all dimensions was reached.
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After the proper classification, we added the SikaBond® T54 FC. The per-
centage of the adhesive was maintained at 12% for all traces. The SikaBond® 
T54 FC is a mono component, solvent-free, elastic adhesive. It is certified by 
EMICODE EC 1 “very low emission”, GISCODE PU 10 “solvent-free”. The 
proposal of using this adhesive to manufacture bamboo panels is considered 
environmentally friendly and works towards sustainability.

(a) (b)

Figure 1 – Cutting mill (a) and inside the cutting mill (b).

After the particles were sieved, they were separated in plastic bags 
according to their dimension. We used 1600g of dry weight of waste mate-
rial for each homogeneous particleboard. Once the preparation of wastes 
was done, the due quantity of chips of a certain dimension was placed in 
other plastic bags according to the pre-established traces. A horizontal 
drum mixer with 137 liters of capacity that was available in the Bamboo 
Experimental Laboratory was used to obtain a homogeneous mixture. 
The mixing time was 5 minutes for each board manufactured.

The mixture removed from the drum was taken to a 45cm x 45cm 
wooden mold, supported on a metal plate covered with aluminum foil that 
works as nonstick coating. The mixture is distributed by hand as homo-
geneously as possible and pre-compressed with a wood pestle for a better 
particle accommodation. This step should be accomplished very carefully 
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because badly formed or badly compacted boards present alterations in their 
properties due to the variation in their density. After that, the mold can be 
removed and the mattress can be pressed. A hot hydraulic press manufac-
tured by PHS Máquinas Hidraulicas Ltda, model OHH 80T with a capacity 
for 80 tons and maximum temperature of 200º C was used in this study.

The particle mattress is slowly pressed until the final thickness of 
12.7 mm. The board was kept in the press during 10 minutes at a tem-
perature of 130º C. After the pressing, the boards were removed and 
left resting in a vertical position to cool off naturally. After the resting 
period, the samples were drawn on the boards and they were cut with a  
BALDAN  Máquinas e Equipamentos Ltda circular saw, model SEC -3R, 
with the dimensions established by ABNT 14.810-3 for the several tests 
programmed in this study, for example, in Figure 2 for  testing parallel 
traction, bending, humidity and thickness swelling.

(a) (b)

(c) (d)

Figure 2 – Samples per traces for: (a) parallel traction testing; (b) static bending; (c) moisture 

content in kiln-dried bamboo; and (d) thickness swelling after immersion in water. 
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3. 	RESULTS AND DISCUSSION

Tables 2 and 3 present the results of the averages for physical and 
mechanical tests.

Table 2 –Mean values of Physical Testing

Traces
Density Humidity Water Absorption (%) Swelling (%)

(g/cm3) (%) two hours 
of

twenty-four 
hours

two hours 
of

twenty-four 
hours

1 0.80 10.20 59.42 68.73 11.04 17.83
2 0.79 8.11 48.07 53.98 10.10 10.10
3 0.76 8.57 48.19 54.47 19.53 25.13
4 0.80 9.88 50.87 55.10 11.26 16.22
5 0.74 9.74 69.01 73.69 18.31 24.41

Table 3 –Mean values of Mechanical Testing

Traces
Density Static Bending Parallel Perpendicular
(g/cm3) (MPa) Traction Traction

MOR MOE (MPa) (MPa)
1 0.74 10.33 2381.36 4.22 0.32
2 0.71 10.86 2479.89 3.45 0.15
3 0.72 9.71 2173.05 3.78 0.13
4 0.75 8.45 1767.60 3.45 0.19
5 0.70 10.28 2025.06 3.72 0.29

The mean values found in table 2 and 3 refer to the average of five 
plates made for each trace, using two samples per plate and totaling 10 
samples for each test performed (with the exception of density and mois-
ture tests in which three samples were used per board totaling 15 samples 
tested for trace). The Boxplot graphs below show a tendency found for the 
results.
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Figure 3 – Density

Figure 4 – Humidity
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Figure 5 – Water Absorption twenty-four hours

Figure 6 – Swelling twenty-four hours
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Figure 7 – Static Bending – Modulus of Elasticity (MOE)

Figure 8 – Static Bending – Resistance Modulus (MOR)
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Figure 9 – Parallel Traction

Figure 10 – Perpendicular Traction
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Comparing the values of humidity found in this paper with those rec-
ommended by the NBR 14.810-3 (2006), between 5 and 11%, it is observed 
that all of traces satisfy the recommendations of this standard.  Trace 1 
had the highest moisture content of 10.2% and trace 2 had the lowest con-
tent with 8.1%; all of the results are very close, with a maximum variation 
of 1.9% humidity. For the immersion period of two hours of, the average 
absorption values were between 47.8% and 67.9%, respectively for traces 
2 and 5. After twenty-four hours in water, the variation of the results was 
53.8% to 73.6%, the smaller percentage of absorption related to trace 2 and 
the largest was trace 5.

For the thickness swelling test after two hours of immersion, trace 
3 obtained the highest result with a 19.5% increase in thickness and the 
lowest, referring to trace 2 was 10.1%. As the standard did not have ref-
erence values, we compared the results of the research of Valarelli et al. 
(2008) because it was developed in the same laboratory that this study was 
performed and the values found in this study were generally lower than 
the ones presented by him.  After twenty-four hours, we noted in Table 
2 that trace 1 had the highest result of 24.6% and the lowest, referring to 
trace 2, remained at 10.1%. There was no significant difference between 
the densities of all of the traces in which the results presented are very 
close to what is established in the research.

After the first two hours of immersion in water, there was a signifi-
cant difference in swelling between Trace 1, 2 and 4 and traces 3 and 5; 
and after twenty-four hours the results of traces 1 and 4 remained close; 
however, trace 2 had no similarity with any of the others traces and traces 
3 and 5 were similar. For water absorption after twenty-four hours traces 
1 and 5 had higher results than the ones referring ton traces 2, 3 and 4. 
Table 3 shows that trace 5, composed of larger particles, obtained inferior 
results as compared to other traces regarding mechanical characteristics, 
except for in the perpendicular traction tests.

In the static bending tests the results of traces 1, 2, 3 and 4; for both 
MOR and MOE, were very close, while trace 5 was much lower. The same 
occurred in the Parallel Traction test. For the Static Bending test none of 
the traces reached the specifications of NBR 14.810-2 (2006), which is 18 
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MPa, since the values varied between 5.75 MPa and 14.32 MPa, which 
referred to traces 5 and 3, respectively.

For the Perpendicular Traction testing, the traces did not reach the 
minimum value stipulated by the standard, which is 0.40 MPa. The results 
varied between 0.13 and 0.32 with respect to traces 3 and 1, respectively. 
Tables 4 and 5 show the results obtained by other researchers for compar-
ison and analysis.

Table 4 – Results of physical tests of some authors in the literature.

Authors Treatments Adhesive
ρ

(g/cm³)
IE (%) IE (%) AA (%) AA (%)

TU
(%)

Vieira et al. 
(2010)

100% Bamboo UF10% 0.65 7.73 9.33 59.48 77.49 8.71

Vieira et al. 
(2010)

75% Bamboo
25% Pinus

UF10% 0.65 4.04 9.02 22.22 56.78 9.13

Vieira et al. 
(2010)

50% Bamboo
50% Pinus

UF10% 0.65 5.13 9.58 26.17 62.77 8.86

Vieira et al. 
(2010)

25%Bamboo
75% Pinus

UF10% 0.65 5.8 10.92 29.42 63.22 9.99

Vieira et al. 
(2010)

100% Pinus UF10% 0.65 2.64 8.92 11.33 43.14 9.67

Morais (2011) 100% Bamboo UF8% 0.65 24.1 29.8 91.5 101.4 10.1

Morais (2011) 100% UF8% 0.65 26.3 36.0 78.2 104.8 11.9

Morais (2011) 100% Pinus UF8% 0.65 19.0 23.6 88.6 100.6 11.7

Morais (2011)
75%Bamboo

25%Euc
UF8% 0.65 31.2 37.5 92.2 107.2 10.6

Morais (2011)
50%Bamboo

50%Euc
UF8% 0.65 30.0 39.7 92.4 108.6 10.8

Morais (2011)
25%Bamboo

75%Euc
UF8% 0.65 30.2 40.7 87.3 109.5 11.0

* UF – Urea Formaldehyde Glue, TU – Moisture Content, LI – Internal link or perpendicular traction.
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Table 5 – Results of physical tests of some authors in the literature.

Authors Treatments Adhesive
ρ (g/
cm³)

MOR
(MPa)

MOE
(MPa)

LI
(MPa)

TP
(MPa)

Vieira et al. 
(2010)

100%Bamboo UF10% 0.65 9.34 1831.58 0.52 4.32

Vieira et al. 
(2010)

75%Bamboo
25% Pinus

UF10% 0.65 12.59 2011.14 0.79 5.51

Vieira et al. 
(2010)

50%Bamboo
50% Pinus

UF10% 0.65 12.99 1921.26 0.76 5.13

Vieira et al. 
(2010)

25%Bamboo
75% Pinus

UF10% 0.65 12.64 1995.20 1.14 5.12

Vieira et al. 
(2010)

100% Pinus UF10% 0.65 13.64 2105.34 1.31 5.50

Morais (2011) 100%Bamboo UF8% 0.65 5.48 747.92 0.20 -----

Morais (2011) 100%Euc UF8% 0.65 7.63 1161.63 0.25 -----

Morais (2011) 100%pinus UF8% 0.65 10.70 1321.84 0.50 -----

Morais (2011)
75%Bamboo

25%Euc
UF8% 0.65 5.57 643.35 0.15 -----

Morais (2011)
50%Bamboo

50%Euc
UF8% 0.65 6.74 895.56 0.19 -----

Morais (2011)
25%Bamboo

75%Euc
UF8% 0.65 6.84 932.19 0.22 -----

* UF – Urea Formaldehyde Glue, TU -- Moisture Content, LI –Internal link or perpendicular traction.

By comparing tables 4 and 5, the mechanical and physical research 
results of Morais (2011) did not reach the specifications of Standard 
14.810, both using 8% UF adhesive, while Vieira et al. (2010) exceeded the 
specifications for physical and mechanical tests using 10% of UF adhe-
sive. All of the results for humidity met the minimum requirements of 
the standard and are satisfactory as compared to the research of Valarelli 
et al. (2008) where the percentage of maximum and minimum humidity 
was evaluated as 8.67% and 7.89%, respectively.
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The results for water absorption were inferior as compared to those 
obtained in the research conducted by Castro (2010) where the minimum 
absorption was 35% and the maximum was 55% for the candeia material.  
Swelling tests are quite competitive with results obtained in the research 
conducted by Sampaio et al. (2008) and Battistelle et al. (2009) where the 
maximum and minimum levels are 23.25% and 10.19%, and 75.98% and 
10.22%, respectively.

4.	 FINAL CONSIDERATIONS

The results presented in tables 2 and 3 were compared with the rec-
ommendations of standard NBR 14.810 and summarized below:

i)	 The density proposed in the research was 0.75 g/cm3 and the results 
obtained between 0.76 g/cm3 and 0.80 g/cm3 are satisfactory; 

	 All of the results for humidity met the minimum requirements         
established in the standard (it may not be less than 5% nor higher 
than 11%); 

	 The results of the swelling test for traces 1 to 5 do not meet the 
specification provided in the standards (less than 8%);

ii)	 The perpendicular traction of all traces does not meet the specifi-
cations of standard NBR 14.810-2 (higher than 0.4 MPa). Trace 1 
is the best result and it reached 0.32 MPa.

iii)	 The MOR static bending of traces 1 to 5 was also below the one 
stipulated in the standard (18 MPa, NBR 14.810-2). Trace 3 is the 
one that obtained the best result with 14.32 MPa.

Upon analyzing the results, one reaches the conclusion that the man-
ufacture of particleboards using bamboo, with a 0.75 g/cm3 density, using 
12% of adhesive has flaws in the compositions proposed because it does 
not meet all of the minimum parameters recommended by the standards, 
reaching values for the physical and mechanical tests that are not always 
satisfactory for most of traces studied. Future research with different per-
centages of adhesive consumption would be interesting to reach superior 
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results with respect to the physical and mechanical properties of the bam-
boo board with solvent-free mono component adhesives.  

The final evaluation performed corroborated for the comprehension of 
the manufacturing process of products deriving from bamboo, as well as in 
the evaluation of the physical and mechanical properties of bamboo parti-
cleboards. This study demonstrated potential in the generation of expres-
sive results related to the characterization of the product according to the 
national interests in research and technological development incentives.
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ABSTRACT: To contribute with the dissemination of the use of lignocellulosic waste in 
the manufacture of composite materials, this research aimed to investigate the influence 
of alkaline mercerization treatment in the tensile strength of açaí fibers. The factors 
and levels stipulated were the NaOH and NaOH + autoclave and the concentration of 
NaOH solution in water (0.5%, 1%, 2%), leading to full experimental design with six 
different experimental conditions, together with the reference condition (untreated açaí 
fibers). The results of the analysis of variance (ANOVA) revealed that only the NaOH 
concentration was significant in obtaining the tensile strength, with the content of 0.5% 
the best values of the tensile strength, 36% and 16% higher (on average) than the five 
others treatments and the reference condition, respectively, showing the effectiveness 
of treatment by mercerization.

Keywords: Açaí fiber. Alkaline mercerization. Lignocellulosic residues.
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1.	 INTRODUCTION

The search technology focused on preservation of the environment and 
the use of raw materials from renewable sources has motivated research 
centers around the world to study the use of natural resources and agro-in-
dustrial by-products (FROLLINI, 2004; WAMBUA, 2003; KEENER, 2004). 
The research of the last decade have evaluated the application of fibrous 
raw materials of agricultural crop residues with lower cost, for the man-
ufacture of composites in different regions of the world, with satisfactory 
outcomes (WIDYORINI et al., 2005; ASHORI et al., 2009).

All countries which produce lignocellulosic fibers usually use the con-
ventional way, such as inputs in industrial and domestic sectors, manu-
facturing handcrafted items like bags, carpets, desks etc. Sometimes they 
are used in composite materials when combined with clay in the industry 
of construction (SATYANARAYANA et al., 2007).

Industries of chipboard panels and fiber, in Brazil, preferably using 
wood chips from reforested Pinus sp and some species of Eucalyptus sp, 
which even provides a better quality product in order to better control 
homogeneity of the raw material. However, lignocellulosic materials from 
agricultural residues have been a new economic, social and environmen-
tal alternative to manufacturing MDP and MDF panels in Brazil.

Brazilian agribusiness presents numerous lignocellulosic residues 
with potential for use in the manufacture of new materials such as the 
coconut husk (BRITO et al., 2004; KHEDARI et al., 2004, peanut hulls 
CARASCHI et al., 2009 and GATANI, 2009 and bagasse cane sugar 
WIDYORINI et al., 2005; CONTRERAS et al., 2006; CARASCHI et al., 
2009; SILVA et al., 2008; BATTISTELLE et al., 2009 and GARZON et al., 
2012). The results of national and international with sugar cane bagasse 
surveys indicate its feasibility in different polymer matrices for making 
composites (ROWEL R. 1997; TEIXEIRA et al., 1997; WIDYORINI et al., 
2005 and LEE et al. 2004).

Agribusiness açaí is an important economic resource in northern 
Brazil. Pará is currently the largest producer in Brazil, accounting for 
87.1% of all f lesh consumed in the country (SANTANA et al., 2012), with 
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about 80-90% of that coming from the northeast state (SOUSA, (2011)). 
This production, about 24% are obtained in cultivated areas and 76% have 
extractive Source (SOUZA et al., 2006). The fibrous tissue of the açaí fruit 
(Euterpe oleracea Mart.) is dropped about 1,200 tons/day, in the metro-
politan region of Belém (PA) after juice production. This agroindustrial 
residue is infrequently used in boilers for energy.

The treatments conventionally carried out on the surface of vegetable 
fibers hygroscopicity of these aim to reduce and/or increase the capacity 
of interaction of the fibers with the resin, which may influence the final 
characteristics of the composite.

The process of alkaline and also called mercerization is a common 
method of producing high-quality fibers. In this process the fibers are 
chemically treated to remove lignin, pectin, waxy substances, natural 
oils and covering the outer surface of the fiber cell wall. This shows the 
fibrils and provides a rough surface topography of the fiber. Sodium 
hydroxide (NaOH), is the most commonly used chemical bleaching and/
or cleaning the surface of vegetable fibers. It also changes the fine struc-
ture of the native cellulose I to cellulose II, a process known as alkaline 
(MWAIKAMBO; ANSELL 2002).

The alkali treatment is one of the oldest methods for modification of 
plant fibers which aims to clean the surface of bees wax and grease from 
handling and possibly the manufacture of fibers, and partially remove the 
hemicellulose and lignin, hemicellulose is mainly very low concentrations 
of soluble alkali. The main effect of the alkali treatment is defibrillation, 
or breakage of the fiber bundles into smaller fibers (KALIA et al., 2009).

The process comprises alkali treatment of the fibers with NaOH solu-
tion, which causes a decrease in the degree of aggregation of the fibers, 
leading to a better interaction at the interface fiber/resin. The behavior of 
plant fibers subjected to alkaline process depends primarily on the condi-
tions of treatment (concentration, time and temperature).

Generally, the alkaline treatment plant fibers causes swelling and par-
tial removal of hemicellulose and lignin, which promotes a better packing 
of the cellulose chains, which are responsible for the crystallinity of the 
fiber (BLEDZK; GASSAN 1999). The alkali treatment causes increase in 



128

Non-conventional Building Materials based on agro-industrial wastes

crystallinity and reduced diameter increases the length/diameter ratio, 
natural and artificial removes impurities from the surface of the fibers and 
density (PAIVA; FROLLINI, 1999). With this, leads to the development of 
a more topographically rough surface resulting in improved interfacial 
adhesion and an increase in the mechanical properties (MWAIKAMBO; 
ANSELL, 2002). Furthermore, the alkali treatment provides a decrease 
in spiral angle and an increase in the molecular orientation, but also 
increases the number of reactive sites and enables better wetting of the 
fibers (KALIA et al., 2009).

The effect of the alkali treatment in relation to the mechanical prop-
erties associated with increased tensile strength and modulus of elas-
ticity and elongation decrease, with this behavior often associated with 
increased crystallinity (SILVA et al., 2006).

Sreenivasan et al., (1996) reported an increase in tensile strength and 
elongation decreased from coconut fibers under different conditions of 
alkali treatment.

Currently, this research consisted to obtain the fibers of açaí (extraction 
form) by alkaline mercerization, which sets in a relevant scientific con-
tribution in the development of unconventional materials with respect to 
the application of treatment processes by alkaline mercerizing, aimed at 
improving the physical and mechanical properties of the açaí fibers.

In order to corroborate information about the mechanical properties 
of açaí fibers for subsequent use in the manufacture of composite mate-
rials, with applications in the manufacture of panels among others, this 
study aimed to investigate the influence of treatment by alkaline mer-
cerization of fibers with açaí using NaOH and NaOH with autoclaved 
process in three concentrations to obtain the axial tensile strength.

2.	 MATERIAL AND METHODS

Fibrous tissue samples used in this research are of the species Euterpe 
oleracae Mart. Were collected from agribusinesses that prepare the açaí 
juice and discard the waste packing it in polypropylene bags in front of 
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the establishments to be collected by the company from urban waste 
collection in the city of Belém, Pará (Brazil). The material obtained was 
washed in natura water (in tap), dried in an oven at a temperature of 60°C 
and packaged in plastic containers, and placed in the refrigerator at 15°C 
until the start of the alkaline mercerizing step.

2.1	 Obtaining Fibers

The process for obtaining fibers of the experimental chemical con-
dition (alkaline) was performed in two ways: first, we used an alkaline 
NaOH solution with 0.5%, 1% and 2% concentration and mass of cores 
(400 g). Second, in addition to using the alkaline solution of the fibers 
were placed in an autoclave for a time of 45 minutes exposed to a pres-
sure of 10 atm and 40°C. We used a prototype fabricated tanks containing 
bench scale with a capacity of 5 liters, a portable pH meter brand (Lutron 
Ph-201). In addition, during driving of the experiments performed made 
up of data such as pH, solution temperature, environmental temperature 
and relative humidity. These processes are detailed below:

i)	 Alkaline mercerizing (NaOH): In the alkaline process the alka-
line solution of sodium hydroxide (NaOH) was used in three con-
centrations: 0.5%, 1% and 2%, respectively. 1,200 kg of seed ker-
nels were available. The three concentrations used were described 
earlier, maintaining the same weight ratios solution/mass of the 
core (2: 1, 4: 1 and 6: 1) and distributed as follows: in tank 1, the 
treatment was carried concentration 0.5% corresponding to 800g 
solution of 400g of seeds; in tank 2, the treatment was performed 
at a concentration of 1% corresponding to 1,600g of solution and 
400g of lumps, and finally, in the tank 3, the concentration used 
was 2%, corresponding to 2400g solution and 400g of stones.

ii)	 Alkaline mercerizing (NaOH in the autoclave): In this process 
was used an alkaline solution of sodium hydroxide (NaOH) in 
three concentrations: 0.5%, 1% and 2%, respectively. For each of 
these concentrations were added 2.88kg of seed kernels of the 
autoclave, and the respective solution to achieve full immersion 
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of lumps. The cores underwent a cooking time for approximately 
45 min and exposed to a pressure of 10 atm and a temperature of 
40oC.

During the two processes, 15 days (NaOH), 45 minutes (NaOH auto-
clave), the fiber samples were manually extracted to carry out mechani-
cal tests and placed to dry in laboratory at room temperature conditions 
(28oC) and 80% relative humidity, and subsequently, the realization and 
the characterization of the mechanical microestutural property. In the 
natural condition (reference), extraction of fibers from the fruit of the açaí 
core was carried out by the use of a circular bench sander.

2.2 	E xperimental Design 

The factors and levels investigated in the experimental evaluation of 
the axial tensile strength of the fibers were treatment with NaOH and 
NaOH + autoclave and the concentration of solutions of NaOH in water 
(0.5%; 1%; 2%), leading to a full factorial design 2×3, providing six differ-
ent experimental conditions (EC), explained in Table 1.

Table 1 – Treatments investigated for the Chemistry experimental condition (Alkaline Mercerization).

Experimental Condition Alkaline mercerizing NaOH*

N1 NaOH 0.5%

N2 NaOH 1.0%

N3 NaOH 2.0%

N4 NaOH + autoclave 0.5%

N5 NaOH + autoclave 1.0%

N6 NaOH+ autoclave 2.0%

* NaOH concentration by weight

The experimental design was designed with the aid of Minitab soft-
ware, version 14, enabling analysis by ANOVA to investigate the influence 
of the factors (treatments) and the interaction among them in maximum 
tensile strength.
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The analysis of variance (ANOVA) was used to investigate the influ-
ence of the factors isolated [Mercerization (M); Concentration of Water 
(% A) as well as the interaction (%M×A] in the axial tensile strength of 
the açaí fibers, at a level of significance (α) of 5%, with the null hypothesis 
(H0) the equivalence of means between treatments and the non-equiv-
alence between the mean as an alternative hypothesis (H1). P-value less 
than the level of significance implies to reject H0, and accept it otherwise.

To validate the model ANOVA, the Anderson-Darling test was used 
to check the normal distribution of the values of the axial tensile strength 
and F tests, Bartlett and Levene to assess the homogeneity of variances 
between the experimental conditions investigated. The tests were made 
at the 5% level of significance. For the Anderson-Darling test, the null 
hypothesis was the normality of the distribution, and the non-normality 
as an alternative hypothesis. P-value greater than the significance level of 
the test involves accepting H0, rejecting it otherwise. For the F tests, the 
Bartlett and Levene, the null hypothesis was the equivalence of variances 
between the experimental conditions, and the non-equivalence between 
variances as alternative hypothesis. P-value greater than the level of sig-
nificance implies to accept the null hypothesis, rejecting it otherwise.

2.3 	 Tests for the Axial Tensile Strenght of the Fibrous Bundles 
	 (Fibers) 

The tests of resistance to axial tensile of the fibrous bundles were per-
formed in the Laboratory of Ambience Constructions at the Department 
of Biosystems Engineering, University of São Paulo (FZEA/USP), Campus 
Pirassununga (SP-Brazil), using a universal testing machine EMIC-DL 
3000, with a maximum capacity of 300 kN with a data acquisition system, 
load cell 1 kN at a speed of 0.3 mm/min and pneumatic jaws of 200 kgf. 
Ten specimens were used for each one of the nine experimental over the 
control conditions (natural açaí fibers), totaling the making and testing 
of 100 samples. The samples were prepared with supports kraft paper 
called in the literature. The brackets are used to evenly distribute the load 
applied to the fiber being tested and also to protect the fibers from damage 



132

Non-conventional Building Materials based on agro-industrial wastes

during the positioning of the jaws of the testing machine. The KRAFT 
paper supports (weight 200 g / m²) with dimensions of 25mm×55mm, 
were glued with cyanoacrylate (Loctite Super Bonder) in the ends of 
the effective length of the fibers, adapted from recommendations of the 
standard ASTM D3822-96. Figure 1a and Figure 1b illustrate the media 
used for testing the axial tensile strength and shows dimensions. After 
the tests, the results were statistically analyzed and selected experimental 
condition among treatments by alkaline mercerization.

Figure 1 – Axial tensile test: (a) Schematic of the supports, (b) the fibrous support beam, (c) 

specimen in a universal testing machine design.

3.	 RESULTS AND DISCUSSION

Several studies on the application of alkaline treatment plant fibers 
show improved adhesion characteristics of the fiber / polymer matrix due 
to the increase of surface roughness. Some of these studies related alka-
line surface treatment in vegetable fibers are reported below to compare 
the results obtained in this study chemical mercerization.
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Table 2 shows the results of tensile strength of the experimental con-
ditions from the alkaline mercerizing treatment with NaOH and without 
mercerizing (reference), the sample mean (x ), the variation coefficient Cv 
and Min and Max being the lowest and highest values found, respectively.

Table 2 – Results of the tensile strength.

Experimental 
Condition

x (MPa) CV (%) Min. Max.

N1(0,5%) 27.79 31 16.16 40.36

N2(1%) 20.58 28 12.16 29.93

N3(2%) 25.84 24 15.79 40.86

N4(0,5%) 33.40 28 16.21 46.51

N5(1%) 24.31 22 18.95 35.8

N6(2%) 26.95 25 12.06 35.36

Reference 16.48 25 9.96 24.13

Experimental Condition N1a N3: NaOH; N4 a N6: NaOH autoclave

Table 3 presents the results of the normality and homogeneity of vari-
ances testes for maximum tensile strength of açaí fibers to the process of 
alkali mercerization (NaOH and NaOH in autoclave). The results show 
that the data of maximum tensile strength present normal distribution 
and equality of variances between the experimental treatment conditions, 
by presenting in both cases P-value greater than the significance level 
(0.05), according to the ANOVA model.

Table 3 – Normality and homogeneity of variances tests for the axial tensile strength  

of the açaí fibers.

Test P value

Anderson-Darling 0.377

Bartlett 0.485

Levene 0.291
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Table 4 presents the results of the maximum tensile strength of açaí 
fibers analyzed by ANOVA method after alkaline mercerization with and 
without autoclave. The P-value considered significant (P-value <0.05) was 
underlined. It appears that only the concentration of NaOH factor sig-
nificantly influenced the axial tensile strength of açaí fibers, not being 
significant using the autoclave treatment with NaOH or interaction 
between factors. Figure 2 shows the effects of NaOH concentration on the 
maximum axial tensile strength.

Table 4 – Results of the maximum tensile strength of fibers treated with NaOH (with and without 

autoclaving) analyzed by ANOVA.

FV GL SQ SQ Ajust.
QM 

Ajust.
F P-value

NaOH 1 181.91 181.91 181.91 3.12 0.083

%NaOH 2 664.21 664.21 332.10 5.69 0.006

NaOH×%NaOH 2 50.99 50.99 25.49 0.44 0.648

Erro 54 3152.73 3152.73 58.38

Total 59 4049.83

SV: source of variation, GL: degrees of freedom. SS: sum of squares, Adj SS: sum of the adjusted 
squares, QM Adj: the average of the square set, F: F statistic Snedecor and P-value: probability P

Tensile Strenght (MPa)

 %NaOH

Figure 2 – Concentration of NaOH on the maximum tensile strength of the açaí fiber.

Table 5 presents the results of the Tukey test for maximum tensile 
strength compared to the levels of concentration of NaOH. Same letters 
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imply in treatments with equivalent mean. The results show that the use 
of 0.5% NaOH, either with or without an autoclave provides the highest 
values for maximum axial tensile strength. The concentration of 0.5 wt% 
NaOH in water yielded the largest values of the maximum tensile strength 
of the açaí fibers, around 36% and 16% higher than fibers treated with 1% 
and 2% by weight of NaOH, respectively.

Table 5 – Results of Tukey test for the maximum tensile strength as a function  

of concentration of NaOH.

Properties NaOH Concentration

0.5% 1% 2%

Tensile Strength (MPa) 30.59 A 22.44 B 26.39 AB

Means followed by the same letter do not differ significantly  
by the Tukey test (5% at significance level).

However, regarding the difference in mechanical strength between 
the fibers treated with NaOH and without autoclaving was not considered 
significant by ANOVA. With this, we have chosen the autoclave with-
out NaOH treatment for economic reasons, and because of the amount 
of material available to statistically analyze the fibers in the reference 
condition.

Table 6 shows the results of the test of normality and homogeneity of 
variance tests for the maximum tensile strength of the N1 and reference 
fibers (0.5% NaOH). For the P-value found is below the level of signifi-
cance (5%), it was found that there is no normal distribution and equality 
of variances for maximum tensile strength.

Table 6 – Normality and homogeneity of variance tests for axial tensile strength of the açaí fibers 

N1 (NaOH (0.5%) and reference.

Test P value
Anderson-Darling 0.042

Bartlett 0.037

Levene 0.039
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Thus, to answer to the question of normality and homogeneity of 
variances required for ANOVA, the values of maximum tensile strength 
of the treated fibers (N1) and reference were evaluated by means of the 
Johnson transformation. Results showed that the data of the maximum 
tensile strength after Johnson transformation presented normal distribu-
tion and the variance equivalence (Table 7), which validates the ANOVA 
results.

Table 7 – Normality and homogeneity of variance tests for the transformed data.

Test P value
Anderson-Darling 0.711

Bartlett 0.937

Levene 0.771

Table 8 shows the results by ANOVA for maximum tensile strength 
of the fibers treated (N1) and untreated (reference condition). The P-value 
found was less than 0.05, resulting in significant differences in the ten-
sile strength of the fibers with and without treatment. Figure 3 shows the 
main effect plot between the alkaline treatment (N1) with and the refer-
ence condition.

Table 8 – ANOVA results from tensile strength test for the treated (N1) and non treated fibers.

FV GL SQ QM F P-value

Condition 1 1.3471 1.3471 13.98 0.002

Error 18 1.7343 0.0964

Total 19 3.0814

SV: source of variation, GL: degrees of freedom. SS: sum of squares, Adj SS: sum of the adjusted 
squares, QM Adj: the average of the square set, F: F statistic Snedecor and P-value: probability P
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Tensile Strenght (MPa)

  Treatment

Figure 3 – Main effect plot between the alkaline treatment (N1) with and the reference condition.

