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1.0 Introduction

The increasing global demand for wood as an energy resource as a result
of the rapid development of the global economy and continues increase in
world’s population have led to a shortage of wood for the wood pro-
cessing industry, especially the wood-based panel industry, which relied
almost solely on low-grade wood and sawmill by-products. At the level of
Germany, the amount of wood required by the wood-based panel industry
is no longer available or is too expensive due to the increase in the thermal
utilization of the so-called “industrial wood”, spurred by the political sup-
port on the use of biomass through market incentive programs. These in-
centive programs are aimed at curbing the dependence on fossil fuel,
which would make positive contributions to climate change (Weimer et
al., 2012, BMWI, 2016). On another level, forest restructuring, measures
which would ensure the regeneration of forests in Germany to achieve
sustainable and stable mixed forests, which are better able to withstand
climate change has also played an important role in the problematic raw
material situation of the country’s wood-based panel industry. The amount
and the area covered by softwoods (spruce and Pine) preferred by the
wood-based panel industry has declined over the years following the for-
est restructuring policy. The restructuring policies are aimed at making the
conifers to appear as companion species to the deciduous species (less
desired by the wood-based panel industry) such as beech (Fagus sylvatica
L) (Hapla and Militz, 2008, Polle et al., 2008). According to Behrendt and

Rupp 2006, the present stock of timber in the forests in Germany will not
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be sufficient to meet the demand of the next decades. Bemmann (2013)
forecasts a deficit in the provision of wood in Germany of 20 to 30 million
cubic meters per year for the coming years.

On the global scale, Buongiorno et al. (2012) has estimated that by the
year 2060, the global sawn wood and wood-based panel consumption
would reach 800 million cubic meters. The overall high demand for the
wood resource by both the energy sector and the wood product industry
has led to a continuous increase in the wood prices in the global market.
These have translated to global deforestation, thus contributed to global
warming in the last decades. Consequently, the search for sustainable al-
ternative raw materials for the wood-based panels industry has become the

center of focus.

Various measures to guarantee a long-term supply of raw material to the
wood-based panel industry have been suggested. For example, the recy-
cling of post and pre-consumer wood products, increasing plantation sizes
of fast-growing tree species with short rotation cycles, utilization of hard-
wood species and fibers from annual plants, etc. (Behrendt et al. 2007;
Dohrenbusch and Bolte, 2008; Spellmann and Kehr, 2008; Youngquist et
al., 1994; Bowyer and Stockman, 2001). Significant progress has been
made in terms of research and development on the use of agricultural by-
products and other non-wood fibers as a substitute for wood in the wood-
based panel industry. Some of these include, Maize (Kharazipour et al.,

2011), Hemp, canola, bagasse (Nikvash et al., 2010), rice husk (Gerardi et
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al., 1998), cotton stalks (Guler and Ozen, 2004), date palm fronds (Hega-
zy and Aref, 2010), wheat straw (Azizi et al., 2011), wheatgrass (Zheng et
al., 2007). Some Plants are currently utilizing materials such as Kenaf,
Bagasse, Bamboo, Hemp, Flax, Cotten, etc., in the production process of

wood-based panels.

On the European level, about 238 to 311 million tons of agricultural by-
products are produced each year. Of these, 46 to 61 million tons are pro-
duced in Germany alone (Nguyen et al., 2006; Deppe and Ernst, 2000).
However, Germany’s share is mainly used for renewable-clean energy for
one obvious reason; which is the country’s commitment to becoming car-
bon neutral by the year 2050. Nevertheless, the use of these raw materials
is conceivable and ecologically sensible. While the wood-based panel
industry in Germany is faced with the problematic raw material situation,
in other countries, especially the under-industrialized countries in Africa
with no established wood-based composite industry, exist huge quantities
of alternative lignocellulose-containing raw materials from agriculture and
fast- growing tree species. Some of these fast-growing tree species have
the potential to be cultivated in plantations and to be used for the produc-
tion of wood-based composite. To this end, the identification and the use
of some of these raw materials for the development of particleboards is the
focus of this work. Perhaps in the future investors from Europe and could

establish small-scale particleboards plants in these areas where the raw



materials are readily available to produce panels aimed for the European

and the German Market.

1.1 Aim of the thesis
Given the current raw material situation for the wood-based panel industry
in Europe and Germany in particular, the utilization of suitable agricultur-
al residues and fast-growing tree species from other sources could be one
of the means by which the composite panels industry in Germany could
avoid the high wood prices and competitive situation in wood market. For
this purpose, this study aims to investigate the possible feasibility to uti-
lize the agricultural residues; Cacao tree (Theobroma cacao) prunings, the
residues of the annual plant - common bean (Phaseolus vulgaris) and the
wood of a fast-growing tree species - umbrella tree (Musan-
ga cecropioides) from Cameroon as raw materials for the production of
particleboards, with objective being:

e To develop new knowledge through the characterization of raw

the materials.

o To investigate their feasibility to serve as raw materials for the
production of particleboard for general-purpose applications used

under dry conditions (DIN EN 312-2).

e To examine their feasibility to be used as raw materials for the
production of particleboards with reduced formaldehyde emis-

sions.



e To determine the extent to which the material could be suitable for
the production of particleboards with bulk densities lower than the
typical density of industrially-produced particleboards (650

kg/m®) used for general purpose applications including furniture.

1.2 Problems statement

Increasing global population, rising income levels, the prices of substitute
products, trends in consumer preferences and the prices of the wood prod-
ucts themselves are factors that have influenced the demand and supply of
wood and wood products (Whitemann et al. 1999). These factors are re-
sponsible for the continuous increase in the prices of wood as raw material
for the wood products industry (Kozlowski and Manys’, 1997). On the
other hand, the natural forest is a limited resource, home to a vast number
of biodiversity, and houses some of the most remarkable ecosystems and
habitats on earth. Considering the current threat on earth’s life forms by
climate change, it is undoubtedly clear that the forest must be protected. In
the near future, none or very little industrial and recycling wood will be
available for the wood-based panels industry, as many nations of the
world will become committed to achieving carbon neutrality by abandon-
ing fossil fuel consumption to stick with bio-energy. Giving the current
population growth rate and the projected 9.7 billion inhabitants by 2050
(UN DESA, 2015), it is unarguably clear that the search for sustainable



alternative resources for the wood-based products industry is an inevitable
option.

Another problem is the recent shift in consumers’ preference towards
lightweight furniture products especially in countries with small house-
hold sizes like Germany. Nowadays, consumers prefer the easy-to-handle
lightweight products of high-quality standards at low prices (Poppensieker
et al., 2005; Dauvergne and Lister, 2011). Lightweight wood-based prod-
ucts do not only benefit the consumer but also provide benefits for the
manufacturer. Larger quantities of panels could be transported within the
maximum weight limit on roads and railways, thus fuel and transportation
costs savings can be achieved compared to panels of high-density. The
reduction in the weight of wood-based panel products continues to have
positive effects on all post-production and processing steps (Olhauser,

2005).

Formaldehyde emission from wood-based composites is another major
problem that needs to be addressed in its entirety. Formaldehyde contain-
ing resins are the most commonly used binder agents in wood-based pan-
els’ products. These thermosetting resins such as urea-formaldehyde (UF),
hardens to infusible macromolecule upon the application of heat (Kha-
razipour, 1996). However, the presence of free formaldehyde is obvious
due to the reversibility of the aminomethylene link in the presence of wa-
ter and moisture especially at high temperature, hence subsequent formal-

dehyde emission when hardened and in service (Dunky, 1997). Sax et al.
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(2006) and Hun et al. (2009) concluded that formaldehyde was the highest
contributor to the cumulative cancer risk from exposure to air contami-
nants that are typically found in residence. Formaldehyde was reclassified
in 2004 by the International Agency for Research on Cancer (IARC) from
being “probably carcinogenic to humans” to “carcinogenic to humans”.
Because of this, countries of the world such as USA and Japan have put in
place stringent regulations (CARB Phase 2 and F**** standards respec-
tively) to control the formaldehyde emission of wood-based panels used
for interior applications. On the European level, formaldehyde was reclas-
sified in 2014 as a carcinogen category 1B. The new classification was
enacted into law in June 2014, after being published in the Official Journal
of the European Union. This new law allows for the maximum value of
0.1 ppm of formaldehyde emission from wood-based panels used for inte-
rior applications when tested by the European chamber method (DIN EN
717-1). In reaction to the strict formaldehyde emission regulations, the
resin suppliers, as well as wood-based panel manufacturers, had sought to
remain competitive by developing techniques to reduce formaldehyde
emission of their products. Some of these techniques include; the applica-
tion of low molar ratio (F/U) urea-formaldehyde resin, the application of
formaldehyde scavengers(e.g. urea), post-treatment of the produced wood-
based panels (e.g. ammonia fumigation) or spraying of panels with for-
maldehyde reactive chemicals (Roffael, 1993). However, some of these
techniques have negative effects on the physical-mechanical properties of

the boards. For instance, the application of low molar ratio UF-resin de-
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creases formaldehyde emission, internal bonding and bending strength but
increases water absorption and thickness swelling of the panels (Sundin et
al. 1987).

Formaldehyde-free binder systems such as polymeric diphenyl methane
diisocyanate (PMDI) have only been largely used in the bonding of annual
plants and crop residues in the production process of wood-based compo-
sites because of their ability to penetrate the waxy surfaces of these mate-
rials. Its cost has been the major setback to its wider industrial acceptance
and use in most particleboard plants, except for the production of specialty
products such as moisture-resistant boards reserved for niche markets
(Sam-Brew and Smith, 2015). For example, PMDI today costs between
1.7 € - 1.8 € per kilogram compared to about 0.3 € per kilogram (based on
liquid) for Urea-formaldehyde resin. Based on the huge differences in
price of both resin, even when lower dosages of PMDI (3-6% based on
dry mass of material) are used for panels manufacture compared to the UF
resin (8-12% based on dry mass of material), price-wise, the PMDI bond-
ed boards cannot compete in the market with the UF resin boards.

Table 1 gives an overview of the various standards and the different for-
maldehyde limit values for raw panels in comparison to the European test

chamber DIN EN 717-1 method.



Table 1: Overview on formaldehyde limit values for raw panels (Egger
2014, modified)

Emis-
sion E1l CARB Phase 2 I0S-MAT 0003 F s
class
Testing European Perforator American Comparative American Perforator Desiccator Comparative
method Emission value Emission value Emission test value value acc. value
test test European test chamber JIS A 1460 European test
chamber EN 120 chamber chamber EN 120 chamber
(mg/100 g EN 717-1 ASTM 1333 (mg/100 g EN 717-1
EN 717-1 oven dry ASTM (ppm) E oven dry (mg/l) (ppm)
(ppm)’ board)” 1333E (ppm) board)
(ppm)'
Particle
board 0.1 max. 8 0.09 0.065 0.09 max. 4 0.3 0.03-0.04
Thin
MDF/HDF 0.1 max. 8 0.13 0.14 0.13 max. 5 0.3 -
(< 8 mm)
MDF
> 8 mm) 0.1 max. 8 0.11 0.12 0.11 max. 5 0.3 -
OSB 0.1 max. 8 - 0.09 max. 4 0.3 -

"American emission test chamber method (ASTM 1333 E): Chamber vol-
ume min. 23 m3, varying loading factors, Temperature: 23°C, 50% rel.
humidity, Air exchange rate: 0.5/h.
European emission test chamber method (EN 717-1): uniform loading
factor, Temperature: 23°C, 45% rel. humidity, Air exchange rate: 1.0/h.

For factory production control.

1.3 Possible Solutions

The previous section has managed to depict the problems of the parti-

cleboard industry. These problems can be categorized under three main

points; raw material scarcity, the shift in consumers’ preference towards

lightweight wood products and formaldehyde emissions. This section sug-

gests possible measures by which these problems could be solved.




1.3.1 Alternative raw materials from other sources.

One of the measures to achieve win-win results of protecting the forest
and guaranteeing the continued supply of raw materials to the wood-based
panels industry is through the utilization of alternative biomass (agricul-
tural waste). Nonetheless, as Germany pushes towards achieving a carbon-
neutral economy in the coming decades, more and more quantities of bio-
mass (wood and agricultural waste) will be demanded by the bio-energy
industry. This means that the supply of these materials for the wood-based
panel industry will become scarcer compared to today’s supply. To over-
come this foreseeable obstacle, there is a need to widen the scope of re-
search for agricultural by-products and fast-growing tree species outside
of Germany particularly in those countries with no established wood-
based panel industry. This would allow the industry to reduce its reliance
on it current sources of raw material supply which are local in scope and
open up small-scale processing plants in areas where the raw material

supply is readily available.

1.3.2 Lightweight particleboards

Great efforts have been made by the wood-based composite industry to
reduce the density of panels without compromising the properties of the
material. To produce particleboards of reduced bulk density (lightweight),
various approaches, which takes advantage of the relatively low bulk den-
sities of the raw materials, bean crop residues and the wood of the fast-

growing tree species Musanga cecropioides, as wells as and the intrinsic
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strength properties of cacao tree prunings have been considered. One of
these approaches involves the combination of the low bulk density materi-
als (annual plant residues) with the relatively higher strength material

(wood) to produce hybrid particleboards.

1.3.3 Particleboards of reduced Formaldehyde emission

Since the enforcement of formaldehyde emission laws in Europe, various
resins have been formulated and advertised as low molar ratio urea-
formaldehyde resins, and non-added formaldehyde (NAF) resins. This
research identifies such resin, UF-resin (340) produced by BASF GmbH
and polymeric diphenylmethane diisocyanate (PMDI) produced by the
company Huntsman GmbH, which has been proven to effectively bond a
wide range of lignocellulose containing materials. These resins have been
evaluated in this research for their effectiveness as alternative binders to
the higher molar ratio UF-resins to be potentially effective in bonding the
new raw materials. In addition, a newly developed binder system based on
animal protein, blood albumin, has also been evaluated for the same pur-
pose. Also, reducing the quantities of resin required for wood-based com-
posite production is generally not preferred since it leads to panels that do
not meet the required standards (Sundin et al., 1987). However, it is rele-
vant to ascertain if minor reductions in the present dosing levels (2 - 3%)
of PMDI used in particleboard manufacture could achieve particleboards

that meet the relevant standards.
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2.0 Background

2.1 The case of agricultural residues in the wood-based panel industry
The interest in using agricultural residues (annual and perennial crops) in
the production of construction panels is not new. It dates back since the
early 1900s when the first straw-based panels were first produced in Ger-
many (Bowyer and Stockmann, 2001). Since then, numerous publications
have already described the use of various residues from different agricul-
tural plants as raw materials for the development of wood-based panels. In
recent years, the diminishing wood resource on one hand and the increas-
ing demand in wood-based panel products on another have spiked the
need for agricultural residues as a raw material for the wood-based panel

industry. Their use in this industry is even more reasonable because:

e They are fully recyclable and biodegradable; meaning that after com-
pleting their service lifespan they could be used to nourish the next

generation of plants (Schell et al., 2004).

e The by-products of agriculture in many countries around the world
especially in developing countries present an environmental challenge
through methods of disposal. They are often burnt or dumped in land-
fills, none of which are eco-friendly. The use of these materials could
ameliorate this environmental challenge and at the same time create in-

come for the farmers.
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e Annual plants are readily available and abundant worldwide (Wilson
1995, ILSR, 1997). They are renewed each year, thus the name annual

plants and produce more cellulose per year than trees growth rings.

e Agricultural residues or annual plant fibers require less energy for dry-
ing and processing compared to wood (Mueller et al., 2002), thus sav-
ing cost for the manufacturer. Their utilization would reduce the ener-

gy requirement of the industry.

e They exhibit good physical and mechanical properties such as high
tensile strengths, good structural homogeneity, good thermal insulating
properties and good acoustic properties due to their hollow tubular

structures (Golbanaie, 2006).

e Ags already mentioned, lightweight wood products are generally pre-
ferred by consumers over their heavier counterparts. The low bulk den-
sities of agricultural residues make them technically ideal for the pro-

duction of panels suited for this purpose.