The results of the maximum tensile strength of some alkaline mercer-
izing vegetable fibers (chemical) from other literature sources are shown 
in Table 9. Indicating tensile strength values that are close to or above the 
respective reference fiber (16.48 MPa). The results obtained by alkaline 
mercerizing (NaOH - N1) between the treated fibers without autoclave 
has an average of 27.79 MPa and 33.40 MPa (N4) between treated with 
autoclave. These results suggest the same trends of increased tensile 
strength with respect to the reference fiber, found in the literature.

Table 9 – Results from the literature of the maximum tensile strength of  

vegetable fibers with alkali treatment.

Author/Year Fiber Tensile (MPa)

Rabi et al., 2009 Coco 95

Silva et al., 2006 Sisal 234-28

Goda et al., 2006 Rami 151-661

Gomes et al., 2006 Curauá 523-913 

The average value of the maximum tensile strength of the açaí fibers 
treated with 0.5% NaOH (N1) is 68% higher than the values of the refer-
ence condition.
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3.1 	 CONSIDERATIONS AMONG ALKALINE TREATMENTS

The mercerization process of alkaline chemical was responsible for 
the voids produced on the fiber surface as a result of SiO2 removal and 
formation of globular protrusions, leaving the rougher surface of the fiber 
(Figure 4), which probably facilitate increased adhesion between the fiber 
and polyurethane resin castor oil based, improving as a consequence, the 
mechanical properties of the composites.

Figure 4a shows the açaí fiber surface treatment with 0.5% NaOH 
(N1) and Figure 4b shows the fiber surface treatment with 0.5% NaOH 
in autoclave (N4). It is observed that both treatments for the numerous 
microfibrils making up the açaí fiber, along with globular marks are more 
visible, however, the fiber obtained by treatment with 0.5% NaOH in 
autoclave present with greater roughness and smaller amount of globular 
marks, which can improve the adhesion between the fiber and resin in 
the composite.

a b

Figure 4 – Globular visible marks microfibril and roughness of the açaí fibers with alkaline 

mercerization process. a) 0.5% NaOH (N1), b) 0.5 NaOH in autoclave (N4).

The results obtained in this research indicate the potential of the 
alkaline treatment of the açaí fibers, development of various composite 
materials, such as promising area of lignocellulosic material panels.
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4.	 CONCLUSIONS

i)	 The fibers of alkaline NaOH mercerization (0.5%) was selected     
autoclave process for the manufacture of the composites with the 
bicomponent polyurethane resin castor oil based;

ii)	 The process of autoclavable mercerizing alkaline (NaOH 0.5%) 
contributed to remove hemicellulose, lignin, pectin and waxes, 
leading to the development of a more rough surface. The fibers 
showed axial tensile strength 68% higher (in average) then the 
reference condition (untreated fibers). These results suggest the 
potential of treated açaí fiber with alkaline solution of NaOH as 
raw material in the manufacture of eco panels for commercial use;

iii)	 The results of this study indicate the potential treatment of açaí 
fibers, by helping to spread its use in the preparation of various 
composite materials, such as promising area of lignocellulosic 
material panels.
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ABSTRACT: Life Cycle Assessment (LCA) is recognized as a complete and effective 
methodology to identify opportunities for improving the environmental performance of 
products along their life cycle. In recent years, LCA has been applied to various renew-
able materials, including wood-based products. In this chapter, we focused on wood-
based composites due to their relevance to the furniture and construction sectors. This 
chapter aims to discuss the state-of-the-art of LCA applied to wood-based composite 
manufacturing with emphasis on opportunities for reducing environmental impacts. A 
brief introduction to the LCA methodology is presented followed by a discussion on 
recent findings of LCA case studies for particleboard produced in Brazil and Portugal. 
Improvement opportunities for reducing life cycle environmental impacts are identified 
and recommendations provided, with focus on the substitution of urea-formaldehyde 
resin and virgin wood particles by alternative materials.

Keywords: Life cycle assessment. Particleboard. Environmental hotspots.



144

Non-conventional Building Materials based on agro-industrial wastes

1.	 INTRODUCTION

In recent years, many studies have focused on the application of the 
Life Cycle Assessment (LCA) methodology to a wide range of products. 
Schweinle (2007) pointed out the importance of performing an LCA 
of wood-based products considering important issues such as: carbon 
footprint, bioenergy generation and life cycle engineering of new and 
innovative products from renewable sources (e.g. alternative wood-based 
composites). This allows a better understanding of the relevant environ-
mental hotspots of wood-based products towards an improved design for 
environment.

This chapter discusses the state-of-the-art of the LCA of wood-based 
composites manufacturing, including recent developments on the topic. 
An in-depth discussion was done for the case of particleboard produc-
tion in Brazil and Portugal. A benchmark process was adopted in view 
of suggesting common environmental improvement suggestions for both 
countries considering the life cycle hotspots identified.

The LCA methodology is detailed in Section 2. A discussion of LCA 
studies focusing on wood-based panels is documented in Section 3. Section 
4 shows improvement opportunities for reducing life cycle environmental 
impacts and to extend research in the area. The final considerations and 
future outlook are presented in Section 5.

2.	 LIFE CYCLE ASSESSMENT (LCA)

2.1 	 DEFINITION AND MAIN APPLICATIONS

Life Cycle Assessment (LCA) is a methodological framework for the 
systematic evaluation of the environmental impacts of a product system 
throughout all stages of its life cycle – from resource extraction, through 
material production, product manufacturing, use, to end-of-life man-
agement, either by reuse, recycling or final disposal (GUINEE, 2001; 
REBITZER et al., 2004; ISO, 2006a). Environmental impacts assessed in 
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LCA include climate change, stratospheric ozone depletion, photochemi-
cal oxidation, eutrophication, acidification, toxicological stress on human 
health and ecosystems, depletion of resources, water use, land use, and 
others (REBITZER et al., 2004). A fundamental feature of LCA is its holis-
tic approach, since it integrates into single framework direct and indirect 
environmental impacts of a product chain. Furthermore, such approach 
avoids environmental problem shifting, i.e. shifting impacts between 
environmental media, regions, or life cycle stages.

The main objectives of performing an LCA include: analyzing the 
main hotspots of a given product; comparing improvement alternatives 
for a particular product; designing new products (e.g. eco-design); and 
comparing functionally-equivalent products. LCA has been widely used 
to assess the environmental sustainability of both existing and future 
product systems, in various decision-support contexts, including public 
policy making (e.g. European Union and USA legislation), product devel-
opment, and generic consumer information (e.g. environmental product 
declarations, product carbon footprint, eco-labeling).

2.2 	 LCA PHASES

The generic LCA methodology was standardized by the International 
Organization for Standardization, resulting in the ISO 14040 series stan-
dards.  It is divided in four main phases, presented in Fig. 1: goal and scope 
definition; life cycle inventory analysis (LCI); life cycle impact assessment 
(LCIA); and interpretation. It is an iterative process, which means, for 
instance, that as new information is collected, an adjustment of the scope 
may be necessary in order to meet the goal of the study. Each of the LCA 
phases is explained in Sections 2.4.1 to 2.4.4.
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Figure 1 – Phases of LCA according to the ISO 14040:2006 standard. Source: ISO (2006a).

2.2.1 	 Definition Of Goal And Scope

This phase aims to define the objective of the LCA study. The goal 
should establish the intended application of the study, the reasons for 
its development and its target public, while the definition of the scope 
encompasses the definition of the product system, the function and func-
tional unit, the system boundary, the life cycle impact assessment method 
chosen, the allocation procedure, and the assumptions and limitations of 
the study.

The function of a product is defined based on the characteristics it 
displays during its use phase. According to ISO (2006 a,b), a functional 
unit should represent qualitative and quantitative aspects of the func-
tion that a product fulfills. The functional unit is established to provide 
a base of reference against which inventoried input and output data are 
mathematically normalized, and it must therefore be measurable. After 
defining the functional unit, a reference flow must also be established to 
measure the quantity of product needed to fulfill the function expressed 
by the functional unit. Some examples of products, functions, functional 
units and reference flows are given in Tab. 1.
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Table 1 – Examples of products, function, functional unit and reference flow in LCA studies.

Product Function Functional unit
Reference 

flow
Source

Fuel ethanol 
from sugarcane

• Used as 100% 
fuel in urban 
area vehicles.

• 10,000 km run by a car 
with an engine running 
on fuel hydrated ethanol.

1,000 kg of 
ethanol

Ometto et al. 
(2009)

Medium 
density 
particleboard 
(MDP) from 
reforest wood

• Used as raw 
material in the 
furniture and 
construction 
sectors.

• The production of 1 m3 
of uncoated MDP, with 
nominal thickness of 15 
mm, density of 630 kg/m3 
and 8% moisture content.

1 m³ of 
MDP

Silva et al. 
(2013)

Wardrobe made 
of MDP

• The storage 
of goods for 
personal use.

• 40 kg of goods stored 
per 5 years.

1 wardrobe 
unit

Iritani et al. 
(2014)

The system boundary describes the product life cycle and must 
include all processes and relevant flows considered in the LCA. The sys-
tem boundary is composed of a set of unit processes, and all of the flows 
should be classified as inputs and outputs. Inputs may include raw mate-
rials, semi-processed materials and finished products, while outputs may 
be emissions to air and water, waste disposal, and products.

There are several approaches for the system boundary definition as 
shown in Fig. 2:

i)	 Cradle-to-grave: it represents a complete product life cycle because 
it encloses all life cycle stages: resource extraction, manufacture, 
product use and end-of-life strategies for the used product;

ii)	 Crade-to-gate: it is a common perspective adopted when study-
ing intermediate products such as wood-based composites. In this 
case, the stages of resource extraction and manufacture of prod-
ucts or semi-finished products are considered. All downstream 
stages (use/end-of-life) are excluded;

iii)	 Gate-to-gate: is another partial LCA, where the system boundary 
is limited to the manufacture of the product only accounting for 
activities carried out at this stage. All upstream and downstream 
life cycle stages are disregarded;
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iv)	 Gate-to-grave: this approach only considers the use and end-
of-life stages (in some cases only the end-of-life). Prior stages 
of extraction of resources and manufacturing are not included. 
Gate-to-grave approaches are common, for instance, when ana-
lyzing waste management alternatives (e.g., incineration, landfill, 
etc.).

Figure 2 – Different approaches for the system boundary definition in LCA studies.

McDonough and Braungart (2002) proposed another approach called 
cradle-to-cradle or closed loop production, in which the end-of-life 
phase is focused on recycling and remanufacturing strategies. The main 
goal of this approach is to minimize environmental impacts of products 
by recovering materials that usually would be disposed of in landfill or 
incinerated.

Fig. 3 shows an example of system boundary definition for the pro-
duction of MDP in Brazil. MDP is an intermediate product and its system 
boundary encloses two life cycle stages (forest and industrial production) 
in a cradle-to-gate approach. Each life cycle stage includes several unit 
processes and transportation activities. More specifically, the forest pro-
duction stage starts with the seedlings cultivation and ends when wood 
is harvested and transported to the MDP factory; the MDP industrial 
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production stage involves unit processes from wood storage until finish-
ing activities. For each unit process in Fig. 3, it is necessary to quantify all 
inputs and outputs considering the established functional unit as exem-
plified in Tab. 1.

Figure 3 – System boundary of the MDP life cycle production. Source: Silva et al. (2013).

2.2.2. 	Life Cycle Inventory (LCI)

The LCI phase encloses data collection and calculation in order to 
quantify inputs (energy, raw and ancillary materials and other physi-
cal inputs) and outputs (products, emissions and waste) for the system 
boundary under analysis. Input/output data are collected for each unit 
process (with principles of conservation of matter being applied) as illus-
trated on the generic system shown in Fig. 4. 
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Figure 4 – A generic system boundary representation for a linear chain of unit processes.  

Source: adapted from Reich-Weiser et al. (2013).

The system shown in Fig. 4 comprises n unit processes with a total 
quantity of material input M. Each unit process i consumes a number of 
inputs Ii and generates a number of outputs Oi according to Eq. 1:

M = Ii +
i

n

∑ Oi
i

n

∑ � (1)

Eq. 1 represents a balance of material assuming only a single mate-
rial input M and its flow within the system boundary. However, a system 
boundary usually comprises multiple material inputs, especially when 
considering a complete product life cycle, i.e. a cradle-to-grave assess-
ment. For a comprehensive analysis of material flows within a system 
boundary, Eq. 1 must be applied for each type of input.

The main activities to consolidate the LCI are organized bellow 
according to the ISO (2006a) standard: 

i)	 Data collection: inventory flows can number in the hundreds 
depending on the system boundary. Data collection can be the 
most time consuming task when conducting an LCI because it 
usually involves the collection of a large number of direct and 
indirect flows associated with each unit process. Indirect flows 
are usually obtained from LCA software and databases, and direct 
flows may be collected from primary and secondary data sources. 
For example, during the collection process of direct input/output 
data, semi-structured or survey questionnaires, data collection 
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sheets, can be used, while indirect flows associated to the direct 
flows can be obtained from international databases such as 
Ecoinvent (http://www.ecoinvent.ch/) and by using LCA software 
tools like GaBi (http://www.gabi-software.com/) and SimaPro 
(http://www.pre-sustainability.com/simapro);

ii)	 Data calculation: calculation procedures are applied to validate 
the collected raw data. In general, for wood-based products, such 
as the MDP in Fig. 3,  input/output data from the forest produc-
tion stages are usually represented in terms of cultivated area (e.g. 
mass of input per hectare (ha) of cultivated area). However, since 
the functional unit adopted for MDP is usually 1 m³ of produced 
panel (e.g. Silva et al., 2013; Garcia and Freire, 2012), it is neces-
sary to further calculate data expressed per ha of cultivated area 
to the reference basis of 1 m³ of MDP. This is usually done using 
an LCA software, in which the activity levels of the various unit 
processes are calculated in terms of the functional unit selected. 
Another step is to check material and energy balances for each 
unit process, and Eq. 1 can be used for that. The mass-balance 
principle is used as a tool for verification in LCI, as it states that 
at each physical transformation process, the mass of inputs must 
equal the mass of outputs, including wastes;

iii)	 Allocation: if necessary, allocation procedure should be applied 
to the unit processes where there is multifunctionality (i.e. multi-
ple-input or -output processes).

2.2.3 	 Life cycle impact assessment (LCIA)

LCIA evaluates the significance of environmental impacts by char-
acterizing LCI data into a set of specific environmental categories and 
indicators. This phase of LCA includes three mandatory elements: 

i)	 Selection: choice of impact categories, category indicators, and 
characterization models;

http://www.ecoinvent.ch/
http://www.gabi-software.com/
http://www.pre-sustainability.com/simapro
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ii)	 Classification: assignment of the inventory dataset (expressed by 
the emission of substance s, Es) to a set of specific impact catego-
ries (k); 

iii)	 Characterization: calculation of category indicators results using 
characterization factors (CFk,s), which involves the multiplication 
of Es and CFk,s values for each impact category k. 

For each impact category k, Eq. 2 can be used to calculate environ-
mental impact potential (EIP(k)) of a product system. 

EIP(k ) = CFk ,s × Es( )∑  � (2)

There are also some optional elements when conducting an LCIA, 
such as:

i)	 Normalization: calculation of the magnitude of category indica-
tor results relative to a reference (e.g. the total impacts in a region 
of interest);

ii)	 Weighting: conversion of indicator results calculated for different 
impact categories using numerical factors based on value choices 
(ISO, 2006b). The different environmental impacts are weighted 
relative to each other and may be aggregated to get a single value 
for the total environmental impact. Weighting is a controversial 
step among LCA practitioners. Furthermore, according to the ISO 
standards, it “shall not be used in LCA studies intended to be used 
in comparative assertions intended to be disclosed to the pub-
lic.” (ISO, 2006b, section 4.4.5, p.23). Unfortunately, this is often 
ignored (including in the scientific literature), which results in a 
misunderstanding of the high degree of subjectivity associated 
with weighting and its role in LCA studies;

 iii)	Grouping: sorting and possibly ranking the impact categories 
based on predefined priorities.

A schematic representation of the three mandatory LCIA steps 
(with the characterization step focusing on the acidification category) 
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is illustrated in Fig. 5 using the LCIA method EDIP97 (proposed by 
WENZEL et al., 1997), with impact categories typically assessed in LCA 
studies, namely:

i)	 Acidification: can be caused by pollutant emissions into air, water 
and soil, mainly from combustion processes in electricity and heat 
generation, and in transport systems. For a substance to be con-
sidered a contributor to acidification it must introduce or release 
hydrogen ions into the environment, and anions (that accompany 
hydrogen ions) must be leached or washed out from the system 
(Wenzel et al., 1997);

ii)	 Ecotoxicity: chemicals emitted through anthropogenic activities 
contribute to ecotoxicity if they negatively affect the function of 
ecosystems – by exerting toxic effects on the organisms that live 
in them (Wenzel et al., 1997);

iii)	 Eutrophication: also called nutrient enrichment, it represents an 
impact on ecosystems from substances containing nitrogen or 
phosphorus in a biologically available form. According to Wenzel 
et al. (1997), eutrophication impacts can be caused by emissions 
into air (e.g. nitrogen oxides from combustion processes), water 
(e.g. nitrogen in the aquatic environment originating from the use 
of fertilizers in agriculture) and soil (e.g. emissions of phosphorus 
leaching into the soil from agricultural sources);

iv)	 Global warming: the main anthropogenic contributions to global 
warming derive from the combustion of fossil fuels agro-indus-
trial processes, land use and land use changes. Substances that 
are contributors to global warming absorb infrared radiation and 
remain stable in the atmosphere, with a residence time of years to 
centuries (IPCC, 2007);

v)	 Ozone layer depletion: is caused by the breakdown of strato-
spheric ozone as a result of man-made emissions of halocarbons 
(e.g., CFCs, HCFCs).  The main contributors are gases at normal 
atmospheric temperatures, which contain chlorine or bromine 
such as refrigerant substances, solvents and foaming agents 
(Wenzel et al., 1997).
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In addition, other impact categories may also be assessed, such as 
human toxicity, abiotic resources depletion, particulate matter formation, 
ionizing radiation, photochemical oxidant formation, etc, depending on 
the goal of the study.

Figure 5 – Schematic representation of the three mandatory LCIA steps.

2.2.4 	 Interpretation

The life cycle interpretation phase occurs in every phase of the LCA 
and involves drawing the main conclusions, making recommendations 
and identifying the limitations of a study based on LCI and LCIA results. 
Additionally, according to ISO (2006a) the interpretation phase can 
include evaluation of the study considering completeness, sensitivity, 
uncertainty and consistency analyses.

2.3	 CRITICAL MODELING ISSUES IN THE LCA OF WOOD-BASED PRODUCTS

There are a number of critical issues associated with the LCA of wood-
based products. These include how to account for the biogenic carbon 
which is temporarily stored in biomass and how to deal with multifunc-
tionality in the biomass supply chain. Other important methodological 
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difficulties encountered in the LCA of wood-based products is how to 
inventory and assess land use and land use change impacts, such as those 
related to different forest management practices, impacts on biodiversity 
and on the hydrological cycle (WERNWE; NEBEL, 2007). The definition 
of the functional unit and the system boundary and the incorporation 
of uncertainty in LCA studies are also critical issues, which are com-
mon to all LCA studies. The following sections focus on biogenic carbon 
accounting and multifunctionality in the biomass supply chain, due to 
their relevance for wood-based composites.

2.3.1 	 Biogenic Carbon

Wood-based products are generally perceived as a potentially car-
bon-neutral material since they incorporate carbon, although emissions 
related to its production can have a high contribution to its environ-
mental profile (WERNER; RICHTER, 2007). The way biogenic carbon 
is accounted in LCA studies of wood-based products is a critical  issue 
since it can lead to completely different results (GARCIA; FREIRE, 2014), 
in particular when wood-based products are compared with fossil-based 
products (e.g. plastics).

The carbon stored in wood-based products during biomass growth 
may be re-emitted to the atmosphere during the life cycle of products (e.g. 
as biogenic CO2) or be indefinitely stored as a result of waste manage-
ment (e.g. in landfill). LCA studies often exclude biogenic CO2 emissions 
from the assessment, as it is assumed that the same amount of CO2 was 
previously sequestered by biomass, giving a net zero emission (GUINEÉ 
et al., 2009; HISCHIER et al., 2010). However, not explicitly considering 
biogenic CO2 may lead to accounting errors (Searchinger et al., 2009; 
BIRD et al., 2010). 

Moreover, wood-based products may have a relatively long service 
life, therefore, understanding the dynamics related to storage and delayed 
carbon emissions in both use and disposal phases is of key importance. 
There are several approaches to account for temporary storage and 
delayed emission of biogenic carbon (e.g. Moura-Costa; Wilson, 
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2000; Levasseur et al., 2010, 2012; EC JRC, 2010; Müller-Wenk; 
Brandão, 2010; BSI, 2011; KENDALL, 2012) However, there is no con-
sensus neither on whether temporary carbon storage should be accounted 
for nor which is the best approach to assess it (Brandão; Levasseur, 
2011; Brandão et al., 2013). Additionally, different methods may lead 
to very different results, as demonstrated by Garcia and Freire (2014) in an 
application to particleboard produced in Portugal.

2.3.2 	 Multifunctionality

Other important aspect in the wood-based product life cycle is the fact 
that biomass-based production chains are often multifunctional, i.e. they 
are associated to more than one co-product (JUNGMEIER et al., 2002; 
MALÇA; FREIRE, 2006). Since LCA studies usually focus on only one 
function, it is necessary to allocate the burdens to the product under anal-
ysis. The majority of LCA of wood-based products allocates the burdens to 
the different co-products based on physical properties (e.g. mass, energy 
content, carbon content) or other characteristics (economic value).  Results 
from LCA studies of wood-based products are, nevertheless, very sensitive 
to the selection of the allocation procedure, as demonstrated by Jungmeier 
et al. (2002), Werner et al. (2007), and Garcia and Freire (2014).

3.	 LCA APPLIED TO WOOD-BASED PRODUCTS

3.1 	 WOOD-BASED COMPOSITES

There is a wide variety of products made from wood, ranging from 
timber and lumber to engineered products (e.g., wood pulp and paper, 
furniture, panels, etc.). Planted forests are the main source of raw mate-
rial for the production of such products, particularly Eucalyptus and 
Pine. Among the wide range of applications for wood, Biazus et al. (2010) 
highlighted the wood-based panels sector, which is very dynamic and 
competitive due to the quality and wide acceptance of products in the 
market. The market for wood panels has grown in recent years due to 
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the growth of the furniture and construction sectors (Research and 
Markets, 2013).

Thoemen et al. (2010) classified the main types of wood panels into 
two categories:

i)	 Solid wood: represented by plywood, laminated veneer lumber 
(LVL) and glued laminated timber (GLT) – all of them widely used 
in the construction sector;

ii)	 Reconstituted: industrialized panels made with particles or fibers, 
in particular: particleboards / medium density particleboard 
(MDP), oriented strand board (OSB), medium density fiberboard 
(MDF), hard density fiberboard (HDF). This category also encom-
passes other composites, such as wood-cement, wood-plastic and 
other lignocellulosic materials.

Tab. 2 presents a summary of the main LCA publications regarding 
these two categories of wood-based panels in the last 10 years. In general, 
these studies concern LCA case studies focusing on the LCI, identification 
of hotspots and assessment of environmental improvements in the prod-
uct life cycle. The largest number of publications assessed wood-based 
panels produced in the United States, most of them performed by the 
Consortium for Research on Renewable Industrial Materials (CORRIM) 
(PUETTMANN et al., 2010). Other studies focused on wood panels pro-
duced in Brazil and Europe.
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Table 2 – Published LCA studies of wood-based panels.

Product Nation Reference

GLT United States Puettmann and Wilson (2004)

Hardboard Austria González-García et al. (2009)

Hardboard Austria González-García et al. (2011)

LVL United States Wilson and Dancer (2004)

MDF Spain Rivela et al. (2007)

MDF United States Wilson (2010a)

MDF Germany Mitchell and Stevens (2009)

OSB Luxembourg Benetto et al. (2009)

OSB United States Earles et al. (2011)

OSB United States Kline (2005)

Particleboard Spain Rivela et al. (2006)

Particleboard United States Wilson (2010b)

Particleboard Portugal Garcia and Freire (2014)

Particleboard Brazil Silva et al. (2013)

Particleboard Brazil Iritani (2014)

Particleboard Brazil Santos et al. (2014)

Particleboard Brazil Silva et al. (2014)

Plywood Brazil Teixeira et al. (2010)

Plywood United States Wilson and Sakimoto (2005)

The majority of publications in Tab. 2 focused on engineered pan-
els (i.e., MDP, MDF, OSB, HDF) because the industries in this segment 
are important suppliers of the furniture segment. In particular, there is 
currently a high demand for particleboard and MDF for furniture pro-
duction (IRITANI et al., 2014; Silva et al., 2014). MDP/particleboard is 
the reconstituted wood panel most produced and consumed worldwide. 
It was also the wood based product with more LCA studies (see Tab. 2). 
Particleboard is applied on the manufacture of straight line furniture 
components, such as tabletops, bedside cabinets, shelves and partitions 
(BIAZUS et al., 2010; SILVA et al., 2013; IRITANI et al., 2014; SILVA et al., 
2014). The next sections address the LCA of particleboard manufactured 
in Brazil and Portugal.
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3.2 	 THE CASE OF PARTICLEBOARD MANUFACTURE IN BRAZIL AND 
	 PORTUGAL

Particleboard is a lignocellulosic composite made of a synthetic 
adhesive matrix and a reinforcing phase represented by wood particles 
(THOEMEN et al,. 2010). The matrix and reinforcing phases are com-
bined by the application of heat and pressure for the consolidation of the 
panel. The wood particles are arranged in three layers and, in general, are 
from Eucalyptus or Pine species. The synthetic adhesive is composed of 
a thermoset resin, usually urea–formaldehyde (UF), which is the binding 
agent; other common additives applied to the resin are paraffin emulsion 
and a catalyst (ammonium chloride/sulfate).

The Brazilian particleboard is different from the one produced in 
Europe and the United States (US). The most important differences can 
be organized in two perspectives.

i)	 While in Brazil (IRITANI et al., 2014; SILVA et al., 2013; SILVA 
et al., 2014) biomass to particleboard manufacturing is provided 
by forests planted specifically for that purpose, in the US (Wilson 
2010b) and Europe (e.g. Portugal – GARCIA; FREIRE 2014; and 
Spain - RIVIELA et al., 2006; GONZÁLES; GARCIA et al., 2009; 
2011), waste wood is mainly used (pre-consumer, e.g., from saw-
mills and forest operations, and post-consumer);

ii)	 In Brazil, according to Silva et al. (2014), lignocellulosic residues 
such as sugarcane bagasse are most used to provide power and heat 
through cogeneration processes at industries. However, in parti-
cleboard manufacture, Brazilian producers are still not aware of 
the benefits of cogeneration of local wood waste to produce both 
electrical and thermal energy. Currently, they use such residues 
only to generate heat for the drying process of wood particles. 
Other secondary applications include selling the surplus of wood 
residues to other industries as biomass source. On the other hand, 
in Europe, such as in Portugal and Spain, cogeneration of wood 
waste is very common. Rivela et al. (2006) explained that wood 
particles are dried through direct contact with hot flue gas from a 
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cogeneration unit that also supplies electricity to the panel manu-
facturing plant. As a result, the power demand from the national 
grid is reduced. 

Considering these two bullet points, the production of particleboards 
in Brazil and Portugal is different. In this sense, Sections 3.2.1 to 3.2.4 
assess and discuss the environmental life cycle performance of particle-
boards following Silva et al. (2013) and Garcia and Freire (2012; 2014). 
Silva et al. (2013) performed a LCA of MDP produced in Brazil form a 
cradle-to-gate perspective and assessed environmental impacts in both 
toxicological and non-toxicological categories.

They discussed alternative scenarios in order to improve the environ-
mental performance of particleboard production in Brazil. Garcia and 
Freire (2012) assessed the life cycle environmental impacts of particle-
board produced in Portugal from a cradle-to-grave perspective including 
different end-of-life scenarios. They also compared different life cycle-
based tools such as environmental product declarations and the PAS 
2050:2008 -Specification for the assessment of the life cycle greenhouse 
gas emissions of goods and services (BSI, 2008). Garcia and Freire (2014) 
built on the model and inventory from Garcia and Freire (2012) and 
focused on assessing the carbon footprint of particleboard by comparing 
different methodologies (ISO/TS 14067; GHG Protocol Product Standard, 
PAS 2050:2011 and Climate Declaration). For the next sections, only the 
cradle-to-gate results from Garcia and Freire (2012); 2014) are discussed.

3.2.1 	 Functional Unit And System Boundary

First, as reported in the ISO 14040 and 14044 standards, the func-
tional unit must be defined. In general, most papers adopted 1 m³ of panel 
as the basis for the functional unit definition. However, further technical 
characteristics can also be integrated in the functional unit definition, 
for instance, density, moisture content, nominal thickness, or others. 
For example, in Brazil, the LCA study of Silva et al. (2013) assumed the 
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production of 1 m³ of particleboard, with nominal thickness of 15 mm, 
average density of 630 kg/m3, and 8% moisture content.

Fig. 6 shows the system boundary for the two particleboard produc-
tion life cycles – “green dashed line” represents the system boundary for 
the Brazilian particleboard production and “black dashed line” limits 
the system boundary of the Portuguese particleboard production. Three 
subsystems are considered: forest production, wood waste generation and 
industrial production, each of them supplied by ancillary subsystems 
according to their specific activities.

As shown in Fig. 6, the particleboard production is characterized by 
the use of wood coming from two possible sources – forest production 
and wood waste generation. The Brazilian particleboard only uses vir-
gin wood from the forest production subsystem (details regarding each 
forest activity are available in Silva et al. (2013). The wood waste genera-
tion subsystem supplies biomass to particleboard produced in Portugal. 
As previously explained, biomass used in Portugal is mainly wood waste 
from pre-consumer and post-consumer activities, as detailed in Garcia 
and Freire (2014).

In particleboard industrial production, there is one main technolog-
ical difference between Brazil and Europe: the process of cogeneration 
of biomass. In European plants, such as in Portugal, cogeneration units 
supply part of the heat and electricity requirements for the industrial 
particleboard manufacture. The remaining energy requirements are sup-
plied by natural gas combustion (thermal energy) and electricity (from 
the national grid). In Brazil, there is no cogeneration of biomass. Heat 
is provided by the combustion of biomass and heavy fuel oil. Electricity 
is provided from the national grid. The remaining industrial process is 
similar to both countries.
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Figure 6 – System boundary of production of particleboards in Brazil and Portugal. 

3.2.2 	 Data sources and life cycle inventory

Inventory data for the Brazilian particleboard production was obtained 
from Silva et al. (2013). These authors collected average input/output data 
from particleboard manufacturing companies in Brazil. Data for three 
companies, located in the States of São Paulo and Minas Gerais, represent-
ing 57% of the Brazilian particleboard production (1,733,785 m3 in 2011), 
was collected covering both forest and industrial production stages.

Primary data for Portugal was collected in the context of research 
projects and thesis at the Center for Industrial Ecology, University of 
Coimbra. Some of this data is available in Nunes (2008); Nunes and 
Freire (2007); Garcia (2010); Garcia and Freire (2012). The main sources 
of secondary data were peer-reviewed literature and databases (mainly 
Ecoinvent v.2, Ecoinvent, 2012). More details on data sources can be 
found in Garcia and Freire (2014).
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Tab. 3 shows a comparative gate-to-gate inventory between Brazil and 
Portugal for the industrial production of particleboards. All inventories 
are based on 1 m³ of particleboard and LCI results available at Silva et al. 
(2013) and Garcia and Freire (2012; 2014) studies.