However, agricultural residues account for just about 5% of the total raw
material used in the wood-based panel industries for particleboards pro-
duction, the rest is accounted for by wood (Thoemen et al., 2010). This is
because the use of agricultural residues especially the seasonal crops is
associated with some downsides which include:

e The problem of seasonal change makes it difficult to guarantee the

continued supply of agricultural residues of the same quality through-
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out the year. For this reason, the materials have to be stored in bales for
a long time at a moisture content of less than 15% to discourage bio-
logical attack. The extent to which the gluing-relevant properties of the
raw materials, such as pH, buffer capacity and volatile acid content, are
influenced by the duration of storage has not been sufficiently under-

stood.

Lignocellulose materials of Agriculture, such as straws, are generally
harder to glue compared to wood materials. This is especially true for
the bonding of straw with conventional condensation resins, like the
acid hardening urea-formaldehyde resins (UF resins) and alkaline cur-
ing phenol-formaldehyde resins (PF resins). Even when the more ex-
pensive Isocyanate based binders such as polymeric diphenylmethane
diisocyanate (PMDI) are used, one would need 10 to 20 times more
binder to be able to achieve panels with properties compared to those
made from wood under the same production condition (Wasyliciw,
2006). Thus, considerably reducing the price advantage when using
annual plants or their residues as raw materials for wood-based panels’

production.

The relatively low bulk density of annual plants (e.g. straws) compared
to wood makes high-speed transport of the mat along the production
line onto the press systems problematic. Because of this, the production
of straw particleboards on industrial scale has been limited to small ca-

pacity.



e The ash/silica contents of annual plants are generally much higher
compared to wood (Nikvash et al., 2013a). This chemical aspect nega-
tively affects the bonding process as well as post-processing steps of

the resulting panels, like the quick wear-out of sawblades.

2.2 Chemical characteristics of wood

Wood has always remained one of the most important natural resource to
humankind because of its versatile applications, unique characteristics and
comparative abundance (Miller, 1999b). Its unique properties such as
strength, poor thermal conductivity, and malleability have made it unique
for its wide range of applications. Wood is made up of about 50% carbon,
44% oxygen, 6% hydrogen and trace amounts of metal ions (Fungel and

Wegener, 1989).

Woods are generally classified into two broad categories, hardwoods, and
softwoods. The terms hardwoods and softwoods in the classification are
not solely based on the softness or hardness of the wood, rather it refers to
the deciduous tree which loses their leaves annually and the coniferous
trees that usually remain evergreen throughout the year respectively. Both
hardwoods and softwoods differ in their chemical composition. Wood
being a complex and inhomogeneous material, its chemical components
contained within its cellular structure vary from one tree to another and
from one part of the tree to another. The variation in the chemical compo-

sition of the tree depends on factors such as age, origin, climate, soil (Han
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and Rowell 1996). All wood materials are made up of four main compo-
nents, cellulose, hemicellulose, lignin, and extractives. All woods also
contain small amounts of inorganic minerals (ash and silica). Since wood
comprises about 90% (by weight) of particleboards, different volumes of
these components present in wood (furnish) do have profound influence

on the properties of particleboard.

Table 2: Chemical composition of hardwoods and softwoods. Source:
Sjostrom, and Alén, (1999).

Hardwoods Softwoods
Composition
Cellulose 40 - 44% 40 - 44%
Hemicellulose 15-35% 30-32%
Lignin 18 —25% 25 -32%
Extractives 2% 5%

2.2.1 Extractives

Generally, extractives refer to the non-structural component of plant mate-
rials. They are essentially small molecular weight compounds that can be
extracted with a solvent and usually occur in small amounts.They contain

both organic and inorganic substances (Miller, 1999b). The organic ex-

16



tractives range from monomeric sugars to polymeric substances such as
starch and tannins (Roffael, 2015). The amount and composition of the
extractives vary tremendously between and within species, within the
various sections or parts of the tree as well as between the harvesting sea-
sons. The age, time-span after harvesting and growth conditions of a giv-
en species has a strong influence on the amount and the chemical compo-
sition of extractive contained in the species.

Wood extractives are one of the gluing relevant properties of wood. They
have a major influence on the bonding process of wood chips and wood
fibers with common synthetic adhesives such as urea-formaldehyde and
phenol-formaldehyde resin (Roffael, 2015). They have an influence on the
acidity and wettability (fatty substances and wax) at the wood-adhesive
interface during the bonding process. A chemically-induced effect can
occur based on the pH of the furnish which might either accelerate or de-
celerate the hardening process of adhesives based on polycondensation
resins. Furnish of low pH favours the curing of the acid curing urea-
formaldehyde resin but retards the curing process of the alkaline curing
phenol-formaldehyde resin and vice versa. However, the pH of the furnish
is usually monitored to allow for proper adjustment of the hardener level
to shorten press time or prevent pre-cure of the mat before achieving op-
timal consolidation.

In addition, some extractives can act as formaldehyde scavengers by react-
ing with free formaldehyde in the produced panel, thus, reducing its for-

maldehyde emission. Nevertheless, some volatile organic compounds
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(VOC) of wood can also be responsible for VOC emissions from wood-
based panels. Some wood extractives such as tannins can be used as bind-

ers in the wood-based composites industry (Roffael, 2015).

2.2.2 Cellulose

Cellulose is the major and most abundant structural units that build up the
wood material. It is a complex polysaccharide polymer consisting of many
units of monosaccharide glucose made up of the elements Carbon, Hydro-
gen and Oxygen, thus function as an energy source for living things. Cel-
lulose is the principal structural component of the cell wall of trees as well
as other higher plants, most algae and some fungi (UKCES, 1997). It is
the most abundant organic compound on the surface of the earth, charac-
teristic of its glycan polymer of D-glucopyranose units, linked together by

B-(1-4)-glucosidic bonds ( Roger et al., 2012).

W OH

—

HO ) HO— N ™, \ ..

Figure 1: Basic chemical structure of cellulose showing repeating unit of
Cellobiose. Source: Devi N. et al., 2016.
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It is a linear-polysaccharide consisting of repeating units of cellobiose (the
actual building block of cellulose) attached end to end. This long molecu-
lar chain structure is the reason why it found to be insoluble in most sol-
vents. The long molecular chain forms into a criss-cross, which gives ri-
gidity and strength to the cell wall of leaves, roots and stems (Schell et al.,
2009). According to Sari et al., (2012), higher cellulose contents of wood

furnish results in superior mechanical properties particleboards.

2.2.3 Hemicellulose

Hemicellulose is a branched polymer of pentose and hexose sugars found
in the plant cell wall (Huffman, 2003). It is the second most abundant type
of polysaccharide in nature and represents about 20-35 % of lignocellulose
containing biomass (Saha, 2003). Hemicellulose is the polysaccharide
matrix within which the cellulose microfibrils are embedded. Hemicellu-
loses, unlike celluloses, are not chemically homogeneous and are com-
posed of pentoses, hexoses and sugar acid (Saha, 2003). The hemicellu-
lose composition varies with species. Softwoods are composed predomi-
nantly of hexoses; meanwhile, the hardwoods are rich in pentoses. The
pentosan content is significantly lower in softwoods compared to hard-
woods (15-20%) and it ranges between 10% and 20% for tropical wood
species. Hemicelluloses are slightly branched linear polysaccharides with
generally no unique shape. The slight branching is the reason why they are

more susceptible to chemical reactions and the action of solvents com-
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pared to cellulose. High hemicellulose content has been found to decrease
the mechanical properties and increase the thickness swelling of parti-
cleboards. Its high contents have also been found to have positive effects

on the formaldehyde release of particleboards (Sari et al., 2012).

2.2.4 Lignin

Lignin is a three-dimensional polymer of plants cell wall that holds the
other structural components (cellulose and hemicellulose) together. It is
literarily the binder agent or glue in plants. It is the third most abundant
component in wood and other higher plants. Its matrix system binds the
polysaccharide microfibrils and fibers (cellulose and hemicelluloses pol-
ymers) in plants cell wall; thereby giving plants (stem) their characteristic
rigid and firm structure necessary for vertical growth (Feldman, 2002).
Lignin is mainly concentrated in the middle lamella and the secondary cell
wall of plant tissues. The presence of lignin makes woody tissues more
resistant to biological attack (Feldman, 2002). Its structures are complex
and diverse, marked by the presence of different functional groups such as
phenolic, aliphatic alcohols, aldehydes methoxyls, ketones and ethers (Za-
kis, 1994). Amolecules of lignin consist of an aromatic system composed
of phenylpropane units, linked together mainly by 3-O-4 arylether linkag-
es (Wegener, 1982).

Lignin content in wood can reach about 30% (Feldman, 2002) and varies

between coniferous and deciduous wood as well as within the different
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parts of a tree. On average, the lignin content of softwoods ranges between
28% to 30%, and 18% to 22% for hardwoods (Roffael, 2004). In addition,
the also exist some structural differences in the lignin of hardwoods, soft-
woods lignin and lignin of annual plants.

Although, lignin being the most abundant renewable carbon source on
earth after cellulose with about 40 to 50 million tons produced worldwide
each year, a huge quantity of it is non-commercialized. Between the two
classes of lignin, so far only the sulfur-bearing lignin (lignosulphonates
and kraft lignin totaling about 600 000 tons per year) is being commercial-
ized (ILI 2000-2017). Sulfur-free lignin is yet to have a market. Currently,
it is either used as in-house fuel in the industry to produce energy or dis-
carded as waste. Only a small amount (about 1 to 2%) of this lignin is
used to produce other value-added products (Lora and Glasser, 2002).
Particleboards of wood furnish with higher lignin contents have been
known to show superior physical and mechanical properties compared to
those with lower lignin content. This is because being a natural glue by
itself polymerizes under high temperatures and act as an additional glue to
the particleboards as well as it being hydrophobic help in the moisture

resistance of the particleboards.
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Figure 2: The structure of a segment of softwood lignin (Roger et al.,

2012).

2.2.5 Ash

Ash is the low molecular weight inorganic mineral components of wood
constituting mainly of calcium, magnesium, manganese, potassium, and
silica. Among these mineral components, wood from the temperate zones
constitutes predominantly the elements potassium, calcium and magnesi-
um, whereas, woods of the tropics may constitute mainly of silica as its
inorganic component (Dietrich & Gerd, 1989). These inorganic compo-

nents emanate mainly from salts that are deposited in the cell walls and
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lumen of plants, which usually serves in some biological pathways in the
plants.

The ash content of wood typically does not exceed 1% of its dry weight
(Sjostrom, 1999). In non-wood plant materials such as agricultural resi-
dues, values of up to 9% have been reported. The high ash content of agri-
cultural plant materials is one of the factors that have contributed to the
production downsides of the use of annual plants (e.g. straws) as raw ma-
terials for particleboards production especially when bonded with acid-
curing aminoplastic resin. However, this problem could be solved by ap-
plying chemo-thermo-mechanical treatments (Markessini et al., 1997) and
by sorting out the parts of the plant materials with potentially high ash

contents such as leaves and nodes (McKeen et al., 1997).

2.3 Particleboards — Definition

The term particleboard refers to an engineered wood composite made out
of lignocellulosic particles or chips from wood and none-wood plants,
bonded together with an adhesive at an appropriate temperature (typically
160-200 °C) and pressure (typically 2-4 MPa). The production parameter
depends on adhesive, raw material, board density, thickness, and product
end-use. The wood particles are usually of different shapes and sizes, ran-
domly oriented within the composite matrix, thus accounting for the final
board properties. Particleboards generally consist of about 90% (by
weight) wood and about 10% (by weight) adhesive and are almost exclu-

sively made from softwood species. Adhesives in liquid form are applied
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in droplets form on the surfaces of the chips in a blender with the help of

spray nozzles.

Debarking |~ — — —> Bark

Raw Chipper & NS
material flaker

Pre- «— Mat Gluing / — -¥» Dust
pressmg forming Additives
Hot Cooling & edge [ Sanding [ Product
pressing trimming storage

Figure 3: Flowchart of particleboards production process.

Sawmill
residues

Dryer

Particleboards are typically 3-layered; two surface layers and one core
layer as illustrated in figure 4. The surface layers and the core layer usual-
ly account for 40% (w/w) and 60% (w/w) respectively of the total mass of

the board. The core layer typically comprises of coarser particles whereas
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the surface layers consist of fine particles, thus providing a smooth board
surface for easy lamination and other finishing steps. Particleboards pro-
duction process in a typical industrial plant involves several steps, which
are summarized in the flow diagram in figure 3.

Fine surface layer

Coarser core layer

Fine surface layer

Figure 4: An illustration of 3-layered particleboard configuration.

2.4 Chemical additives

Besides the main raw material wood, adhesive and other auxiliary additive
account for up to about 12% of the total mass of the board. The use of the
right adhesive in the right amount is an important factor in wood-based
panel production. The properties of wood-based panels can be directly and
specifically influenced by choosing the right adhesive system and the aux-

iliary additives, such as hydrophobic agents and hardeners (Ambrozy and

Giertlova, 2005).
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2.4.1 Adhesives

Wood adhesives are the indispensable part of wood-based composites, as
they are capable of attaching wood pieces together through surface adhe-
sion. Different types of adhesives are used in the wood-based panel indus-
try and their costs are a major factor in the total production cost of wood-
based panels. In the production of particleboards, to achieve the inter sur-
face-fixed connection between the individual wood chips, the adhesive
must sufficiently wet the surface of the wood chip, heat and a correspond-
ing pressure has to be applied.

Temperature is one of the determining factors in the reactivity of adhe-
sives. Heat has a direct influence on the curing process of glue in parti-
cleboards production. Adhesives with low reactivity might require high
press temperatures and longer press times (Carroll 1963; Lehmann et al.,
1973), to enable the temperature in the core layer of the boards to reach
levels where the curing of the glue will be completed. Press temperatures,
however, must be optimal to exclude the degradation of the adhesives and
material on the surface layers in content with the press plates.

The amount of adhesive used in the production process of particleboards
can also affect the properties of the resulting panels. An optimum adhesive
level is an important parameter in the production process, as higher adhe-
sive levels do not always lead to a corresponding increase in the strength
properties of the particleboards. For example, Kimoto et al. (1964)
showed that particleboards produced with UF-resin with the resin load of

8%, 10% and 15% (solid), based on dry mass of wood chips were found to
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show only slight improvements in the strength properties and thickness
swelling for the boards with resin load of 15% compared to those with
10%. This means the 5% increase in resin load is not necessary. The adhe-
sive content of particleboards is generally dependent on the desired
boards’ properties and the economics of production. In the particleboards
sector, various studies have been conducted on the different adhesives
used in the production process. Formaldehyde-based adhesives such as
Phenol-Formaldehyde (PF), Urea-Formaldehyde (UF) and Melamine-
Formaldehyde (MUF) resins are the most commonly used adhesives in
particleboards production and account for 99% of the total sales volume
and 97% of the total value (Huang & Li, 2008). Isocyanate based resins
such as pMDI are only used in small amounts for the production of spe-

cialty products.

2.4.1.1 Urea-Formaldehyde

Urea-formaldehyde resins are the most important group of amino-plastic
resins for the wood-based panel industry (Kharazipour, 1996). They are
so-called thermosetting resins or amino-plastics because upon the applica-
tion of heat they harden to insoluble and infusible macromolecules (Kha-
razipour, 1996). They are unique in their high reactivity, water solubility
and reversibility of the amino-methylene linkages. UF-resins are highly

susceptible to moisture and water, especially at high temperatures, which
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explains why they are extensively used in the manufacture of interior
grade hardwood plywood and particleboards.