Table 3 – Comparative gate-to-gate particleboard industrial production in Brazil and Portugal.

Inputs/Outputs Unit
Silva et al. 

(2013)
(unit/m³)

Garcia and Freire 
(2012; 2014);

(unit/m³)

INPUTS

Materials consumption

Eucalyptus forest residues kg - 111

Pine forest residues kg - 185

Wood co-products kg - 444

Virgin wood (as logs)a kg 687.2 -

Lubricants (oil and grease) g 18 -

Ammonium sulfate kg 1.38 0.73

Paraffin emulsionb kg 5.47 2.3

Urea formaldehyde resinc kg 71.7 68

Eucalyptus forest residues kg - 111

Urea (scavenger) kg - 2.9

Water kg 90.4 304

Energy consumption

Electricity from national grid MJ 507 94

Electricity from cogeneration MJ - 230

Natural gas MJ - 490

Wooden residues kg 38.5 55

Heavy fuel oil kg 13.7 -

Diesel kg 1.72 -

OUTPUTS

Particleboard kg 630 640

Co-products

Wooden residues kg 97.2 -

continued on next page
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Inputs/Outputs Unit
Silva et al. 

(2013)
(unit/m³)

Garcia and Freire 
(2012; 2014);

(unit/m³)

Emissions to air

Ash (from wood residue) kg 0.39 -

Carbon dioxide (from fossil fuels)d kg 48 58

Carbon monoxide kg 0.19 1.31

Formaldehyde kg 0.15 0.06

Hydrocarbons g 1.64 -

Methane g 1.69 -

Methanol g 30

Nitrogen dioxide kg 0.04

Nitrogen oxides kg 0.18 -

Nitrogen monoxide kg 0.12

Particulate material (no specified) kg 0.18 0.31

Sulfur dioxide kg - 0.0005

Sulfur oxides kg 1.32 -

VOC (not specified)* kg 0.36 0.36

VOCNM* g 9.48E-04 -

Emissions to water

Ammonia g 0.121 -

BOD* g 0.616 -

Effluent (not specified) kg 6 -

Formaldehyde g 7.29E-02 -

Suspended solids g 24.4 -

Emissions to soil

Lubricant residues g 15.9 -

a 	 Wood (as logs): average density of 474 kg/m³ (oven dry) or 1.45 m³/m³ of MDP.
b 	 Paraffin emulsion: weight at 100% solids (solid content of 60%).
c 	 UF resin: weight at 100% solids (solid content of 67%); molar ratio formaldehyde/urea of 1.38.
d 	 Biogenic carbon dioxide emission to air was not included in the inventory.
* 	 BOD – Biochemical oxygen demand; VOC – Volatile organic compounds; VOCNM – Volatile organic 

compounds non methane.
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3.2.3 	 Life cycle impact assessment: main hotspots

This section discusses the life cycle impact assessment of particleboard 
considering the CML2001 (GUINEÉ, 2001) and the USETox (Hauschild 
et al., 2008; Rosenbaum et al., 2008) LCIA methods. Results of LCIA 
for the Brazilian and Portuguese particleboards are summarized in Tab. 4. 
Higher impacts in AC, GW and POC were calculated for the particleboard 
produced in Brazil. For AC, this is due to the combustion of heavy fuel oil in 
Brazilian manufacturing plants. Electricity and heavy fuel oil, are responsi-
ble for the large GW of the Brazilian particleboard. On the other hand, the 
Portuguese particleboard presents higher impacts in AD, EP and EC mainly 
due to the production of urea for UF resin production. The large impacts on 
HT are mainly due to production of heat by cogeneration of wood.

Biogenic carbon storage is not included in the value presented for the 
GW impact, but amounts 1,272 kg CO2-eq./m

3 for the Brazilian particleboard 
and 1,098 kg CO2-eq./m

3, for the Portuguese one. It is important to report the 
amount of carbon stored in the product explicitly in cradle-to-gate assess-
ments in order to avoid misleading comparisons with other products, since 
the embodied carbon at gate may be released later during use or end-of-life 
phase (i.e. through incineration) (GARCIA; FREIRE, 2014). 

Table 4 – LCIA results for the production of 1m3 of particleboard in Brazil and Portugal.

Impact category
LCIA 

method
Unit

Silva et al. 
(2013)

Garcia and 
Freire  

(2012; 2014)
Abiotic depletion (ADe) CML kg Sbeq 0.98 1.60b

Acidification (AC) CML kg SO2eq 2.40 0.68
Eutrophication (EP) CML kg PO4

-3
eq 0.13 0.21

Global warming (GW) CML kg CO2eq 333.28c 188d

Photochemical oxidation (POC) CML kg C2H2eq 0.28 0.05
Ecotoxicity (EC) USEtox PAF.m³.day 82.80 56.87b

Human toxicity (HT) USEtox Cases 6.71E-07 2.07E-05

a Results using economic allocation.
b Calculated for this publication.
c Carbon storage is 1,272 kg CO

2-eq.
/m3 (not included).

d Carbon storage is 1,098 kg CO
2-eq.

/m3 (not included).
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Tab. 5 shows the main hotspots identified for each impact category. 
The UF resin production represents the major hotspot for all impact cat-
egories, except EC in Brazil and HT in Portugal. For the Brazilian parti-
cleboard, heavy fuel oil production is also an important hotspot in AD, 
AC and GW. The production of glyphosate herbicide is the main contrib-
utor to the impacts in EC. For the Portuguese particleboard, natural gas 
combustion and cogeneration of biomass in the manufacturing plant have 
also an important contribution to the environmental impacts. In general, 
most of the impacts occur in the industrial production subsystem. For 
the Brazilian particleboard, impacts in EC occur mainly in the forestry 
subsystem while for EP both subsystems are important contributors to 
the impacts.

Table 5 – Environmental hotspots for the production of particleboards in Brazil and Portugal.

Impact category Silva et al. (2013) Garcia and Freire  
(2012; 2014)

Abiotic depletion (AD) Heavy fuel oil / UF resin UF resin

Acidification (AC) Heavy fuel oil / UF resin UF resin

Eutrophication (EP) Diesel / Fertilizers / UF resin UF resin

Global warming (GW) Electricity / Heavy fuel oil / 
UF resin

UF resin / Natural gas 
combustion

Photochemical oxidation 
(POC) UF resin UF resin

Ecotoxicity (EC) Glyphosate herbicide UF resin

Human toxicity (HT) UF resin Biomass cogeneration

3.2.4 	 General opportunities for reducing environmental impacts

For Brazil, based on the main hotspots identified in the cradle-to-gate 
assessment of MDP (Tab. 5), some general improvement suggestions can 
be identified:
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i)	 The substitution of heavy fuel oil (HFO) by alternative fuels (e.g. 
diesel, wood residues or other biomass sources) in the manufac-
turing process;

ii)	 The substitution of UF resin for other types of synthetic resins 
or renewable compounds from trees and plants. (Section 4 shows 
a comparative LCA study of UF resin with other formalde-
hyde-based resins);

iii)	 The production of particleboards considering the addition of 
other lignocellulosic materials  because it could reduce impacts 
during the forest production, such as EP and EC (a LCA case 
study which evaluated the production of particleboard made with 
sugarcane bagasse waste addition is described in Section 4);

For the Portuguese case, the substitution of UF resin by other resins 
produced with lower environmental impacts could lead to significant 
improvements in the overall environmental performance of particle-
board. Nevertheless, a full life cycle assessment should be conducted in 
order to avoid environmental problem shifting.

The next section addresses some of the options to reduce environ-
mental impacts of particleboard with focus on UF resin and virgin wood 
substitution by other technological alternatives.

4.	 Assessment of alternatives for reducing envi-
ronmental impacts 

Concerning reducing impacts from UF resin, Silva et al. (2015) pro-
posed to use melamine-urea-formaldehyde (MUF) resin to reduce envi-
ronmental impacts, as shown in Fig. 7. They performed a scenario analysis 
considering the addition of up to 10% of melamine to the UF resin for the 
particleboard produced in Brazil, concluding that MUF can replace UF 
resin because of its lower contribution to PO and HT. The particleboard 
made with UF resin was the reference scenario for the comparative LCA.
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Figure 7 – Comparative LCA of particleboards made with MUF and UF resins.  

Source: Silva et al. (2015).

Other options to reduce impacts could be to substitute the UF resin 
with alternative resins, manufactured using renewable sources. The use 
of natural tannin (KIM, 2009) and cashew nutshell liquid (CNSL) (KIM, 
2010) were highlighted as satisfactory adhesives for wood-based flooring 
as they reduce formaldehyde and VOCs emissions during the resin use 
phase and also as they tend to release less free formaldehyde emissions 
than UF resins. Another study by González-García et al. (2011) intro-
duced a laccase system in the hardboard production by substituting phe-
nol-formaldehyde resin for a two-component adhesive with a wood-based 
phenolic material and a phenol-oxidizing enzyme (i.e. laccase activated 
lignin). The results showed that the laccase system had a small contribu-
tion to the AC and EP categories. Further research is needed in view of 
investigating the environmental performance of resins made from renew-
able resources to produce wood panels.
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Concerning using renewable resources other than virgin wood, 
important amounts of residues are originated from the agro-industrial 
sector, which could be used to produce wood-based panels. The produc-
tion of particleboards using such residues proved to be a technically good 
alternative when compared to conventional particleboards, as reported 
by many papers on the area: Amin (2011), Barros Filho et al. (2011), Belini 
et al. (2012), Madurwar et al. (2013) Pinto et al. (2012), and Varanda et al. 
(2013). On the other hand, the environmental consequences of producing 
such kind of particleboards are less studied, especially in Brazil, as only 
virgin wood is still applied as raw material. However, Santos et al. (2014) 
and Silva et al. (2014) recently evaluated the addition of residues to pro-
duce particleboards in Brazil.

Santos et al. (2014) conducted a comparative LCA of particleboards 
made with residues from sugarcane bagasse and pine wood shavings. 
The results indicated that bagasse particleboard had lower environ-
mental impacts than pine particleboard. Nevertheless, the investigation 
reported was at laboratory scale and, therefore, cannot reflect the results 
of the industrial scale. To extend research on the topic, Silva et al. (2014) 
analyzed the life cycle impacts of bagasse particleboard manufacture at 
industrial level. The main results are shown in Fig. 8. They analyzed five 
scenarios, as follows:

i)	 Scenario 0: baseline representing a consumption of 50 % bagasse 
and 50 % wood;

ii)	 Scenario 1: consumption of 0% bagasse and 100% wood;
iii)	 Scenario 2:  consumption of 25% bagasse and 75 % wood;
iv)	 Scenario 3: consumption of 75% bagasse and 25% wood;
v)	 Scenario 4: consumption of 100% bagasse and 0% wood
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Figure 8 – Influence of addition of sugarcane bagasse to produce particleboards.  

Source: Silva et al. (2014).

Fig. 8 shows that the displacing of wood with bagasse leads to reduc-
tion of impacts mainly in the categories of AD, EP, EC, and HTNC 
(human toxicity non cancer effects). Silva et al. (2014) suggested mixing 
sugarcane bagasse up to 75% (Scenario 2) to produce particleboards in 
order to obtain particleboards with technical quality and better environ-
mental profile than those produced with 100% virgin wood (Scenario 1). 
Similar conclusions were also observed by Iritani et al. (2014), which eval-
uated a wardrobe made with particleboards made with wood waste. LCA 
results showed that the use of wood waste as raw material can present 
environmental advantages to the overall environmental profile of furni-
ture components (Iritani et al. 2014).

5.	 Final considerations and future outlook 

Life cycle assessment has been applied to a wide-range of wood-based 
composites, aiming at identifying the main hotspots in their supply chain 
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and assessing different options for reducing environmental impacts. This 
chapter revised LCA studies of particleboard production, focusing in two 
main regions: Brazil (SILVA et al., 2013); and Portugal (GARCIA; FREIRE 
2012; 2014). The main areas of concern were identified: utilization of UF 
resin in the particleboard manufacture, energy use in the industrial plant, 
and biomass production. The utilization of MUF resin and other options 
made from renewable resources, such as natural tannin and cashew nut-
shell liquid, was found to improve the environmental performance of 
particleboard. Another option for environmental improvement of wood-
based composites assessed in the literature is the substitution of virgin 
wood by commonly available biomass residues. Further research is, how-
ever, needed in view of assessing other technically available options, such 
as other alternatives of resins from renewable resources (e.g. castor oil 
resin), while also considering the inclusion of economic and social aspects 
in the life cycle assessment.
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ABSTRACT: The rising demand for wood-like construction materials, brought about 
by increasing concerns on the environment and the need to use renewable materials, 
has seen increasing research activities in the development of ligno-cellullosic materials 
based on agricultural wastes. Most agricultural activities produce wastes and residues 
that have potential as reinforcement and fillers to polymer and mineral based matrices.  
These materials exhibit wood-like properties with superior properties. Various crop resi-
dues, including rice hulls (husks), coffee husks, coir, sisal, and saw dust have been used 
to produce composite panels, their adoption have attracted applications in the construc-
tion and furniture industry, where, unlike timber, they can be moulded to any desired 
shape and size. The paper looks at recent trends in the development of these materials, 
and their potential to replace timber products as well as other non-degradable compos-
ite panels. Rice husks and coffee husks have been used as examples. The physical and 
mechanical properties of panels made from them have been tested, and most of their 
properties found to meet minimum requirements of standard particleboards.   
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1.	 INTRODUCTION

Agriculture is among the most vital economic activities in different 
parts of the world. This activity generates a considerable amount of crop 
residues or agro-wastes every year from cereals such as maize, rice, wheat, 
and other crops such as sugar cane, coffee, cotton, sisal, groundnuts, and 
coconut. Most of these residues and agro-wastes have traditionally been 
considered a nuisance to the public and the environment. Various dis-
posal options to manage some of these residues have been considered. 
However, among the most prevalent practices include use of some of the 
residues or wastes as biomass energy and in particular cases some of it 
has been used for firing bricks. The largest portion of this renewable bio-
mass is usually burnt in farms or public spaces causing environmental 
pollution and emission of toxic gases. Farm burning has led to extinction 
of some important biological macro and micro-organisms from the soil 

(TANGJUANK, 2011). In exceptional cases, the crop residues and agro-
wastes generated annually also have been turned to compost manure or 
fed to animals.  

Rapid increase of the world population coupled with high demand for 
wood consumption, wood scarcity and its vast applications, have made 
man to think of other alternative sources of raw materials for the furni-
ture and construction industries. This is due to growing concerns over 
the sustainability of forest resources and impending extinction of thou-
sands of tropical forest species. Use of crop residues and agro-wastes in 
producing non-conventional bio-composite materials is therefore geared 
to address these concerns by supplementing wood-based products in the 
construction industry. It is an opportunity where the shortage of wood 
products is addressed by producing large panels that cannot be readily 
obtained from existing solid wood while at the same time being efforts 
to add commercial value to crop residues and agro-wastes. Like any other 
lignocellulosic products, most of crop residues and agro-wastes are read-
ily compostable (biodegradable), and so will their products be once they 
are no longer needed. The fact that most crop residues and agro-wastes 
are extracted from annual crops, which have very short maturity cycles, 
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their use as feedstock for production of materials for construction not 
only creates additional revenue to famers but also reduces pollution and 
global warming that is generated by open air burning.

Being ligno-cellulosic, most crop residues and agro-wastes contain cel-
lular components such as cellulose, hemicelluloses and lignin, like wooden 
materials. They can therefore be processed similar to wood-based materials 
into useful commercial products in the form of particleboards, insulation 
boards, and fibreboards for the construction sector. The fact that most of 
the crop residues and agro-wastes have low bulk density, products derived 
from them have better properties per unit weight than most of conven-
tional materials like steel, bricks and glass (NDAZI, 2001; NDAZI; TESHA; 
BISANDA; 2006) Some of the residues and wastes, which have so far 
demonstrated this potential include rice husks (NDAZI et al., 2006; NDAZI 
et al., 2007; SHUKLA; OHJA; GUPTA, 1985; VASISHTH, 1974) coffee 
husk (BEKALO; REINHARDT, 2010; BISANDA; OGOLA; TESHA, 2003; 
OGOLA, 1997) bagasse (TABARSAA; ASHORIB; GHOLAMZADEHA, 
2011) pineapple leaves (TANGJUANK, 2011), maize cobs (SCATOLINO; 
SILVA; MENDES, 2013), maize stalks (BABATUNDE, 2011; KARGARFARD; 
JAHAN-LATIBARI, 2011) rice straw (WANG; SUN, 2002), cotton stalks 
(KARGARFARD; JAHAN-LATIBARI, 2011). Wastes from other crops 
such as coir fibre (VAN DAM; MARTIEN; VAN DEN OEVER; KEIJSERS, 
2004), coir pith (VISWANATHAN; GOTHANDAPANI, 1999), coconut 
husks  (OLORUNNISOLA, 2009), oil palm residues (HASHI et al., 2012; 
LAEMSAK; OKUM, 2000) and many more others have also been reported. 
Sampathrajan et al. (1991) reported the properties of various crop residues 
such as rice straw, coconut pith, maize cobs, maize husks and ground nuts 
bonded by urea formaldehyde resin. Most of the boards were found to have 
properties suitable for interior applications. 

Despite the above listed efforts in the processing of crop residues and 
agro-wastes into composite materials for construction, there are still a 
number of challenges that require attention in order to attain perfect uti-
lization of these resources. The main requirement is to ensure that the 
products meet the minimum standard of quality level (YOUNGQUIST 
et al., 1997). One of the key challenging facts is that most crop residues 

http://www.sciencedirect.com/science/article/pii/S1359836810002404
http://www.sciencedirect.com/science/article/pii/S1359836810002404
http://www.sciencedirect.com/science/article/pii/S1359836810002404
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and agro-wastes are heterogeneous and hence their physical and chemical 
characteristics vary significantly among different types depending on 
several factors such as agricultural practice and season, harvesting prac-
tice and season, geographical area, and rainfall pattern (ROWELL; HAN;  
ROWELL, 2000). Thus, the resulting properties are also influenced by 
the type of residue used (SAMPATHRAJAN; VIJAYARAGHAVAN; 
SWAMINATHAN, 1991) and more interestingly even by species of the 
same type of residue (SUEMATSU; OKUMA, 1993). This is why the type 
or form of residues and wastes used is important due to its significant 
impact on the properties and quality of resulting products (NDAZI; 
TESHA; BISANDA, 2006). Resource base availability amid competing 
demands for the same resource (KOOPMANS; KOPPEJAN, 1997) is 
another important aspect to be considered. The fact that some of the crop 
residues and agro-wastes have low bulk densities makes their transpor-
tation and storage difficult. More importantly, compatibility and inter-
facial properties requirement between the crop residues or agro-wastes 
in mineral or polymer matrices are of paramount importance in order 
to successfully produce products that meet at least the minimum quality 
and standards of comparable commercial wood-based products. 

The earliest record of using non-conventional resources for con-
struction dates back to the ancient Egyptians, 3000 BC, where straw was 
added to clay to produce bricks which were stronger and more durable for 
construction of Pyramids (NDAZI; TESHA; BISANDA, 2006). In recent 
years, large wood composite panels have been produced from sawmill 
wastes as a response to address two main challenges; disposal problem 
of large quantities of sawmill wastes which were generated and shortage 
of large diameter solid timbers (KOLLMANN; KUENZI; STAMM, 1975; 
KUBLER, 1977). This breakthrough has set a foundation for further 
research and development in the use of crop residues and agro-wastes for 
production of large composite panels.

This chapter briefly explains the opportunities and challenges of pro-
ducing non-conventional composite panels from crop residues and agro-
wastes as supplement to wood for the construction industry. It also presents 
the methodologies used for preparations and production of the composite 
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panels and their standard tests. Composite panels developed from rice hull 
(or husks) and coffee husks have been presented as examples. 

2.	 CHALLENGES IN THE APPLICABILITY OF AGRO-WASTES 

2.1. 	 RESOURCES AVAILABILITY 

Wood as a conventional material for construction cannot survive 
longer the current human consumption pressure and demand due to 
rapid population increase. This has made man to think of other alter-
native sources of raw materials. Several research and development have 
revealed that non-wood crops residues and agro-wastes have the potential 
of supplementing wood where it has been prevalent. These light weight 
renewable sources have become important for production of composite 
materials for the building and construction industry. However, among 
the greatest challenges is the assurance of availability of resources in the 
midst of competing demands (KOOPMANS; KOPPEJAN, 1997). This 
brings the question on whether or not crop residues and agro-wastes gen-
erated are adequate enough to supplement wood in these potential areas. 
According to Bolton (1995), availability of crop residues and agro-wastes 
for any application depends on the use pattern of other available resources. 
The use patterns of crop residues and agro-wastes vary among countries 
depending on the most dominant factors among them being socio-eco-
nomic, technological development, or political factors. According to 
Bolton (1995), these factors influence the amount of residues and wastes 
consummed and needed by each country to a large extent. 

Along with the availability of resources there is also a challenge of 
scattered and unreliable information and database on actual quantities 
of annual crop and agro-wastes produced. Absence of this vital informa-
tion has derailed efforts in quantifying how much resource is available to 
supplement wood for construction. According to the World Bank (2010), 
lack of the reliable crops production statistics is associated with the fail-
ure of many developing countries to have the capacity of collecting and 
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disseminating the most basic production statistics, which existed in the 
1970s. The available data may therefore be fragmented or fail to reveal the 
correct quantities of crop residues and agro-wastes that may be available. 
Table 1 shows the estimated world generation of major crops and their 
coresponding residues and wastes. 

Table 1 – Estimated annual world generation of major agro-industrial wastes

Crop

Annual 
Production 

Quantity  
(×103 tonnes) 

Type of 
Residue

Waste Factor 
(residue to 

product ratio)

Potential  Quanity 
of Wastes 

Available (×103 

tonnes)

Wood fibre 1,750,000 - -

Rice (Paddy) 568,914 Straw 1.757 999,587

Hull 0.267 151,900

Wheat 65,000 Straw 1.750 113,750

Maize 70,893 Stalk 2.00 141,786

Cob 0.273 19,354

Hull 0.200 14,179

Coconut 
+copra

*40,000 Shell 0.650 26,000

Husk 0.419 16,760

Pith 0.700 11,732

Fibre 0.300 5,028

Sugar cane 265,865 Bagasse 0.300 79,759

Tops 0.290 77,101

Coffee 8,280 Hull 0.250 2,070

Cotton 20,000 Stalks 2.200 44,000

Pineaple 19,488 Fibre 1.8 35,075

van Dam et al., 2004 c CIMMYT mega-environment database; C.R. Dowswell, R.L. Paliwal and R.P. 
Cantrell, Maize in the Third World, Boulder, Colorado, Westview Press, 1996.

The availability of crop residues and agro-wastes can be estimated 
from the amount of crop produced as shown in Table 1. The residue to 
product ratio method (RPR) has been used by previous authors to quantify 
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the amount of residues generated available from annual crops as indicated 
in Akinbomi et al., (2014). Despite the limitation of this method, which 
may be associated with variations in crop varieties, weather, crop type, 
water availability, soil fertility and farming practices, it can be applicable 
in multi-cropping systems (KOOPMANS; KOPPEJAN, 1997).

2.2	 CHARACTERISTICS OF CROP RESIDUES AND AGRO-WASTES

In order to produce products that meet minimum quality and stan-
dard of materials for construction, both the residues and agro-wastes 
together with binding materials must be able to interact physically and 
more importantly chemically in order to generate strong bonds at the 
fibre-matrix interfaces of the composite materials. The interface proper-
ties determine most of the properties of any composite materials because 
this is where stresses are shared and transferred among the reinforcing 
or filler components while propagating through the matrices. Effective 
bonding at the interface is thus vital and can be influenced to large extent 
by physical and chemical characteristics of the crop residues and agro-
wastes as well as the processing conditions. 

2.2.1	 Chemical Characteristics 

Most crop residues and agro-wastes, like wood, contain cellulose, lig-
nin and hemicelluloses as their major cell wall components. Variations 
in chemical characteristics of agricultural fibres have been reported by 
different authors. The most challenging fact is that the chemical charac-
teristics of any agricultural fibres, whether wood or non-wood resources, 
not only vary among different types but also vary within the same type of 
resource and species due to many factors including the agricultural prac-
tice and season, harvesting season, geographical area and rainfall pattern 
(ROWELL; HAN; ROWEL, 2000). Table 2 shows the range of chemical 
compositions of some crop-residues and agro-wastes reported by various 
authors. 
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Table 2 – Major chemical compositions (%) of selected non-wood agrofibres

Fibre Source Cellulose Lignin Pentosan Ash Silica

Rice straw 32-47 5-24 - 12.4 9.7

Rice hull 28 - 48 12 – 17.2 23 - 28 15.0 - 20 9 - 14

Wheat straw 29 - 51 8 - 21 26 - 32 4.5 – 10.1 3 - 7

Cotton fibre 89 - 96 0.7- 1.6 1 - 3 0.8 – 2.0 -

Cotton stalks 31.1- 45 8.2 - 30.1 22.1 4.3 - 6.0 2.5

Oat 31 - 48 16 - 19 27 - 30 2 - 5 0.5 – 4.0

Baggase 32 - 48 19 - 24 27 - 23 1.7 – 5.0 0.7

Banana/abaca 56 - 63 7 - 9 15 - 17 1 - 3 -

Sisal 43 - 62 7 - 9 21 - 24 0.6 – 1.0 -

Hemp 57 - 77 9 - 13 14 - 17 0.8 -

Ramie 87 - 91 - 5 - 9 - -

Coir (fibre) 36 - 43 41 - 45 - - -

Coniferous 40 -45 26 -34 7 -14 < 1 -

Deciduous 38 -49 23 -30 19 - 26 < 1 -

Cited by Corradini et al. (2006); Ndazi et al. (2006); Sarkar et al. (2012); Tutus et al. (2010).

2.2.2 	 Physical Characteristics

Physical characteristics such as moisture content, morphology and sur-
face characteristics of crop residues and agro-wastes are very important when 
considering their applications in construction. A moisture content ranging 
between 5 and 12% is recommended (KOLLMANN; KUENZI; STAMM, 
1975) to avoid generation of excessive moisture which can detrimental to the 
interface bonding process (DINWOODIE, 1997). Crop residues and agro-
wastes exist as particles and fibres. Particles include all kinds of non-fibrous 
crop residues and agro-wastes such as flakes, strands, wafer, strands or chips 
which may be natural or formed by pre-processing. The most important 
geometrical characteristics of crop residues and agro-wastes are particle 
size and particle shape. The particle size and shape not only define the type 
of composite panels produced but also determine their quality. Names like 
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strandboards, fiberboards, flakeboards, waferboards, chipboards and parti-
cleboards explain the form of furnish particulate used to produce them. Fine 
particles have a tendency to absorb considerable amounts of binders com-
pared to course particles. Oversized particles increase porosity due to large 
inter-particle distances especially when the mat is imperfectly coated by the 
resin and it has not been consolidated effectively. The proportion of fine 
particles should be limited to around 6% (KOLLMANN; KUENZ; STAMM, 
1975) to avoid agglomeration and inhomogeneous distribution of matrix 
within the particles (DINWOODIE, 1997) and thus generate large quantity 
of voids within the composite panels. Smaller particles are preferred for 
smooth surface when used on the top while larger particles are used in the 
core to enhance strength. Volumetric content of voids in composite panels 
can be estimated from Equation 1.

� (1)

where:
Vo= voids in %;
ρ = density kg/m3, subscripts c, f and m stand for composite, fibre and 

matrix respectively
W = weight (kg).

Particle geometry, orientation, and packing have significant influ-
ence on board properties (BODIG; JAYNE, 1982). The particle geometry 
has been reported to have remarkable contribution to the properties of 
composite panels. For example, flaked particles (high flake length) have 
significant influence on maximum strength of composite panels as it is 
for fibres with higher aspect ratio (NISHIMULA; AMIN; ANSELL, 2001). 
The orientation of the particles affect the isotropy of the system especially 
for irregular particles during processing at which there is a possibility of 
inducing orientations of the particles. The modulus of rupture (MOR) 
and the modulus of elasticity (MOE) of flakeboards and the waferboards 
have been improved by aligning the surface flakes in the direction of the 



188

Non-conventional Building Materials based on agro-industrial wastes

applied stress. However, the internal bond strength and thickness swell-
ing are not affected (MCNATT; BACH; WELLWOOD, 1992).

The surface texture and characteristics of crop residues and agro-
wastes play vital roles on physical interactions between the matrix 
and reinforcement or filler. Some mechanical bonding has been pro-
posed between rough surfaces of fillers or reinforcements and matrices 
(BISANDA; ANSELL, 1991). However, the ultimate contribution of prop-
erties of reinforcing components to the overall quality and performance 
of the products is more attributed to chemical interaction with the matrix 
than to physical interactions.

2.3	 PREPARATION, INTERACTION AND PRODUCTION CONDITIONS AND 
	 TECHNIQUES

In order to produce quality panel products that meet minimum stan-
dards similar to conventional wood-based products, crop residues and 
agro-wastes as well as the binding materials must be chemically and physi-
cally compatible in order to produce strong bonds at their interfaces. Other 
important factors are structure, processing and composition.  Youngquist 
et al. (1997) illustrated this relation diagrammatically as shown in Figure 
1. The mechanisms of interfacial bonding and the measures to improve 
it have been the main focus of all efforts directed to produce composite 
materials. Loads absorbed by matrices are shared among fillers or rein-
forcing components through the interface. Processing of composite pan-
els therefore involves facilitating formation of efficient mechanical and 
chemical bonds at the interfaces.The most important factors influencing 
interfacial bonding are:

i)	 Chemical affinity between the binding material and the reinforcing 
phase or filler,

ii)	 Physical properties and surface condition of the reinforcing phase 
or filler, 

iii)	 Preparations of the reinforcing phase
iv)	 Processing methods and conditions.
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2.3.1 	 Feedstock Preparations

Preparations of crop residues and agro-wastes can involve change 
of their geometry, surface topography and surface chemistry. The geo-
metrical and chemical characteristics of crop residues and agro-wastes 
determine the preparation method required. Geometry can be changed 
by cutting, milling, shredding, steam explosion, or by chemical treatment 
depending on physical change desired. For example, steam treatment 
(NDAZI et al., 2007; GERARDI; MINELLIN; VIGGIANO, 1998) and 
thermo-chemical treatments such as soda cooking (NDAZI; KARLSSON, 
2010) have been found to be effective in producing remarkable physical 
and chemical changes including the bulk structure (NDAZI; KARLSSON, 
2010) as shown in Figure 2. A series of processes may be carried out to 
produce materials with much more improved properties. For example, 
combined mechanical and steam treatments of cotton and maize stalk 
were observed to improve the properties of medium density fibre-
boards (MDF) to the level of standard MDF (KARGARFARD; JAHAN-
LATIBARI, 2011). In other studies combined preparations including 
milling and steam explosion of various products such as oil palm front 
(HASHIM et al., 2012; LAEMSAK; OKUMA, 2000) and coconut husk 
(VAN DAM et al., 2004) were observed to enhance chemical reactivity of 
biomass feedstock. Through these combined treatments it was possible to 
produce products with properties exceeding the minimum requirement 
of standard panel. 
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Figure 1 – Properties-structure (particle size) - process relation: Youngquist et al. (1997)

2.3.2 	 Compatibility and Interactions 

The requirements of the substrate and matrix for effective bonding 
depend on the type of substrates and binder used as well as the inter-
action between them. According to previous studies (NDAZI; TESHA; 
BISANDA, 2006), the binder should cover a large area so as to resist any 
internal stresses resulting from moisture stress change. More importantly, 
the chemistry and topography of surfaces should facilitate the forma-
tion of strong interface bonding when the binder penetrates to produce 
stronger bonds. Binder penetration therefore depends on many factors 
including viscosity, chemical compatibility, and physical condition of the 
surface (DINWOODIE, 1997; DUNKY, 2000)
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The quality of bond formed in polymer bonded panel products 
depends on the amount of binder used, resin viscosity and flowability, 
surface wettability, surface roughness and compatibility with the resin. 
In order to achieve better interaction, the binder should also be physi-
cally compatible with the surfaces. Sometimes rough surfaces have been 
believed to contribute to chemical reaction (HOUWINK; SALOMON, 
1965) apart from supporting mechanical interlock. Where wood furnishes 
has been partly added to replace part of the non-wood furnish like cotton 
(KARGARFARD; JAHAN-LATIBARI, 2011) and rice hull (NDAZI, 2001) 
improvement of some properties has been reported. 