The synthesis of UF-resins is a two-step process; methylolation and acidic
condensation. Methylolation means the addition of three (four in theory)
molecules of bivalent formaldehyde to one molecule of urea (at pH 7) to
produce the mono- and di-methylolureas as shown in Figure 5. The reac-
tion is stopped at this stage to avoid the formation of high molecular
weight methylolureas (Christjanson et al., 2006). At the acidic condensa-
tion stage (low temperature and slightly acidic pH), the methylolureas and
free formaldehyde still present in the reaction mixture polymerizes to pro-
duce urea-formaldehyde resin as shown in Figure 6. The condensation
product may be linear or cross-linked. The synthesis of UF-resins is de-
pendent upon certain factors such as the molar ratio between urea and
formaldehyde, pH, reaction time and reaction temperature. These condi-
tions can be tailored to produce UF resins for different end uses.

The curing of UF-resins takes place under acidic conditions, which could
be achieved through the direct addition of an acid (hardener). The harden-
ers, ammonium sulfate and ammonium chloride are the most predominant-
ly used in the wood-based panel industry. The hardener reacts with the
free formaldehyde in the UF-resin to produce acid, which lowers the pH
of the solution. The amount of hardener required to cause the change in
pH is dependent on the ability to release the acid.

UF-resins, primarily because of their water solubility, high curing rate,

good adhesion, short hot-pressing time, clear glue-line, cold tack ability,
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and low cost are the most widely used adhesives in the particleboards
industry. However, they are unstable at higher relative humidity, especial-
ly at higher temperatures. This is because the amino-methylene bridges
are susceptible to hydrolysis under such conditions (Pizzi and Mit-
tal, 1994). In addition, the emission of the free formaldehyde from UF
resin bonded wood-based panels is a matter of great concern, which has

been linked to the possible cause of cancer when used for indoor applica-

tions.
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Figure 5: Methylolation of urea in the synthesis of UF resin (adopted from
Christjanson et al., 2006)
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Through methylene links
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Figure 6: The acidic condensation of methylolureas to form Urea-
formaldehyde resin (adopted from Christjanson et al., 2006)

2.4.1.2 Phenol Formaldehyde

Phenol formaldehyde (PF), also known as phenolic resins are a very sig-
nificant class of resins in the wood-based panels industry. They are syn-
thesized by reacting phenolic alcohol derived from benzene (Phenol) and
formaldehyde in the presence of a basic or an acid catalyst to produce
resol or novolac resins respectively (see figure 7). The molar ratio
between phenol and formaldehyde is usually 1:2.5 (Becker and Braun,
1990; Kloeser et al., 2007). Novolac resins are produced in the case where
an acidic catalyst is used during the condensation reaction between
phenol and formaldehyde.

The polycondensation reaction of the first formed methylol phenol de-
rivatives is allowed to complete with the addition of phenol. The reaction
stops when formaldehyde in the reaction mixture is exhausted leaving
behind unreacted phenol. Novolac resins cannot cure by themselves.

Therefore, in order to use Novolac resin as a wood adhesive, a curing
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agent is usually added to cross-link the resin. The most frequently used
curing agent is hexamethylenetetramine.

PF-resins are used for the manufacture of moisture-resistant parti-
cleboards, OSB, MDF, and plywood as well as for the production of very
low formaldehyde emission panels. The strong C-C-bond between the
aromatic nucleus and the methylol group or methylene bridge account for
their high resistance to hydrolysis and low formaldehyde emission. Nev-
ertheless, PF resins require a longer press time compared to UF-resins and
cause a dark glue line (Dunky, 2001), which is undesirable for decorative
and interior applications.

However, because of the high hygroscopic nature of the catalyst, the equi-
librium moisture content of the panel is increased due to PF-resin. Conse-
quently, press time has to be increased compared to other adhesives. The
curing of PF-resin finally takes place when the water between the reactive
hydroxymethyl groups and the detachable hydrogens at the phenolic core
is eliminated (Roffael and Schneider, 1981; Kharazipour, 1996; Kloeser et
al., 2007).
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Figure 7: Polycondensation reaction of phenol-formaldehyde resins- (a)
Resol is formed when a basic catalyst is used, (b) Novolac is formed when
an acid catalyst is used. (Adopted from Kloeser et al., 2007)

When this happens, new methylene bridges are formed. Linear structures
arise and, with growing condensation level, cross-linking bridges are cre-
ated between phenolic groups of different linear structures (Roffael and
Schneider, 1981; Kharazipour, 1996; Kloeser et al., 2007). PF-resin starts
the final curing at about 130 °C. The speed of curing depends on the press
temperature. As temperature increases, the curing speed becomes progres-
sively shorter (Umemura et al., 1995; Wang et al., 1995; Geimer and
Christiansen, 1996; Kloeser et al., 2007). Hot-staking of PF-resin bonded
panels is necessary to achieve full curing of the glue after the hot pressing

stage.
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2.4.1.3 Isocyanate-based resin - PMDI

Polymeric diphenyl methane diisocyanate (PMDI) is a compound com-
posed of polyaromatic isocyanates, usually in the form of an organic
brown liquid.

PMDI is synthesized through phosgenation of a primary amine. This pro-
cess involves a two-step reaction: The first step is the acid-catalyzed con-
densation of Aniline and formaldehyde or paraformaldehyde to produce
polyamine (Figure 8). The second step is the phosgenation of primary

amine (polyamine) by phosgene to produce PMDI (Figure 9).

NH,
N CH,
ner N
+ -ECIL—D} — CH,
0 NHy |

Aniline Paraformaldehyde Polyamine

Figure 8: Acid-catalyzed condensation of Aniline and Paraformaldeh- yde
to produce Polyamine (Twitchett,1974).
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Figure 9: Phosgenation of Polyamine to produce PMDI (Twitchett, 1974).

33



PMD], since it was first introduced in the German particleboard market in
the 1970s, has widely been used in the production of OSB worldwide and
MDF in Europe (Papadapolous et al., 2002). It is considered one of the
most performing binder systems in the wood-based panel industry. This is
because the isocyanate group of PMDI is capable of reacting with the
hydroxyl group of wood furnish and moisture to form irreversible ure-
thane linkages (Smith, 2012). Such bonds are highly resistant to hydroly-
sis, thus giving the PMDI bonded boards a degree of moisture resistance.
The irreversibility of the urethane linkages is the reason why PMDI bond-
ed boards perform better in both interior and exterior applications com-
pared to the boards bonded with UF resin. The dosing level of PDMI
(usually 2-3%) in the manufacturing process is at least three times lesser
compared to UF resin (8-10%) to achieve boards of the same or even bet-
ter physical-mechanical properties. However, the price of PMDI is signifi-
cantly higher than that of other synthetic resins. Nevertheless, the fact that
PMDI cures at low temperature (Smith, 2012) and can be applied to wood
furnish with high moisture content (Conner, 2001), one could argue that
the manufacturer could save on energy consumption required for drying
and production speed, thus offsetting the high cost of PMDI. In addition,
PMDI is not pH sensitive and thus can tolerate a wide variety of lignocel-
lulosic materials with different chemical compositions (Wood-based pan-
els international, 2009). Compared with traditional formaldehyde-
containing resins, formaldehyde emission from pressed boards bonded

with PMDI is negligible (Kloeser et al., 2007).

34



However, the use of PMDI in the production of wood composite also has
some disadvantages. Beside the already mentioned high price, its highly
reactive nature causes it to stick firmly to metallic parts of the hot press.
Therefore, a technical problem arises when PMDI is used on the surface
layers of boards. For this reason, special release agents must be used to
coat the metallic parts of the hot press if PMDI is used as surface layer
resin. Another negative aspect of PMDI usage is that significant protective
measures have to be taken to avoid health risk and occupational diseases

from inhalation of its toxic volatile compounds.

2.4.1.4 Bio-based adhesives

Bio-based adhesive refer to substances from natural or renewable sources
that are capable of binding individual wood chips or fibers together. These
renewable sources include a wide range of materials from plants, animals,
fungi and other microorganisms (Nikvash, 2013).

The first attempt to produce wood-based panel-like products of sawmill
residues bonded with animal protein-based adhesive was first expressed in
1887 (Hubbard, 1887). Over the years, proteins have been replaced in
most wood bonding applications by petroleum-based adhesive because of
their low cost, easy-to-use, and most especially because of their higher
durability. However, in recent years several factors like the stringent regu-
lations on formaldehyde emissions of wood-based panels, fluctuation in

petroleum prices and the improvement of protein adhesive technologies
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have led to the re-emergence of protein binders in the manufacturing pro-
cess of wood-based panels.

Binder systems based on enzymes are another interesting group of envi-
ronmentally friendly alternatives to petrochemical-based adhesives. The
Adhesive properties of lignin can be enhanced by activating the lignin on
wood fibers surfaces with an oxidase enzyme, laccase (Kiies ef al., 2007).
Euring et al., (2011, 2013, 2015, 2016), and Euring (2008) showed that by
treating thermo-mechanically pulped (TMP) fibers with Laccase-
Mediator-Systems (LMS) it is possible to activate the lignin on the surfac-
es of the fibers and use the bonding forces of the activated lignin on the
fibers’ surfaces as a natural glue to produce MDF and insulation panels
without the addition of conventional adhesives. The mechanical-
technological properties of the resulting boards are comparable to those
bonded with conventional petrochemical adhesives such as UF-resin.
Euring et al., (2016) also demonstrated that the addition of technical lignin
to the LMS, resulting in the so-called Lignin-Laccase-Mediator System
(LLMS), activates additional bonding strengths in the system and results
in MDF with superior strength properties compared to those of the LMS.

2.4.1.4.1 Blood albumin
The animal protein, blood albumin, has long been used as an adhesive in
wood-based products. Several patents (Henning, 1920; Lindauer, 1923;

Cone, 1934; and Gossett et al., 1959) indicate that animal protein-based
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adhesives were popular from early to the mid- twentieth century. These
kinds of adhsives became almost non-existent with the invention of syn-
thetic adhesive such as phenol-formaldehyde resin (PF) and urea-
formaldehyde resin (UF). This is because protein-based adhesives were
not readily available, expensive, and had a shorter shelf-life
(Sellers, 1985; Detlefsen, 1988). In recent years, the have been an increas-
ing demand for natural binders in the wood-based panel industry (Adhika-
ri et al., 2017). This is because the widely used formaldehyde-based resins
such as UF-resin emits formaldehyde, which has been known to be car-
cinogenic to humans (IARC, 2006; Pizzi and Mittal, 2011; European
Chemical Agency, 2014). In addition to this, the most commonly used
synthetic resins, e.g. UF-resin, are based on crude oil, which is non-
renewable and are dependent on fluctuating oil prices (Wilson, 2010).
Based on this recent trend, several studies have been focused on partially
or completely substituting synthetic adhesives with renewable alternatives,
enzymes such as laccase (Euring et al., 2015; Kirsch et al., 2016, 2018),
plant proteins such as wheat gluten (Lei et al., 2010) or soy (Fan et al.,
2016), and blood albumin (Lin and Gunasekaran, 2010). However, except
in plywood applications, there has been no appreciable use of blood pro-
tein adhesives in the manufacture of wood-based products as well as ap-
propriate research. Li et al. (2018) is the only reported study that focused
on developing an adhesive that is based purely on blood-meal. In this
study, a blood-meal-water-solution of 28% solids content was prepared

with different additives to improve its properties.

37



There are several challenges facing the use of protein-based adhsives in
wood-based products. Beside the fact that synthetic resins have led to the
establishment of high standards to be met by natural binders, the handling
of such binders can be problematic due to their high viscosity, low solids
content, long pressing times and low resistances to hydrolysis. These are
due to the complex chemical structure of proteins. Also, proteins from
different sources e.g., animal protein from pig, beef, sheep, etc., are usual-
ly different in type and composition as the proteins may be accompanied
by other polymers such as carbohydrates, fats, etc., thus would have vary-
ing properties. Another important challange faced by proteins with regards
their use in wood-based panel products is fact that proteins are vulnerable
to denaturation. Upstream processing, which may require treatments that
changes temperature and pH (in the effort to make them more or less sta-
ble) can affect the proteins and their adhesive properties. The overall in-
centive to overcome these challenges is to create a health-friendly product
completely based on natural resources (Frihart and Lorenz, 2017).

In Germany, a huge amount of animal blood from slaughterhouses is
available. Bonding particleboards with this NAF bio-based binder would
be environmentally friendly and eliminates the health risks associated with

the use of conventional synthetic adhesives.
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2.4.2 Auxiliary additives

In addition to the right choice of adhesive, auxiliary additives and their
amounts are an integral part of the production process of particleboards.
They have a direct influence on the properties of particleboards. These
include curing agents (hardeners) and water repellents (hydrophobic

agents), but also formaldehyde scavenging substances and fire retardants.

2.4.2.1 Hydrophobic agents

Water repellents are used in chipboard and fibreboard production to re-
duce the rate of water absorption and thus the swelling in the case of
short-term exposure to water or increased air humidity. The use is also
important with regard to the treatment of fibreboards with aqueous glues
or water-based paints, but also when using the materials in the wet or out-
door areas. Paraffin emulsions are the most predominantly used water
repellents, with dosing levels of 0.3% to 1.0%, based on the dry weight of
fibers (Deppe and Ernst, 1996).

2.4.2.2 Curing agent

Ammonium sulfate (NH,4),SO,) and ammonium nitrate (NH;NOs) are the
most widely used and effective curing agents (hardeners) in the wood-
based panel industry. Their role is to accelerate the curing process of UF-
resin. They react with free formaldehyde of the UF-resin to produce their

respective acids (sulfuric acid or nitric acid), which eventually lowers the
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pH of the resin as well as that at the material-adhesive interface, thereby
creating a suitable environment for the cross-linking process for acid cur-
ing binder system. The reaction speed or the rate at which the acid is pro-
duced depends on the amount of the available free formaldehyde and
hardener in the reaction mixture. This means that the reaction speed is
higher with UF-resins of higher molar ratio compared to the lower molar
ratio UF-resins. However, with the current strict regulations on formalde-
hyde emission of wood-based panels, most manufacturers turn to use low-
er molar ratio UF resins, whose free formaldehyde is insufficient to cause
a significant drop in pH within a short amount of time when these harden-
ers of ammonium salts are used. This problem can be overcome by using
new curing agents that do not depend on the amount of free formaldehyde
to cause a decrease in pH (Alexandropoulos et al., 1998). Such special
hardeners include aluminium sulfate [Al,(SO,);], ammonium persulfate
[(NH,4),S20g], citric acid (C¢HgO;) and other combined hardener systems
(Mantanis et al., 2018). The hardeners of ammonium salts are generally
used because they are inexpensive and easy to handle (Pizzi, 1994;
Dunky, 1998), and are usually added based on the solid content of the
adhesive in the range of between 0. 2% - 2% (W/w).
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3.0 The study raw materials

The focus of this work is to investigate the possible feasibility to use the
wood of the fast-growing tree species, the umbrella tree (Musanga ce-
cropoides), and the prunings of cocao tree (Theobroma cacao) for the
production of particleboards. In addition to these, the residues of the an-
nual plant, common bean (Phaseolus vulgaris), are also investigated for
the same purpose. The following chapter describes in detail the various

raw materials.

3.1 Bean crop (Phaseolus vulgaris) residues

Common bean (Phaseolus vulgaris L.) is a herbaceous annual plant of the
Fabaceae family. It originated in Central and South America and was cul-
tivated in Peru by 6000 BC. Today, it is widely cultivated as a major crop
in Europe, Africa, Asia and the Americas (Wortmann, 2006). Common
bean consists of a wide range of cultivars and is one of the most important
food legumes for the Eastern and Southern African agriculture. It is culti-
vated in more than 100 countries worldwide, covering more than 29 mil-
lion hectares of harvested area (FAOSTAT, 2016) and provides food for
more than 100 million people (Wortmann et al., 1998).

The name common bean refers to the class of bean that is grown to ma-
turity and harvested purposely for the seeds within the pods. This type of
bean typically requires 70 to 120 days from the time of seeding to maturi-
ty. They grow as either bushes or vines. The pods (shells) are narrow, with

size range between 8 cm to 20 cm by Icm to 2 cm. Each pod can contain
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up to 12 seeds, but most varieties have 4 to 6 seeds per pod. The seeds as
well as the pods are of various colours, depending on the cultivar
(Purseglove, 1968; Wortmann, 2006). Average yields of between 0.5 to
1.5 tons per hectare are common. Also, yields of up to 5 tons per hectare
have been reported (Wortmann, 2006). Green biomass annual yield of
about 16 tons per hectare have also been reported (CNC, 2004).