2.3.3	 Production Methods and Conditions 

Production conditions have very significant impact on the quality 
of the composite panel produced. Most of crop residues and agro-fibres 
have low bulk density. They therefore require high compaction pressure 
during consolidation in order to reduce porosity in the product. They 
require pressing at different pressures with (KOLLMANN; KUENZII; 
STAMM, 1975) or without temperatures (BABATUNDE, 2011) depending 
on the matrix used, sometimes for longer duration in order to enhance the 
completion of the interface binding process. These pressing variables have 
been found to be interdependent and closely related to the density of com-
posite panels (GRAHAM; HIZIROGULU, 1998). When composite panels 
are produced from non-mineral binders such as liquid resin and plastics, 
they require sufficient pressure and heat for a specified duration to meet 
the required properties. A combination of these parameters is very cru-
cial due their different influences on the interface bonding process during 
curing. Higher temperatures facilitate thermo-chemical reaction and 
enhances complete cure especially for thermosetting binders. High pres-
sure enhances binding stresses at the interface (SHUKLA; OHJA; GUPTA, 
1985). However, with liquid binders such phenol formaldehyde, urea form-
aldehyde and tannin formaldehyde when consolidated at high pressure 
and high temperature the trapped steam in the locked-in internal stresses 
can lead to a catastrophic delamination of interface bonds upon releasing 
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the pressure (DUNKY, 2000). In that regard the amount of moisture in 
the particle–resin mixture must be limited for an effective hot-pressing 
process (KOLLMANN; KUENZI; STAMM, 1975; DUNKY, 2000).

Most common methods of producing composite materials for con-
struction from crop residues and agro-wastes include compression 
moulding and casting techniques especially when mineral and thermoset-
ting binders are used. Other reported methods include extrusion, which 
is most applicable to thermoplastic matrices. When different profiles 
of products are required, for example production of corrugated roofing 
sheets, special moulds may be prepared to suit the needs. 

(a)

(b)

Figure 2 – SEM of the soda cooked rice husk 170°C with (a) 5% and 7.5% NaOH (b) 10% and 13 

%NaOH, respectively: Ndazi and Sigbrit (2010)
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3.	 CHARACTERIZATION METHODS AND PROPERTY REQUIRE-
MENTS

In order to determine whether or not the composite panels produced 
meet or pass minimum performance and quality requirements of exist-
ing conventional products like particleboards, waferboards, fiberboards 
medium density fiberboards, hardboards, ceiling boards and strand-
boards, standard tests are conducted in additional to any other comple-
mentary and confirmatory tests. Three major categories of standard tests 
for evaluating performances of composite panels for construction are 
dimensional tests, physical property tests, and mechanical property tests. 
These tests have been well described in various standards and literature 
on composite products from wood and non-wood fibres (YOUNGQUIST 
et al., 1997; ROWELL; HAN; ROWELL, 2000). Other tests which can be 
categorized as application tests such as nail and screw holding tests, and 
chemical tests can also be conducted. 

3.1 	 DIMENSIONAL TESTS

Several standards have developed requirements for measuring dimen-
sional properties and requirements for composite panels. They define 
size, thickness, squareness, and straightness tolerance limits.

3.2 	 PHYSICAL PROPERTY TESTS

Standard tests for physical properties include moisture content tests, 
density, and water absorption tests. Linear expansion and other tests such 
as thermal insulation properties can also be conducted if the application 
requires so. 

3.2.1 	 Moisture Content

This test is aimed at establishing whether the produced composite 
panel meets the recommended minimum moisture content. Different 
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composite panels have different minimum moisture requirement content. 
Important part of this the test specimen preparation requirement. This 
information is normally spelt out in a particular standard, which is in 
use by the person conducting the test. The basic formula for determining 
moisture content M (%) is:

� (2)

where:
M = moisture content in %;
W = weight (kg); 
Subscripts e and i stand for final and initial, respectively.

3.2.2 	 Density

Densities are also evaluated based on existing standards. It one of the 
most important test that should be conducted due to the fact that density 
virtually affects all properties of the material. The density is determined 
using the full thickness of the composite with the dimensions and weights 
measured to an accuracy specified in a particular reference standard 
based on the dry weight of the sample. The basic formula for density eval-
uation is:

.
	� (3)

where:
V = volume of in m3;
W = weight in kg; 
Subscript c stands for composite panel.
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3.2.3 	 Water Soak Tests

Water soak also known as water immersion tests are used for evaluating 
physical stability of the product against water uptake, the fact that prod-
ucts produced contain hydrophilic components and can also be porous. 
Standard tests are usually conducted for 1 hr, 2 hrs and 24 hrs but can be 
extended if the interest is to study the water uptake kinetics. The test also 
permits evaluation of dimensional stability due to water absorption. Test 
specimen sizes and required preparations and maximum values for each 
product are usually specified in a particular reference standard used. 

Determination of weight changes and dimensional stability also 
known as thickness swelling (TS) in other standards uses Equation 4.

� (4)

where:
T = thickness (mm) or weight (g);

3.3 	 STATIC MECHANICAL PROPERTIES TESTING

Mechanical properties requirements and testing procedure have been 
well developed in various standards for composite panels. Mechanical 
tests can be dynamic or static properties tests. Since these products are 
highly susceptible to moisture absorption, their mechanical properties 
are significantly influenced by moisture content. In order to control the 
influence of moisture content on the mechanical properties, test speci-
mens are usually prepared and conditioned to constant moisture content 
in conditioned chambers of constant temperature and relative humidity. 
The tests can be extended to a range of moisture content and humidity if 
the goal is to evaluate their influence on the mechanical properties.   

When it is required to test the stability against exposure to aggressive 
conditions, accelerated aging tests can be conducted for recommended 
aging cycles. One method includes the boil water test where a specimen 
is submerged into the boiling water prior to testing. The basic static 
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mechanical properties investigated under this test are static bending, ten-
sile strength, dent and impact resistance.

3.3.1 	 Static Bending

This test is conducted to determine the strength (modulus of rupture, 
MOR) and the stiffness also known as the modulus of elasticity (MOE) 
of a composite specimen subjected to a three or four point bending con-
figuration. Important to this test configuration is the span to thickness 
ratio of the test specimen. Various standards specify a fixed the span (L) 
to thickness (T) ratio L/T in order to avoid significant error in the compu-
tation of the apparent stiffness from the test (NDAZI, 2001). For example 
ASTM recommended 24 while in BS it is 25. The MOE and MOR are 
determined using Equations 5 and 6.

� (5)

where:
P = applied bending load N;
B = composite panel width in mm.

� (6)

where:
ΔP = load at the proportionality limit N;
ΔY = slope at the proportionality limit.

3.3.2 	 Tensile Strength

There are two types of tensile strength tests set-up: one is measured 
parallel to the face of the specimen and the other perpendicular to the 
face. The latter is also known as the internal bond strength test. Specimens 
considered in the evaluation are those which did not fail within the grips. 
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The tensile strength tests evaluate indirectly the interfacial properties and 
can tell the bonding properties of composite panels.

Tensile strength parallel-to-face measures the resistance of a composite 
panel when pulled apart parallel to its surface. Maximum tensile strength 
is evaluated by dividing the maximum fracture load by the cross-sectional 
area (width × thickness) of the test specimen of specified dimensions. 

Tensile strength perpendicular-to-face measures the internal bond 
strength or the resistance of a composite panel to fracture when it is 
pulled apart in the direction perpendicular to its flat surfaces. The recom-
mended square specimen is bonded with an appropriate adhesive between 
two steel plates or appropriate blocks of equal dimensions to the speci-
men. The internal bond strength is calculated by dividing the maximum 
fracture load by the cross-sectional area of the surface perpendicular to 
the direction of the pull (Equation 7). 

�
(7)

where:
Pmax= maximum load N;
A = area in mm2.

3.4 	 SUPPLEMENTARY/COMPLEMENTARY AND APPLICATION TESTS

These are tests required to evaluate other properties that are relevant 
to composite panels during use in different environment or for different 
purposes. They include hardness and impact resistance tests, fasteners 
holding strength and withdraw resistance tests and chemical tests.  

3.4.1 	 Face Hardness and Impact Resistance 

These tests are conducted to evaluate the resistance of composite pan-
els against indentation or damage in service struck by moving objects. 
Details about these tests can be found in a particular reference standard 
that will be used.
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3.4.2 	 Fastener Holding Strength and Withdraw Resistance

Test procedures for fastener holding strength and withdrawal resis-
tance have been described in various standards. The test is important for 
applications where a composite panel requires screw and nail fastening. 
It is intended to measure the capability of the composite panel to be fas-
tened by screws and nails and the withdraw resistance. It is the test which 
is required for composite panels that are used in structural applications. 
Specimen preparations and evaluation procedures can be obtained from 
relevant standards in use. The tests under this group include edge and 
face screw holding tests which are aimed at determining the capacity of 
the composite panel to hold the screw firmly. Other similar tests deter-
mine the capacity of the composite panel to resist nail withdrawal without 
shattering. Specific test requirement and procedures have been described 
in various standards and literatures.   

3.4.3 	 Chemical Tests

Chemical tests are conducted to evaluate chemical characteristics and 
emission of composite panels that may be relevant to particular appli-
cations. They include procedure to determine the amount of extractives 
when the panel is in use. The test is more relevant for formaldehyde 
bonded panels where a long-term exposure and the amount of formalde-
hyde released can affect end users of the products. 

4. 	PROPERTIES OF SELECTED COMPOSITE PANELS

4.1	 COMPOSITE PANELS PRODUCED FROM RICE HUSK

The composite panels were produced from modified and unmodified 
rice husk bonded with different types of binders. Tannin formaldehyde PF 
was used as base resins and resins. The rice husks feedstock was prepared 
by crushing, chemical treatment using NaOH at different concentrations 
and steam treatment. All the panel boards were produced by compression 
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moulding at high pressure and high temperatures. The quality and per-
formance of the products were evaluated against BS standards using 
standard testing procedures of basic physical and static mechanical tests 
described in Section 3.

4.1.1 	 Influence of Density and Sawdust

Figures 3 to 5 show the influence of density on the impact strength 
and flexural properties of the rice husk composite panels bonded with 
16% tannin-formaldehyde based resin. The results show a good linear 
correlation (R=0.9) between the impact strength and the density of the 
three types of composite panels produced from crushed rice husk (BRH), 
untreated rice husk (URH) and URH containing + 30% sawdust (SD). The 
increase in the impact strength with respect to the density of the panel 
was attributed to improved binding stresses at the interface during press-
ing the composite panels at higher densities as explained in previous stud-
ies (SHUKLA; OHJA; GUPTA, 1985). The panel products were produced 
from rice husk bonded with tannin-formaldehyde based resin. Similar 
trends are depicted by the flexural strength (MOR) and flexural stiffness 
(MOE), which also explain further the influence of increased binding 
stresses at higher densities during pressing on the flexural properties.   
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Figure 3 – Impact strength as a function of board density for broken rice husk (BRH), untreated rice 

husk (URH) and untreated rice board husks with 30% sawdust (URH + 30%SD).  

Ndazi et al. (2006)

Figure 4 – Flexural strength (MOR) as a function of board density for broken rice husks (BRH), 

untreated rice husks (URH) and untreated rice husks with 30% sawdust (URB + 30%SD).  

Ndazi et al. (2006).
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Figure 5 – Flexural stiffness (MOE) as a function of board density for broken rice husks (BRH), 

untreated rice husks (URH) and untreated rice husks with 30% sawdust (URB + 30%SD).  

Ndazi et al. (2006).

A summary of the mechanical and physical properties of crushed rice 
husks composite panels bonded with 16% tannin-formaldehyde based resin 
with respect density variation is given in Table 3 below. The results have 
been compared with equivalent particleboard standards in Table 4, which 
demonstrate that pressing at higher densities than 1000 kgm-3 is necessary 
to attain the minimum quality and standard of conventional wood boards. 

Table 3 – Influence of composite panel density on internal bond (IB) strength and impact strength (IS)

Property
Actual Board Density (kgm-3)

739 958 1026 1050 1079

IB (MPa) 0.07 0.07 0.07 0.11 0.20

IS (mm/mm) 16 22 28 34 43
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Table 4 – Average mechanical properties of the best rice husks composite panels bonded with 

tannin-formaldehyde resin

Composite Panel Type
Fexural 

Strength, 
MOR (MPa)

Flexural 
Modulus, 

MOE (MPa)

IB Strength 
(MPa)

Impact 
Strength 

(mm/mm)

Untreated rice husks (URH) 5.41 1039 0.04 36

Untreated rice husks with 30% 
sawdust (URH + 30%SD).

3.40 989 0.04 34

Crushed rice husks (BRH), 7.00 1527 0.20 43

Minimum as per BS5569: Part 2 1989 13.00 2500 0.34 34

4.1.2 	 Influence of Chemical and Physical Modifications

In this study steam curing, alkali treatment and crushing of the rice 
husks were employed to improve the surface characteritsics of the rice 
husks and their subsequent interaction with phenol formaldehyde (PF) 
resin with ultimate goal of improving the performance of the composite 
panels. The rice husk was collected from rice grain millers in Tanzania. 
Steam curing was accomplished by passing saturated steam heated at 110, 
120, 130 and 140°C through the rice husks in the steam reactor for 1 hr. 
Limited alkali treatment was done using 1%, 2%, 45, 6% and 8% NaOH at 
room temperature for 24 hrs. Physical modification was accomplished by 
crushing the rice husks in a hammer mill to give the particle size distri-
bution as shown in Table 5.

Table 5 – Particle size distribution type of crushed rice husks

Type of Rice Husk
Particle Size Range (%)

≥ 2.0 mm 2.0 – 1.0 mm 1.0 – 0.5 mm ≤ 0.5 mm

Untreated (URH) 77.8 16.2 4.2 1.8

Crushed (BRH-A) 37.6 37.6 15.3 9.5

Crushed (BRH-B) 3.2 51.6 23.2 22.0

Alkali treatment of cellulosic fibres with sodium hydroxide (NaOH) 
has been employed widely for improving the fiber–matrix interface 
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bonding (MOHANTY; KHAN; HINRICHSEN, 2000; MWAIKAMBO; 
ANSELL, 2002). It is believed to remove natural surface fats and waxes 
on cellulose fibres, thus exposing physically active and chemically reac-
tive surfaces with chemical groups suggested previously (MOHANTY; 
KHAN; HINRICHSEN, 2000; SREEKALA; THOMAS, 2003).

The composite panels were prepared by spraying PF resin on the rice 
husk followed by pressed at on a 50-ton hot-hydraulic press for 13 min at 
170°C to produce composite panels of 300 mm by 300 mm, with a target 
density of 1000 kg and thickness of 6 mm.

4.1.2.1 Effect of Treatment on Composite Panel Properties

Partial removal of carbonyl and silica groups from the surface of rice 
husks by alkali treatment improved the rice husks-PF resin interfacial 
bonding as revealed by an increase in the modulus of elasticity to 2.76 ± 
0.28GPa, which is slightly above the minimum value of 2.1GPa for par-
ticleboards recommended in EN312-3 standard. This improvement was 
attributed to improved chemical and physical interaction at the interface 
leading strong interfcial bonding between the treated rice husks surfaces 
and the PF resin as shown in Table 6 below. The internal bond strength 
fell below the recommended minimum value in EN312-2 for general pur-
pose boards. However, the flexural strength (MOR) met the recommen-
ded minimum value in EN312-2. Thickness swelling after 2 hours soak 
could not pass the recommend value in EN312-5.

Table 6 – Average properties of composite panel from alkali treated rice husks

Property
NaOH Treatment (%)

Min per EN312
Untreated 1 2 4 6 8

IB (MPa) 0.07 0.22 0.26 0.23 0.22 0.09 0.28 EN312-2

MOR (MPa) 9.3 14.9 20.3 20. 9 24.1 18.1 12.5 EN312-2

MOE (MPa) 2070 2342 2763 2546 2702 2096 2100 EN312-3

TS -2hr (%) 11.9 14.5 26.1 24.1 20.1 76.3 16.0 EN312-5
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Analysis of variance indicated that the modification methods had sig-
nificant influence on all the properties of particleboards (NDAZI, 2006). 
Although steam curing did not reaveal any remarkable changes on surface 
chemistry and surface topography of rice husks like alkali treatment as 
revealed in Figures 6 and 7, it demonstrated the best mechanical properties 
with respect to an increase in steam curing temperatures (NDAZI, 2006). 
PF-bonded composite panels which were produced from rice husks cured 
at 140°C passed the minimum standard values recommended in EN312 as 
shown in Table 7. However, unlike the NaOH treated rice husks which exhi-
bited lower thermal stability, steam treated rice husks had higher thermal 
stability a clear indication that the rice husks did not undergo chemical and 
physical degradation like the NaOH treated rice husk (NDAZI, 2006). These 
complementary tests provided useful corelation on structure–property rela-
tion in understanding the performance of the modified rice husks.

Table 7 – Average properties of composite panel from steam cured rice husks

Property
Steam Curing Temperature (°C)

Min. per EN312
Untreated 110 120 130 140

IB (MPa) 0.07 0.22 0.24 0.24 0.31 0.28 EN312-2

MOR (MPa) 9.3 12.6 13.5 14.4 13.7 12.5 EN312-2

MOE (MPa) 2070 2411 2635 2934 2746 2100 EN312-3

TS -2hr (%) 11.9 9.6 22.8 20.9 9.2 16.0 EN312-5

Crushing of rice husks can improve the properties of rice husk feeds-
tock, e.g. the bulk density (NDAZI, 2001), in the manufacture of composite 
panels as shown in Section 4.1.1. Among its advantages is the remarkable 
reduction of residual expansion of rice husk after compression (NDAZI, 
2006). This reduction of the residual expansion (spring back) minimizes 
delamination or debonding at the fiber–matrix (DINWOODIE, 1997). 
Since denser particles require lower compaction they have been found to 
exhibit higher dimensional stability after compression (NDAZI, 2006). 
The only major drawback of crushed rice husk is when there is a high 
proportion of fine particles (BRH-B), which can lead to disproportionate 
distribution and consuption of resin within the particles (VASISHTH, 
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1974) and thus affecting the quality of the product as shown in Table 8. 
The summary results in Table 8 indaictes that some of the composite 
panel passed the standard values of EN312.

Table 8 – Average properties of composite panel from crushed rice husks

Property
Particle Size Distribution Type

Min per EN312
Untreated BRH-A BRH-B

IB (MPa) 0.07  0.20 0.24 0.28 EN312-2
MOR (MPa) 9.3 10.5 12.6 12.5 EN312-2
MOE (MPa) 2070 2337 2201 2100 EN312-3
TS -2hr (%) 12.0 14.0 19.5 16.0 EN312-5

4.1.3	 Conclusions

Rice husks have the potential for production of panels for construc-
tion industry and furniture application. However, in order to effectivey 
use this potential it has been observed that the rice husks must be modi-
fied physically, chemically or both using mechanical methods, chemica 
treatment and thermal processes. Physical, chemical and steam curing 
can improved the interaction of rice husks when used for production of 
composite panels using phenolic and tannin resins. The enhanced inte-
raction improves the physical and mechanical properties of the resulting 
panels making them comparable to some of the standard partiboards 
specifies in BS5569: Part 2 1989 and EN312.

Figure 6 – SEM of the outer an inners surfaces of untreated rice husks
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(a)

 (b)

(c)
Figure 7 – SEM of the outer an inners surfaces of treated rice husks (a) and (b) alkali treated (c) 

steam cured: Ndazi et al. (2007).
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4.2	 COMPOSITE PANELS FROM COFFEE HUSKS

4.2.1 	 Introduction

Coffee is one of the export crops grown in many developing countries. 
Tanzania produces two types of coffee, namely Coffea Arabica commonly 
known as  Arabian or Arabica coffee and Coffea Canephora commonly 
known as Robusta coffee (OGOLA, 1997). The external  soft cover of the 
coffee fruit is removed mechanically, the bean is then fermented, cleaned 
and dried to a moisture content of 12%.  The husks removal is done at the 
factory and the dry beans are usually packed and graded before being sold 
for export. Regular application of coffee husks as fertilizer is now being 
discouraged because of the risk of  raising the potassium content of the 
soil to such an extent that coffee quality can be reduced (OGOLA, 1997). 
In most cases coffee husks has been traditionally used as an animal feed, 
fuel source, as a fertilizer and recently for production of particleboard 
(BEKALO; REINHARDT, 2010; OGOLA, 1997). While synthetic resins 
have remained expensive, tannin, a naturally occurring resin, has demon-
strated the potentail of being used as particleboard adhesive (BISANDA; 
OGOLA; TESHA, 2003; OGOLA, 1997). The use of non-wood fibres to 
reinforce thermoplastic and thermosetting resins is now possible for such 
end applications such as roofing, panelling, food grain silos, low cost 
housing units, particleboards etc.

The objective of this research was to produce and characterize particle 
boards from coffee husks, a by-product from coffee processing, using the 
naturally occuring hydrolized tannin adhesive and urea formaldehyde 
and phenol formaldehyde resins. The physical and mechanical proper-
ties of the resulting panels were compared with other apnel products and 
standard particleboards indicated in BS 5669 standards.

4.2.2	 Coffee Parchment Processing

There are two methods of coffee processing namely the dry and wet 
methods as summarized in Figure 8. The beans are either peeled or hulled 
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according to the type of coffee being processed. The shelled or peeled 
coffee is then winnowed by passing it through a blower. 

Figure 8 – Coffee processing methods. Source: Ogola (1997) 
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4.2.3 	 Experimental Methods 

Coffee husks was obtained from coffee curing companies in Tanzania. 
The hydrolyzed tannin, urea formaldehyde powder, and wood particles 
from white spruce wood (Picea Glauca[Moench]Voss) were all obtained 
from the Tanzania Industrial Research and Development Organisation 
(TIRDO), Dar es salaam, Tanzania where particleboard processing and 
testing was also done.

The coffee husks particle sizes were determined by passing them 
through test sieves ranging from 850 μm – 475mm. The amount neces-
sary for a given targeted board was then weighed and loaded onto the 
blender. While the wood particles with 355 μm sieve was used for surface 
layer and 3.34mm sieve for the core layer. The amount necessary for a 
given targeted board density based on a given ratio for core and surface 
particles was weighed and the appropriate amount of resin required.

The tannin-based resin was prepared by hydrolyzing spray dried tan-
nin powder to acceptable level suitable for the manufacture of compos-
ite panels. This was performed at the Tanzania Industrial Research and 
Development Organization (TIRDO) laboratories following a technique 
established by Clave et al. (1995). Urea formaldehyde powder was weighed 
and mixed with water at 35% solid contents and stirred manually to 
obtain a uniform mixture with a viscosity of 180-350 centipoises suitable 
for pumping and spraying.

The phenol formaldehyde used was in liquid form and 3% by weight of 
the hardener was added to the phenol and the mixture thoroughly stirred. 
The resin was then weighed and manually mixed with the coffee husks. The 
furnish was used to make particleboards in the press with targeted densities 
ranging between 1000-1400 kg/m3. Pressing was varied between 150°C and 
200°C for the press time of between 3 minutes and 6 minutes, and resin con-
tent ranging between 4 and 14% until optmum conditions were obtained. 

4.2.4 	 Results and Discussion

Table 9 shows the results of moisture contents in coffee husks, wood 
chips and the composite panels obtained by using the Karl Fischer method. 
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The values of moisture content that fell within the theoretical values for 
coffee husks quoted as 9-13% (OGOLA, 1997). It was found that coffee 
husk/tannin composite panels contained the minimum moisture content 
of 7.5% compared with the composite panels produced from wood chips. 
The moisture content of the composite panels was less than that of the 
coffee husks suggesting that tannin resin improved slightly the moisture 
absorption resistance of the hydrophilic coffee husks, an advantage given 
the humdid environment where the these products may be exposed to.

Table 9 – Moisture content using the Karl Fischer method

Sample type Average moisture content (%)

Coffee husks 9.1

Coffee husks/tannin composite panels 7.5

Wood/tannin composite panels 7.7

Source: Ogola (1997)

Table 10 shows the comparison of actual densities of composite pan-
els made from coffee husks against those of wood chips. Coffee husks 
composite panel were generally denser than wood chips composite panels, 
suggesting better moisture absorption and wetting by the coffee during 
blending. 

Table 10 – Comparison of actual density of various particleboards

Target Density (kgm-3)
Actual density (kgm-3)

Coffee husks/tannin Wood/tannin

1000 873.1 810.4

1100 923.5 853.4

1150 950.3 896.4

1200 988.8 915.6

1300 1034.8 962.5

1400 1050.5 1007.9

Source: Ogola (1997)
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Table 11 shows the mechanical properties of the coffee husks/tannin 
and wood/tannin composite panels for the target density of 1300 kgm-3. 
It is shown that composite panels made from wood chips has superior 
mechanical properties compared with those of coffee husks. However, it 
is only the internal bond strength of the wood chips tannin composite 
panel that passed the recommended minimum value in BS 5669 Part 2. 
If tannin should be used as alternative resin to bind coffee husks then 
further processing of the coffee husks, the resin or both may be required.

Table 11 – Comparison of MOE, MOR, I.B. Strength of various particleboards

Particleboard Target density 
(kg/m3)

MOE (MPa) MOR 
(MPa)

I.B. Strength 
(MPa)

Coffee husks/tannin 1000 1216 6.5 0.12

Wood/tannin 1000 1332 12.9 0.60

BS 5669: Part 2 - 1920 13.0 0.32

Source: Ogola (1997)

The nail and screw withdrawal tests of the composite panels are 
shown in Table 12. Coffee husks/tannin composite panel exhibited better 
nail withdrawal than the wood chips.

Table 12 – Screw and nail withdrawal strength of the various particleboards

Particleboard 
Density 
(kg/m3)

Screw withdrawal 
force (N)

Nail withdrawal  force (N)

Face Edge Face Edge
Head 
pull

Coffee husks/tannin 1034.8 2300 638 497 283 1787

Wood/tannin 700 - - 191 230 -

BS 5669 Part 2 - - 335 - - -
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Table 13 – Thickness swelling and specific heat capacities.

Particleboard 
Density 
(kg/m3)

Thickness swelling (%)

1hr 2hrs
2hrs

Boil test
Specific Heat

(J/kg°C)

Coffee husks/tannin 1034.8 6.0 7.6 42.4 1670

Wood/tannin 1007.9 12.0 15.0 66.0 1651

BS 5669 Part 2 - 8.4 - - -

4.2.5 	 Conclusions

It is possible to make coffee husks particleboards from hydrolyzed 
tannin.

The coffee husks/particleboards are dimensionally stable at room 
temperature. Coffee husks/tannin particleboards could be suitable for 
thermal insulation application from the specific heat capacity results.

Wood/tannin particleboards had superior mechanical properties 
compared to coffee husks/tannin particleboards.

A summary of the mechanical and physical properties for the various 
particleboard systems indicate that coffee husks particleboards had both 
mechanical and physical properties that were partly comparable to stan-
dard particleboards. They can therefore be used for general applications 
where high density and low bending loads are expected.
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ABSTRACT: This work presents a study on the potential use of agroindustrial waste 
(sugarcane bagasse and Pinus sp. wood waste) to produce particleboards, using castor 
oil-based polyurethane adhesive. Particleboards were produced using mass proportions: 
20, 40, 60% and 100% of sugarcane bagasse as addition to Pinus sp. particles (density  
500 kg.m-3) and castor oil-based polyurethane resin as adhesive. Products quality was 
evaluated according to NBR 14810:2006 and ANSI A208.1-1999 codes requirements. 
Panels density, thickness swell (TS), water absorption, modulus of elasticity (MOE) and 
modulus of rupture (MOR) in static bending were determined. Results indicated that: 
(a) particleboard with 40% of sugarcane bagasse and 60% of wood residues of Pinus 
sp and particleboard with 100% of sugarcane bagasse presented better physical and 
mechanical properties and (b) castor oil-based polyurethane adhesive particleboards 
demonstrated to be a new option of resin to produce particleboards.

Keywords: Sugarcane bagasse. Sustainability. Composites.
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1.	 INTRODUCTION

Agricultural sector depends directly or indirectly on environment 
as a source of raw materials for its development, as well as on areas as 
“dumping sites” for byproducts and waste generated in productive cycles. 
Waste disposal, once quantified, monitored and treated, becomes easily 
bearable for the environment in a given time. Otherwise, degradation of 
such residue can take thousands of years or even fail to occur as there are 
no natural specific mechanisms for this.

One proposed alternative for waste destination is using to produce 
particulate composites. These panels are generally manufactured with 
wood particles bonded by synthetic adhesive or other binders, pressed 
under heat long enough to adhesive curing (IWAKIRI et al., 2004).

Basically, these panels can be produced from any lignocellulosic mate-
rial which gives pre-determined specific weight and convenient proper-
ties, since chemical composition of lignocellulosic materials is similar 
to wood, especially hardwoods with smaller lignin content and higher 
pentosan hemicelluloses content Okino et al.  (1997); Brito et al.  (2004); 
Khedari et al.  (2004); Contreras (2006); Chama and Leão (2008); Barros 
Filho et al.  (2011); Fiorelli et al. (2012).

In recent years, efforts have intensified to study the best use of ligno-
cellulosic residues for new products, such as particleboards (CHAMMA; 
LEÃO, 2008). This is due to the fact that using lignocellulosic residues 
contributes to mitigate environmental impacts, featuring new products 
with sustainable appeal.

Barros Filho et al. (2011) conducted a study on particleboards made 
with sugarcane bagasse using urea formaldehyde (UF) and melamine 
formaldehyde (MF) resins. Particleboards were produced with a mixture 
of sugarcane bagasse and pine or eucalyptus particles, with and without 
paraffin in the formulation. Nine different types of particleboards, all 
containing 9% of resin in the mix, were produced at a temperature of 
160ºC and under 4.0 MPa pressure. Physical properties of these parti-
cleboards complied with the ASTM CS 236-66 standard requirements 
for medium density chipboards, and in most cases, showed better results 
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than others reported in literature. However, when subjected to mechani-
cal testing, these particleboards did not comply with the aforementioned 
code and, in most cases, results were close to or worse than those reported 
in literature.