In Cameroon, common bean is cultivated and harvested in two seasons;
the dry and the rainy seasons. The harvesting and processing methods

differ with the various seasons. For the year 2017, about 413,072 tons of

dried beans were produced in a harvested area of 310,650 hectares (FAO-
STAT, 2017).
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Figure 11: An image of common bean  Figure 10: An image of mature
shells. common bean plant. Source: Sliver
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Upon harvest, huge quantities of the shells and straws remain in the field

without any further value-added uses. They are rather subjected to incin-
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eration, dumped in landfills, or allowed to rot on spot as means of dispos-
al. None of the disposal practices is sustainable to the environment. In this
context, it is of interest to study the usefulness of crop’s by-products as a
raw material for particleboard production; perhaps this could contribute

towards alleviating the problems associated with bean shells disposal.

3.2 Umbrella tree (Musanga cecropioides) wood

Umbrella tree (Musanga cecropioides L.) is a tropical evergreen tree spe-
cies of the secondary forest. It is called the umbrella tree because of its
characteristic umbrella-like crown. It belongs to the family of Urticaceae,
and is one of the most common tree species on forest clearings and aban-
doned farmland. It is fast-growing and can reach a height of 30 meters and
diameters of 30 cm to 91 cm by the end of its lifespan. The species grow
mainly in regions with average annual temperatures of between 25 °C to
30 °C and annual precipitation of between 1300 mm to 2500 mm. Under
these conditions, it can grow on sites from 700 to 1200 meters above sea
level. The umbrella tree has a short lifespan of about 20 years and has
shown annual height increments of 5 meters within the first year of plant-
ing (Orwa et al., 2009).

The wood is exceptionally lightweight when dry, with densities of 200 ...
250 kg/m3 (Burkill, 1985). Due to its low density and thus the relatively
low energy density, the wood is not used as fuel. The wood has so far
been used for the production of kitchen utensils, musical instruments,

toys, and swimming equipment such as canoes. In general, it is a widely
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underutilized tree species that grows rapidly and is abundant in Cameroon

and other parts of West and Central Africa.

Figure 12: The freshly harvested wood of umbrella tree.

However, there exists no inventory data on the species in Cameroon. De-
spite its rapid growth, the species is not cultivated in plantations due to its
limited uses. It is therefore important to study the suitability of its wood to

be used as a raw material for particleboards production.

3.3 Cacao tree (Theobroma cacao) prunings

The cocoa plant (Theobroma cacao L.) is a valuable tree species that
grows to approximately 6.5 million hectares in 57 tropical countries. The
global annual cocoa bean harvest is estimated at 4.23 million tonnes (IC-

CO, 2016). Africa is the largest cocoa producing continent in the world,
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accounting for 68 percent of global production. Cacao is the main cash
crop to more than 75 percent of Cameroon’s population (Tchar-
buahbokengo, 2005). Cameroon produced about 250,000 tonnes of cocoa
beans in the 2017/2018 cacao year (ICCO, 2019).

Cacao prunings refer to the sections (unwanted branches) of cocao tree
that are removed annually through thinning operations to improve on the
fruit development of the tree. Large quantities of the unwanted branches

remain in the fields every year after thinning without any value-added

used.

B
Figure 13: A prunned cacao tree(A) and an unwanted cacao tree branche

(B).

It is estimated that cacao thinning produces over 21 kg of organic dry mat-
ter per tree, which is about 25 tons per hectare per year (Lim, 1986a). To

put this into perspective, about 50 cubic meters of dry prunings (consider-
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ing the average wood density of cacao at 470 kg/m’) are generated per
hectare per year, which is more than the average wood increment per hec-
tare per year for temperate forests. The efficient use of these residues
could contribute to effective and sustainable value creation and increase
the incomes of cacao farmers. It is therefore important to study the suita-

bility of cacao tree prunings for the production of particleboards.
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4.0 Materials and methods

This work aims to develop three-layered particleboards of reduced for-
maldehyde emissions using the residues of the common bean (Phaseolus
vulgaris), the prunings of cacao tree (Theobroma cacao) and the wood of
umbrella tree (Musanga cecropioides) as a raw material. This chapter
focuses on the detailed description of the various processing steps and the
types of equipment that were involved in transforming the different raw
materials into chips that were used in producing the particleboards as well
as the characterization of the raw materials. The process techniques used
for the development of the particleboards in this study, consistent with the
manufacturing process generally employed in the industry are also de-
scribed in detail. The adhesives, as received from the various manufactur-
ers and used in this research are also described. Finally, this chapter ends
with a description of the methods through which the physical-mechanical
properties, as well as formaldehyde properties of the fabricated parti-
cleboards, were tested and evaluated against the specifics of the standard

DIN EN 312-2.

4.1 Preparation of the raw materials

4.1.1 Umbrella tree wood and cacao tree prunings
The wood of the umbrella tree (Musanga cecropioides) and the Cacao tree
(Theobroma cacao) prunings of recent thinning operations were obtained

from a farm about one kilometer from Boa Bakundu village of the South-
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West region of Cameroon. The umbrella tree wood was supplied as fresh-
ly harvested logs of about one meter lengths. The materials were manually
debarked and transported to the MDF pilot plant of the Biisgen Institute of
the University of Goettingen by means of a shipping container. While at
the pilot plant, with the help of a drum chipper, the materials were chipped
into sizes of between 15mm to 120mm. To produce particleboard-size
chips, the chipped wood chips were further shredded with the help of a
laboratory-scale knife ring flaker type PML 1 150/250 DELACHAUX
GmbH, Offenbach. With the help of a whirling sieve from the company
Allgaier-Werke GmbH, type TSM 1200/2, the resulting wood chips were
then screened to separate into core layer and surface layers-size chips.

Surface layers Core layer

Figure 14: Laboratory produced core layer and surface layers wood
chips. The ruler at the bottom is marked in cm.

48



Undersized particles (dust <0.5 mm) were excluded from the materials.
The screened wood chips were air-dried to moisture content below 15%

(w/w) for further processing and characterization.

4.1.2 The bean crop residues

The residues of the bean crop (Phaseolus vulgaris) were collected from
different locations in the North-west and South-west regions of Cameroon
at two different seasons; the rainy season and the dry season. The materi-
als were also shipped to the MDF pilot plant of the Biisgen Institute of the
University of Goettingen. The bean crop residues (BCR) were seasonally
differentiated into the bean crop residues of the rainy season and the bean
crop residues of the dry season. The beans crop residues of the rainy sea-
son are those that were harvested and pre-processed during the rainy sea-
son. They consisted of 100 percent bean shells and within the context of
this research project will be referred to as bean shells. On the other hand,
the bean crop residues of the dry season are those that were harvested and
pre-processed during the dry season. They were made up of a mixture of
bean straws and bean shells in the ratio of about 50:50 percent (w/w) re-
spectively. This is because the harvesting and the primary processing
methods of beans in Cameroon differ in the two seasons. In the dry sea-
son, farmers prefer to dry out the entire bean plant in the fields until about
90% of the leaves have fallen off, and then harvest the entire bean plant to

separate the beans from the rest of the plant with the help of traditional
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tools. This makes it difficult to separate the straw from the shells. On the
other hand, during the rainy season, the bean pods are harvested without
involving other parts of the plant, and then the beans are taken out of the

pods by hand.

Figure 16: Beans crop residues of  Figure 15: Beans crop residues of
the rainy season (100 percent bean  the dry season (a mixture of shells

shells). and straws.

While in the pilot plant, the bean crop residues were minced to produce
particleboards-size chips using a hammer mill ELECTRA SAS, Poudenas,
France, type F3 and then air-dried to moisture content below 15 percent.
The harmer-milled chips were then screened to separate into core layer-
size and surface layers-size chips with the help of a whirling sieve from

the company Allgaier-Werke GmbH, type TSM 1200/2.
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4.1.3 The reference materials

To be able to characterize the raw materials used in this work and make
meaningful comparisons of their performance, it was necessary to obtain
some reference materials. The wood of Norway spruce (Picea abies), one
of the most common softwood species used in the production of parti-
cleboards in Europe was harvested from a forest near Witzenhausen,
Germany. The wood was debarked, chipped and air-dried at the MDF
pilot plant of Buesgen institut. The chipping of the wood was done by
using a laboratory-scale drum chipper. The wood chips were further
minced a laboratory-scale knife ring flaker of model PML 1 150/250 from
the company DELACHAUX GmbH to produce particleboard-size wood
chips. The resulting wood chips were screened to separate into core layer-
size and surface layers-size particles with the help of a whirling sieve from
the company Allgaier-Werke GmbH, type TSM 1200/2. The materials
were air-dried for further processing.

In addition to the wood of Norway spruce, industrially produced parti-
cleboard-sized wood chips of the core layer and surface layers were also
obtained from the company Pfleiderer Holzwerkstoffe GmbH & Co. KG,
D-59759 Arnsberg.

4.2 Physical and chemical characterization of the study raw materials
The development of particleboards requires an in-depth understanding of
the physical and chemical characteristics of the raw materials being used.

In doing so, the production process can be tailored to achieve boards of
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desired physical and mechanical characteristics. The following chapters
present in detail the various methods and equipment used for determining
the physical and chemical properties of the study raw materials described
in chapter 3. In addition to the study raw materials, the wood chips of
Norway spruce (Picea abies) and wood chips from the industry (Pfleiderer
Holzwerkstoffe GmbH & Co. KG) were also analyzed for the various
physical and chemical characteristics. All of the analyses were conducted
based on the respective standards and norm as described in the following

chapters.

4.2.1 Determination of fractional composition and Bulk densities of
the chips

The particle size distribution of the produced chips of the various materi-
als for both the surface layers and the core layer was determined using the
sieve analysis method according to DIN 66165. To do this, a whirling
sieve from the company Retsch, D-42781 Haan, of the model AS 400 was
used. One kilogram of chips was placed on the top sieve of the whirling
sieve. The sieves were arranged such that the sieve with the largest mesh
size is at the top of the stack and the smallest at the bottom. The materials
were fractionated for a period of 5 minutes at a rotation speed of 250 rpm,
with a change in the rotation direction after the third minute. The rotation
splits the materials into the fractions of the individual sieves. After sieving

was completed the fractions of the individual sieves were determined
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gravimetrically with the help of a digital scale. The determination was
carried out in five repetitions and the average values were considered.

Furthermore, the bulk densities of raw materials for both the surface and
the core layers were determined according to DIN EN 12580. Bulk densi-
ty is the ratio of the mass of loose bulk material to its occupied volume.
The determination of the bulk density is significant because, according to
Brinkmann (1982), bulk density has a significant influence on the proper-
ties of composite panels. Among other things, the bulk density influences
the minimum density of materials. It is known that the bulk densities
should be well below the targeted bulk densities of the composite panels.
To this end, the materials were poured into a vessel with a defined volume
(20 liters) and weighed. Five repetitions were performed for each material
and the average value was taken. The bulk density of each material was
calculated from the weight and the volume of the material according to the

formula below.

Bulk density [g/ 1] =m /V

Where
e m is the mass of the sample (air dry) in grams

e Vs the mass of the measuring cylinder in in liters
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4.2.2 The determination of cold-water soluble extractives content
Wood extractives refer to the non-structural part of wood (Kirker et al.,
2013). They are basically the small molecular weight compounds that can
be extracted with a solvent and usually occur in small amounts. They con-
tain both organic and inorganic substances (Miller, 1999b). The organic
extractives range from monomeric sugars to polymeric substances such as
starch and tannins (Roffael, 2015). The amount and composition of the
extractives vary tremendously between species, within species and be-
tween the various sections or parts of the tree as well as with seasons. The
age, time span after cutting and growth conditions of a given species has a
strong influence on the amount and the chemical composition of extractive
contained in it.

To do this, 5 grams of dry material was weighed into a 250 ml conical
flask to which 150 ml of demineralized water was added. The flask and its
content were allowed to digest for 24 hours at room temperature (about
20°C) on a mechanical shaker vibrating at about 120 rpm. After 24 hours,
the extract (solution) in the flask was filtered off with the help of a tared
fritted-glass crucible of G3 porosity.

The aqueous extracts of the various raw materials were used to directly
determine the pH and the buffering capacities of the raw materials.

To determine the extractives content of the raw material, the content of the
fritted-glass crucible was washed clean with distilled water to remove any
leftover cold-water-soluble extractives. The fritted-glass crucible and its

content were dried to constant weight at a temperature of 103°C and then
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cooled to room temperature in a desiccator. The fritted-glass crucible and
its content were finally weighed and the cold-water extractives content of
the material was calculated using the formula below. The determination
was carried out in four replicates for each of the raw materials used in this
work.

W, —-W,

Cold-water extractives content (%) = ——x 100
W,

Where
e W, is the mass of absolute dry sample, in grams
e W,is the mass of dried sample after extraction with cold water, in

grams

4.2.3 The determination of pH-value and buffering Capacity

The aqueous extracts of the various raw materials (extraction procedure
described in 4.2.2) were used to directly determine the pH and the buffer-
ing capacities of the raw materials. To determine the pH, the pH electrode
was kept for 4 minutes in a 50 ml beaker containing 20 ml of the aqueous
extract at room temperature and then reading the value.

With the help of a Titrometer from the company Schott, D-55122 Mainz,
each of the aqueous extract was analyzed through titration to determine
the buffering capacity. In each case, 20 ml of the extract is titrated with a
0.01 molar NaOH solution to a pH of 7 (neutral value). To this end, the

55



buffering capacity of each extract was determined based on the amount of
NaOH solution used up in the titration with the help of the following rela-

tionship:

Iml of 0.01 mole / literNaOH-solution used-up corresponds to buffer ca-

pacity of 1.5 mmolNaOH / 100g of oven dry material to be determined

4.2.4 The determination of hot-water soluble extractives content

This procedure determines the amount of hot-water soluble extractives
contained within the raw materials. For this purpose, 2 grams of the mate-
rial was weighed into a 250 ml Erlenmeyer flask to which 100 ml of de-
mineralized water was added. The Erlenmeyer flask and its content were
placed on a heating source and then connected to a reflux condenser. The
setup was allowed to cook under reflux for two hours and then cooled to
room temperature.

After cooling, the aqueous extract of the flask was filtered using a tared
fritted-glass crucible of porosity G3. The extracted material in the fritted-
glass crucible was washed clean with hot water and then dried to constant
weight at a temperature of 103 °C in a drying oven. The fritted-glass cru-
cible and its content were finally allowed to cool to room temperature in a
desiccator and then weighed. The amount of hot-water soluble extractives
content of the raw material (in percent) was determined by the weight loss
with the help of the formula below. The determination was carried out in

four repetitions for each of the raw materials used in this study.
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Wi- W,
Amount of hot-water soluble extractives (%) = —— x 100
W,

Where
e W, is the mass of oven dry sample, in grams

e W, is the mass of dried sample after extraction with hot water, in

grams

Figure 17: The setup for the determination of the hot water extractive
content of the raw materials (a) and the fritted-glass crucible of poro-
sity G3 (b)

4.2.5 The determination of the solvent-soluble extractives content
The determination of the solvent-soluble extractives content of the raw

materials was determined by the ethanol-cyclohexane method. To do this,
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5 grams of the dry material was weighed into an extraction thimble of
dimensions 33 x 100 mm and placed in position inside a Soxhlet extrac-
tion apparatus. 150 ml of ethanol-cyclohexane, prepared by mixing etha-
nol and cyclohexane in the ratio of 1: 2 (v/v) respectively was put into a
250 ml Soxhlet extraction flask containing anti-bombing granules. The
flask was placed a serial heating block from the company OMNILAB,
FoodALYT RS60 and then connected to the Soxhlet extraction appa-
ratus (see figure 18) and then extracted for six hours.

After the extraction was completed and the setup was cooled to room tem-
perature, the solvent mixture was evaporated to near-dryness in a vacuum
rotary evaporator from the company Heidolph Instruments GmbH & Co.
KG, D-91126 Schwabach; model Hei-VAP value. The Soxhlet extraction
flask and its content were then dried to constant weight in a vacuum ov-
en. Finally, the weight of the extraction flask and its residue was measured
and used to calculate the amount of solvent-soluble extractives of the ma-
terial based on the relationship below. This determination was also con-

ducted in 4 replicates for each of the raw materials.

W, - Wi

Solvent-soluble extractive content (%) = — x 100
Wi

Where

e W;is the dry mass of specimen or raw material, in grams

58



e W, is the dry mass of extraction flask + residue + three anti-
bombing granules
e W;is the dry mass of extraction flask + three anti-bombing gran-

ules.

Figure 18: The setup for ethanol-cyclohaxane extraction of the raw
materials (a) and the vacuum rotary evaporator from the company
Heidolph (b).

4.2.6 The determination of pentosan content of the raw materials

Pentosan is the main component of hemicellulose. The determination of
the pentosan content of a lignocellulosic material makes it possible to
approximate its hemicellulose content. The amount of pentosan is deter-

mined by determiningcolorimetrically the amount of furfural in the distil-
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late produced by boiling the material in hydrobromic acid. To do this, 200
ml of 3.2 molar hydrobromic acid was put into a 1000 ml boiling flask
containing 2.0 grams of the material (oven dry). The boiling flask, placed
on a heating device, was connected onto a three-way connecting tube
equipped with a graduated separatory funnel. A two-way connecting tube
connects the free end of the three-way connecting tube and the Graham
condenser below which a 250 ml volumetric flask was placed with marks
added at intervals of 90 ml.

The setup was allowed to distill until the furfural-containing distillate
reached the volume of 240 ml. During the distillation process, 90 ml of
distilled water was added into the boiling flask through the separatory
funnel when the furfural-containing distillate in the volumetric flask
reached volumes of 90 ml and 180 ml. The furfural-containing distillate
was made up to the 250 ml mark by adding 10 ml of distilled water. After
shaking vigorously to ensure a uniform mixture of the solution, 5 ml of the
distillate was pipetted into a 100 ml volumetric flask and topped up to the
100 ml mark by adding 95 ml of distilled water thereby obtaining a 1:20
dilution. From the 1:20 dilution solution, 10 ml was transferred into a
50ml volumetric flask and added 40 ml of distilled water to make up to the
50 ml mark, thereby obtaining a total of 1:100 dilution.

0.3438 xFurfural conc. of distillate (mg/Ll)00

Pentosan content (%) =
0.878 x mass of dry sample (mg)
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e Where furfural concentration (mg/mL) = Absorbance x 6.782 x

dilution factor.

Separatory funmnel
—_ 250 miL

¥ =

¥ 24740 H q ¥ 24/40 ;i ¥ 24740
4_‘7 ! Graham
¥ 2a/40 condenser
200 mm
L Baoiling
flask
sl ™, 250-300 mL
{ J = —
c e s

Volumetric
flask, 250 mL

L_ ?>_J =N

Figure 19: Pentosans distillation apparatus. Source: TAPPI (2001),
T223cm-01.

Heater

To photometrically determine the pentosan content, 1ml of the 1:100 dilu-
tion solution was pipetted into a quartz cuvette of 10 mm thickness and
the absorbance of the solution was measured at a wavelength of 277,5 nm

(in the UV spectrum) using a spectrophotometer from the company
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Beckman Coulter of the model DU 800. The spectrophotometer was first
calibrated using distilled water. This determination was conducted in four
repetitions for each of the raw material and the pentosans content was

calculated using the formula below.

4.2.7 The determination of Klason lignin

Klason lignin usually referred to as the acid-insoluble lignin, is the insolu-
ble residue that remains after the carbohydrate portion of plant tissues
have been completely hydrolyzed by concentrated acid. It is the direct
approach for determining the amount of lignin contained in plant tissues.
For this purpose, 1.0 gram (oven dry) of the material was weight into a 50
ml glass beaker to which 15 ml of 72% concentrated sulphuric acid was
added. The content of the 50 ml flask was allowed to digest by incubating
it for 2 hours at room temperature. The incubated content was stirred with
a glass rod at intervals of 10 minutes. After 2 hours of incubation, the
digested content of the 50 ml glass beaker was transferred into a 500 ml
Erlenmeyer flask to which 345 ml of distilled water was added, thus dilut-
ing it to 3% sulphuric acid and then refluxed for 4 hours. After 4 hours,
the insoluble residue was filtered into a tared fritted-glass crucible of po-
rosity G3. The insoluble residue was then washed with cold water, then
dried to constant weight in a drying oven at a temperature of 105 °C. The
crucible and its content were then cooled to room temperature in a desic-

cator and weighed. The determination was conducted in four repetitions
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for each of the raw material used in this research and the lignin content

was calculated using the formula below.

Klason lignin (%) = R*100/W

Where
e Ris the mass of the residue in grams.

e W is the mass of the sample in grams.

4.2.8 The determination of ash content

The ash content of plant tissues refers to the mass of the inorganic residue
that is left after ignition and complete oxidation of the organic portion of
plants tissues. This determination was carried out following DIN EN
14775 standard. To do this 1.0-gram (oven dry) of the material was placed
in a tared porcelain crucible and heated slowly to a temperature of 550 °C
for 24 hours in a muffle furnace. After the ignition, the crucible and its
content were placed in a desiccator and allowed to cool to room tempera-
ture. The weight of the residue was finally measured and the ash content
of the material (oven-dried at 105 °C) was calculated according to the

formula below.
Ash (%) = (W/W,) *¥100

Where: W, is the mass of the ash

W, is the mass of the oven-dried material before ignition.
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4.3 The determination of the physical and mechanical properties of the
manufactured particleboards

The manufactured particleboards were tested to determine their physical
and mechanical properties. The following chapter presents in detail the
various measurements that were conducted based on their respective
standards. After producing the particleboards, they were allowed to cool to
room temperature for about 24 hours, and then their edges were trimmed,

sanded and cut-to-size for the testing of the physical and mechanical prop-

erties.

Figure 20: The cutting pattern used to obtain test pieces for the tes-
ting of the physical-mechanical properties as well as the formaldehy-
de emissions of the produced particleboards.
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Test pieces were obtained from each of the produced particleboards based
on the cutting pattern shown in figure 20. As much as possible, the test
samples for internal bond strength and the water-related tests were ran-
domly selected. The selected test pieces from each board were conditioned
to constant mass in a climate chamber at a relative humidity of 65 + 5

percent and a temperature of 20 + 2 °C before testing.

4.3.1 The Determination of the bulk density and density profile

The Bulk density of a material is the ratio of its mass to its volume ex-
pressed in kg/m’. According to DIN EN 323:1993, after acclimatization,
the bulk density of 40 samples (with side lengths 50 + 1 mm) from each
board was determined with the help of a caliper and a scale. To do this,
the length, width, and thickness of each sample were measured to the
nearest 0.01 mm and the weight to the nearest 0.01 g. The thickness was
measured at the center point of the intersection of the diagonals of the side
lengths. The density p of each test piece expressed in kg/m’ was calculated
as shown by the formula below.

m

p=——"X 106
l/.XlzXf

Where: m is mass of test piece, in grams,

[yand [, are side lengths of test pieces, in millimeters,
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t is thickness of test piece, in millimeters.

The density profile is the variation or differences in density through the
thickness of the particleboard due to varying particle characteristics and
pressing conditions. This was measured using a laboratory densitometer
DA-X from the company GreCon, D-31042 Alfeld —Hannover. To do this,
8 test pieces were selected randomly from each board, placed vertically in
the sample holder and the density over the thickness cross-section was

scanned individually.

4.3.2 The Determination of the internal bond strength

The internal bond (IB) strength also referred to as the transverse tensile
strength is obtained by measuring the cohesive strength of the board by
applying a tensile force perpendicular to the plane of the board. In this
case, the test samples used in measuring the density profile were used in
determining the IB strength of the boards according to DIN EN 319, since
the measurement of density profile is a non-destructive test. To do this,
each ofthe test samples were glued onto two test plates using hot melt
such that the sample appears as a sandwich between the test plates. The
glued test samples were then subjected to breakage one after another by
loading on to the loading head of the Universal testing machine from
Zwick / Roell, D-89079 Ulm. An evenly distributed tensile force was ap-
plied on the test specimen at a constant load speed so that the breakage is

achieved within 60 +30 seconds. The internal bond strength expressed in
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N/mm? of each test sample was calculated as the ratio of the maximum
force applied, to the cross-sectional area of the test sample as shown by

the formula below.

max

Internal bond strength (N/mm?) =
axb

Where
e F..x is the maximum force applied to break the test piece, in New-

ton.

e a, b are the length and the width of the test specimen in mm

Wooden test plate

Internal bond test piece
glued between two wooded
test plates

Figure 21: A test sample for internal bond test, mounted in a Universial
testing machine Zwick / Roell.
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4.3.3 The determination of bending strength and modulus of elasticity
of the produced particleboards

The bending strength, also known as the modulus of rupture (MOR) and
the modulus of elasticity (MOE) of the produced particleboards were de-
termined by conducting three-point bending tests on test samples of each
board according to DIN EN 310. Bending strength is the maximum load-
carrying capacity of a material. In this case, the test measures the force

required to bend the test specimen under three-point loading.

Figure 22: A picture showing the measurement of the three-point bending
test.
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To do this, rectangular test specimens with width (50+1) mm and length
20 times the nominal thickness of the board plus 50 mm were loaded on to
the Universal testing machine from Zwick / Roell, D-89079 Ulm, and the
bending strength was determined by applying a force perpendicularly to
the length of the test piece at the mid-point of the test piece supported at
two points as demonstrated in Figure 22.

The modulus of rupture MOR (in N/mm?) of each test piece was calculat-

ed based on the following equation.

e  F,.x 1s the maximum load, in Newtons,
e [ is half the distance between the two supports, in millimeters,
e b is the width of the test piece, in millimeters,

e tis the thickness of the test piece, in millimeters

The modulus of elasticity was calculated by taking into account the de-
flection of the test samples. The “linear voltage differential transducer”
(LVDT) positioned at the center point of the test piece directly beneath the
loading head registers automatically the load-deflection data. From the
slope of the straight-line section of the load-deflection curve (from 10% to

40% of maximum load attained), Young’s modulus is calculated which is
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then used to calculate the apparent MOE based on the following equation.
This does not calculate the true MOE of the test piece because both shear

and bending take place during the testing procedure.

L3

MOE (N/mm®) = x AF/Ay

4wt

Where
e L is the length of the test piece in mm
e w is the width of the test piece in mm
e tis the thickness of the test piece in mm
e AF/Ay is the slope of the straight-line portion of the deflection

curve in N/mm.

4.3.4 The determination thickness swelling and water absorption

The thickness swelling (TS) and water absorption (WA) is determined by
measuring the increase in thickness and increase in mass respectivey of
the test pieces after complete submersion in water. The TS and WA were
determined according to EN 317: 1993, and DIN 52351 respectively. To
do this, eight test pieces (with dimension 50 mm x 50 mm (xIlmm) x
thickness (mm)) selected randomly from each board were submerged ver-
tically in a water bath filled with clean water (of neutral pH) and stored at
room temperature for 2 hours and subsequently for 24 hours. The thick-

ness and the mass of each test piece were measured prior to submersion in
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water to the nearest 0.01 mm and 0.01 g respectively. The thickness
(measured at the intersection of the diagonals) and the mass of each test
piece were measured after two hours of immersion to obtain the 2 hours
values. The same procedure was repeated for a further 22 hours to obtain
the 24 hours values. The TS and WA of the test pieces were determined

based on equations 1 and 2 respectively:

t—t
Gt (%) = x 100 (D)
ty

Where
e G; is the thickness swelling of each test piece expressed in per-
centage
e t; is the thickness of the test piece before submersion in water, in
mm
e t, is the thickness of the test piece after submersion in water, in
mm

m; — my

Wi (%) = ——x 100 2)

Where
e W, is the water absorption of each test piece after submersion in
water, expressed in percentage

e m,is the mass of test piece before submersion in water, in grams
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e my, is the mass of test piece after submersion in water, in grams.

4.4 The determination of formaldehyde release of the of the produced
particleboards

The formaldehyde emission of wood-based composites can be determined
using various methods. These methods include the flask method (DIN
EN717-3), the perforator method (DIN EN 120), the chamber method
(DIN EN717-1) and the gas analysis method (DIN EN 717-2). The cham-
ber method, usually known as the reference method, is the generally ac-
cepted method for testing formaldehyde emissions of wood-based panels
in Europe. Based on this method, the formaldehyde emission must not
exceed 0.1 ppm (0.124 mg/m?3) for panels that are used for indoor applica-
tions. This maximum limit is known as the E1-limit. However, this meth-
od is generally expensive and time-consuming to execute. For expedience
purposes, derived methods such as the gas analysis, flask and perforator
methods are being used in the industry for production control. It is im-
portant to note that to ensure compliance with the El-limit for parti-
cleboards, the rolling average tested by the perforator method over a peri-
od of 6 months from the internal factory production control must not ex-
ceed 6.5 mg/100 g of the dry board. The following chapters explain in
detail the methods used in determining the formaldehyde properties of the

produced particleboards.
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4.4.1 The determination of formaldehyde release by the Flask method
According to this method, about 20 grams of the test sample of dimen-
sions 25 x 25 mm were made to suspend from the lid of a sealed-500 ml
polyethylene flask containing 50 ml of demineralized water. The sealed
polyethylene flask and its content were placed in a preheated chamber at a
constant temperature of 40 °C for 3 hours. This procedure was repeated
with other test samples for the duration of 24 hours to determine the 24
hours flask values. After 3 and 24 hours, the formaldehyde concentration
of the aqueous solution was determined by the acetylacetone method in
which 10 ml of the solution in the 500 ml flasks were transferred into 50
ml test bottles and added 10 ml each of acetylacetone and ammonium
acetate. The 50 ml test bottles were stoppered and placed in a warm water
bath at a temperature of 40 °C for 15 minutes and then cooled to room
temperature in a dark chamber. The concentration of formaldehyde con-
tained in the aqueous solutions was then determined colorimetrically at a
wavelength of 412 nm with the help of a spectrophotometer from Bio-
chrom, Libra S12. The colorimetric determination is based on the
Hantzsch reaction, a test highly specific for the presence of formaldehyde.
The formaldehyde in the aqueous solution reacts with ammonium ions
from Ammonium acetate and acetylacetone to yield diacetyl-dihydro

lutidine (DDL) with its characteristic greenish-yellow color (Nash, 1953).

73



_H+ (0] (0]
2CH5COCH,COCH; + HCHO + NH,' —3» H.C X CH.
- |

7
H,;C N CH,

Acetylacetone Formaldehye Ammonium ion DDL (greenish-yellow)

The Hantzsch reaction scheme for the formation of diacetyl-
dihydrolutidine. Source: Nash, 1953.

The extinction values (photometer readings) were used to calculate the
formaldehyde release per 1000 grams of oven-dried boards according to
the mathematical formula below. A blank solution (without test samples)
was used to calibrate the spectrophotometer. The determination was con-

ducted in three duplicates for each panel variant.

( As-Ag) X fx 50 x 100 (100 + H)

Fv=
m

Where
e M is the mass of test piece or sample, in grams
e F,is the flask value in milligrams per 1000g of oven dry board
e Agis the absorbance or extinction value of the analyzed solution
from flask
e Ay is the absorbance or extinction value blank solution
e fis the slope of calibration curve of standard formaldehyde solu-

tion, in mg/ml.
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e H isthe moisture content of test pieces or sample, in percent.

b
===
L 1 1 500-ml-polyethylene flask
2 with a lid
3
2 Hook made of stainless steel
- L 3 Gummiband
2
_..__.._:__:_,__4 1 4 Water surface
?76

Figure 23: Test equipment for the flask method (adopted from EN 717-3:
1996).