Xu et al. (2009) studied sugarcane bagasse particleboards (BPBs) 
using polymeric methylene diphenyl diisocyanate (pMDI) resin as binder 
and wax emulsion as dimension stabilizer. A factorial experiment was 
conducted to measure effects of wax and pMDI resin content on parti-
cleboard’s dimensional stability and mechanical properties. Results were 
compared with corresponding properties specified in American standard 
ANSI A208.1:1999 - Particleboard for commercial M3 grade wood-based 
particleboard. Wax-sizing improved linear expansion (LE) of particle-
boards produced with different pMDI resin proportions tested in their 
research, and all LE values remained below requirement of 0.35%. Using 
wax significantly reduced 24-h water absorption and thickness swelling 
compared to the control particleboards (without wax). Moderate levels 
of wax-sizing also proved to have a positive effect on properties of long-
term water absorption and thickness swelling. Mechanical properties of 
all particleboards far exceeded the minimum values specified in ANSI 
A208.1:1999 standard. As expected, the overall properties of 5% pMDI 
BPBs were better than those of 3% pMDI particleboards.

Fiorelli et al. (2013) evaluated sugarcane bagasse particleboards with 
two different fiber lengths (5 mm and 8 mm), of the same density, as a 
raw material for particleboard production, using castor oil-based bi-com-
ponent polyurethane adhesive. Results revealed a significant difference 
between particleboards made with 5-mm-long fibers and those made with 
8-mm-long fibers. An analysis by scanning electron microscopy (SEM) 
indicates that interparticle spaces are filled with resin, contributing to 
improve particleboards physicomechanical properties.

Urea formaldehyde and phenol formaldehyde based adhesives have 
noticeable homogeneity (MENDES et al., 2010). However, there is a global 
trend towards biodegradable, non pollutant and renewable products. This 
trend led to further research, resulting in castor oil-based polyurethane 
adhesive (ARAÚJO, 1992), among others.
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This work aimed to demonstrate the feasibility of producing panels 
of agroindustrial waste of sugarcane bagasse, residues of Pinus spp and 
castor oil-based polyurethane adhesive.

2.	 AGROINDUSTRIAL WASTE PARTICLEBOARDS PRODUCTION 
PROCESS

Panels with agroindustrial wastes were prepared using a heated auto-
matic press with load capacity of 100 T, following detailed recommenda-
tions from Maloney (1996). Process began by collecting wastes and nat-
ural fiber (Fig. 1A). Waste was dried to a moisture content around 8 and 
12%. To particleboards manufacture, 12% castor oil-based bi-component 
polyurethane adhesive was used. Particles were mixed with adhesive in 
a planetary mixer (Fig. 1 B). After, the material was placed into a mold 
(Fig. 1 C) and inserted into the thermo-hydraulic press (Fig. 1D), under 5 
MPa and temperature up to 100oC. Particleboards with nominal dimen-
sions of 40 x 40 cm and 10 mm thickness and density of 500 kg.m-3 were 
made. From these particleboards, 10 specimens were taken for each phys-
icomechanical test, as recommended by Brazilian standard ABNT NBR 
14810:2006 - Chapas de madeira aglomerada. This standard was chosen 
due to its similarity between sugarcane bagasse particleboards produced 
in this study and wood panels.
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Figure 1 – Particleboard production steps. A) Particles of agroindustrial waste. B) Mixture of 

adhesive and waste. C) Transfer of the particles to the mold-forming panel. D) Particles insert in 

hydraulic press.

3.	 MATERIALS AND METHODS

3.1 	 CHARACTERIZATION - AGROINDUSTRIAL WASTE

Performance of the agroindustrial wastes (residues of sugarcane 
bagasse and Pinus spp) was evaluated by physical, chemical and anatom-
ical tests. To determine wastes real density a pycnometer helium gas was 
employed; pH was evaluated by method of Vital (1973). Anatomic analysis 
was carried out by Scanning Electron Microscopy (SEM).

3.2 	 CHARACTERIZATION – PARTICLEBOARDS

Physicomechanical performance of particleboards was evaluated 
according to the Brazilian standard NBR 14810:2006 requirements. A 



224

Non-conventional Building Materials based on agro-industrial wastes

completely random design (CRD) was used with four treatments (Tab. 
1). Properties determined were: thickness swelling (TS), water absorption 
(WA), modulus of rupture (MOR) and modulus of elasticity (MOE) in 
static bending. Average values were compared by a multiple comparison 
test (Tukey) when ANOVA showed a significance level with P≤0.05.

Table 1 – Experimental program for sugarcane bagasse particleboard.

Treatment Density (kg.m-3) Pinus sp. wood waste (%) Sugarcane bagasse (%)

B20 500 80 20

B40 500 60 40

B60 500 40 60

B100 500 0 100

3.2.1 	 Thickness Swelling (TS)

Thickness swelling was calculated from the difference in a specimen’s 
thickness before and after soaking in water for 2 h and 24 h. Specimeń s 
linear dimensions were measured using a digital caliper, 0.01 mm sensi-
bility. Percentage of thickness swelling was calculated using eq. 1:

TS(%) = Tf − Ti
Ti

⎡
⎣⎢

⎤
⎦⎥
⋅100 � (1)

where:
Tf = final thickness after soaking for 2 h and 24 h;
Ti = initial thickness.

3.2.2 	 Water Absorption (WA)

Samples to determine water absorption were soaked in water for 2 h 
and 24 h.  Water absorption was calculated using eq. 2.

WA(%) = Wf −Wi
Wi

⎡
⎣⎢

⎤
⎦⎥
⋅100

�
(2)
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where:
Wf = final weight after soaking for 2 h and 24 h;
Wi = initial weight.

3.2.3 	 Mechanical Testing

Static bending tests were carried out by means of a universal test 
machine at room temperature. The loading rate for the bending strength 
was controlled at 4 mm/min. Modulus of rupture (MOR) and modulus 
of elasticity (MOE) were determined by a three-point bending test with a 
load cell capacity of 5 kN. A total of ten specimens were made and tested.

4.	 RESULTS

This section presents results of physical and chemical characteriza-
tion of agroindustrial wastes and physicomechanical properties of the 
produced particleboards (treatments B20, B40, B60 and B100). Results 
were compared with those recommended by NBR 14810:2006 and ANSI 
A208.1:1999 standards.

4.1 	 AGROINDUSTRIAL WASTE – PHYSICAL, CHEMICAL AND ANATOMICAL 
	 PROPERTIES

Tab. 2 shows physical and chemical properties. Fig. 2 presents proper-
ties anatomical specificities (surface and transversal SEM with different 
increases of sugarcane bagasse and Pinus spp wood waste).

Table 2 – Physical and chemical properties.

Agroindustrial waste Real density (kg.m-3) pH

Sugarcane bagasse 1.40 5.11

Pinus sp. wood waste 1.24 4.48
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Figure 2 – Surface and transversal SEM. A) Sugarcane bagasse. 

B) Pinus spp Wood wastes, with different magnification.

Sugarcane bagassé s real density is superior to that of Pinus spp resi-
dues, these results are similar that Oliveira et al. (2003). The pH is simi-
lar (5.11 and 4.48). This value of pH indicates that the same wastes show 
effective potential for particleboard production, once an acid pH helps 
adhesion among particles (IWAKIRI, 2005).

SEM image indicates that the surface of particles presents pores that 
facility adhesive dispersion among particles. Fibril thickness (3 – 5 µm) is 
also similar between sugarcane bagasse and Pinus spp wood waste.

4.2 	 PARTICLEBOARDS – PHYSICAL AND MECHANICAL PROPERTIES

Tab. 3 shows physical and mechanical properties of the produced par-
ticleboards. The particleboards belonging to this study presented density 
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around 500 kg.m-3 and they can be classified as low-density, according 
to ANSI A208.1-1999 standard. Statistical analysis indicated a significant 
difference (P<0.05) to the studied variables.

Table 3 – Results of physical and mechanical tests.

Treatment
Density 
(kg.m-3)

TS WA MOR MOE

2h(%) 24h(%) 2h(%) 24h(%) MPa MPa

B20 560±37
7.83±0.63 

a
9.68±1.20 

a
36.24±7.84 

a
73.80±9.20 

a
7.6±2.1 

a
797±272 

ab

B40 520±38
8.22±1.15 

b
11.19±1.30 

b
26.29±7.45 

ab
55.61±3.83 

b
12.0±2.9 

ab
1207±345 

bc

B60 510±53
9.22±1.25 

bc
12.97±1.15 

b
17.00±2.36 

b
34.66±5.04 

c
10.1±2.4 

b
1065±223 

c

B100 520±85
6.43±1.06 

c
11.32±1.10 

c
16.42±2.06 

b
54.71±7.48 

b
18.5±2.6 

c
1702±206 

d

* Same letter in the column do not differ statistically (P>0.05)

Particleboards with greater quantity of sugarcane bagasse (B100) pres-
ent lowest percentage of thickness swell in 2 h and 24 h, but decrease of 
water absorption in 2 h and 24 h. This result can be associated with the 
agglomeration of the particles and pores in the surface of the particleboards.

Treatments B40 and B60 don’t have a significant statistical difference  
(P<0.05) for properties TS and WA.

Mechanical properties increased with the quantity of sugarcane 
bagasse. Treatments B40 and B60 do not perform a significant statistical 
difference (P<0.05) for properties MOR and MOE as well.

Results shown in Tab. 3 were compared with ANSI A208.1-1999 require-
ments (Fig. 3). Particleboards obtained by treatments (B20 – B100) can be 
classified as Low Density (LD) category (less that 640 kg.m-³). Treatments 
(B20 – B100) presented values of MOR and MOE above LD-1 and LD-2, 
according to the standard A208.1:1999. Treatment B20 presented MOE 
average below the recommended for LD-2. These results demonstrated 
that (a) panels density meet the standard’s requirements; (b) production 
process here proposed is consistent; (c) castor-oil based polyurethane resin 
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is a viable alternative adhesive for manufacturing sugarcane bagasse and 
wood waste form Pinus spp particleboards. Treatment B40 can be indicated 
as option to particleboard production with different agroindustrial wastes.

(a)

(b)

Figure 3 – Average values. A) MOR. B) MOE - Treatments and Codes.

4.3 	 SCANNING ELECTRON MICROSCOPY ANALYSES (SEM)

Fig. 4 presents a microstructure analysis SEM of specimens represent-
ing treatments B20, B40, B60 and B100. A homogeneous dispersion of 
resin among particles can be observed, essential to ensure a uniform load 
distribution in composite (CALLISTER, 2002). Different particles shapes 
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(sugarcane bagasse and Pinus spp wood waste) induce pores formation 
and differences in values of TS; WA; MOR and MOE.

Figura 4 – SEM image - Panel with agroindustrial waste and castor oil resin. A) B20, B) B40, C) 

B60 and D) B100, with magnification (x50).
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5.	 CONCLUSION AND FUTURE PERSPECTIVE

Sugarcane bagasse and Pinus spp wood waste are agroindustrial 
wastes and a promising material for particleboard manufacturing. Based 
on the conducted tests, the panels made of sugarcane bagasse and Pinus 
spp wood waste and castor oil-based polyurethane adhesive (B40), with 
density 500 kg.m-3, presented sufficient mechanical properties for use 
in civil and agricultural constructions. Scanning electron microscopy 
(SEM) indicated that castor oil-based polyurethane adhesive helps par-
ticle agglomeration, a factor that contributes to improved particleboard ś 
physical and mechanical properties. In the future, this panel could be 
produced in several areas around the world, in regions that generate a 
great volume of agricultural wastes, and used in multiple applications.

Acknowledgement

FAPESP, CNPq and FINEP - Brazilian Agency Research. 
Technical team of the Construction and Ambience Laboratory – 

Faculty of Animal Sciences and Food Engineering, University of São 
Paulo, Pirassununga, Brazil.

Permission for publication

It is the responsibility of the author (s) the citation of organs and / or 
institutions as well as the content of their articles, and editors and visual 
designers reserved the right to modify the presentation of figures, tables 
and equations aiming to standardize the text



231

PARTICLEBOARDS BASED ON AGROINDUSTRIAL WASTE

REFERENCES

AMERICAN NATIONAL STANDARDS INSTITUTE. ANSI A208.1 - Particleboard. 
Gaithersburg, 1999. 13p.

ARAÚJO, L.C.R. Caracterização química e mecânica de poliuretanas elastoméricas ba-
seadas em materiais oleoquímicos. 1992. Dissertação (Mestrado) - Instituto de Física e 
Química de São Carlos, Universidade de São Paulo, São Carlos, 1992.

ASSOCIAÇÃO BRASILEIRA DE NORMAS TÉCNICAS. NBR 14810 - Chapas de madeira 
aglomerada. Rio de Janeiro, 2006. 32p.

BARROS FILHO, R.M.; MENDES, L.M.; NOVACK, K.M.; APRELINI, L.O.; BOTA-
RO, V.R. Hybrid chipboard panels based on sugarcane bagasse, urea formaldehyde and 
melamine formaldehyde resin. Industrial Crops and Products, v. 33, n. 2, p. 369-373, 2011. 
doi:10.1016/j.indcrop.2010.11.007.

BRITO, E.O.; SÁ-ROCHA, J.D.; VIDAURRE, G.B.; BATISTA, D.C.; PASSO, P.R.; MARQUES, 
L.G.C. Propriedades de chapas produzidas com resíduos do fruto de coco e partículas de pi-
nus. Revista Floresta e Ambiente, v. 11, n. 2, p. 1-6, 2004.

CALLISTER, W.D. Ciência e Engenharia de Materiais: Uma Introdução. 5.ed. São Paulo: 
LTC, 2002.

CHAMMA, P. V. C.; LEÃO, A. L. Aproveitamento de resíduos sólidos na produção de painéis 
para aplicações arquitetônicas. Revista Energia na Agricultura, v. 23, p. 73-87, 2008.

COMMERCIAL STANDARD. CS 236-66 - Mat formed wood particleboard. 1968.

CONTRERAS, W. M.; OWEN, M. E C.; BALLESTER, V. C.; CONTRERAS, Y. M.; GARAY, 
D. J. Diseño de tableros de partículas de caña brava y adhesivo fenol-formaldehído (R 10% / 
R 13%). Revista Forestal Latinoamericana, n. 39, p. 39-55, 2006. 

FIORELLI J.; CURTOLO, D.D.; BARRERO, N.G.; SAVASTANO JR., H,; PALLONE, 
E.M.J.A.; JOHNSON, R. Particulate composite based on coconut fiber and castor oil poly-
urethane adhesive: an eco-efficient product. Industrial Crops and Products, v. 40, p. 69-75, 
2012. doi: 10.1016/j.indcrop.2012.02.033.

FIORELLI, J.; SARTORI, D. L.; CRAVO, J. C. M; SAVASTANO JR., H.; ROSSIGNOLO, J. 
A.; NASCIMENTO, M.F.; LAHR, F.A.R. Sugarcane Bagasse and Castor Oil Polyurethane 
Adhesive-based Particulate Composite. Materials Research, v. 16, n. 2, p. 439-446, 2013. 
doi: 10.1590/S1516-14392013005000004.

IWAKIRI, S. Painéis de madeira reconstituída. Curitiba: FUPEF, 2005. 247 p.

IWAKIRI, S.; SHIMIZU, J.; SILVA, J. C.; MENESS, C. H. S. D; PUEHRINGHER, A.; VEN-



232

Non-conventional Building Materials based on agro-industrial wastes

SON, I.; LARROCA, C. Production of plywood panels of Grevillea robusta A.  Cunn.  ex 
R. Br. Revista Árvore, v. 28, n. 6, p. 883-887, 2004. doi: 10.1590/S0100-67622004000600013.

KHEDARI, J.; CHAROENVAI, S.; HIRUNLABH, J. New insulating particleboards from du-
rian peel and coconut coir. Building and Environment, v. 38, n. 3, p. 435-441, 2003. doi: 
10.1016/S0360-1323(02)00030-6.

MALONEY, T. M. The family of wood composite materials. Forest Products Journal, v. 46, 
n. 2,  p. 19-26, 1996. 

MENDES, R. F.; MENDES, L. M.; GUIMARÃES JÚNIOR, J. B., SANTOS, R. C.; BUFALI-
NO, L. The adhesive effect on the properties of particleboards made from sugarcane bagasse 
generated in the distiller. Revista de Ciências Agrárias, v. 32, n. 2, p. 209-218, 2010. 

OKINO, E.; ANDAHUR, J. P. V.; SANTANA, M. A. E; SOUZA, M. R. Physico-mechanical 
properties of chemically modified sugarcane bragas partidepanels. Scientia Forestalis, v. 
52, p. 35-42, 1997. 

OLIVEIRA, V. R.; FREIRE, M. F.; VENTURIN, R.; CARRIJO, A. O.; MACARENHAS, M. 
H. T. Caracterização física de substratos para a produção de hortaliças. In: CONGRESSO 
BRASILEIRO DE HORTICULTURA, 2003.

VITAL, B.R. Effects of species and panel densities on properties of hardwood 
particleboard. 1993. 111 p. (M.S.) – University of Wisconsin, Madison, 1993. 

XU, X.; YAO, F.; WU, Q.; ZHOU, D. The influence of wax-sizing on dimensional 
stability and mechanical properties of bagasse particleboard. Industrial Crops and 
Products, v. 29, n. 1, p. 80-85, 2009. doi: 10.1016/j.indcrop.2008.04.008.



233

Babassu husk fiber particleboard

Nítalo André Farias Machado and Celso Yoji Kawabata
Federal University of Maranhão, Center for Agricultural and Environmental Sciences, Chapadinha, MA. 
E-mail: nitalo-farias@hotmail.com and celso.kawabata@ufma.br

Juliano Fiorelli and Holmer Savastano Júnior
University of São Paulo, Faculty of Animal Science and Food Engineering, Pirassununga, SP. 
E-mail: julianofiorelli@usp.br and holmersj@usp.br

Abstract: The development of new technologies is historically an important tool for so-
cial progress. In Brazil, the extraction of babassu (Orbignya sp) is one of the productive 
chains of great economic, social and cultural importance, more specifically in the north 
and northeast regions. In this context, the present study aimed to evaluate the feasibility 
of using babassu husk fibers in the particleboards manufacturing. High-density particle-
boards (900 kg.m-3) were produced using two-component polyurethane resin based on 
castor oil. The results of physical and mechanical properties met the recommendations 
of national and international normative documents, making that product suitable for 
structural use.

Keywords: Unconventional materials. Agroindustrial waste.

1. 	Introduction

The territory of Maranhão, Brazil, consists of a variety of biomes 
with a large population of native species composing its fauna and flora. 
However, this ecological wealth is currently used only as subsidy income 
through ecotourism, since there is a lack in development of scientific 
studies that exploit this potential and provide technologies applicable to 
these conditions.

The development of technology is an important tool for social prog-
ress, and the extraction of babassu (Orbignya sp) is one of the supply chains 
of major economic, social and cultural importance of the Maranhão state. 
With several particularities, the babassu exploration is marked by family 
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associations that extract palm kernel from the babassu fruit, especially 
women accompanied by their children, known as “coconut breakers” 
(Meirelles Filho, 2004).

Thus, the exploitation of babassu coconut is characterized as a tra-
ditionally family-based culture, with associations located at several 
municipalities in the state, especially in eastern of Maranhão (Albiero 
et al., 2007). The babassu palm is known as a robust isolated plant with a 
trunk up to 20 feet tall and 25-44 centimeters in diameter. The number of 
leaves goes from 7 to 22, measuring 4-8 meters in length. The cultivation 
is distributed especially in the transition zone between the Amazon basin 
and semiarid areas of the northeast of Brazil (Meirelles Filho, 2004; 
Balick and Pinheiro, 2000).

The growing pressure for increased production around agriculture 
fields, the competitiveness of domestic and foreign products and the 
orientation for conservation of environmental resources have led to the 
greater rationalization of production processes (Kawabata, 2003). At this 
scene, the use of waste is a practical conservationist method. With that, 
particulate panels are structural components with sustainable profile 
which applies agro-industrial wastes in form of particles in interaction 
with binders (resins), making the final product.

In addition, the population growth has led to an exponential demand 
for agricultural products, and these consumers require intense discus-
sions on sustainability applied in production systems. Thus, there was 
a significant increase in production on a global scale and consequently 
a disorderly accumulation of residual organic matter from agricultural, 
commercial and industrial activities, causing ecosystem impacts.

These lignocellulosic residues from Brazilian agribusiness have great 
potential for using in the manufacturing of new materials (Fiorelli 
et al., 2012). Therefore, recycling of agro-industrial wastes from babassu 
coconut breakers and extraction of vegetable oil industry associations is 
a sustainable alternative that avoids deforestation of babaçuais (typical 
regional landscape of forests composed predominantly of babassu) and 
leads to a sustainable management of waste that is usually discarded.
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Moreover, that technology, which is based on application of this mate-
rial as a social tool, indicates an alternative source of income for these 
families that depend on artisanal mining of this palm. Thus, the babassu 
wastes discarded or used as energy source (charcoal) can be sold to local 
or more distant industries to meet the growing demand for wood in rural 
and urban buildings.

Currently, Brazil is a major global benchmark in food production, 
with large arable areas and suitable technology. Consequently, the agricul-
tural sector is generating a vast amount of waste. Maranhão is a Brazilian 
state with a considerable diversity of ecosystems (examples are: Amazon 
Rainforest, Pre-Amazonian Forests, Cocais Forest, Cerrado, Caatinga, 
Plateaus, Hills, Mangroves, Flooded Fields, Deltas, Semi Deserts), with 
typical wildlife and flora for each landscape. In that state, that biomes 
existing in most of the country are contained in a relatively small terri-
tory, 331,935.507 km² (IBGE, 2010).

This work used the babassu husk fiber as a study center. Due to its 
socio-economic importance to the state of Maranhão, the present study 
aimed to produce particleboards using babassu fibers.

2. 	Literature review

2.1 	 The babassu palm (Orbignya sp )

The babassu (Orbignya sp) belongs to the family Arecaceae, and stands 
out as one of the most abundant palm trees of Amazon region. These 
plants are distributed widely in southern region, the Atlantic Ocean 
Bolivia (Balick and Pinheiro, 2000), and especially in transition 
areas between the Amazon basin and the semi-arid northeast of Brazil 
(Meirelles Filho, 2004).

The grace and beauty of the palm structure put the babassu as an 
important plant among another native plants from the Brazilian terri-
tory.  The leaves of babassu are erect and firm, making them more suitable 
for capturing sunlight (increasing the photosynthetic rate) and avoiding 
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senescence (death of leaves). According to Meirelles Filho (2004), its trunk 
is up to 20 feet tall and 25-44 centimeters in diameter, with 7 to 22 leaves 
measuring 4-8 feet long.

 (a)                                              (b)

Figure 1 – The babassu palm (a) and the babaçuais view (b). Source: CONAB (2010).

The exploration area of babaçuais extends to Piauí, Pará, Bahia, 
Ceará, Maranhão and Tocantins, according to IBGE (2007). This natu-
ral growth in this region is due to climate, light, topography and rainfall 
characteristics, that meet the needs of the plant. However, the extraction 
of babassu in this region is currently focused on the extraction of almond 
for the manufacture of soap, refined vegetable oil, olive oil and biofuel.

Figure 2 – National productivity of babassu extraction industry. Source: IBGE (2008)..

The state of Maranhão concentrated 94.4% of the total national babassu 
production in 2008, and has the largest municipal producer, Vargem 
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Grande, located at the Baixo Parnaíba region, witch also has the worst 
human development index of the country (IBGE, 2008). The municipality 
of Vargem Grande has an area of 3247.383 km² and an estimated popula-
tion of 76217 inhabitants (IBGE, 2010). This city produced about 5805 tons 
of babassu almond in 2008, equivalent to 5.2% of the national production 
(IBGE, 2008).

2.2 	 The babassu coconut

The babassu spreads over an area of approximately 14.5 million hect-
ares with a potencial production estimated at 15 million t/year. However, 
only 30% of the estimated potential is actually achieved (IBGE, 2008; 
CONAB, 2010).

The babassu extraction is one of the Amazon’s ecological systems with 
greater economic, social and environmental potential. However, the pro-
duction model that is currently used is focused on the kernel extraction 
from the fruit of the babassu palm (babassu coconut), which is the world’s 
largest source of rape oil for domestic use, and also has industrial uses. 
Therefore, it is one of the major extractive products from Brazil, signifi-
cantly contributing in some states economy.

   (a)                                                            (b)

Figure 3 – (a) Agroindustrial babassu residue; (b) Division of the fruit.
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As already said, the production model aims, at general aspects, the 
extraction of almond. Consequently, the layers involving that almond 
(epicarp, mesocarp and endocarp) become  agro-industrial residues with 
huge potential for various scientific and industrial areas. Currently, the 
epicarp and endocarp are used as charcoal and crafts, while the mesocarp 
is already marketed as flour for human consumption and animal feed.

Vegetable fibers are increasingly used in the construction field, par-
ticularly in regards to engineering advances and new materials technol-
ogies. In his work, Franco (2010) describes the chemical composition of 
the babassu epicarp (region of the fiber concentrations) and got values of 
17.8% of lignin; 62.2% of cellulose and 13.0% of hemicellulose. Therefore, 
bassassu residues (especially the epicarp), present a potential material 
for producing new materials, which will be reflected as a technology for 
social development of the main producing areas in Brazil.

2.3 	 Contextualizations on particleboards

Agro fibers are materials that have an approximately uniform geom-
etry, tiny diameter over its length, and quite different nature, varying 
according to their physicochemical properties (Franco, 2010).

In addition, vegetable fibers are widely available in most of the devel-
oping countries, obtained from logging or annual trees. Cellulosic fibers 
have several interesting features, such as low density, renewable nature, 
biodegradable, availability at low cost and wide variety of morphologies 
and aspect ratios (Tonoli, 2009).

There are several definitions relating to particleboards. These pan-
els may consist of a homogeneous or multiple layers, depending on the 
surface finishing and bonding strength of the inner layer, improving the 
degree of compaction plate. Typically, the particleboards are made from 
wood particles randomly distributed through the incorporation of an 
adhesive and further application of pressure and temperature to obtain 
the final product (Iwakiri, 2005).

Wood panel can be defined as product of wood elements obtained 
from the reduction of solid wood and reconstituted by adhesive bonding 
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(Iwakiri, 2005). These structures were produced in Germany in the 
early 40s, influenced by the advent of World War II, which was used as an 
alternative method due to the difficulty of obtaining good quality wood 
(Mendes et al., 2010).

Those particleboards can be produced in a wide variety of types and 
quality, depending on the wood species and type of resin and could be 
employed in several areas, such as the construction industry, furniture, 
shipbuilding, agricultural buildings and building industries.

The particleboards are also proposed as a sustainable destination of 
lignocellulosic materials, such as agro-industrial by-products. According 
to Fiorelli et al. (2012), Brazilian agribusiness has numerous lignocellulosic 
residues with great potential for use in the manufacture of particleboards.

2.4 	L igand-based polyurethane resin of castor oil

Abundant in Brazil, the castor oil is extracted from the seed of the 
plant (Ricinus communis), found in tropical and subtropical regions of 
the country. It is a viscous liquid obtained by squeezing the seeds or by 
solvent extraction. The adhesive is obtained by mixing the prepolymer 
with polyol at weight ratio of 1:2 (Dias, 2005). The polyurethane based 
on castor oil resin is a more sustainable proposal to replace the resins 
based on formaldehyde, generally used by the panel industry.

As an alternative to replace the toxic adhesives used commercially 
and based on the results of work undertaken by Nascimento (2010) and 
Bertolini (2010), this study evaluated the effectiveness of castor oil poly-
urethane resin application in the production of particleboards made of 
babassu husk fibers.

3. 	Materials and Methods

The agroindustrial by-product of babassu used in the production of 
particleboards was obtained in Vargem Grande, Maranhão, in an almond 
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extraction industry and Chapadinha, in a pool of coconut breaks of 
babassu.

(a) (b)

(c) (d)
Figure 4 – (a) Babassu fibers. (b) fibers after milling. (c) specimens of babassu particleboard 

panels. (d) babassu panel.

3.1 	Phys ical-chemical characterization of babassu fiber

Initially, it was proposed a physic-chemical characterization of 
babassu husk fibers by determining the bulk density (Moura et al., 
2002), hydrogen potential (pH) (Vital, 1973) and chemical components 
(Van Soest, 1991).
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3.2 	P roduction of particleboards

To obtain the particles, the waste was taken to the milling knives 
(Figure 5a) with 8 mm mesh to the core (inner layer) and 4mm mesh 
(outer layers). After grinding, the particles were sieved (Figure 5b) to 
separate them according to their particle size. Therefore, it was used the 
particles between 4 and 8 mm for the inner layer and particles up to 4 mm 
for the outer layers.

(a)                                         (b)

Figure 5 – Grinding of the material (a) and granulometric division (b).

The procedure adopted for the particleboards manufacturing began 
with the particles were brought to the mixer for 10 minutes. The propor-
tion of resin used was 15% of the dry weight of raw material for the sides 
and 12% for the core. After mixing, the material was placed in a forming 
mold and inserted into the thermo-hydraulic press at a temperature of 
100 ºC for 10 minutes, with an average pressure of 5 MPa and a nominal 
density of 900 kg/m³. This density was required by the characteristics of 
the fiber, since the material used is too dense to form an adequate volume 
of particles in the mold. Therefore, there was the need to develop panels 
with high density.

After removing the panels from the thermo-hydraulic press, they 
were stacked for 72 hours, which ensured the continuation of the healing 
process of the resins for subsequent squaring and cutting of specimens, 
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following the recommendations of the Brazilian standard NBR: 14810-
1:2006 - Standard for Plywood Sheets.

3.3 	Pa rticleboard characterization 

Tests were performed to analyze the physical (density, thickness swell-
ing (TS) and absorption of water (Ab) in 2 and 24 hours (Figure 6a)) and 
mechanical properties (modulus of rupture (MOR), modulus of elasticity 
(MOE) and internal bond (IB) (Figure 6 b, c, d)) following the recom-
mendations of the Brazilian standard NBR: 14810-1:2006. Such tests are 
usually performed by the industries to verify the quality of their products.

(a) (b)

(c) (d)

Figure 6 – Test of water absorption and swelling (a). Bending tests (b,c). Internal bond (d).
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4. 	Results and Discussion

4.1 	Phys ico-chemical characterization of babassu fiber

The results of mean value fiber density, pH and extractive material in 
the region of babassu epicarp are presented in Table 1.

Table 1 – Mean values of bulk density and pH babassu husk fiber

Parameter Bulk Density (kg/m3) pH

Mean value 1,373 ± 0009 5.51 ± 0.035

Regarding the bulk density and pH it is possible to observe the simi-
larity between the values found for the babassu husk fiber and wood 
(1,250  and 4.48) (Fiorelli et al., 2014). The very acidic pH inhibits the 
chemical reactions of the resin curing process, damaging the bonding 
(Iwakiri, 2005). 

As the results obtained in the chemical analysis of the fiber (Table 2) 
showed, it is evident the potential of lignocellulosic agroindustrial waste of 
babassu due to the concentration of lignin and hemicellulose in that material.

Table 2 – Mean values of the chemical composition of the babassu husk fiber.

Component Lignin (%) Cellulose (%) Hemicellulose (%)

Mean value 35.75 32.32 20.88

The content of cellulose in fibers is closely related to the mechanical 
properties of particleboards. Lignin contributes to the adhesion mecha-
nisms. Similar amounts of cellulose and lignin were identified for residual 
fibers and wood (Fiorelli et al., 2014).

4.2 	Phys ico-mechanical particleboards

Table 3 shows the results of the physical properties of the tested 
boards. The average value of density was 912 kg/m³, so that panels are 
classified as high density product.
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The wood particleboards, when exposed to moisture, also go through 
changes. In some cases the magnitude of this property is a limiting factor 
in the use of this product. Therefore, the results obtained with the test of 
water absorption and thickness swelling are very significant. The babassu 
specimens showed high values of TS in 2 hours, 13.1 ± 5.4 over 8% rec-
ommended by the ABNT 14810:2006 and it is lower than the 35% rec-
ommended by the normative standard CS 236-66:1968 for particleboards 
with 800 kg/m3.

Table 3 – Average values of physical properties.

Physical properties Experimental

Density (kg/m³) 912 ± 48.7

TS (%)
2 hours 13.1 ± 5.4

24 hours 57.6 ± 17.5

Ab (%)
2 hours 31.9 ± 16.2

24 hours 76.15 ± 17.5

The mechanical properties of the panels under study showed high values 
considering the strength of the material (Table 4). The MOR average value of 
33.81 MPa fits the protocol recommended for high density panels by ABNT 
14810:2006 which requires a minimum value of 18 MPa and also by CS 236-
66:1968 standard, that prescribes a minimum value of 16.8 MPa.

The IB presented an average value of 1.47 MPa, above recommended 
for high density panels by ABNT 14810:2006 which requires a minimum 
value of 0.4 MPa.

Table 4 – Average values of mechanical properties.

MOR (MPa) MOE (MPa) IB (MPa) Energy (J/m2)

33.81 ± 6.4 2,034 ± 304 1.47 ± 0,2249 3999 ± 773

Knowing the mechanical properties of wood has a great importance 
due to their influence on the structural performance and strength. It was 
observed satisfactory values of these properties.
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The results obtained in the mechanical and physical properties were 
in accordance with the American Standard ANSI A208.1:1993 that spec-
ifies the performance properties required for particleboards, where the 
panels under study can be categorized as high-density H2. In the labora-
tory it was possible to produce panels of babassu hisk fibers with average 
values of physical and mechanical properties, and variability, equivalent 
to those made of wood shavings on an industrial scale.

5. 	Conclusions

Supported by the NBR 14810:2006 and CS 236-66:1968 standards, the 
babassu husk waste has high potential in the production of particleboards, 
since the average values of physical and mechanics properties are above 
the minimum recommended by them. The polyurethane resin bi-compo-
nent based on castor oil was efficient in the adhesion of the particles of 
babassu. 
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ABSTRACT: The large volume of waste generated by agroindustrial enterprises enables 
the development of alternative materials and sustainable, highlighting the particleboards. 
This paper presents a study of production and evaluation of panels of Eucalyptus grandis 
and oat hulls (Avena sativa), bonded under pressure with polyurethane resin based on 
castor oil. Physical-mechanical performance of these panels was evaluated based on 
standards ABNT NBR 14810:2006, BS EN 312:2003 and CS 236-66:1968. Acceler-
ated aging performance was preceded according to the standard APA PRP 108:1994. 
Variance analysis (ANOVA) was employed to investigate the influence of the proportion 
of particles (compositions between particles of both materials), adhesive and interaction 
between these factors in physical and mechanical properties of the panels produced. 
Experimental factor proportion of particles was significant at all the physic-mechanical 
properties before and after panels aging. For panels without accelerated aging, all eval-
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uated properties showed results that met national and international standards require-
ments. After particleboards accelerated aging, only a few experimental conditions met 
the cited requirements. 

Keywords: Waste recovery. Physical-mechanical properties. Lignocellulosic particles. 
Analysis of variance.

1.	 INTRODUCTION

After industrial revolution, in eighteenth century, gradual increas-
ing in production of goods and services has implied positively both in 
improving life quality and in caring people needs. 

In contrast to large scale production of goods and services serious 
environmental aggravating had emerged. Irreversible disturbances 
were generated by human activity and exacerbated by intensification 
of industrial activities from the 1950s. Consequently, great global prob-
lems were observed such as increased levels of pollution in great centers 
urban-industrial, global warming, deforestation, besides a lot of damage 
to ecosystems.

It is relevant to note that humanity has experienced a series of trans-
formations, not only environmental, but also social, political, cultural, 
economic and technological (BAPTISTA, 2010). But back to emphasize 
the environmental character, the main focus of this work, is the fact 
that not only corrective measures, but mainly preventive continue to be 
discussed and implemented to achieve satisfactory results in relation to 
sustainable development. 

Environmental sustainability is a much discussed topic currently, as 
part of actions and strategies of most companies required to solve ques-
tions related to reusing waste resulting from human activities.

In Brazil, agro-industrial wastes are available in large volumes and 
have significant potential for employment. According Tamanini and 
Hauly (2004), wastes production in these segments is about 250 million 
tons per year. 



251

PARTICLEBOARDS PRODUCED WITH AGROINDUSTRIAL WASTES OAT HULLS (AVENA SATIVA) AND REFORESTATION WOOD

Among agroindustrial wastes, oat hulls (result of oat cereal benefici-
ation process) have great potential in relation to raw material availability. 
According to Webster (1996), oat hulls correspond to 30% by weight of 
oat cereal, whose production, in Brazil, reached 400 000 tonnes in 2011 
(Brazilian Institute of Geography and Statistics - IBGE, 2013).

Thus, Brazilian production of oat hulls represented about 120 tonnes 
in 2011. The hulls, a byproduct of oat cereal, are discarded during its pro-
cessing, becoming a environment pollutant. Therefore, it is necessary and 
essential to establish alternatives for reuse. 

In turn, particleboards are notable in the scenario of wood products, 
precisely because they are the main product for a range of other wood 
industries sectors. Mendes et al. (2012) claim that the civil construction 
and furniture industries are the main responsible for the technological 
evolution of the particleboard manufacturing industries.

Particleboard is the most consumed wood-based product in the world. 
In Brazil, the production of particleboard is expanding besides continue 
growing prospects for the coming years (Brazilian Association of the 
Wood Panels Industry - ABIPA, 2014). 

The particleboard may be produced from any lignocellulosic mate-
rial which imparts high mechanical strength and pre-established spe-
cific weight, exactly by lignocellulose structure be similar to the timber 
(ROWELL; HAN; ROWELL, 2000).

In the production of wood-based panels, another factor worth men-
tioning is the resin used. Traditionally, such panels are produced with res-
ins based on formaldehyde, that exhibit inconvenience as the emanation 
of formaldehyde during pressing, making it problematic in countries with 
strict environmental control. With the development of polyurethane resin 
based on castor oil, an alternative resin emerges from natural sources. 
This resin is considered not aggressive to the environment and to human 
beings, derived from Brazilian technology.

In this context, the aim of this work is to produce particleboards with 
Eucalyptus grandis, oat hulls (Avena sativa) and polyurethane resin based 
on castor oil and evaluate their physic-mechanical and accelerated aging 
performances. Another aim this study is the use of wastes, as reforestation 
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wood Eucalyptus grandis (residue from sawmills) and oat hulls (agroin-
dustrial waste) in particleboards production.

2.	 LITERATURE REVIEW

2.1. 	 PARTICLEBOARDS

Particleboards emerged in Germany in the early 1940s as a way to 
enable the use of wood waste, considering the difficulty of obtaining good 
quality wood for plywood production, because the isolation of Germany 
during world War II (IWAKIRI, 2005). 

In Brazil, records about the history of particleboard manufacturing 
are divergent. Barros Filho (2009) describes in detail the entire history of 
particleboard panels in the world, emphasizing the production in Brazil.

There are several definitions for particleboards. Iwakiri (2005) con-
siders a panel made ​​from wood particles by incorporating a synthetic 
adhesive and reconstituted in a random matrix, consolidated by applying 
heat and pressure in the press hot. Other lignocellulosic materials can 
also be used in the manufacture of particleboards.

According to Campos and Rocco Lahr (2004), the manufacture of 
wood products, especially wood-based panels, has become an interest-
ing alternative in the context of available materials for applications in 
construction, and the furniture industries naval, among others. Thus, 
the production of wood-based panels is relevant to the forest sector and 
consequently for the Brazilian economy, because it is responsible for 
generating a significant number of direct and indirect jobs. However are 
necessary investments in technologies aimed at optimizing wood-based 
panels production, allowing further development this sector.

Stages of the production process of particleboards are described 
by several authors, as Maloney (1996), Iwakiri (2005) and Barros Filho 
(2009), among others.
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2.2	 ADDITION OF FILLERS IN WOOD PANELS

Raw material used in the particleboards production can be either 
reforestation woods as the use of various types of forest or agricultural 
wastes (DACOSTA, 2004).

Mendes (2008) says that waste generated by Brazilian agribusiness 
has potential use in various applications, such as composting (organic 
fertilizer), extraction of oils and resins, manufacture of particleboards, 
briquettes production, among others, besides to contribute to the reuse of 
wastes, also add value to them. Brazil presents a great potential for pro-
duction of renewable resources such as agricultural and forestry products. 
The proper use of these wastes helps minimize environmental and energy 
problems, besides generate products with relevant applications in industry.

Aiming to improve some properties of particleboards, some chemicals 
are additioned during adhesive application such as catalyst or hardener, 
paraffin emulsion, fire retardant and repellent to wood decay organisms. 
According to Maloney (1977) and Iwakiri (2003) those are additives com-
monly used in the particleboards production. 

Several researchers have succeeded in development, characterization 
and application of wood-based panels composed of agro-industrial wastes 
such as Arruda (2009), Melo et al. (2009), Pierre (2010), Bertolini (2011), 
Fiorelli et al. (2013), Ferro (2013), Macedo (2013), Castro Junior et al. 
(2014), among others.

2.3	 RAW MATERIALS USED

Possible solutions involving alternative inputs, emission control and 
the many possibilities of waste reusing should be improved to develop a 
product that is less harmful to the planet along its life cycle.  

2.3.1	 Oat Hulls 

Oats, cereal of Avena genus and Gramineae family, began to be cul-
tivated recently, compared to crops such as wheat. Cultivation began in 
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northern Europe due to the increased use of horses as working animals, 
about two thousand years B.C. (CERES, 2011). 

According to Sá (1995), there are multiple possibilities of use of oats as 
grain production (human and animal food), forage (hay, silage or cut and 
delivered fresh in the trough), ground cover (protection and improvement 
of soil physical conditions), besides inhibiting infestations of invasive 
plants.

In Brazil, agro-industrial wastes are available in large volume, with 
significant potential for employment. Among these organic wastes, the oat 
hulls generated in the process of processing of oat cereal has great poten-
tial especially in relation to the availability of raw material. According to 
Webster (1996), oat hulls is about 30% by weight oat cereal. The Brazilian 
oat production reached 400 000 tonnes in 2011 (Brazilian Institute of 
Geography and Statistics - IBGE, 2013). Thus, the Brazilian production 
of oat hulls represented about 120 000 tonnes in 2011. Oat hulls which 
is byproduct of oat cereal, is discarded during the processing of cereal, 
becoming a pollutant to the environment. Therefore, it is necessary and 
essential to establish alternatives for reuse.

2.3.2 	 Eucalyptus Wood 

Currently, Eucalyptus wood is grown in almost all the world, for being 
a genus that possess easily adaptable to various climatic conditions. Most 
species planted in Brazil presents rapid growth as a result of high quality 
genetic material used. The production of wood and its derivatives occurs 
on a large scale, due to the large demand for wood by Brazilian forestry 
market (Malinovsky, 2002).

According to Garcia and Mora (2000), the Eucalyptus wood is highly 
versatile, with opportunities to use in various segments such as essential 
oils (pharmaceuticals, hygiene products and cleaning), cellulose (various 
papers, viscose, acetate, medications coating), treated wood (poles and 
fences), charcoal and firewood, lumber (construction, furniture industry 
and toys), wood-based panels (veneer, plywood, waferboard, particulate 
and fiber), bee products (honey, propolis), among others.
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2.3.3	 Adhesive 

Adhesive is a component of great importance in wood-based prod-
ucts development, with significant technical and economic implications, 
which may represent up to 50% of the total cost of the final product 
(CARNEIRO et al., 2004). 

Main types of resin used for the panels of wood-based industries 
are urea formaldehyde (UF), phenol formaldehyde (FF), melamine 
formaldehyde (MF) and diphenyl methane diisocyanate (MDI). As the 
adhesive is component of the higher cost of the panel, it is necessary to 
define the type and amount of resin to be used, seeking to improve the 
cost-benefit ratio (MARRA, 1992). According to Saldanha (2004), some 
industries produce composite melamine-urea-formaldehyde (MUF), and 
phenol-melamine-urea-formaldehyde (PMUF) as an alternative for the 
panels production with improved dimensional stability and cost similar 
to when using only one type of resin.

Several factors may influence the performance of bonding, related to 
wood and the adhesive used. As factors related to wood, there are ana-
tomical, chemical and physical characteristics of this material (LIMA et 
al., 2007). 

In relation to the adhesive, the factors influencing the performance 
of gluing are the physical chemical properties (viscosity, gel team, solids 
content and pH) and the composition of this (KOLLMANN, KUENZI 
and STAMM, 1975). Factors belonging to the process particleboards pro-
ducing also affects the bonding, mainly the pressing variables, as tem-
perature, time and pressure cycle (VICK, 1999).

Researchers have developed a polyurethane resin base on castor oil, 
which has several advantages such as high resistance to the action of 
water and ultraviolet, manipulation at room temperature, high mechani-
cal strength and natural and renewable source, abundant throughout the 
country (JESUS​​, 2000).

Internationally known as castor oil, castor bean (Ricinus communis) 
is a plant from the Euphorbiaceae family, from which castor oil, which is 
used in the manufacture of polyurethane resin based on castor. According 
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to Peterson (1964), panels bonded with polyurethane resin give high 
moisture resistance and superior mechanical properties compared to the 
panels bonded with phenolic resins, and does not emit formaldehyde.

2.4	 PARAMETERS THAT INFLUENCE PHYSICAL AND MECHANICAL 
	 PERFORMANCE OF PARTICLEBOARDS 

Wood-based panels quality evaluated by their physical and mechan-
ical properties such as static bending (modulus of elasticity and modulus 
of rupture), internal bond, density, pullout resistance of connectors, water 
absorption, thickness swelling and other (IWAKIRI, 2005).

Maloney (1977) says that factors such as moisture content and dimen-
sional homogeneity of the particles directly influence the particleboard 
properties. Another factor that influences panel mechanical performance 
is their density. This should be as uniform as possible throughout panel 
thickness, to ensure uniformity in their physical-mechanical properties.

Particleboards are generally produced with a density in the range 
from 0.60 to 0.70 g/cm³. According to Kelly (1977), is required a minimum 
degree of compression of the wood particles in order to consolidate the 
particleboard during the pressing cycle. The compression ratio is the rela-
tion between the density of the panel and the density of the wood used. 
Values ​​between 1.3 and 1.6 are considered acceptable to occur proper 
contact between the wood particles and formation of the adhesive bond 
between them (MOSLEMI, 1974).

Adhesive is an important factor in particleboard production and the 
amount to be used is based on dry weight of the particles. Iwakiri (2005) 

says that normally the amount of adhesive for particleboard production 
should be in the range 6 to 12%. Attention in homogeneity of the distribu-
tion of adhesive on the surface of the particles, to ensure uniform proper-
ties over the entire length of the panel produced must be take in account.

Another important point is to achieve physical and mechanical prop-
erties which meet the regulatory requirements, producing panels accept-
able by the market (MENDES, 2001).
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2.5. ACCELERATED AGING 

Tests simulating exposure to severe weather conditions have been rel-
evant in seeking new applications for particleboard (BERTOLINI et al., 
2013). The accelerated aging test also evaluates the durability of the panels.

Several studies with accelerated aging panels were developed, as 
McNatt and Link (1989), Kojima, Norita and Suzuki (2009), Kojima and 
Suzuki (2011), Garzón et al. (2011) and Bertolini et al. (2013).

3. 	EXPERIMENTAL PROCEDURES 

3.1	 PARTICLES PRODUCTION

Species of Eucalyptus grandis (apparent density of 640 kg/m3) and oat 
hulls waste (apparent density of 290 kg/m3) were used as raw material 
sources to the particles production process. The production of particles 
was carried out by using knifes mill type Willye (Marconi brand, MA 680 
model), with 2.8 mm of sieve opening. 

The Eucalyptus grandis wood was obtained from companies in the 
city and region of São Carlos, São Paulo state, Brazil, while oat hulls waste 
(Avena sativa) were obtained from industry sector. For both cases, a par-
ticle size analysis was performed through a vibration process in order to 
determine the final dimensions of particles. SOLOTEST was the equip-
ment used for that, with sieves of 7, 10, 16, 30, 40 and 50 meshes. Samples 
mass of 200 grams were defined for each raw material source by using a 
balance equipment (Marconi brand, model AS 5000C), with an average 
sensitivity of 0.1 grams. Then, all samples were mechanically separated 
and particles that passed through the 50 mesh sieve were considered 
“fine”. Each vibration process lasted ten minutes, the final moisture con-
tent of particles was 9% on overage, and there were three replicates of 
samples for both wood and oat hulls material.

Regarding the size distribution, 70 to 75% of particles were between 
0.595 to 1.190 mm ​​(16 to 30 mesh), in accordance with prior studies on the 
topic (BERTOLINI, 2011; DIAS 2005). Fig. 1 shows the particles of both 
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materials before and after the milling process, and the milling machine 
used.

(a) (b) (c)

Figure 1 – (a) Particles before the milling process, (b) mill used and  

(c) particles after the milling process.

3.2	 PANELS MANUFACTURING

Particleboards with one layer (homogeneous panels) and with high 
density were produced. For the matrix phase of panels  were used castor 
oil based on polyurethane resin (PU) with solids content of 100%. This 
resin is bi-component, since 1:1 proportion between the prepolymer 
and the poliol components were applied. The 1:1 resin proportion was 
adopted because of excellent performance achieved by prior researches 
of the LaMEM lab (Laboratory of Wood and Timber Structures), when 
using this proportion (Bertolini, 2011; Dias, 2005). The polyol resin 
component is derived from vegetable oil with a density of 1.10 g/cm3, and 
the other component (prepolymer) is the polyfunctional isocyanate with 
a density of 1.24 g/cm3, both supplied by the industry sector. This resin 
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was used due to the excellent performance achieved in previous studies, 
developed in the LaMEM with wood panels (Bertolini, 2011; Ferro, 
2013; Souza, 2012).

For each panel composition it was used 640 g of particles and the PU 
resin in different proportions, 10, 12 and 14% relative to the dry mass of 
particles. The amount of 640 of particles per panel was defined to ensure 
a high density (above 800 kg/m³) of the final manufactured panels.

Regarding to the pressing process of panels the set of parameters used 
in press cycle was: pressure of 4 MPa, time of 10 minutes, and temperature 
of 100°C. Such parameters as well as the dimensions of the residues (res-
idues with size distribution similar to this study) were already evaluated 
by Dias (2005), that is why they were also adopted in the present study. 
Fig. 2 shows the panels manufacturing.

(a) (b)

(c) (d)

Figure 2 – (a) equipment that mixes the resin and particles, (b) pre-press machine (c) hydraulic 

press machine and (d) the final manufactured panels.
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The particles of both materials were weighed and mixed with resin for 
five minutes approximately. The glue machine used was a Lieme brand, 
BP-12 SL model, as showed in Fig. 2a. Then, the particles with glue were 
subjected to small press (about 0.013 MPa). The pre-pressing of panels 
was performed by manual the pre-press machine in Fig. 2b. The last step 
was the pressing process in a semi-automatic press Marconi brand, MA 
098/50 model, as showed in Fig. 2c. 

For each experimental condition (EC), six panels with the same par-
ticles proportion were produced. In total, seventy-two panels were pro-
duced with nominal dimensions: 280x280x10 mm.

After that, 72 hours was necessary to fully cure the PU resin with 
particles and the panels reach equilibrium moistures. All manufactured 
panels were squared being removed 10 mm from each edge in view of 
achieving final dimensions of 260x260x10 mm.

As it can be seen in tab. 1, all particleboards were divided into groups 
according to the different amounts of Eucalyptus grandis and oat hulls 
particles.

Table 1 – Experimental factors and levels.

EC Proportions constituents

1 100% Eucalyptus grandis - 10% resin

2 100% Eucalyptus grandis- 12% resin

3 100% Eucalyptus grandis- 14% resin

4 (85% Eucalyptus grandis- 15% Oat hulls) - 10% resin

5 (85% Eucalyptus grandis - 15% Oat hulls) - 12% resin

6 (85% Eucalyptus grandis - 15% Oat hulls) - 14% resin

7 (70% Eucalyptus grandis - 30% Oat hulls) - 10% resin

8 (70% Eucalyptus grandis- 30% Oat hulls) - 12% resin

9 (70% Eucalyptus grandis - 30% Oat hulls) - 14% resin

10 100%Oat hulls- 10% resin

11 100%Oat hulls- 12% resin

12 100%Oat hulls- 14% resin
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3.3	 PHYSICAL-MECHANICAL TESTS, ACCELERATED AGING TESTS AND 
	 RESULTS ANALYSIS

In each panel, it was removed one specimens for each property eval-
uated. The mechanical properties evaluated were modulus of rupture 
(MOR) and internal bond (tension perpendicular to the panel surface). 
The physical property evaluated was thickness swelling after two hours of 
immersion in water. Physical and mechanical properties were evaluated 
for all EC before and after an accelerated aging process. Specimen dimen-
sions as well as physical and mechanical tests were performed according 
to the ABNT NBR 14810:2006 standard. 

In this study, the accelerated aging tests evaluated the exposure of the 
panels in the environment (critical conditions of heat and humidity) and 
its influence on physical and mechanical performance. These tests were 
conducted at the Laboratory of Construction and Ambience, Faculty of 
Animal Science and Food Engineering (FZEA - USP), in Pirassununga 
city, São Paulo state, Brazil. 

The accelerated aging tests followed the APA PRP 108: 1994 standard, 
specifically APA D-1 Cycle method. The choice of selecting this method 
was due to recent findings of  Kojima and Suzuki (2011), whose stated that 
among five conventional accelerated aging methods, APA D-1 Cycle was 
the least aggressive to the panels. 

Fig. 3 shows the set of equipments used in accelerated aging tests.
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(a) (b)

(c)

Figure 3 – (a) bath with circulation, (b) drying greenhouse and (c) climatic chamber.

The equipments used were: bath with water circulation of Marconi 
brand, MA 470 model (Fig. 3a), drying greenhouse of the New Ethics 
brand, 400-5 ND model (Fig. 3b) and the environmental chamber of the 
Thermotron brand, SM-S 3.5 model (Fig. 3c). 

The set of process parameters used were: bath with circulation at 66 
°C for eight hours, dried at 82 °C for 14.5 hours and climatizing with 
temperature of 20 ± 3 °C and humidity of 65 ± 2% during 1.5 hours.

The Fig. 4 shows some of the specimens after accelerated aging tests. 
As noted, the specimens were damaged with apparent defects of warping 
and delamination. Such damage occurred due to the severity of acceler-
ated aging test adopted (APA D-1 Cycle).
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(a) (b)

(c)
Figure 4 – Specimens with damage: (a) and (b) warping and (c) delamination.

The variance analysis (ANOVA) was used to investigate the influ-
ence of the proportion of particles (compositions between particles of 
both materials), adhesive and the interaction between these factors in the 
physical and mechanical properties of the panels. The significance level 
(α) was 5%, considering the null hypothesis (H0) the equivalence between 
the averages and the non-equivalence as the alternative hypothesis (H1). 
P-value greater than the significance level involves accepting H0, rejecting 
it otherwise. If points (data) are evenly distributed along a line, they are 
met the conditions of normality required for ANOVA model validation. 
Otherwise, the Box-Cox normalization was used. This normalization is a 
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statistical fit that transform data in evenly distributed to finally validate 
the ANOVA model (MONTGOMERY, 2005).

4.	 RESULTS AND DISCUSSION

Table 2 shows average results of moisture content (MC) with variation 
coefficients (VC) and density (D) and compaction ratio (CR) ranges of the 
panels manufactured (before and after the aging process).

Table 2 – Average values of moisture content (MC) and ranges of the density (D) and compaction 

ratio (CR) before and after the aging process.

Before aging After aging

MC (%) 9.1 (6.8) 7.5 (6.4)

D (kg/m3) 913 to 1016 758 to 927

CR 1.45 to 3.50 1.25 to 3.20

Note: in parenthesis are variation coefficients expressed in percentage (%).

Particleboards produced by Trianoski (2010) presented MC values 
from 9.4 to 10.2%, i.e., similar results to that obtained for this study when 
considering the before aging’s panels result (9.1%). On the other hand, 
Trianoski (2010) MC result was a little above when compared to the after 
aging’s MC result (7.5%) found in this study. 

The reduction in MC after accelerated aging is mainly associated 
with the severity of the accelerated aging test, in which, at one stage, the 
panels were dried at 82 °C for a period of 14.5 hours, as described in the 
methodology. 

The panels before accelerated aging had high density (above 800 kg/
m3) and after the accelerated aging test the panels showed medium and 
high density values (758 to 927 kg/m3).
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4.1	 PHYSICAL PROPERTY 

4.1.1	 Thickness Swelling (2h)

Tab. 3 presents the average values ​​of physical property thickness 
swelling after two hours of immersion in water, for the twelve experimen-
tal conditions (EC). 

All results for the thickness swelling (2h) without the accelerated 
aging test were below the 8% stipulated by the ABNT NBR 14810: 2006 
and CS 236-66: 1968 standards. The standard BS EN 312: 2003 does not 
set property values ​​for the swelling in thickness (2h).

The thickness swelling (2h) after the accelerated aging process did 
not meet the requirements of the ABNT NBR 14810: 2006 and CS 236-
66:1968 standards, except for the experimental conditions 1 and 2. 

The results of thickness swelling (2h) before the accelerated aging 
process were consistent with those found by Bertolini (2011) and Weber 
(2011). The coefficients of variation obtained between 3.1 and 40.5%, were 
similar to those found by Bertolini (2011). The panels after accelerated 
aging showed results that resemble those obtained by Trianoski (2010).

Table 3 – Average values of thickness swelling - 2h (TS 2h) of the panels.

EC
Before aging After aging

TS 2h (%) VC (%) TS 2h (%) VC (%)
1 4.3 20.4 7.4 24.6
2 3.8 25.2 7.1 34.0
3 3.3 26.6 8.4 19.1
4 4.2 11.4 8.5 12.3
5 4.2 16.2 8.2 16.2
6 2.6 23.0 10.3 18.7
7 5.5 21.4 11.4 12.8
8 5.0 25.0 12.6 11.8
9 3.9 17.9 12.0 3.1

10 4.2 28.2 16.0 26.3
11 4.6 13.4 15.1 7.7
12 2.8 40.5 15.5 9.0
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Tab. 4 shows the results of ANOVA for the average values of thickness 
swelling (2h).

Table 4 – P-values ​​of the factors and interactions investigated in relation to  

thickness swelling - 2h (TS – 2h).

Experimental factors Before aging After aging

Proportion of particles 0.002 0.000

Resin 0.000 0.296

Proportion of particles - resin 0.598 0.263

The data of the thickness swelling (2h), before and after accelerated 
aging were distributed uniformly along the straight, in compliance with 
the conditions of normality required to validate the model of ANOVA. 

Thickness swelling (2h) of the panels ranged between 1.5 and 7.1%. 
Analysis of variance shows that the experimental factors proportion of 
particles and resin were significant in the results of thickness swelling 
(2h), as shown in tab. 4. 

The proportion of particles - resin interaction (before and after accel-
erated aging) were not significant, exhibiting p-values greater than 0.05, 
as shown in tab. 4. 

The panels after accelerated aging showed thickness swelling (2h) val-
ues ranged from 4.7 to 24.0%. The analysis of variance showed that only 
the proportion of particles was a significant factor, as shown in tab. 4.

4.2	 MECHANICAL PROPERTIES

4.2.1	 Modulus Of Rupture (MOR)

Tab. 5 shows the average values ​​of the modulus of rupture (MOR) for 
the twelve experimental conditions evaluated. 

The reduction in MOR after accelerated aging is associated with the 
severity of the method (Cycle APA D-1). 
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The coefficients of variation remained in range of 8 to 32.3%, being 
similar to those obtained by Weber (2011). 

For the MOR results without the aging process, all of them met the 
requirements of ABNT NBR 14810:2006, BS EN 312:2003 and CS 236-
66:1968 standards, which set minimum values of 18; 16 and 11 MPa, 
respectively. 

For the MOR values after the aging process, only the experimental 
conditions 3 and 6 (tab. 5) met the requirements of ABNT NBR 14810:2006. 
The BS EN 312:2003 standard had met their requirements in three experi-
mental conditions (EC 3, 6 and 12). The CS 236-66:1968 standard had met 
their requirements in five experimental conditions (EC 2, 3, 6, 9 and 12), 
as shown in tab. 5.

Table 5 – Average values of modulus of rupture (MOR) of the panels.

EC
Before aging After aging

MOR (MPa) VC (%) MOR (MPa) VC (%)

1 18 19.5 10 24.9

2 19 14.2 11 18.2

3 24 14.0 22 11.4

4 18 18.6 9 17.2

5 18 8.0 10 10.9

6 24 16.5 19 17.9

7 20 14.6 6 24.3

8 20 21.5 8 24.4

9 21 20.2 13 18.7

10 24 17.1 6 25.5

11 25 16.1 9 32.3

12 27 11.0 16 28.9

Tab. 6 shows the results of ANOVA for the average values of MOR.
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Table 6 – P-values ​​of the factors and interactions investigated in relation to the MOR.

Experimental factors Before aging After aging

Proportion of particles 0.000 0.000

Resin 0.003 0.000

Proportion of particles - resin 0.555 0.061

Results of MOR before and after the accelerated aging process were 
uniformly distributed along the straight, in compliance with the condi-
tions of normality required to validate the model of ANOVA. 

MOR results of the panels ranged between 12 and 31 MPa. Analysis of 
variance showed that the experimental factors proportion of particles and 
resin were significant for both before and after the aging process, with 
p-values 0.000 and 0.003, respectively, as shows the tab. 6.

The proportion of particles - resin interaction (before and after accel-
erated aging) were not significant, exhibiting p-values greater than 0.05, 
as shown in tab. 6. 

The manufactured panels after the accelerated aging process pre-
sented MOR values between 4 and 25 MPa. The experimental factors 
proportion of particles and resin were significant in the results of MOR, 
with p-values smaller than 0.05, as shows tab. 6.

4.2.2	 Internal Bond 

Tab. 7 shows the average values ​​of the internal bond of the panels.
The variation coefficients obtained between 12.6 and 68.3%, were 

slightly higher than those found by Trianoski (2010).



269

PARTICLEBOARDS PRODUCED WITH AGROINDUSTRIAL WASTES OAT HULLS (AVENA SATIVA) AND REFORESTATION WOOD

Table 7 – Average values of internal bond (IB) of the panels.

EC
Before aging After aging

IB (MPa) VC (%) IB (MPa) VC (%)

1 1.84 32.7 0.73 28.3

2 2.56 24.5 0.79 34.5

3 2.50 13.8 2.53 35.5

4 1.65 34.3 0.39 21.3

5 1.55 40.4 0.53 51.2

6 1.83 32.9 1.07 31.3

7 1.74 24.8 0.21 47.5

8 2.37 18.3 0.33 38.4

9 2.06 45.3 0.73 32.7

10 1.60 13.7 0.12 56.3

11 1.99 12.6 0.25 68.3

12 1.52 39.6 0.68 49.3

For the internal bond results before the aging process, all of them met 
the requirements of ABNT NBR 14810:2006, BS EN 312:2003 and CS 236-
66:1968 standards, which establish minimum values ​​of 0.40, 0.40 and 0.48 
MPa, respectively. The results were excellent, as they were above of the 
expected standard requirements.