4.4.2 The determination of formaldehyde by the perforator method

Formaldehyde emission of wood-based panels can be measured by deter-
mining the amount of extractable formaldehyde of the panels. To do this,
about 110 grams of test samples (of the dimensions of 25 mm x 25 mm x
thickness in mm) were placed in a 1000 ml Erlenmeyer flask to which 600
ml of toluene was added. The flask and its content were connected to the
lower end of the perforator attachment filled with about 1000 ml of dis-
tilled water. The distilled water was filled such that a space of about 30

mm was left between the water surface and the siphon outlet. The Dimroth
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condenser and the gas absorption tube were then connected, with one end
of the absorption tube connected to a 250 ml flask (overflow flask) con-
taining about 100 ml of distilled water as shown in figure 24. The setup
was allowed to run for 2 hours commencing from the moment the first
bubble passed through the filter-insert. After 2 hours, the setup is cooled
to room temperature and the water contained in the perforator and the
overflow flask were transferred into a 2000 ml volumetric flask and made
up to the 2000 ml mark by rinsing the perforator twice with about 700 ml
of distilled water. The extraction was carried out in three duplicates for
each panel variant and the formaldehyde concentration of the aqueous
solution was determined colorimetrically based on the acetylacetone
method. The results are expressed in mg/100 g of oven-dried boards based
on the mathematical expression below. A blank value is also determined
in parallel by using 10 ml of distilled water and following the steps of the

acetylacetone method.

(A, — Ag). £(100+H).V

my

e my is the mass of test samples, in grams
e Py is the amount of extractable formaldehyde in milligrams per

100g of oven-dried board
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e Ag is the absorbance or extinction value of the analyzed solution
from flask

e Ay is the absorbance or extinction value of blank solution

e fis the slope of calibration curve of standard formaldehyde solu-
tion, in mg/ml.

e H is the moisture content of wood-based panel, in percent.

e Vs the volume of volumetric flask (2000 ml).

1: Conical adaptor 29/32

: Dimroth condenser

: Conical adaptor, case 45/40, core 71/51
: Filter insert

: Perforator attachment

: Double bulbed tube

: 250 ml conical flask

: Conical adaptor, case 29/32, core 45/40
: Erlenmeyer flask, 1000 ml

O o0 I N U B~ W N

Figure 24: Extraction apparatus used for perforator method (adopted
from EN 120: 1992).
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4.5 Chemical additives used in producing the particleboards

4.5.1 Adhesives

Two different commercial-grade UF-resins of the kaurit group K350 lig-
uid and K340 liquid from the company BASF AG, D-67056 Ludwigsha-
fen were used. In addition to the UF-resins, a commercial-grade Isocya-
nate-based resin — PMDI (I-Bond PB em 4352) supplied by the company
Huntsman Holland BV, 103197 KG Botlek-Rotterdam Netherland was
also used. A fourth resin, based on animal protein - blood albumin, was
also used as a binder system in the production of the particleboards. Table
3 presents the properties of the various binder systems used in this re-

search.

Table 3: The properties of the binder systems used in this research.

Resin type UF UF PMDI Blood al-
bumin

Product name K350 lig- K340S I-Bond PB Blood albu-
uid liquid em 4352 min

Colour White White Brown Brown

Solids content 66% 66% 100% 54%

pH 8.5 8.3 n/a 7.4

Viscosity 322 mpa.s 667 mpa.s 280 mpa.s 495mpa.s

(at shear rate

511.3sY)

At a temperature of 25 °C
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4.5.2 Auxiliary additives

As mentioned earlier, hardeners are generally used in the production pro-
cess of particleboards to create an acidic medium, which accelerates the
curing process of UF resin and shortens the press-time. Hardeners are
generally used in the amount of 1-2 percent depending on the pH and
buffering capacity of the furnish. Ammonium sulfate (40% solids content)
was used as a hardener for the UF-resins. To improve on the hydrophobi-
city of the produced particleboards, two types of paraffin-based hydro-
phobic agents, hydrowax 138 and hydrowax pro A18 both of 50% solids

contents, from the company Sasol GmbH were used.

4.6 The requirements of the properties of particleboards

4.6.1 Requirements of the physical and technological properties

As earlier mentioned, the produced particleboards were tested for their
physical-technological properties and evaluated in accordance with the
German institute for standardization e,V. The table below presents the
minimum requirements for the physical and technological properties of
particleboards of various types (P1, P2, and P4) according to DIN EN 312:
2010-12.
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Table 4: The DIN EN 312: 2010 minimum requirements for particle-
boards of thickness between 13 mm to 20 mm.

Properties Test Units P1 P2 P4
Norm

IB EN319 N/mm® 024 035 035
MOR EN310 N/mm’ 10 11 15

MOE EN310 N/mm’ - 1600 2300

Surface soundness EN311 N/mm® - 0.8 -
Thickness swelling EN 317 % - - 15
24 h

e P 1: particleboards for general purpose application for use in dry
condition.

e P 2: particleboards for interior applications (including furniture)
for use in dry conditions.

e P 4: Particleboards for load-bearing applications for use in dry

condition.

4.6.2 The requirements for formaldehyde emissions

Besides the physical and mechanical properties, particleboards can be clas-
sified according to their formaldehyde emission levels. On the European
level, the formaldehyde emission from particleboards has been standard-

ized. Wood-based panels that are to be used for indoor applications
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must conform to the European emission class E1 requirement. According
to the E1 emission class, the formaldehyde emission must not exceed the
limit of 0.1 ppm when tested by the European chamber method (EN 717-
1). However, the derived method for factory production control, the Perfo-
rator method (EN 120) has a direct correlation with the E1 limit. The
moisture content of the board must be corrected to 6.5% for the correla-
tionof the perforator values to be true. Table 4.3 shows the formaldehyde
limit values for the emission class E1 and the correlation value of the de-

rived method.

Table 5: The limit values of formaldehyde emission class El tested by the
EN 717-3 and EN 120.

Emission class Test Methods
Chamber method Perforator method
(EN 717-1) (EN 120)
El <0.1 ppm <8mg/100 g

4.7 The manufacture of particleboards on a laboratory scale

The following chapters describe procedure used in the development of the
particleboards on a laboratory-scale. The chapters include a detailed de-
scription of the types of equipment, production parameters, and the pro-
cessing steps that were involved in the manufacturing process of the parti-

cleboards of the various raw materials. The process sequence for the pro-
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duction of the particleboards in this study is consistent with the manufac-

turing sequence commonly used in the industry.

4.7.1 The development of the particleboards based on cacao tree
prunings and umbrella tree wood as raw materials

The development of particleboards of umbrella tree wood and cacao tree
prunings was carried out in two phases.The first phase focused on the
feasibility of producing PB based on the raw materials and the second
phase was focused on investigating the effect of the coarser core layer
chips of the various raw materials on the properties of the boards. For this
purpose, the wood chips of the surface and the core layers of the various
raw materials were blended separately with UF-resin of reduced molar
ratio of the group K 340 in a laboratory-scale rotating drum mixer with the
help of an air-pressure atomizer. The wood chips of the Norway spruce
(Picea abies) were also blended to serve as a reference. The resin load was
based on the oven-dry weight of the furnish. As much as possible, the
rotating drum mixer equipped with an air pressure atomizer uniformly
blended the wood chips for about 10 minutes. A hardener, ammonium
sulfate (40% solid content v/v) in the amount of 1.5% based on the solid
content of the resin was added to the glue. The hydrophobic agent, hy-
drowax 138 (50% solid content v/v) from the company Sasol GmbH in the

amount of 1.5% based on the oven-dry weight of the wood chips was also
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blended with the wood chips. Table 6 shows the production parameters for
the development of the particleboards.

After the blending was completed, the resinnated furnish was formed into
a mat by hand with the help of a transparent-plastic laboratory-scale mat
former of dimensions 605 mm x 455 mm. The surface layers and the core
layer were of the ratio 40:60 percent the total mass of each of the board.
The mat was formed on metal press plates of dimensions 800 mm x 600
mm overlaid with PTFE (Polytetrafluoroethylene) film to serve as a re-

lease agent to allow for easy removal of the boards after the press opens.

Table 6: The production parameters for the development of the partic-
leboards based on cacao tree prunings and umbrella tree wood in a labo-
ratory scale.

Raw UF-resin Hardener Hydrophobic Target Target Press  Press
material load content agent con- thickness densities time temp.
[%] [%] tent [mm] [kg/m’] [min]  [°C]
[%]
SL/CL
UTW,
CTP, 10/8.5 1.5 1.5 20 650/550/450 4 200
Spruce
wood

Umbrella tree wood (UTW), Cacao tree prunings (CTP), Surface layer
(SL), Core layer (CL).

The resulting mat was evenly pre-pressed with a wooden board to reduce
its thickness and then hot-pressed to a target thickness of 20 mm to

achieve panels of the targeted densities (see table 6). The boards were
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pressed at a temperature of 200 °C and a pressure of 200 bar for 4 minutes.
Three boards were produced for each board variant, giving a total of 27
boards. The resulting particleboards were conditioned overnight to cool
down to room temperature, then sanded and sawn to the dimension as
required by the testing standard for the physical-mechanical properties as
well as formaldehyde emissions.

Air-pressure atomizer

Laboratory-scale drum mixer

Figure 25: Laboratory-scale drum mixer equipped with an air-pressure
atomizer for blending wood chips for particleboards.

The dependence of the physical-technological properties on the coarseness
of the wood chips of the core layer of the raw materials; cacao tree prun-
ing and umbrella tree wood was the focus of the next phase of the PB
manufacturing process. It investigates the effect of increasing the coarse-
ness of the core layer chips on the physical and technological properties of

the particleboards of umbrella tree wood and cacao tree prunings.
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Pre-pressed mat  PTFE Film

Figure 26: Hot press from the company Siempelkamp, D-47803 Krefeld
(Left), and pre-pressed mat ready for hot-pressing (Right).

It has been scientifically established that the dimensions of the wood chips
used in particleboard production significantly affect the physical-
mechanical properties, surface quality and processing properties of the
resulting Particleboards (Istek et al., 2018; Youngquis J.A., 1999; Frybort
et al., 2008).

For this purpose, detailed sieve analysis of the wood chips of the core
layer was conducted as described in chapter 4.2.1. The fractional composi-
tions of the chips of cacao tree prunings and umbrella tree wood were
compared to the fractional composition of the industrially produced core

layer wood chips from the company Pfleiderer GmbH. From the analysis,
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it was found that the laboratory-produced wood chips of the core layer for
both cacao tree prunings and umbrella tree wood were not as coarser as
the industrially-produced wood chips. For this reason, the fractional com-
positions of the chips of the study materials (umbrella tree wood and ca-
cao tree prunings) were adjusted to contain about 10 percent of chips with
sizes greater than 6 mm (see Figures 27 and 28). Finally, the core layer
chips with the adjusted fractional composition were used to produce an-
other series of three-layered particleboards with the same production pa-
rameters as shown in Table 7. Three boards were produced per board vari-
ant thus giving 18 boards in total. The resulting boards were also condi-
tioned overnight to cool to room temperature, then were sanded and sawn
to the dimensions for evaluating their physical-technological properties as

well as formaldehyde emissions.

Table 7: The production parameters for the development of the partic-
leboards based on coarser core layer chips of cacao tree prunings and
umbrella tree wood in a laboratory scale.

Raw UF-resin Hardener Hydrophobic Target Target Press  Press
material load content agent con- thickness densities time temp.
[%] [%] tent [mm] [kg/m’] [min]  [°C]
[%]
SL/CL
UTW,
CTP 10/8.5 1.5 1.5 20 650/550/450 4 200

Umbrella tree wood (UTW), Cacao tree prunings (CTP), Surface layer
(SL), Core layer (CL)
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Figure 27: A comparison of the fractional composition of the core layer
wood chips of cacao tree prunings and umbrella tree wood with the in-
dustrially produce core layer wood chips.
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Figure 28: The fractional composition of the adjusted particle sizes of the
chips of cacao tree prunings and umbrella tree wood compared with the
industrially produced wood chips of the core layer.
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4.7.2 The development of non-formaldehyde bonded particleboards
based on cacao tree prunings and umbrella tree wood as raw materi-
als

As discussed in chapter 1, the formaldehyde emission of wood-based
composites is a serious concern to the manufacturers as well as the con-
sumers. Regulations on the formaldehyde emissions of wood-based panels
in Europe is becoming more and more stringent. For this reason, an inves-
tigation into the possible feasibility of producing particleboards with non-
formaldehyde containing binder systemsby utilizing umbrella tree wood
and cacao tree prunings as raw materials was the focus of this manufactur-
ing series.

To do this, three-layered particleboards of the chips of umbrella tree wood
and cacao tree prunings were produced on a laboratory scale. In addition
to these, particleboards of a mixture of the chips of both materials were
produced. The combination ratio of both materials was 50:50 percent
(w/w) on both the surface and the core layers. On the one hand, an isocya-
nate-based resin — PMDI (I-Bond PB em 4352) supplied by the company
Huntsman Holland BV, 103197 KG Botlek-Rotterdam Netherlands was
used to glue the chips. On the other hand, an animal protein-based binder
system, blood albumin, was used. The blood albumin was supplied by
Fritz Hacker GmbH & Co. KG in the form of whole blood powder (Voll-
blutpulver). Hydrowax 138 (in the amount of 1.5% based on the oven-dry
weight of the wood chips) was also blended with the chips. The process

steps and equipment involved in the manufacturing process are the same

88



as described in chapter 4.7.1. The mats were hot-pressed at a temperature
of 200 °C and a pressure of 200 bars. Particleboards of six variants were

produced, thus 18 boards in total.

Table 8: The manufacturing conditions for the non-formaldehyde bonded
particleboards produced in a laboratory scale. Surface layer (SL), Core
layer (CL).

Variant Resin Resin Hydrowax  Target Target Press
type load 138 thickness  densities time

[%] [%] [mm] [kg/m®] factor
SL CL [s/mm]

1. UTW Blood 10.0 1.5 20 650, 550 12

2.CTP albumin 8.0

3. UTW-CTP PMDI 3030 15 20 650, 550 12

mixture

Umbrella tree wood (UTW), Cacao tree prunings (CTP) and Umbrella
tree wood-Cacao tree prunings (UTW-CTP mixture)

The produced boards were sanded and then sawn to size after conditioning
to room temperature overnight.The boards were finally evaluated for their
physical-mechanical properties and formaldehyde emissions according to
the standards for the respective tests. The production conditions of the

particleboards are shown in Table 8.
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4.7.3 The development of hybrid particleboards based on the chips of
the various wood materials and the chips of bean shell

The experimental work presented in this chapter evaluates the technical
possibility of the annual plant residue of the rainy season (bean shells) to
serve as a substitute raw material for wood in both the core and surface
layers of particleboards. It also evaluates how the properties of the parti-
cleboards of the various wood materials in combination with the bean
shells differed from one another. To do this, three-layered particleboards
of three variants were produced. For the variants 1 and 2, the surface lay-
ers of the particleboards of the chips of the raw materials; cacao tree prun-
ings, umbrella tree wood and the industrially produced wood chips (from
the company Pfleiderer GmbH) were completely replaced with the chips
of bean (Phaseolus vulgaris) shells. Thus, a 40 percent substitution of the

various wood chips as illustrated in Figure 29.
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Figure 29: The schematic illustration the substitution of wood chips with

Core layer: 60%
of the board’s
mass

Surface layers: 40%
of the board’s mass

the chips of beans shells on the surface layer of the particleboards of va-
riant 1 and variant 2.
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The chips for the manufacture of the particleboards of variant 1 were
bonded with PMDI (I-Bond PB em 4352) supplied by the company
Huntsman Holland BV. The resin loads of 5% and 3% were used on the
surface layer chips (bean shells) and the core layer chips of the various
wood materials respectively. For the manufacture of the boards of the
second variant, UF- resin of the group K340 was used to glue the chips.
The resin load was 10% on the chips of the surface layers and 8.5% on the
chips of the core layer. The amount of resin used (resin load) was calcu-
lated based on the oven-dry weight of the chips.

In the manufacture of the third variant of the hybrid particleboards, 20%
of the wood chips of the core layer and surface layers were substituted
with the chips of bean shell as illustrated in figure 30. Thus, a 40 percent
(w/w) substitution of the various wood chips with the chips of bean shells.
The chips were then blended with PMDI (I-Bond PB em 4352 supplied by
the company Huntsman Holland BV). In this case, the resin load was 4%
for the chips of the surface layers and 4% for the chips of the core layer.
After the gluings, the mats were formed, pre-pressed and then hot-pressed
to a density of 650 kg/m’ at a temperature of 200 °C and pressure of 200
bar following the process steps and apparatus described in chapter 4.7.1. A
total of 27 boards were produced for all of the panel variants and raw ma-
terial combinations. The detailed experimental design for the production

of each of the panel variants is presented in Table 9.
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Core layer:
20% bean
shells chips

Surface layers: 20%
bean shells chips

Figure 30: Schematic illustration of the substitution of the wood chips
with the chips of bean shells in both the core and surface layersof the par-
ticleboards of variant 3.

Finally, the manufactured particleboards weresanded and cut-to-size for
the evaluation for their physical and mechanical properties as well as their

formaldehyde release.

Table 9: Detailed production conditions for the hybrid particleboards
based on chips of the annual plant residue, bean shells and the chips of
the various wood materials.

Variant  Bean shell chips Resin Resin  Hydrowax  Target Press
substitution type load 138 thickness  time
level [%] [%] [mm] [min.]
[%]
SL CL SL. CL
Variant 1 40 % 0.0 % PMDI 50 3.0 2.0 20 4
Variant2 40 % 00%  UF-resin 10 8.5 2.0 20 4
Variant3 20 % 20 % PMDI 4.0 4.0 2.0 20 4

Surface layers (SL), Core layer (CL), the wood materials of each variant:
Cacao tree prunings, umbrella tree wood and industrially produced wood
chips.
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4.7.4 The manufacture of UF-resin bonded particleboards based on
the chips of umbrella tree wood and bean crop residues of the dry
season

Within the context of this work, the beans crop (Phaseolus vulgaris) resi-
dues (BCR) of the dry season are the residues that are generated through
the harvesting and primary processing of common bean during the dry
season in Cameroon. Unlike the bean crop residues of the rainy season,
which are composed of 100 percent bean shells, the residues of the dry
season are composed of a mixture of the bean straws and bean shells be-
cause the harvesting and primary processing methods differ with the two
seasons of Cameroon as explained in chapter 4.1.2. The work presented in
this chapter examines the technical possibility of producing particleboards
of the DIN EN 312-2 (2010) standard by substituting 10%, 15% and 20%
of the chips of umbrella tree wood with the chips of bean crop residues of
the dry season in the core layer of the boards. To this end, a higher molar
ratio UF-resin of the group K350 was used to separately glue the core
layer and the surface layer chips.The chips were also blended with a hy-
drophobic agent, hydrowax 138 from Sasol GmbH. The resinated chips
were formed into three-layered mats, the mats were pre-pressed and then
hot pressed to a density of 650 kg/m’ at a press-temperature of 200 °C
following the process steps as described in chapter 4.7.1. For compari-
son purposes, one variant of particleboard was produced exclusive-ly from
the bean crop residues according to the experimental design summarized

in Table 10.
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Table 10: The experimental design for the development of the UF-resin
bonded particleboards based on the chips of umbrella tree wood and bean
crop residues of the dry season.

Board type % of % of Resin load Target Target Press
BCR UTW (K350) density thickness time
(%) (kg/m®) (mm) factor
SL /CL (s/mm)
100% BCR 100 0 11/ 9 650 20 12
10 % BCR 10 90 10/8.5 650 20 12
15 % BCR 15 85 10/8.5 650 20 12
20 % BCR 20 80 10/8.5 650 20 12

Core layer (CL), surface layer (SL), Bean crop residues (BCR) of the dry
season, umbrella tree wood (UTW.

Three board replicates were produced for each of the substitution levels
giving 12 boards in total. The final boards were conditioned to room tem-
perature prior to edge trimming and sanding. Finally, the produced boards
were cut-to-size and evaluated for their physical and mechanical proper-

ties as well as formaldehyde release.

4.8 Statistical evaluation of the results

The particleboards produced in this research were evaluated for their
physical and mechanical properties, as well as their formaldehyde release.
The results of the physical-mechanical properties are presented as the

arithmetic mean with standard deviation (STD) in the bar diagrams.
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Meanwhile, the results for the formaldehyde properties are only presented
as mean values. With the help of the analysis of variance test (ANOVA)
and the Tukey HSD test, the results were tested for the significant differ-
ences between the variants of the particleboards. All statistical analyses
were conducted with STATISTICA 13.0 software package at a 95% sig-

nificance level.
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5.0 Results and discussion

This work investigates the technical possibilities of using the residues of
the annual crop; bean (Phaseolus vulgaris), cacao tree (Theobroma cacao)
prunings, and the wood of the fast-growing tree species; umbrella tree
(Musanga cecropoides) as raw materials for the production of three-
layered particleboards with physical-technological properties that meet the
requirements of the standard DIN EN 312-2010. To accomplish this, a
detailed investigation into the physical and chemical characteristics of the
raw materials was essential. The produced panels were evaluated for their
physical-technological properties as well as their formaldehyde emission
and the results of the systematically collected data are presented in the

following chapters.

5.1 The physical and chemical characterization of the raw materials

5.1.1 Fractional composition and bulk density

The bulk density of the chips of raw material is a direct reflection of its
natural density and can influence the physical and technological properties
of particleboards. The measurement of bulk density determines the mini-
mum density to which the material can be compressed for the formation of
the board to occur. For example, to produce particleboards with high
enough strength the bulk density of the raw material must be well below
the target density of the panel. The raw material should be able to com-

press to at least 5% (in practice about 50%) above its natural density
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(Thoemen et al., 2010). A material with high bulk density has a lower
degree of compaction during the pressing process, which has an adverse
influence on the tensile strength of the resulting panel (WKI, 2008).

Table 11 presents the bulk densities of the chips of the core layer and the
surface layers of the study’s raw materials. For comparison purposes, the
bulk densities of spruce wood and the industrially produced wood chips
from the company Pfleiderer GmbH were also measured. The residual

moisture content of the materials ranged from 2.8% to 5.0%.

Table 11: The bulk densitiesof the chips of the study’s raw materials in
comparison to spruce wood and the industrially produced wood chips.
Bean crop residue (BCR).

Bulk density (kg/m®)

Raw materials Core layer Surface layer
Umbrella tree wood 92 127

Cacao tree prunings 124 177

BCR (rainy season) 70 93

BCR (dry season) 71 96

Spruce wood 119 170
Industrially produced wood 139 138

chips

In terms of the core layer chips, it can be seen that the industrially pro-

duced wood chips had the highest bulk density (139 kg/m®), followed by
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the chips of cacao tree prunings (124 kg/m’), the chips of spruce
wood (119 kg/m3) and the chips of umbrella tree wood (92 kg/m3).

The measurement of the surface layers chips, on the other hand, revealed
the highest bulk density (177 kg/m®) for cacao tree prunings, followed by
spruce wood (170 kg/m?), industrially produced wood chips (138 kg/m?),
and the umbrella tree wood (127 kg/m®). The chips of the bean crop resi-
dues of both seasons for both the surface layers and the core layer yielded
the least bulk densities compared to the chips of the wood materials. This
means that for the manufacture of particleboards of a given density, more
chips (volume-wise) of beans crop residues and umbrella tree wood will
be required compared to the cacao tree prunings and the reference materi-
als to achieve particleboards of the same thickness. A higher chip-to-chip
contact can be achieved even at low panel density for the bean crop resi-
dues and the umbrella tree wood, which means the manufacture of light-
weight particleboards may be possible with these materials compared to
the cacao tree prunings.

Particleboard properties such as IB, MOR, MOE and TS are significantly
influenced by the size characteristics of the wood chips (Istek ef al.,
2018; Youngquis J.A, 1999; Frybort et. al., 2008; Lias et al., 2014).
Shorter but thick particles will significantly reduce the MOR and MOE of
particleboards (Mundy and Bonfield, 1998). On the other hand, such par-
ticle sizes will increase the IB and reduce the TS of the particleboards
(Rackwitz, 1963; Hutschneker, 1975; Nazerian et al., 2011). For this rea-

son, the size distribution of the laboratory-produced core layer and surface
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layers chips of cacao tree prunings, spruce wood, and umbrella tree wood
were determined and compared with the size distribution of the industrial-
ly produced wood chips. The size distributions of the chips of the bean
crop residues of both seasons were also determined and compared against
the size distribution of the industrially produced wood chips.

Figure 31 compares the size distribution of the laboratory-produced wood
chips of the core layer with the industrially produced core layer wood
chips. It can be seen that the industrially produced wood chips were more
or less uniformly distributed within the various size ranges (>6.3 to 1.0
mm) whereas the laboratory-produced chips of the core layer of the vari-
ous wood materials had at least 65% of their chips within the size range
from 4.0 mm to 2.0 mm. In addition, the laboratory-produced wood chips
of the core layer had no chips with sizes equal to or greater than 6.3 mm,
except for the chips of spruce wood, with only about 3%.

In the same light, the size distribution of the wood chips of surface layers
(figure 32) revealed that the industrially produced wood chips had a much
higher amount of finer particles (58%) with sizes less than < 0.8 mm)
compared to the laboratory-produced wood chips.

The laboratory-produced wood chips of the surface layer were mostly of
the sizes between 1 mm to 2 mm, with about 58% for the chips of cacao
tree pruning, 71% for the umbrella tree wood chips and 72% for the chips
of spruce wood. The percentage of chips with sizes greater than 2 mm was

negligible for all the materials.
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Figure 31: The size distribution of the laboratory-produced wood chips of
the core layer compared with the industrially produced wood chips (Core
layer).

Figure 33 presents the fractional composition of the core layer chips of the
bean crop residues of the rainy season (bean shell) and the bean crop resi-
dues of the dry season compared against the industrially produced wood
chips. It was found that the chips of the bean crop residues of both seasons
were mostly of sizes between 4.0 mm to 6.3 mm, which is 45% of the
chips of bean shells and 62% of the chips of the bean crop residues of the
dry season. Their distributions within the other size ranges were less than
20% except for the chips of bean shells, in which 31% of its chips were
found to be within the size range of 3.15 mm and 4.0 mm. It was also
found that the sizes of the chips of the bean crop residues of both seasons

were all less than 6.3 mm.
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Figure 32: The size distribution of the laboratory- produced wood chips of
the surface layers compared with the industrially produced wood chips.

Figure 34 shows the fraction composition of the surface layers chips of the
bean crop residues of rainy season (bean shells) and the dry season com-
pared against the industrially produced wood chips. It can be seen that the
fractional composition of the chips of the beans crop residues of the both
seasons was identical in all of the size ranges. Unlike the industrially pro-
duced wood chips, more than 70% of the chips of the bean crop residues
of both seasons were of sizes between 1.0 mm — 2.0 mm. The industrially
produced wood chips of the surface layer were much finer than the surface

layer chips of the bean crop residues.
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Figure 33: The fractional composition of the laboratory-produced core
layer chips of the bean crop residues (BCR) of the rainy season and the

dry season compared with the industrially produced wood chips of the
core layer.
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Figure 34: The fractional composition of the laboratory-produced chips of
the surface layers of the bean crop residues (BCR) of the rainy season and

the dry season compared with the industrially produced wood chips of the
surface layer.
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It is important to note that the chips with sizes less than 0.8 mm for the
laboratory-produced chips were considered as dust and thus were exclud-

ed from further analysis in this dissertation.

5.1.2 pH and buffering capacities of the raw materials

The pH and buffering capacity of the raw material are important factors in
the production of particleboards as they are fundamental to the gluing
process. For example, pH-sensitive adhesives such as UF-resin cure faster
in acidic pH conditions compared to an alkaline environment. The pH of
raw material may alter the pH of the glue at the interface between the raw
material and the adhesive and change the curing process of the adhesive
(John and Niazi, 1980; Maloney, 1977). Extreme pH-values of wood have
been known to inhibit the formation of strong adhesive bonds in the pro-
duction process of wood-based panel (Bryant, 1968; Chen, 1970). For
these reasons, the acidic properties, the pH and buffering capacities of the
cold-water extracts of the raw materials were determined (see chapter
4.2.3). Table 12 presents the pH and buffering capacities of the cold-water
extracts of the raw materials in comparison with spruce wood. It can be
seen that the pH-values of umbrella tree wood, cacao tree prunings, and
the bean crop residues of the dry season were close to neutral. The pH-
value of the bean crop residues of the rainy season was 5.6 and differed
only slightly from the pH-value (5.4) of the reference material, spruce

wood. However, the pH-value of the chips of spruce wood was not con-
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sistent with the values of between 4.5 to 4.9 reported in the literature by
Roffael et al., 1992. This difference might be as a result of the difference
in the growth condition of the tree or the part of the tree from which the
samples were obtained.

The umbrella tree wood and cacao tree prunings exhibited lower buffer-
ing capacities of values 0.54 mmol NaOH/100g and 0.57 mmol
NaOH/100 g respectively compared to the rest of the raw materials. The
bean crop residues of both seasons showed very high buffering capacities,
14.27 mmol NaOH/100 g for the bean crop residues of the rainy season
and 6.24 mmol NaOH /100 g for the dry season bean crop residues.

Table 12: The pH and buffering capacities of the cold water extracts of
the raw materials compared with the reference material, spruce wood.
Bean crop residues (BCR).

Cold water extractives

Raw materials pH values Buffering capacity
[mmol NaOH/100 g of material]

Umbrella tree wood 6.2 0.54

Cacao tree prunings 6.8 0.57

BCR (rainy season) 5.6 14.27

BCR (dry season) 6.4 6.24

Spruce wood 5.4 0.74

The buffering capacity of the bean crop residues of the rainy season (bean
shells) was more than two times higher than that of the bean crop residues

of the dry season. Given the pH-values of the bean crop residues of the
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both seasons, couple with their high buffering capacities, the bonding
process of their chips with UF-resin might be problematic or delayed
which may result in unfavorable bonding strengths. However, this could
be solved by adding a suitable catalyst or hardener and extending the hot

pressing time (Dunky and Niemz, 2002).

5.1.3 Water-soluble extractives content of the raw materials

Wood extractives play significant roles in the bonding process of wood-
based panel as they determine the pH and the wettability of the surfaces of
the wood chips. For example, wood with high amounts of hydrophobic
extractives such as oil, fats, and resins can adversely affect the wettability
of the wood with adhesives (Roffael and Schifer, 2002). In addition, ex-
tractives of low pH can accelerate the curing of acid curing UF-resin and
prolong the curing of PF-resin (alkaline curing adhesive) (Roffael, 2015).
For this reason, the hot and cold-water extractives content of the raw ma-
terials were determined (see chapters 4.2.2 and 4.2.4) and the results are
presented in Table 13.

The results indicated that the umbrella tree wood contains lesser amount
of water-soluble extractives compared to the rest of the raw materials in-
cluding the reference material, spruce wood. That is 0.28% for the cold-
water and 1.1% for the hot-water extractions as opposed to 1.8% and 3.2%
for the cold-water and hot-water extractions respectively, for the cacao

tree prunings. The hot-water extractives content of the bean crop residues

105



of the rainy season was seen to be 17.5% compared to 14.25% for the dry
season bean crop residues. The difference in the cold-water extractives
content of the bean crop residues of both seasons was insignificant. How-
ever, the extractives content of the bean crop residues was seen to be
much higher compared to the wood materials. Annual plants, in general,
are known to have higher amounts of extractives as compared to woody
plants (Martunis, 2008; Nikvash, 2013). The relatively high extractives
content of the chips of the bean crop residues may inhibit the bonding
process, which would be detrimental to the physical and technological

properties of the particleboards.