Other studies also reported satisfactory results to the internal bond 
property (Mendes, R.; Mendes, L. and Almeida, 2010; Weber, 2011). 

For the panels after the accelerated aging process, the requirements of 
ABNT NBR 14810:2006 and BS EN 312:2003, i.e. 0.40 MPa, did not meet 
in five experimental conditions: EC 4, 7, 8, 10 and 11 (tab. 7).

Tab. 8 shows the results of ANOVA for the average values of internal 
bond.
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Table 8 – P-values ​​of the factors and interactions investigated in relation to internal bond (IB).

Experimental factors Before aging After aging

Proportion of particles 0.011 0.000

Resin 0.609 0.000

Proportion of particles - resin 0.468 0.000

The data of the IB property before and after the accelerated aging pro-
cess were uniformly distributed along the straight, in compliance with the 
conditions of normality required to validate the model of ANOVA. 

IB results ranged between 0.72 and 3.24 MPa. Analysis of variance 
showed that only the experimental factors proportion of particles was sig-
nificant to the IB results before the aging process, presenting p-value of 
0.011, as showed in tab. 8.

The panels after the accelerated aging process show IB values between 
0.04 and 3.40 MPa. The analysis of variance showed that all experimental 
factors were significant, with p-values smaller than 0.05, as shows tab. 8.

5.	 CONCLUSIONS 

For the panels before the accelerated aging process, all the evaluated 
physical and mechanical properties have met the requirements of national 
and international standards; 

After the accelerated aging process, only a few group of experimental 
conditions showed results in accordance with the standards’ requirements; 

The severity of the accelerated aging method caused a significant 
reduction of the physical and mechanical properties of panels;

The experimental factor proportion of particles was the most signifi-
cant factor for all the physic-mechanical properties for both, before and 
after the accelerated aging process; 

The experimental factor resin was significant in the thickness swell-
ing properties, MOR (before the aging process), and was also relevant in 
MOR and IB properties after the aging process; 



271

PARTICLEBOARDS PRODUCED WITH AGROINDUSTRIAL WASTES OAT HULLS (AVENA SATIVA) AND REFORESTATION WOOD

The proportion of particles - resin interaction was significant only in 
the values ​​of IB after the accelerated aging process; 

Even the panels produced with 10% resin obtained satisfactory results 
for all properties evaluated before the aging process.
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ABSTRACT: Peanut husks are an abundant waste into the agricultural field, which can 
be used as raw material for new products. This article analyzes the physical and me-
chanical properties of low and medium density panels (0.6 g/cm3 and 0.75 g/cm3) 
made of peanut husks and two different types of resin: urea formaldehyde and castor oil 
polyurethane. Brazilian standard NBR 14810:2006 was used to determine and evaluate 
density, water absorption and swelling, modulus of rupture (MOR), modulus of elasticity 
(MOE) and internal bond (IB). A satisfactory behavior was observed in medium density 
panels prepared with castor oil adhesive, reaching density values of 0.71 g/cm3, water 
absorption percentages of 50.66% at 2 h and 95.11% at 24 h, swelling percentages of 
14.67% at 2 h and 21.79% at 24 h, MOR and MOE values of 7.61 MPa, and 1069.5 
MPa respectively and IB values of 3.5 MPa. Moreover, analysis of the components by 
SEM (Scanning Electron Microscopy) showed that low density panels has low compac-
tion, which is likely the cause of the least resistance of these panels.

Keywords: Peanut husks. Urea resin. Polyurethane Resin from castor oil. Physical 
Properties. Mechanical Properties.

1.	 INTRODUCTION

The indiscriminate use of raw materials and non-renewable energies, 
added with high waste generation, had led to demand for alternatives 
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coming from several scientific and technological fields. The main pur-
pose of this new looking is to ensure the availability of resources for future 
generations. These new solutions are based on the approach of sustainable 
development, defined by the World Commission on Environment and 
Development in 1987, which aims to meet the needs of the present with-
out compromising the ability of future generations in meeting their own 
needs (WCED, 1987).

One of these renewable resources is wood, which is widely used in 
many applications, such as paper and energy production. It is also highly 
consumed in areas of construction and design. One of these approaches in 
wood use is the development of effective wood-based particleboards and 
plywood panels. Nutsch (2000) defines them as panels made from wood-
based fibers or chips, usually pine and eucalyptus, bonded together using 
synthetic resins. With that, that products have gotten several advantages 
in its properties, including homogeneity, greater dimensional stability, 
larger dimensions, reduced weakening, less waste during process, and 
increased possibility to employ fast-growing tree species (Medina, 1999; 
Chan Martin, 2004). However, the high demand for these products also 
leads to an excessive use of raw materials and consequently to the need 
for monoculture forestation (Markessini, Roffael & Rigal, 1997).

The use of local agricultural lignocellulosic wastes as raw materials in 
the particleboard industry comes as an alternative to the intensive use of 
wood, and scientists are getting good results with their use. Their main 
objective is giving an application to these wastes and reducing environ-
mental impacts caused by them. Lignocellullosic compounds can be fea-
sible alternatives, highlighted by a sustainable production process. Some 
of these raw materials are residues coming from crops like wheat, sugar 
cane bagasse, cereal, corn and rice husks, peanut husks, coconut fibers, 
among others (Medina, 1999; Anderson, Yung, Tanaka, 2005; 
Gatani, 2010; Hayets, 1998; Fiorelli et al., 2012). 

Youngquist et al. (1993) discussed the different possibilities for crop 
residues (like sugarcane, cereals, corn and rice husk) to be used into the 
production of panels. In addition, kenaf, flax, hemp fibers, and crop 
residues of wheat have been studied as potential complements or even 
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substitutes for wood boards (Lloyd & Seber, 1996; Markessini et 
al., 1997). Granero and Aravena (2008) developed particleboards com-
posed with tree leaves and urea resin, used in interior furnishing design. 
Moreover, Gatani (2010) have developed technologies in the use of peanut 
husks-based materials. 

However, wood-based particleboards and lignocellulosic panels still 
having some unsolved issues. One of the major challenges associated with 
wood-based particleboards is the use of formaldehyde resin: Nutsch (2000) 
explains that formaldehyde is expelled during the resiń s hardening pro-
cess in the manufacture of urea, melamine or phenolic particleboards. As 
a gas of pungent odor, the exposure to high concentrations of formalde-
hyde can cause nasal and throat congestions, burning eyes, and increasing 
the risk of developing cancer. That formaldehydé s effect is confirmed by 
the International Agency for Research on Cancer (International Agency 
for Research on Cancer, 2004), and it was discovered by a scientific study 
carried out in ten countries that this substance is carcinogenic to humans. 
Furthermore, this study states that the most common emission sources of 
formaldehyde are the productions of particleboards and similar materials 
used in construction.

In 1977, Kelly referred to the emission of formaldehyde as a com-
mon object of study. The author indicates that its emission can decrease 
depending on pressing, temperature and humidity during panels’ produc-
tion. Kelly also describes a number of studies focused on the reduction of 
formaldehyde emission. The methodology used in those works was based 
on the reduction of the amount of resin and the introduction of additives 
that act as formaldehyde scavengers. However, in some cases, additives 
can contribute to the lack of mechanical strength of the panels. Despite 
this disadvantage, formaldehyde-based resins are still widely used due to 
its low cost and the good properties achieved in the final material.

Regarding the search for alternative binders, a resin derived from cas-
tor oil was developed in the early 1980s by the Department of Chemistry 
and Molecular Physics, Institute of Chemistry, Sao Carlos, Brazil. As great 
advantages, this resin has no emissions, comes from a renewable resource 
and is very resistant to water and ultraviolet light (Moura Dias, 2008). 
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Castor oil resin has been used in wood paneling in Brazil (Moura Dias, 
2008; CAMPOS et al., 2008; NASCIMENTO et al., 2008), and in the pro-
duction of plywood (Moura Dias, 2008). Alternative lignocellulosic 
panels such as coconut fibers bonded in a polyurethane matrix of castor 
oil resin have been studied by (FIORELLI et al., 2012).

Therefore, reducing dangerous emissions and finding new binder 
resins are essential to the development of lignocellulosic materials pan-
els, considering both the environment and technical performance of this 
material. In this context, this paper present a comparison between physi-
cal and mechanical properties of low and medium densities panels (0.6 g/
cm3 and 0.75 g/cm3) made from peanut husks bonded with urea resin and 
castor oil resin. Urea resins are formaldehyde-based resins while castor oil 
resins are volatile organic compounds free (VOC’s).

2.	 MATERIALS AND METHODS

2.1 	 MATERIALS

The materials used in the preparation of the panels were:
Peanut husks without crushed treatment (fig. 1), obtained from 

Amendobras SA, Bauru, State of Sao Paulo, with bulk density of 0.81 g/cm3..

Figure 1 – Peanut husks without crushed treatment
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Figure 2 shows the microscopic morphology of peanut husks. It is 
possible to observe thin shells and fragmented sheets, and the presence 
of short and long fibers. Morphologically, these characteristics describe 
peanut husks as a heterogeneous material.

(a) (b)

Figure 2 – Imagen SEM – Peanut husks a. Increase  x40. b. Increase x200

i)	 Monocomponent urea resin (cascomite) produced by Momentive 
Brazil, paraffin and ammonium sulfate.

ii)	B icomponent polyurethane castor oil resin produced by Plural 
Brazil.

2.2 	 METHODS

The manufacturing of panels using peanut husks bonded with urea 
resin and castor oil resin were prepared with formulation presented in 
Table 1.
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Table 1 – Particleboards formulation

Amount of peanut 
husks (g)

%
Resin*

Types of Resin
Amount of 
Resin (g)

Additives

1,440 15 Castor oil resin 216 -

1,920 15 Castor oil resin 288 -

1,920 15 Urea resin 288 -

1,920 15 Urea resin 288
1% paraffin**

1% (NH4)2SO4*

References: * Regarding husks. ** Regarding resin.

2.2.1 	 Production Process

Figure 3 shows the panels manufacturing stages. Peanut husks were 
dried in an oven at 60°C for 24 h. Then, husks and resin were weighed and 
homogenized in a vertical shaft mixer for 2 minutes (Fig. 3a). That mix-
ture was placed in a wooden mold using an aluminum foil for protection 
(Fig. 3b). Manual pressing was used to form a mattress of husks (Fig. 3c).

(a) (b) (c)

(d) (e) (f)

Figure 3 – Peanut husks particleboard production process. a: Vertical shaft mixer. b: Placing in 

wooden mold. c: Manual pressing.  d: Husks mattress. e: Pressing. f. Finished particleboard.
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Then, the mold was removed (Fig. 3d) and the husks mattress was 
put in a hydraulic press (Fig. 3e). Panels bonded using castor oil resin 
were pressed for 10 minutes at 100 °C, while panels bonded using mono-
component urea resin were pressed for 10 minutes at 130 °C. The final 
measures were 50 cm x 50 cm x 1.8 cm (Fig. 4f). Specimens were extracted 
from these panels for physical and mechanical properties evaluation.

2.2.2 	 Properties Characterization

•	 Morphological characterization:
	 It was performed by a scanning electron microscopy (SEM) 

using Hitachi Analytical Table Top Microscope, modelTM3000 - 
Laboratório de Tecnologia de Alimentos da FZEA/USP

•	 Physical and mechanical characterization:
	 The physical (density, water absorption and swelling tests) and 

mechanical (Bending Test and Internal Bond) were performed 
according to the Brazilian Standard ABNT NBR 14810:2006. This 
standard was adopted based on the similarity between wood-
based panels and peanut husk-based panels.

3.	 RESULTS

This section presents the results of the comparison, regarding phys-
ical and mechanical properties, between panels made with peanut husk 
and castor oil resin and urea resin, with and without additives.
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(a) (b)

Figure 4 – Resulting particleboard. a. Surface aspect. b. Texture detail

3.1 	 PARTICLEBOARDS

Figure 4 exhibits the finishing of the panels (Fig. 4). It can be observed 
a consistent quality on the panel’s surface. Colors are uniform: lignt 
brown, yellow ocher, dark brown. We can also observe the presence of 
particles in different sizes and other peanut plants parts, especially stalks. 
This condition gives a natural appearance to the panels.

Four types of panels were obtained, differentiated according to the 
density and type of binder used:

i)	 MBD Particleboards: Peanut husks bonded with castor oil resin. 
Low density.

ii)	 MMD Particleboards: Peanut husks bonded with castor oil resin. 
Medium density.

iii)	U MD Particleboards: Peanut husks bonded with urea resin. 
Medium density

iv)	U MD+A Particleboards: Peanut husk panels bonded with urea 
resin with additives. Medium density
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3.2	 MICROSCOPY

3.2.1 	 MBD Particleboards: Peanut Husk Bonded With Castor Oil Resin. Low 
Density.

Figure 5 presents that panel morphology. A cross section shows slight 
detachment of husks (5a) due to an insufficient adhesion in the bonded sur-
face. The specimen shown in figure 5b, taken in the center of the panel, exhib-
its internal bond differences and presence of voids. This figure also shows the 
presence of white particles, unknown contamination of the raw material.

(a) (b)

Figure 5 – SEM image - Panel of low density, peanut husk and castor oil resin. a: Panel’s edge view 

increased 30x. b: Panel’s inside view, increased 200x

3.2.2 	 MMD Particleboards: Peanut Husk Bonded With Castor Oil Resin. Me-
dium Density.

Figure 6a corresponds to a specimen taken in the edge of the panel 
where it is possible to observe sufficient internal bond in the peanut husks 
particles. The presence of flat sheets of peanut husks attached together 
and the presence of few voids in the panel edge composition suggests good 
molding and pressing conditions. Figure 6b corresponds to a specimen 
taken in the upper right corner and shows some resin residue.
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(a) (b)

Figure 6 – SEM Image – Medium density particleboard. Peanut husks with castor oil resin a: 

Panel’s edge view increased 30x. b: Panel’s upper corner view increased 200x

The specimen presented in Figure 7a exhibits a heterogeneous com-
paction. This may suggest that the size and shape of peanut husks parti-
cles presents a resistance to compaction. The convex-concave shape of the 
husks avoids a proper homogenization with resin. Therefore, the inner 
layers are not completely bonded (GRANERO et al., 2012). The same test 
body, increased to 200x in figure 7b, shows unknown white particles: raw 
material contamination.

(a) (b)

Figure 7 – SEM Image – Medium density particleboard. Peanut husks with castor oil resin. a: 

Panel’s inside view, increased 30x. b: Panel’s inside view, increased 200x
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3.2.3 	 UMD+A Particleboards: Peanut husks panels bonded with urea resin 
and additives.

Figure 8a shows that UMD presents greater homogeneity than MMD. 
However, a closer look (Figure 874b) exhibits an uneven distribution of 
urea resin. This situation may be caused by not only the shape and size of 
the particles, but also by the type of binder used.

(a) (b)

Figure 8 – SEM Image – Medium density particleboard. Peanut husks with urea resin.  

a: increased 30x, b: increased 200x

3.3 	 PHYSICAL PROPERTIES

3.3.1 	 Density

The density values obtained are summarized in Figure 9. A LSD aver-
age comparison test with a = 0.05 was used to compare density values of 
MBD, MMD, UMD and UMD+A. The test allowed inferring that MMD, 
UMD and UMD+A panels have similar density values while MBD panels 
have statistically significant lower density. That lower density is consis-
tent with less amount of husk in the formulation.
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Figure 9 – Peanut husks panes average density according binder type

3.3.2 	 Water Absorption And Swelling

The specimens were fully immersed in water for 2 hours and 24 hours 
in order to determinate water absorption values of MBD, MMD, UMD 
and UMD+A. The resulting values are summarized in Figure 10. A LSD 
means comparison test with a = 0.05 was used to compare the results.

Regarding 2h test, water absorption values of MMD and MBD were 
lower than UMD and UMD + A. This indicates that the type of binder 
influences the absorption behavior. In the SEM analysis, we have already 
observed that castor oil resin takes up the interstitial spaces between the 
husks particles, blocking water access.

According to the LSD test related to the behavior at 24h, three sta-
tistically distinct groups can be distinguish: A first group of lower level 
of water absorption (MBD), a second group of medium level of water 
absorption (UMD), and a third group of high level of water absorption 
(MMD and UMD+ A).

It is clear that the presence of the polyurethane resin fills the inter-
stitial voids delaying contact of water with husks particles. However, this 
behavior changes in longer immersion periods. At 24h test, the water 
absorption percentage increases significantly. Castor oil resin specimens 
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show a significant difference between the amount of absorbed water in 2h 
and 24 h tests. Water absorption almost raised by 100 per cent in MMD.

The amount of absorbed water by urea resin specimens was less than 
their similar. The difference between 2h and 24h tests was 9% and 17% 
respectively. These results suggest that castor oil resin delays the contact 
of water with peanut husks particles. Despite this, when the water reaches 
the particles, husks get a high absorption capacity.

Figure 10 – Absorption values in 2 and 24 hs

Figure 11 – Sweelling values in 2 and 24 hs
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Figure 11 presents swelling values registered at 2h and 24 h tests. 
Castor oil resin specimens showed less swelling than urea formaldehyde 
resin ones. In a LSD means comparison test with a = 0.05 at 2h test, MMD 
and MBD obtained the lowest swelling values; UMD + A got a medium 
swelling value and UMD the highest. Results from LSD means test with a 
= 0.05 at 24h allow grouping castor oil resin specimens MBD and MMD in 
one group and urea formaldehyde resin specimens in another group, with 
less favorable performance. Wood-based particleboards with 0.67 g/cm3 
density sold on the domestic market (MASISA, Argentina) have a swelling 
value of 15% in 24h test in average, while castor oil resin particleboards 
exceeds 45% (MMD) and 66% (MBD). This difference related to commer-
cial panels could be explained not only by the binder used, but also by 
differences in the production process. 

Table 2 summarizes the results of water absorption and swelling and 
the relationship between these properties at 2 h and 24 h respectively.

Table 2 – Absorption and Swelling values in 2 and 24 hours

Particleboard
Absorption (%) Swelling (%) Absorption 

relationship 
2/24 h (%)

Swelling 
relationship 

2/24 h (%)2h 24 h 2h 24 h

MBD 42.95a 72.52a 16.00a 24.99a 0.59a 0.64 

MMD 50.66a 95.11bc 14.67a 21.79a 0.53b 0.67e,f

UMD 80.37b 87.48b 36.11b 37.80b 0.92c 0.95
UMD+A 85.39b 100.00c 31.44c 40.52b 0.85 0.77f

Ref.: Same letter mean similar performance in LSD medias comparison test with a= 0.05

As shown in table 2, castor oil resin panels absorption and swelling 
was about 60% in 2 h and 24 h test. In the case of urea resin panels, absorp-
tion and swelling values reached 90%. Therefore, it can be concluded that 
castor oil resin panels do not absorb water as quickly as urea resin panels, 
have greater resistance and better performance against humidity.
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3.3.3 	 Mechanical Properties

Figure 12 shows MOR (modulus of rupture) values obtained in 
medium density panels (MMD, UMD, UMD + A). Results are lower 
than those recommended by the reference standard (<11 MPa). MBD 
panel, classified as LD (low density), has a higher MOR value than the 
recommended by the standard (> 3 MPa). LSD means comparison test 
with a = 0.05 manages to group the specimens into categories with dif-
ferent behavior. MBD specimen had the lowest value of bending strength. 
UMD and UMD+A specimens had a similar mechanical performance. In 
another group, MMD and UMD panels share properties. These results 
demonstrate the relationship between mechanical strength and density.

Figure 12 – MOR average values

Regarding MOE (modulus of elasticity), medium density panels 
(MMD, UMD and UMD+A) classified as M (medium density) had lower 
values than those recommended by the standard (<1725 MPa). The MBD 
panel, classified as LD, has a higher MOE value than recommended (> 550 
MPa). Results are shown in Figure 13. The MMD panel is placed in the 
high-density group.
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Figure 13 – MOE average values

As regards AI (internal bond), panels exceed the recommended stan-
dard for classification according to density values (Figure 14). Standard 
values for low density panels are 0,1 MPa, and for medium density pan-
els are 0,4 MPa. Results showed the possibility to reduce the amount of 
resin, since MBD, MMD, UMD and UMD+A AI values were significantly 
higher than the ABNT NBR 14810:2006 recommended standard.

Figure 14 – IB average values

Table 3 summarizes the mechanical properties information (MOR, 
MOE and AI) and a classification according to density of the panels in 
relation with ANSI A208.1: 1999 standard.
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Table 3 – Peanut husks panels mechanical properties

Type of panel
Density

g/cm3

Clasification
ANSI A208.1:1993

MOR
MPa

MOE
MPa

IB
MPa

MBD 0.53 LD (Low density) 0.38a 573a 0.21a

MMD 0.71 M (Medium density) 7.61b 1,069b 0.35b,c

UMD 0.74 M (Medium density) 6.9b,c 1,274c 0.385c

UMD+A 0.75 M (Medium density) 5.84c 1,175b,c 0.329b

Ref.: Same letter mean similar performance in LSD medias comparison test with a= 0.05.

Results allow us to conclude that density of each treatment is directly 
related to the physical and mechanical material’s performance. In pan-
els with similar density values, castor oil resin shows higher mechanical 
capacity over urea resin. Furthermore, it was demonstrated that the use of 
urea resin additives did not improve panel’s mechanical properties.

Similar properties were given by Fiorelli et al., (2012) when studying 
panels of coconut fibers bonded with castor oil resin. In the work of ref-
erence, better mechanical properties were obtained from coconut fibers 
panels with similar density to this study’s peanut husks panels. This may 
have been achieved due to the coconut properties: The fibers are larger, 
have a flat morphology and present smaller cross-section area.

The physical-mechanical characteristics, including swelling, absorp-
tion, MOR and MOE properties of peanut husks panels can be improved 
changing the amount of resin and particle size, as well as the temperature 
and pressure during the production process.

4.	 CONCLUSIONS

The use of lignocellulosic waste as raw material in the manufacturing 
of particleboards, in association with the replacement of harmful emis-
sions binders are a rising trend. This paper discusses the benefits of castor 
oil resin as an alternative binder in the manufacturing of panels made of 
peanut husks.
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The surface appearance of the studied panels looks very attractive, 
which is important for architecture and design purposes.

In terms of physical properties, it was observed that the amount of 
water absorption and swelling at 2 and 24 hours of castor oil resin panels 
are lower than values of urea resin panels. These properties give castor oil 
resin panels a greater resistance to deterioration by moisture and water 
exposure. This behavior can be attributed to the hydrophobic character 
of the castor oil resin.

MOR, MOE and AI properties show satisfactory levels in castor oil resin 
panels with medium density (MMD). Castor oil resin panels with low density 
(MBD) presented an inferior mechanical behavior compare to the others.

Future interventions during the production process will allow the 
increasing of the physical and mechanical properties in those particleboards.

We conclude proposing an increase of the use of peanut husks par-
ticleboards bonded with castor oil resin with medium density (MMD) 
as an alternative to the traditional wood particleboard. This proposal is 
based on the distinctive low emission pollutants and good physical and 
mechanical properties of the panels, making it suitable for claddings, non-
load-bearing structures, and another features in civil construction fields.
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ABSTRACT: In this research the aim was produce and evaluate a plastic composite 
using recycled polypropylene (PP) and fibers from sugarcane bagasse residues (SC), 
without the use of additives. This analysis was based on laboratorial tests for physical 
and mechanical characterization, according to the standards ASTM D256-00, ASTM 
D638-101and ASTM D570-98 were analyzed: water absorption, thickness swelling, 
impact resistance, tensile strength and deformation. For comparison it was elaborated 
three different traces: 100% PP; 80% PP+20%SC; 70%PP+30%SC. The results of the 
assays of water absorption had shown that bigger amount of fiber characterizes greater 
water absorption, and swell in thickness. In comparison with traces without PP in the 
composition, the plastic presented as an alternative for increase of surface waterproof-
ing. Thus, indicating a positive correlation with the content of fiber and water absorption 
and thickness swelling. In the tension tests, the composites with fibers increase the 
value of resistance for physical efforts, bringing advantages as durability and integrity of 
the material, showing a viability of the composites.
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1	 INTRODUCTION

The environmental issue has gained great prominence in the world, in 
recent decades, due to the urgency of preserving natural resources, with the 
threat of water scarcity, the need for fertile land for food production, and 
the reduction of pollution and waste generated by human activity. Given 
this scenario, nowadays there is a growing global concern about the envi-
ronment, leading to the search for renewable materials that do not harm 
the environment. This new paradigm has become a differential tool in the 
survival of the industries in today’s globalized and competitive market.

It is known that Brazil is a major generator of residues produced by 
agribusiness, which mostly end up being wasted and cause serious envi-
ronmental problems both in the economic, social and environmental 
context. Within this Brazilian context, the sector of particleboard pro-
duction presents itself as a viable alternative for these lignocelluloses res-
idues, with the possibility to aggregate value for these residues through 
its use in construction materials Viola et al. (2013), Battistelle et al. (2014) 
and Pedreschi (2009).

According to Fiorelli et al. (2011), lignocelluloses materials from agro-in-
dustrial by-products have been used successfully in the manufacture of par-
ticleboard, highlighting the use of rice husks, corn, bamboo leaves, as well as 
sugarcane bagasse. Also according to Correa et al. (2003) the particle board 
can be manufactured from any lignocelluloses material that confers them 
high resistance mechanics and preset specific weight.

The sugarcane bagasse used in this study certainly is among the most 
widely used materials, mainly due to its low cost and abundance in the 
sugar and alcohol mills, as shown in Battistelle et al. (2014).  

The disposal of residues occurs in all manufacturing processes, in 
this research we are focusing in residues stemming from two important 
industries: sugarcane extraction and polypropylene. Both products had 
become great icons in Brazilian exportation market. 

The study of new composites using polypropylene with fibers materi-
als had been developed by some authors such as Hillig et al. (2008), Najafi 
(2013) and Yamaji (2014), among others, which analyzed its mechanical and 



299

RESIDUES OF SUGARCANE BAGASSE AND POLYPROPYLENE WITHOUT ADDITIVES FOR PARTICLEBOARD PRODUCTION

physical characteristics. The polymer composite can be thought of as a com-
bination of two or more materials; reinforcement elements and/or charges 
incorporated into a polymeric matrix, differing in shape and / or composi-
tion. Also these studies are complemented by laboratorial and economical 
viability analysis and the availability of the raw materials Clemons (2012), 
especially in the construction, furniture and transportation industries; 
where the application of additives allows the material to adapt easily to the 
critical conditions of thermal stability, chemical and temperature resistance.

Our research has the novelty of production of composites with residues 
from sugarcane bagasse and polypropylene without resins or additives in 
laboratory scale, where the physical and mechanical characteristics for 
three different traces were analyzed.

2.	 MATERIAL AND METHODS

The raw material used in this research for the composite production 
are: residues of polypropylene (Homopolymer Polypropylene; PP-HO) 
donate by a plastic recycler industry located in Bauru, State of São Paulo, 
Brazil; and fiber material derived from sugarcane bagasse donated by the 
Plant of Bioenergia Paradise in Brotas, State of São Paulo, Brazil.

The raw materials had been extruded and injected in the Laboratory 
of Biocycle, of Federal University of São Carlos (UFSCar) for the produc-
tion of test samples. For tension and impact tests were used the equip-
ments CEAST and INSTROM 5569 also at the UFSCAR facilities. The 
tests of water absorption and thickness swelling had been made at the 
Laboratories of Wood and Residues Processing at State University of São 
Paulo (UNESP) Campus of Bauru.

The polypropylene was in the shape of pellets, however without homo-
geneity and with some impurities. The material was then washed and dried 
in a kiln for 24 hours at 90°C. The sugarcane residue had large moisture 
content, and it was also dried in a kiln for 24 hours at 90ºC (Figure 1).

After that the materials were extrude in order to mix the raw mate-
rials and to form homogeneity pellets, using a extruder model Extruale, 
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scheduled for the heating zones, with water temperature at 25°C, as fol-
lows: Z1 at 110°C; the Z2 at 150ºC; Z3 at 170ºC; from Z4 to Z6 at 195ºC; 
from Z8 to Z10 at 190ºC; Z11 at 200ºC; with extrude speed of de 50kg/h. 

In order to make a comparison, the composite was produced in three 
traces: 100% PP (T1); 80% PP+20%SC (T2); 70%PP+30%SC (T3). After the 
extrusion, the pellets where dried in a kiln for a 24h at temperature of 60ºC. 
Thus, with the dried pellets started the injection process using an Injector 
model Romi Pratica 130 for the confection of the test samples according to 
standard ASTM D256-00, ASTM D638-101 and ASTM D570-98.

The injection of composites in molds under pressure was carefully 
performed in order to avoid the appearance of cracks or gaps in the speci-
men. The mold used in the process of injection is shown in Figure 2.

The test samples were then cut following the dimensions and descrip-
tions of the ASTM standards to respective test: impact (Figure 3a), trac-
tion (Figure 3b), and water absorption and thickness swelling (Figure 3c), 
these of circular form with 50.8 mm of radius dimension.

(a) (b)

(c) (d)
Figure 1 – Samples of Pellets before and after cleaning, (a) sugarcane bagase before; (b)sugarcane 

bagase after; (c) recycled polypropylene before; (d) recycled polypropylene.
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Figure 2 – Injection mold for specimens

(a) (b)

(c)

Figure 2 – Samples dimensions for mechanical and physical tests: (a) impact test (Charpy);  

(b) traction test; (c) water absorption and thickness swelling.
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For the water absorption test it was used distilled water (provided by 
the Laboratory of Chemistry of the campus) in small basins separated 
by traces (100% PP, 20%SC, and 30% SC). The immersion test has two 
steps, following the standard ASTM D570-98. The first step is the method 
of Repeated Immersion, where the samples were fully immersed into 
the basin with distilled water for 2 hours at controlled temperature of 
23°C±1°C. After the first hour, the specimens were removed from the 
basins, removing the excess of surface moisture and then were weighed 
and measured individually. After this first period, the samples were 
returned to containers and kept immersed for 24 hours and once again 
were weighed and measured individually.

The second step was the Long Term Immersion, where the specimens 
had greater length of time between one and another weighing. In this 
case, the specimens were weighted in the interval of one week, two weeks 
and finally one month.

In the impact resistance test with Izod slot, it was used the equip-
ment CEAST (Figure 3a) using a 2J hammer and coefficient of friction of 
approximately 0.012 J. Furthermore, each sample received slot of 2.54mm 
at its medium point (Figure 1a).

(a) (b)

Figure 3 – (a) equipment CEAST, (b) carver, DEMa/UFSCar.
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In this test, the samples were fixed on the bottom of the equipment, 
using a hammer of 2J capacity, which struck and broke the specimens in 
a kind of parabolic free fall.

In tensile tests were applied by INSTRON 5569, in the DEMa labora-
tory in São Carlos, in accordance with ASTM D638-101. The samples were 
subjected to tension by a 50kN load cell, the distance between the grips 
was 155 mm and the average speed of detachment between them was 5 
mm / min (standardized by norm). The specimens used were approxi-
mately 3.25mm wide and 12,75mm long.

3.	 RESULTS AND DISCUSSION

The results for each trace are presented in the Table 1 with the req-
uisites of standards ASTM D256-00 and ASTM D638-101 for the pure 
PP, therefore these standards do not have specification for the composites 
manufactured with recycled material of PP.

Table 1 – Summary of results obtained in the mechanical and physical tests

Test

Traces

Standard specificationControl Composite

T1 T2 T3

σY 23.69 ±0.63# 21.69±0.17# 21.70±0.25 # (2) (PP pure 31.0-37.2 MPa)

εE 5.75±0.17# 3.23±0.15# 2.38±0.13# (2) (PP pure 13%)

E 1.39±0.04*** 1.86±0.02** 2.26±0.05** (2) (PP virgem 1.14-1.55 GPa)

σT 20.11±0.55** 21.31±0.59** 21.61±0.33** (2) (PP virgem: 3.63 MPa)

εU 267.82±17.03* 3.80±0.37# 2.49±0.31# (2) (PP virgem: 8.79%)

Is 75.55±6.42** 42.22±2.78** 38.89±2.12** (1) (PP pure: 2.66J/m)

1 This test is performed with 100g of the material and performed only once, so there is no standard 
deviation. * Close to the standard value; ** Above the normalized value​​; *** Within the standardized 

values​​; # Below the normalized values​​.
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Where:
σY: tensile flow stress in (MPa); 
εE: f low deformation in (%); 
E: Young’s modulus (GPa); 
σT: rupture tensile strength (MPa); 
εU: deformation at rupture (%); 
Is: Impact strength (J/m)

The results for rupture tensile strength in the case of 100% PP had the 
higher deformation without reaching the rupture.  The composites with 
70% of polymer (P) and 30% of wooden flour (WF) evaluated in Correa 
et al. , (2003) using additives, presented the following results: σY = 30.3 
MPa; εE =5.8%; E= 2.6 GPa; σT= 24.6 MPa; εU =8%. In this way the pres-
ence of WF increased the resistance of the material regarding the plastic 
deformation and rupture compared with our composite using sugarcane 
bagasse. The modulus of elasticity remained in the same range, but the 
composites with WF had higher index of deformation after rupture.

In relation to the values of impact strength it was observed that the 
addition of sugarcane diminishes the resistance of the samples in relation 
to 100% PP, although is superior to WF.  In similar research Correa et al.  
(2003) had an average result of 36.3J/m for composites with 70% P+30% 
WF, using additives. We obtained 42.22J/m for the composite with 80% 
PP + 20% SC and 38.89 J/m for the composite with 70% PP + 30% SC, both 
without any additive.

Regarding the results of Water Absorption (ASTM D570-98) samples 
showed remarkable differences in their initial weight according to each 
trace studied. In this case, the samples with 100% polypropylene were 
obtained with the smaller variation in mass, followed by 20%SC and 30% 
SC, respectively. The values ​​are shown in Table 2.
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Table 2 – Water absorption average

Trace
Initial 
mass 

(g)

Dry 
mass 

(g)

Mass 
after 1h 

immersion 
(g)

Mass 
after 24h 

immersion 
(g)

Mass after 
1 week 

immersion 
(g)

Mass after 
2 weeks 

immersion 
(g)

Total 
variation 

in mass (g)

100%PP 5.958 5.957 5.959 5.979 5.979 6.057 0.101
20%SC 6.262 6.252 6.268 6.340 6.364 6.391 0.112
30%SC 6.372 6.353 6.391 6.537 6.626 6.827 0.455

With the results presented in Table 2, it can be concluded that the trace 
with the highest percentage of plastic matrix (100% PP) produced greater 
waterproofing and resistance to water absorptions, as it was to be expected 
Battistelle et al. , (2014) and Eckert (2004). The high rate of water absorp-
tion was in the trace 30%SC, because the higher the percentage of organic 
matter (pulp) in a composite, the lower its resistance to water absorption.

It was also observed that higher percentage of PP make the samples 
more resistant to water absorption and thickness swallowing; and a pos-
itive correlation between the percentage of sugarcane bagasse and water 
absorption and thickness swallowing.

Regarding the values ​​relating to the thickness swelling test, one can 
reach the same conclusion of the test water absorption, i.e., the higher the 
fibrous matrix, the greater the variation in thickness and weight of the 
samples. Values ​​of this test are shown in Table 3.

Table 3 – Thickness swallowing averages

Trace
Initial 

thickness 
(mm)

Dry
thickness 

(mm)

2h 
(mm)

24h 
(mm)

1 week
(mm)

2 week
(mm)

Total 
Variation

(mm)
100%PP 3.112 3.191 3.176 3.180 3.167 3.162 0.050
20%SC 3.056 3.128 3.137 3.142 3.161 3.168 0.112

30%SC 3.081 3.108 3.148 3.178 3.188 3.201 0.120

The test for the fluidity index of the composites was developed in the 
Laboratory of Biocycle the Federal University of São Carlos - UFSCar, fol-
lowing the standard (ASTM 1238-10), for the polypropylene condition of 
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230ºC and 2.16kg, ​​usual values for this test. The compositions were dried 
in a kiln for 24 hours at 60ºC. The results obtained are shown in Table 4.

Table 4 – Results for fluidity index

Fluidity index (g/10min)

Traces 1 ª  measure 2 ª  measure Average (g/10 min)

100%PP 30.0 30.0 30.0

20%SC 16.4 16.6 16.5

30%SC 10.4 9.5 10.0

It can be observed in Table 4 that higher the percentage of pulp in the 
mixture, the lower the fluidity index, compared to pure PP. The composite 
with 20% SC showed best performance among the samples studied, with the 
result of 16.5g /10min, and also in relation to the work of Alfaro (2010) which 
obtained in their composite with rice husk, a fluidity index of 15.5g / 10min.

Because it is a new composite, with properties and characteristics dif-
ferent from particleboard produced with wood particles, Pedreschi (2009) 
and Rodolfo et al. (2013) for the recognition of the structure formed by the 
union of the two materials, fiber-plastic employed an optical microscope.

In Figure 5 are presented the micrographs of the composites amplified 
100x by an optical microscope, model Olympus BX51M with image acqui-
sition camera Olympus UC30, for the traces: 100% PP; 80% PP+20%SC; 
70%PP+30%SC, respectively, were made in the Laboratory of Physics, 
UNESP, Bauru/Brazil.

The 100% PP presents in general a smooth and homogeneous surface.  In 
the figure 5b and 5c, we can notice the presence of ridges in the surface of the 
material, detached for shades that appear as dark spots, besides small impuri-
ties. When comparing with the 100% PP (Figures 5a, 5b and 5c) it is noticed 
difference in the surface due to the addition of sugarcane bagasse which can 
have influence in the adherence and apparent fluidity of the composites.

Also it was conducted the test of Artificial Aging by Ultraviolet 
Radiation (UV), which simulates the conditions of the material usage, 
including the effects of sunlight, moisture and heat. Some variations in 
results can be expected when operating conditions are varied. 
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(a)

 (b)

 (c)

Figure 5 – Surface of material amplified 100x: (a) 100% PP; (b) 80% PP+20%SC;  

(c) 70%PP+30%SC.
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In Table 5 it is possible to verify the conditions that were submitted to 
the samples of composites.

Table 5 – Basic configuration of the artificial aging equipment.

Equipament Atlas Weather-Ometer, model 65 XW-WR1

Radiation Source
Xénon lamp of 6500 W, with filters, internal and external 
borosilicate

Control of Irradiance Irradiance of 0.55 W/m² to 340 nm (control with radiometer)

Accelerated aging cycle every 
120 min

102 minutes of insolation and 18 minutes of insolation and 
rainfall simulation

Standard (ASTM G-155-05)

Final time of accelerated aging 1,200hours

In visual appearance evaluation of the specimens after 1,200 hours inside 
the machine (Figure 6), in relation to the natural samples (not aged), no sig-
nificant changes were observed, i.e., changes in color or brightness. Also did 
not appear cracks, bubbles, contact tackiness, brittleness or any other type of 
defect. It was also not detected the presence of micro-cracks or fissures.

Figure 6 – Partial view of the samples within the artificial aging equipment.
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A research developed by Fabiyi et al. (2008) studied the effects of accel-
erated aging on composites of polyethylene (HDPE) and polypropylene (PP) 
reinforced with wood flour, occurred the bleaching of some composites, after 
the removal of the aging equipment, a fact not observed in this research.

4.	 FINAL CONSIDERATIONS

The research presented here aimed to find information that encour-
age the use of two residues (sugarcane bagasse and polypropylene) as an 
innovative product in the market, thereby reducing the disposal of these 
residues and adding value.

The addition of fibrous polypropylene matrix showed some difficulty 
of handling and injection, a great paradigm for its applicability. The vari-
ation in the size of the sugarcane bagasse particles can cause problems 
in production processes. So it was suggested a greater standardization of 
fiber with a smaller grain size.

The Moisture content is a crucial factor in the injection phase in both 
specimens, since the presence of water in the composites alters their pat-
terns of pressure and density.

In relation to the 100% PP, the polypropylene material presented 
greater resistance to water absorption, and higher elasticity and less resis-
tance to impact.  The addition of fibers matrix to polypropylene presented 
difficult in handling and for injection, a great paradigm for its applica-
bility. The varied dimensions of sugarcane bagasse particles can cause 
disturbances in productive processes.

The raw material humidity is as crucial factor during the injection 
processes, so the fiber matrix need to be dried in a kiln at least 24h. The 
presence of water in the composites modifies its pressure and density stan-
dards. The results of the mechanical and physical tests with a comparative 
analyses show the potential viability of the composites. For its implanta-
tion and performance in the market would demand a depth study of its 
chemical characteristics, and attempts of commercial application, since 
the use of residues could diminish the production cost.
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For future works it is suggested a chemical analysis, in order to adjust the 
laboratorial working standards (injection and extrusion). It would be also 
interesting to study its applicability for products applied to the civil con-
struction, as modular beams and pillars that already exist in the market. 
And for complementation of the laboratorial studies, test of aging, analysis 
of fluidity index (analysis of the viscosity of polymer), and scanning electron 
microscopy (it produces image with high resolution of the surface).

In continuity to this research is intended to evaluate other traces 
with both residues, using the dry material in order to avoid problems 
with moisture during the extrusion and injection phase. In addition, it 
is intended to use a polymer in powder, to obtain a more homogeneous 
mixture and improve the characteristics of the composite. And finally test 
the use of pigments in the production (extrusion and injection) and check 
for interference in its physical and mechanical properties.

PERMISSION FOR PUBLICATION

It is the responsibility of the author (s) the citation of organs and / or 
institutions as well as the content of their articles, and editors and visual 
designers reserved the right to modify the presentation of figures, tables 
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ABSTRACT: The Amazon region has a large biodiversity that enables the use of various 
types of plant species in the industrial production, especially the vegetable fibers, mainy 
jute and malva in the production of sacks for agribusiness, and curauá in the automo-
tive sector. On the other hand, açaí, a fruit largely used by the food industry, produces 
seed’s waste covered by fibers that are still untapped. In this context, this paper presents 
studies that point to the potential use of waste resulting from the processing of curauá, 
açaí and some species of wood used in construction, as raw material for production 
of polymer composites. Two surveys will be discussed: the first discusses the use of 
waste from the processing of curauá fiber and açaí seed as particulate reinforcement 
panels with polyurethane based on castor oil resin, and the second, examines the use of 
curauá fibers residual and two other species of wood commonly used in the construction 
industry, the louro inhamuí (Ocotea Cymbarum H.BK.) and amapá doce (Brosimum Pari-
narioides Duke). Hence, it was produced molded composites with a molding load of 100 
kN, at a temperature of about 100°C. The composites were characterized from physical 
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and mechanical tests of absorption, swelling, modulus of rupture, pull out of screw and 
internal bond. The test results showed that there is a great use potential of such waste 
for the production of composites for diverse applications.

Keywords: Vegetal fiber. Laminates. Cement. Particulate panels.

1.	 INTRODUCTION

The search for alternative materials that minimize environmental 
impacts, is a tendency in contemporary society. Eco-friendly materials 
or so-called “green materials”, which are intended for the construction 
industry and the furniture industry have been widely studied. According 
to Satyanarayana et al. (2009), the development of such materials has not 
only been a great motivating factor for researchers, but also provides an 
important source of opportunities to improve the standard of living of 
people around the world. This is true since many of the renewable mate-
rials are based on agricultural products as a source of raw materials, par-
ticularly for the plastics industry, and these generate a non-food source of 
economical development for agricultural and rural areas in developing 
countries.

For Spiegel and Meadows (2010), green materials destined for con-
struction combine the natural cycle with the ecosystems’ relationships 
and both come from sources of recyclable materials and also allow them-
selves to be recycled. The “green materials” respect the limitations of 
non-renewable resources, namely coal and metal.

Within this context the use of various plant species in the form of 
fibers or particles, have gained increasing prominence. Several studies 
have been carried out in recent decades with composites using natu-
ral plant fibers (BRUCE et al., 2005; DWEIB et al., 2006; Bogoeva-
Gaceva et al., 2007; Satyanarayana et al., 2009; MISTRI et al., 
2011; Montaño-Leyva et al. 2013).

The use of green materials, from natural sources, have become a strong 
ally for economical and ecological industries. Lots of researches are being 
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carried out with these types, whose results are allowing the development 
of various products for various purposes in the main areas of engineering 
in Brazil and worldwide (DWEIB et al., 2006; Satyanarayana et al., 
2009; Satyanarayana, 2010).

Moreover, the Amazon region has a wide diversity of plant species in 
the form of fibers or particles, whose physical and mechanical charac-
teristics can be exploited in the production of composites. Several fibers 
are already commercially used in other types of products after they are 
processed. Among these, there are the fibers of jute, malva, and curauá.

Regarding curauá fiber, we observe that this is the same family as 
the pineapple, including very similar aspects, being a plant native to the 
Amazon region, the Bromeliaceae family, whose scientific name is Ananás 
erectifolius. The fiber obtained from this plant was used by Amazonian 
indians when making fishing lines and fishing nets with quality espe-
cially suitable for the production of thin ropes and strings.

With time, and the search for new alternatives, curauá fiber began to 
show great potential, because today is used in different market sectors, 
such as, automotive, geotextile, nonwoven, furniture making and con-
struction. A fiber that is not favored by industry, but can be seized from 
the residue and the processing of a very common fruit in the Amazon 
region, is the fiber obtained from the seed of the açaí berry.

1.1 	 PLANT SPECIES USED IN CONSTRUCTION IN THE FORM OF WASTE

1.1.1 	 Curauá Plant

According to Santos (2013), generally several crops per year are held 
because, while the plant is not with fruit, it keeps producing new leaves. 
At each stage approximately five to ten mature leaves are torn out, always 
starting from the lowest leaf on the plant which, of course, is also the old-
est. If the plant is already with fruit, usually almost all leaves are torn out 
at once, leaving only a few leaves to protect the fruit and ensuring a better 
seedling growth. When they reach a certain size, the fruit begins to dry. 
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At this point it is recommended to get the seedlings, put them on flower 
beds and then break the fruit stalk to the height of 15 cm to stimulate 
growth of the seedlings sprout, CEAPAC (2010).

The shredding is carried out with the use of a shredding machine 
of individual use, called Tapuia (Figure 1). The CEAPAC (2010) recom-
mends that before the process, the leaves should be prepared by cutting 
off the dry ends and stacking them next to the machine.

Figure 1 – Shredding Machine called “Tapuia” used on the production of curauá fiber.  

Source: CEAPAC (2010).

The processing requires: cut and stack the leaves next to the machine, 
join in an organized way the newly plucked fibers, lay the damp fibers 
on the clothes line, or take them to a place suitable for composting. The 
newly drawn fiber has a green color. For its drying on a line, it is laid for 
at least 24 hours. During the drying phase, the fiber loses its green color. 
Prepared this way, it is ready to be sold without needing to be washed, 
CEAPAC (2010).

A company called Pematec, located in the municipality of Santarém, 
in the state of Pará, Brazil, buys the production of about 400 families 
of small farmers, who grow the plant in the region of Grandes Lagos, 
Extractive Reserve Arapiuns – Tapajós, and in the Tapajós’ National 
Forest, which sums the total of around 400 hectares of planted area, one 
hectare per family. This company makes the final processing of the fiber 
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producing quilts and fabrics that will be utilized for the internal finishing 
of automotive vehicles.

Although a large amount of the benefit fibers are used, a portion of 
the production is not utilized during the process, being dropped or even 
used as a raw material for other products, such as the utilization as a rein-
forcement or as a booster charge for the production of composite materi-
als. Such composites may be of cementitious or polymeric matrix.

1.1.2 	 Açaí Berry Plant

Açaí berry is a fruit originating from açaí palm tree (fig 2.), which is a 
typical palm tree of the tropical climate amazon, where there are two species: 
Euterpe Oleracea and Euterpe Precatória. Abundant in the states of Pará, 
Mato Grosso, Tocantins, Amazonas, Maranhão and Amapá in Brazil and 
countries in South America such as Venezuela, Colombia, Ecuador, Guyana 
and Suriname, and Central America such as Panama (QUIRINO, 2010).

(a)

(b)

(c)

Figure 2 – (a) Açaí palm tree; (b) açaí berry fiber. Source: Quirino (2010).
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Its fiber is extracted from the seed, where it is processed and dyed for 
the production of crafts and biojewelery. There is an emerging research 
on the raw material and its technical viability compared with other fiber 
such as sisal, abaca and bamboo, for example, in which has defined use, 
Quirino (2010).

A fiber obtained from the seed of the açaí berry, which is a waste 
product from the pulp, can be very well used in the production of polymer 
composites, as will be seen later.

1.1.3 	 Amazon forest species

Timber activities in the northern region of the country is one of its 
main economic activities. Despite such importance, the utilization rate of 
wood by the industry, of only 40% is still very low. It is noteworthy that 
species of lower economic value, and/or less noble use, could be used to 
produce an alternative product, MACÊDO et al. (2008).

Speaking about the environment and environmental issue in Brazil, 
mainly in the northern region of the country, brings back memories of 
the Amazon rainforest where this is a great laboratory for studies and 
research in order to reduce environmental impacts and possible solutions 
to an improvement between humans and the environment and this is the 
main focus.

Still in INPA, in 2012, the project “Technological Studies of alternative 
use of forest residues in central Amazon” was developed, which was led 
on by the researcher Basílio Vianez. As the main object of this Project, the 
reusing timber waste from the Amazon in order to build a house of roll-
ers. Remains rollers, leftover after being processed for making sheets of 
wood to produce plywood were used. In this project with funds from the 
National Council for Scientific and Technological Development (CNPq), 
it was built a house in rollers in the Forest Science Institute, located at 
Avenida André Araújo, Petrópolis, south-central zone of Manaus.

It should be noted that the use of wood waste has always been seen as 
low quality or discomfort, its purpose being to improve the quality of life, 
be it ina a new source of income and employment, or in reducing waste in 
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the environment, representing not only positive values already reported, 
but the concrete opportunity to maintain the forest alive and capable of 
being used sustainably.

In the timber industry waste, known as rollers, they are burned in 
boilers to produce steam in plywood factories, in the manufacturing of 
packaging and crates, and are considered as underutilized and low quality 
products, INPA (2012).

As technical visit to Mil Madeiras Preciosas Ltda. industry, located 
on Torquato Tapajós highway, KM 227- Itacoatiara-AM could state, there 
is a percentage of production wastes that are discarded, reaching some-
where around 60% where these wastes are reused in burning for produc-
tion of electricity for the region. It was also observed that the burning of 
such waste, generates other waste, which are the ashes where its ultimate 
destination is the landfill and often even inappropriate places, thus caus-
ing environmental impacts such as soil infertility, decreased rainfall and 
increasing temperature in the region.

In order to reduce these environmental problems caused by the gen-
eration of wood waste discarded during its manufacturing process, the 
option can be reusing them for manufacturing of composite panels.

Among the various species of wood found in the Amazon region, we 
can mention two types largely used for making mold for concrete struc-
tures, Louro Inhamuí and Amapá Doce. Moreover, it is noteworthy that 
the use and exploration of Amazonian wood should be more sustainable 
than it is currently.

2.	 PRODUCTION OF POLYMERIC PANELS 

An alternative to the use of residue from the curauá fibers, the açaí 
one and species used in construction is its use in the production of poly-
mer composites in the form of panels. In this case, the fibers are used 
in a polymeric resin which after a polymerization process obtained by 
elevating the temperature for a predetermined time period, the mixture 
becomes a resistant composite. In this line of research, two works deserve 
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mention. The composites made with fibers from the seed of the açaí 
(QUIRINO, 2010) and that obtained from curauá fibers with waste from 
amazon wood processed (SANTOS, 2013). Both papers have reported par-
ticulate panels with features that met the standards established by NBR 
14810 (2006) and ANSI (1999).

For the production of panels as from seed of açaí and curauá fiber 
with wood waste fiber was adapted to the standard NBR 14810 (2006). 
The adoption of this regulatory procedure is due to the similarity of pro-
duced panels to those made of wood particles.

Quirino (2010) produced eight panels, with particles of fiber from the 
seed of the açaí berry and polyurethane resin based on castor oil. The açaí 
fiber was blended gradually to the adhesive (Figure 11(a)). After mixing, 
the particles were placed in the forming mold panel (Figure 11(b)) and 
introduced into a thermohydraulics press for a period of 10 min (Figure 
11(c)). To the average pressure of 5 MPa. In the sequence, the panels were 
stored for 72 hours to a effective cure of the material (Figure 11(d)).

(a) (b)

(c) (d)

Figure 3 – (a) manual homogenization; (b) Pre-press: removal from the mold, mattress made; (c) 

hydraulic ress from Marconi. (d) Panel finalized ready for the curing period. Source: Quirino (2010).
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Santos (2013) produced twenty-four panels, being only eight with parti-
cles of curauá fiber, eight with curauá particles and residues of amapá doce 
and eight with curauá particles and residues of louro inhamuí. The amapá 
doce and louro inhamuí are two common timber species in the Amazon 
region, the first being used in the manufacture of squeegee handle, broom 
and mop, household utensil handle (knife, pocket knife, cutlery, pot and 
tray hanble), handle for garden and garden utensil (knife, rake and hoe), 
racket (tennis, racquetball and ping-pong), coating in general (liner) and 
barrel. The second kind is used mainly in carpentry, general construc-
tion, paneling, beams, rafters, battens, baseboards, moldings, trims, cords, 
boards, planks, turnery, joinery, plywood, furniture manufacturing, pro-
duction of decorative laminated sheets. (MAIA et al., 2001).

Santos (2013) employed the same process used by Quirino (2010) 

for the production of curauá fiber’s particulate panels with wood waste, 
therefore, employed 50% of curauá fibers with 50% of residue wood, as 
much for the amapá doce residue  and louro inhamuí one. However, in 
both cases it was used the same proportion of the polyurethane resin 
based on castor oil, 1:1.

Quirino (2010) obtained for the physical and mechanical tests of the 
polymeric panels with açaí seed fibers, according to NBR 14810 regula-
tion (2006) the values ​​are shown in tab. 1.

Table 1 – Values of physical and mechanical characteristics obtained by Quirino (2010) for polymer 

panels made of açaí seed fiber. 

Panel’s Characteristics Average Values Limit Values

Density (kg/m³) 880 ± 40
551 Kg/m³ a 750 Kg/m³
Medium density panel

Absorption (%) 8.48 ± 2.43 ≤ 8%

Swelling (%) 3.76 ± 1.12 ≤ 8%

Modulus of rupture - MOR (MPa) 15.23 ± 2.37 ≥ 16

Pull out of screw - PS (N) 1,080 ± 33 ≥ 1,050

Perpendicular tensile strength (MPa) 0.66 ± 0.05 ≥  0.35

Source: Quirino (2010).



322

Non-conventional Building Materials based on agro-industrial wastes

As the values were ​​shown in tab. 2, Quirino (2010) made ​​the following 
observations:

i)	 The tests’ results showed a density of 880kg/m³ for the panel 
with the açaí fiber with CV of 4.54%. The NBR 14810-2 define as 
medium density panel those whose density is in the range of 551-
750kg/m³, whereas the ANSI 208.1 for panels with a density above 
800kg/m³ ranked as high density. Hence, the panel produced with 
açaí fibers can be classified as high density as the aforementioned 
standards;

ii)	  As for the swelling test as for the water absorption, NBR 14810-2 
recommends a content of 8% or less for 2h in 14 mm panels. In the 
absorption test the average result was of 8.48%, with CV of 28.65%, 
exceeding the standard rate. As for the swelling test, the average 
was of 3.76%, with CV of 29.78%, lower than recommended by the 
standard value;

iii)	 The NBR 14810-2 recommendation for chipboard pan-
els between 14 mm to 20mm of thickness is of a minimum 
value of 16 MPa for the Modulus of Rupture (MOR), while the 
ANSI A208.1 sets this parameter to the minimum value of  
16.5 MPa for high density panels. In this test, the açaí fiber plates 
having a thickness of 10mm fiber showed an average value of 
15.23 MPa (CV 15.56%), getting this a little below of what is set in 
both standards. However, it is expected that for thicknesses up to 
14mm it is possible to obtain an average value for MOR above the 
minimum recommended value;

iv)	 The NBR 14810-2 standard for plywood sheets of 14mm to 20mm 
thick recommends a minimum value of 1.020 N for the poll out 
of screw test. In this test, the açaí fiber plates having a thickness 
of 10mm showed an average value of 1,080 N, meaning that this 
result is above the recommendation of NBR 14810-2, even for a 
thickness panel lower than the track displayed;

v)	 For plywood sheets, the NBR 14810-2 recommends, for perpendicu-
lar tensile testing, the minimum value of 0.35 MPa, while the ANSI 
A208. establishes the value of 0.90 MPa for panels of high density. 
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As for this test the average value was 0.66 MPa, it is observed that 
the panel with the açaí fiber meets the NBR 14810-2 also for this 
requirement, however, below the established by ANSI A208.1.

Quirino (2010) also concluded that the process of production of poly-
meric panels with fiber from the seed of the açaí berry is simple and can be 
easily applied in the industrial sector, the panel can serve as raw material 
for the manufacture of furniture, or wall coverings and ceilings, in addition 
to finishing of buildings. The panel had developed physical and mechani-
cal results very close and in some cases higher than those recommended by 
the norm NBR 14810-2, for particulate panels, although the parameters are 
still below the minimum values established by ANSI A208.1.

Santos (2013) conducted physical and mechanical tests on the poly-
meric panels with curauá fibers, according to NBR 14810, and presented 
the results shown in tab. 2, considering three types of different compos-
ite: with 100% of curauá fiber (FC); with 50% of curauá fiber and 50% of 
Amapá Doce residual (CA); 50% of curauá fiber and 50% of louro inha-
muí residual (CL).

Table 2 – Values from the physical and mechanical characteristics obtained by Santos (2013) for 

polymeric panels with curauá fiber.

Panel’s Characteristics
Average Values

Limit Values
FC CA CL

Density (kg/m³) 853.2 ± 55.3 910.9 ± 44.9 941.3 ± 28.2
551 Kg/m³ a  
750 Kg/m³

Absorption (%) 25.1 ± 17.2 11.7 ± 7.6 8.7 ± 4.8 ≤ 8%

Swelling (%) 17.6 ± 11.0 5.9 ± 3.7 6.2 ± 1.8 ≤ 8%

Modulus of rupture - MOR 
(MPa)

33.37 ± 8.63 24.48 ± 3.81 26.62 ± 10.61 ≥ 16

Pull out of screw – PS (N) 662.5 ± 204.6
1,125.0 ± 

106.1
1,046.0 ± 

482.3
≥ 1,050

Perpendicular tensile 
strength (MPa)

0.83 ± 0.49 0.94 ± 0.36 1.19 ± 0.59 ≥ 0.35

Source: Santos (2013).
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Santos (2013), based on the results obtained, showed the following 
main conclusions:

i)	 According to the density, the panels are classified as high density, 
as defined by the standards NBR14810-2 (2006) and ANSI (1999);

ii)	 It is also observed, in relation to physical tests of swelling and 
absorption, that the best results were obtained for the panel pro-
duced with curauá fiber and louro residuals, emphasizing that 
according to NBR 14810-2(2006) the swelling was below the estab-
lished and the absorption near the maximum;

iii)	 All panels produced, showed MOR higher than in the NBR 14810-2 

(18 MPa), and those produced with only curauá fibers presented 
the best results (33.37 MPa) compared to those produced with 
fibers and wood waste (amapá: 24.48 MPa; louro: 26.62 MPa);

iv)	 The pull out of screw tests and internal bond panels showed higher 
values ​​to the minimum defined by NBR 14810-2 (1,020 N; 0.40 
MPa), except the plate produced only with curauá fiber, which 
showed lower value for pull out of screw test (662,5 N). In addition 
to that, considering the specifications of ANSI (1999), in relation to 
the minimum values of MOE and MOR, the panels produced are 
classified as H3, being suitable for industrial and commercial use.

Comparing the values presented by Santos (2013) with those obtained 
by Quirino (2010) we can make the following observations:

i)	 The results obtained by Quirino (2010)  for the polymeric pan-
els with açaí seed fiber have a much smaller standard deviation 
than those obtained by Santos (2013)(34), which may indicate that 
Quirino (2010) produced panels more homogeneous than those 
made by Santos (2013);

ii)	 All panels produced were classified as high density, and only those 
produced from plant fibers showed lower density;

iii)	 The panels with açaí seed fibers showed absorption and swelling 
lower than those produced with curauá fibers;

iv)	  Regarding the mechanical properties, it is noted that the panels 
with curauá had far superior results to those obtained with açaí 
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fibers, with the exception regarding the pull out of screw test, in 
which the panels with amapá doce and louro inhamuí had their 
average values lower than the NBR 14810 recommends.

It should be highlighted that Quirino (2010) and Santos (2013) pro-
duced panels with a thickness of 10mm, being the reference values ​​rec-
ommended by the NBR 14810 refer to particulate panels with 14mm in 
thickness. Hence, one would expect better results than those presented 
in tab. 1 and 2, mainly for the mechanical characteristics, for panels pro-
duced with fibers from the seed of the açaí berry and curauá fibers for 
thickness of 14 mm.

3.	 FUTURE PERSPECTIVES

Several studies have been developed in recent years with the use of 
plant fibers as reinforcement to cement or polymer matrix, but those in 
which make the application of waste vegetable fibers originating from the 
processing or production process are less frequent. In the Amazon region, 
various vegetable fibers have been employed in the industry, among them, 
it is highlighted jute, malva and curauá fibers, the first two already tradi-
tional in the production of sacks for the agro-industrial process, while the 
third has gained space in the automotive sector, mainly in the production 
of inner linings.

On the other hand, the açaí seed fiber isn’t in use in the industrial 
sector, being only a residual of the production process of açaí pulp, much 
used as raw material for the food sector.

Of the results obtained for the açaí seed and curauá fiber waste applied 
in particulate panels (QUIRINO, 2010); (SANTOS, 2013), it is observed 
that these materials have potential for the production of composites that 
can be employed both in the construction sector and in the furniture 
industry sector. These panels can be applieds in the form of sealing ele-
ments and the raw material for the production of furniture.



326

Non-conventional Building Materials based on agro-industrial wastes

Considering the production of furniture Quirino and Vasconcelos 
(2011) produced reduced models from polymeric panels with açaí seed 
fiber made in his research(fig. 4).

Figure 4 – Reduced model of a furniture produced from açaí seed fiber panels.
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