Table 13: The water-soluble extractives contents of the raw materials
compared with the reference material, spruce wood. Bean crop residues

(BCR).
Raw materials Extractives content
Cold water [%] Hot water[ %]

Umbrella tree wood 0.28 1.1
Cacao tree prunings 1.8 3.2

BCR (rainy season) 14.7 17.5
BCR (dry season) 14,58 14.25
Spruce wood 1.1 3.5
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5.1.4 Solvent-soluble extractives content of the raw materials

Beside the water-soluble extractives, wood also contains the water-
insoluble extractives such as waxes, resins, fats, etc, which can only be
extracted by solvents. The solvent-soluble extractives content of the raw
materials as determined by the ethanol-cyclohexane method (see chapter
4.2.5) is presented in Table 14. The results indicated that the umbrella tree
wood contained the highest amount of ethanol-cyclohexane extractives
(3.6%), followed by the bean crop residues of the dry season (3.1%), the
bean crop residues of the rainy season (3.0%) and then spruce wood
(2.7%). The ethanol-cyclohexane extractives content of cacao tree prun-
ings (1.4%) was the lowest amongst the study raw materials. The solvent
extractives content of the bean crop residues of both seasons did not dif-

fersignificantly.

Table 14: The solvent-soluble extractives contents of the raw materials
compared with the reference material, spruce wood. Bean crop residues
(BCR).

Raw materials Extractive contents [ %]
Umbrella tree wood 3.6
Cacao tree prunings 1.4
BCR (rainy season) 3.0
BCR (dry season) 3.1
Spruce wood 2.7
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5.1.5 Pentosan content of the raw materials

The determination of the pentosan content of wood makes it possible to
estimate the hemicellulose content as it is the major component of hemi-
cellulose. According to Kurschner (1966), pentosan accounts for about
50% of softwoods’ hemicellulose.

Based on the analysis, the chips of the cacao tree prunings were found to
contain the highest amount of pentosan (16.7%), followed by the umbrella
tree wood with a value of 13.0%. Amongst the bean crop residues, those
of the dry season had a higher amount of pentosan (10.2%) as opposed to
the residues of the rainy season with a value of 8.2%. The pentosan con-
tent of spruce wood (8.5%) as determined in this study was found to be
lower than the value of 11% reported by Zeitsch (2000). Pentosans are
more abundant in hardwoods than softwoods (TAPPI, 2001; Antczak et
al., 2013); hence, the higher pentosan contents of the umbrella tree wood

and the cacao tree prunings compared to the spruce wood.

Table 15: The pentosan contents of the raw materials compared with the
reference material, spruce wood. Bean crop residues (BCR).

Raw materials Pentosan content [ %]
Umbrella tree wood 13.0
Cacao tree prunings 16.7
BCR (rainy season) 8.2
BCR (dry season) 10.2
Spruce wood 8.5
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5.1.6 The klason lignin content of the raw materials

Lignin is the natural glue that binds together the other structural elements
of plants. Klason lignin measures the amount of the acid-insoluble lignin
contained in wood and pulp. The Klason lignin contents of the research
raw materials and spruce wood as determined by the TAPPI Standard T
222 (see chapter 4.2.7) are presented in Table 16. Based on the analysis,
the cacao tree prunings had the highest lignin content (39.2%) compared
to umbrella tree wood (37.0%) and spruce wood (29.4%). The 29.4% lig-
nin for spruce wood is somewhat close to the 30.15% reported by
Markessini et al. (1997). The lignin content of the cacao tree prunings and
umbrella tree wood are higher than the range of 18 to 30 percent expected
for wood materials as reported in Roffael (2004). Also, the lignin content
of the bean crop residues of the rainy season (19.6%) was higher than that
of the bean crop residues of the dry season (16.8%). It can also be seen
that the lignin contents of the beans crop residues of both seasons are sub-
stantially lower than the lignin contentsof the wood materials. This is in
line with the findings of Prasad et al., 2007 and Markessini et al., 1997,
who showed that the lignin contents of annual plants are generally lower

compared to the lignin contents of wood materials.
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Table 16: The Klason lignin contents of the raw materials compared with
the reference material, spruce wood. Bean crop residues (BCR).

Raw materials Klason lignin content [ %]
Umbrella tree wood 37.0
Cacao tree prunings 39.2
BCR (rainy season) 19.6
BCR (dry season) 16.8
Spruce wood 29,4

5.1.7 The ash content of the raw materials

Ash is the inorganic mineral component of wood and biomass. The ash
content of wood usually does not exceed 1% of the wood’s dry mass, but
may vary from species to species and also depend on the growth condition
of the tree. The ash contents of the research raw materials including the
reference material, spruce wood, as determined according to the DIN EN
14775 standards (see chapter 4.2.8) are presented in Table 17. The analy-
sis showed that the bean crop residues of the dry season and rainy season
had substantially higher ash contents in the values of 8.9% and 8.5% re-
spectively compared to the woody materials. Annual plants are known to
generally contain higher ash contents compared to wood (Markessini et
al., 1997). There was no marked difference in the ash contents of umbrella
tree wood (1.85%) and cacao tree prunings (2.1%). Spruce wood had the

least ash content value (0.36%).
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Table 17: The ash contents of the raw materials compared with the refe-
rence material, spruce wood. Bean crop residues (BCR).

Raw materials Ash content [ %]
Umbrella tree wood 1.85
Cacao tree prunings 2.1

BCR (rainy season) 8.5

BCR (dry season) 8.9
Spruce wood 0.36

5.1.8 Summary of the physical and chemical characteristics of the
study raw materials
The results of the investigations into the physical and chemical properties
of the study raw materials indicate that
e The bulk density of surface and the core layers chips of the bean
crop residues of both the dry season and the rainy seasons are well
below the bulk densities of the wood materials. Amongst the
wood materials, the chips of umbrella tree wood chips had lower
bulk densities, which are 127 kg/m3 and 92 kg/m3 for the surface
layer and the core layers chips respectively compared to the rest of
the materials. Based on the relatively low density of umbrella tree
wood, the production of lightweight particleboards may be feasi-

ble.
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The fractional composition of the laboratory-produced chips of
the umbrella tree wood, cacao tree prunings, and spruce wood, as
well as the chips of the bean crop residues, differed profoundly
from the industrially produced wood chips of both the surface and
the core layers. Slight variations in fractional composition were
also observed between the chips of; umbrella tree wood, cacao
tree prunings, and spruce wood.

Despite the comparatively higher pH-values of umbrella tree
wood (6.2) and cacao tree prunings (6.8), they exhibited lower
buffering capacities of values 0.54 mmol NaOH/100 g and 0.57
mmol NaOH/100 g respectively. The bean crop residues of the
rainy season and the dry season had pH-values of 5.6 and 6.4 re-
spectively but showed substantially higher values of buffering ca-
pacities compared to the wood materials. This means that the
chips of the bean crop residues might be problematic in bonding
with pH-sensitive binder systems.

The umbrella tree wood contained the least amount of water-
soluble extractives, 0.28% for cold water and 1.1% for hot water,
but contained the highest amount of ethanol-cyclohexane extrac-
tives (3.6%) compared to the rest of the wood materials. The wa-
ter-soluble extractives content of the bean crop residues ranged
from 14.58% to 14.7% for cold water and 14.25% and 17.5% for

hot water.



The umbrella tree wood and cacao tree prunings showed higher
values of pentosan content, 13%, and 16.7% respectively com-
pared to the rest of the materials. The pentosan content of the bean
crop residues of the rainy season (8.2%) was not any different
from that of spruce wood (8.5%).

The klason lignin contents of cacao tree prunings and umbrella
wood, 39.2%, and 37% respectively, were observed to be substan-
tially higher compared to the values of the bean crop residues and
the reference material, spruce wood (29.4 %).

As expected, the values of the ash contents of the bean crop resi-
dues of both seasons were seen to be substantially higher in com-
parison to the values of the wood materials, 8.5% for the bean
crop residues of the rainy season and 8.9% for the bean crop resi-
dues of the dry season. Amongst the wood materials, the cacao
tree prunings and umbrella tree wood had higher ash contents in
the values of 2.1% and 1.85% respectively compared to spruce

wood (0.36%).

5.2 The properties of the UF-resin bonded particleboards based on

cacao tree prunings and umbrella tree wood as raw material

5.2.1 The physical and mechanical properties

The following chapter presents and discusses the results of the physical

and mechanical properties of the investigation pertaining to the develop-
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ment of particleboards based on the raw materials, umbrella tree wood and
cacao tree prunings in comparison to the particleboards of spruce wood.
Within the context of this work, the particleboards were manufactured in
two series. In the first series, the panels were manufactured with the chips
as they were originally screened (unaltered chip sizes). In order to inves-
tigate the influence of coarser core layer chips on the properties of the
particleboards of umbrella tree wood and cacao tree prunings, another
series of particleboards with coarser core layer chips was produced and
tested for their physical-technological properties (see chapter 4.7.1). The
results obtained were evaluated and compared against the standard for
particleboards used for interior applications under dry conditions (DIN EN
312:2010). This is to allow for a qualitative assessment of the boards of
the research raw materials in comparison with panels that are already es-

tablished on the market.

5.2.1.1 The internal bond strength

The internal bond (IB) strengths as a function of the mechanical strength
of the boards represented by the test samples are shown in figure 35. As
seen from the figure, particleboards made out of cacao tree prunings had
significantly higher IB strength (p<0.001) in comparison to the umbrella
tree wood for the PB series with unaltered chips sizes as well as for
the board series with coarse core layer chips. A similar trend was observed

for the boards of umbrella tree wood of all the densities compared to the
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boards of spruce wood. The IB strength of the PB of each of the raw mate-
rials reduced with decreasing board density.

Comparing between the particleboards series with the coarser core layer
chips and the series with unaltered chips sizes, it was found that by in-
creasing the coarseness of the core layer chips of cacao tree prunings re-
sulted in a significant decrease (p<0.05) in the IB strength of the boards of
the densities 650 kg/m’ and 550 kg/m’. A percent decrease in IB strength
of 16.9% and 22% for the densities 650 kg/m’ and 550 kg/m’ respectively
was observed. However, but no significant difference (p=0.9996) in 1B
strength was observed between both panel series of cacao tree prun-
ings for a density of 450 kg/m’.

Similarly, for the umbrella tree wood particleboards, the board series with
coarser core layer wood chips had significantly lower values of IB
strength (p<0.0002) for each of the densities compared to the parti-
cleboard series with unaltered chip sizes. That means by increasing the
coarseness of the core layer chips of umbrella tree wood resulted in a sig-
nificant decrease in IB strengths. By increasing the coarseness of the core
layer chips of umbrella tree wood, a percent decrease in internal bond
strengths of 41%, 23%, and 30% was observed for the densities 650
kg/m’, 550 kg/m’, and 450 kg/m’ respectively. The decrease in internal
bond strength with an increase in coarseness of the middle layer chips as

observed in this study is in line with the findings Lias et al., (2014).
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Figure 35: The internal bond strengths of the UF-resin bonded partic-
leboards, based on umbrella tree wood and cacao tree pruning, in com-
parison with the boards of spruce wood. Comparison of the IB strength
between the panel series with unaltered chip sizes and the series with
coarser core layer chips of umbrella tree wood and cacao tree prunings
(Board thickness 20 mm).

According to DIN EN 312-2 (2010), 0.35 N/mm? is the minimum IB
strength required for particleboards of thickness 13 mm to 20 mm. As
seen in figure 35, all the particleboards achieved the IB strength require-
ment for this standard except for the 450 kg/m’boards of umbrella tree

wood of the panel series with coarser core layer chips.

5.2.1.2 The Modulus of Rupture
The modulus of rupture (MOR) is an important property for the applica-

tion area of particleboards, and it has been known to be influenced by the
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amount and the type of adhesive used in gluing the chips, the density of
the panels and the composition of the raw material. Figure 36 presents the
MOR as a function of the density, 650 kg/m’, 550 kg/m’, and 450 kg/m’
of the various raw materials, as well as a comparison between the board
series with unaltered chip sizes and the boards series with coarser core
layer chips of umbrella tree wood and cacao tree prunings. For the panels
with unaltered chip sizes, it can be seen that the spruce wood boards
achieved significantly higher MOR (p<0.0001) in each of the densities
compared to the boards of umbrella tree wood and the boards of cacao tree
prunings. Also, the cacao tree prunings boards had comparatively higher
MOR ( 11.53 N/mm?) than the umbrella tree wood boards (10.27 N/mm?)
for the density of 650 kg/m’, whereas no significant difference between
the two was observed for the panels of the densities 550 kg/m® and 450
kg/m’.

For the panels with coarser core layer chips, the particleboards of cacao
tree prunings achieved significantly higher MOR (p<0.00061) in each of
the densities compared to the boards of umbrella tree wood.

It is also noticeable that the panels of both the cacao tree prunings and
umbrella tree wood of the panel series with coarser core layer chips had
significantly higher MOR (p<0.001) in each of the densities compared to
the boards of the panel series with unaltered chip sizes. At the density of
650 kg/m’, the boards of umbrella tree wood and cacao tree prunings for
the panel series with coarser core layer chips had 27% and 50% higher

MOR values respectively compare to the panels series with unaltered chip
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sizes. A percent increase of 9% and 25% for the boards of umbrella tree
wood and cacao tree prunings respectively for the density 550 kg/m® was
also observed for the panel series with coarser core layer chips relative to
the panel series with unaltered chip sizes.

The increases in MOR could be explained by the fact that the coarser
wood chips possesses higher stiffness compared to the chips of lesser
coarseness. The improvement in the MOR characteristic observed in this
study confirms the findings in the literature by Lias et al., (2014), Istek et
al., 2018; Youngquis J.A, 1999 and Frybort et al., 2008, who reported that
by increasing the sizes of the wood chips used in producing PB signifi-
cantly increase the MOR. Nevertheless, The PB of cacao tree prunings of
both panel series at the density of 650 kg/m’ had high enough MOR to
fulfill the minimum requirement of DIN EN 312-2 (11 N/mm? for board
thickness of 13 mm to 20 mm). The boards of cacao tree prunings of the
panel series with coarser core layer chips of the 550 kg/m’ also fulfilled

the MOR requirement of the EN 312-2 (2010).
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Figure 36: The modulus of rupture of the UF-resin bonded partic-
leboards, based on umbrella tree wood and cacao tree pruning, in com-
parison with the boards of spruce wood. Comparison of the MOR
between the panelsseries with unaltered chip sizes and the series with
coarser core layer chips of umbrella tree wood and cacao tree prunings
(Board thickness 20 mm).

5.2.1.3 The Modulus of Elasticity

Figure 37 presents the modulus of elasticity (MOE) of the manufactured
particleboards of the various raw materials for the densities 650 kg/m’,
550 kg/m’ and 450 kg/m’. It also presents a comparison between MOE of
the panels’ series with unaltered chips sizes and the series with coarser
core layer chips of both the umbrella tree wood and cacao tree prunings.
The results showed that, for the panels with unaltered chip sizes, the MOE

ofthe boards of spruce wood in each of the densities were at least 37%
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higher compared to the MOE of the boards of umbrella tree wood and the
boards of cacao tree prunings. Unlike the modulus of rupture, the MOE of
the PB of umbrella tree wood was significantly higher (p<0.05) as com-
pared to the boards of cacao tree prunings for both the panel series. This
indicates that the test samples of the boards of umbrella tree wood had a
lesser degree of deflection during breakage as compared to test samples of
the boards of cacao tree prunings, as MOE (Young's modulus) measures
the resistance of a material to undergo elastic deformation under a load.
This means that the boards of the umbrella tree wood had higher stiffness
compared to the the boards of of cacao tree prunings, which could be ac-
counted for by the low bulk density of the umbrella tree wood which is
give it a greater degree of compaction compared to the cacao tree prun-
ings.

It can further be seen from Figure 37 that in each of the densities, the
MOE of the boards of both cacao tree prunings and the umbrella tree
wood of the panel series with coarser core layer chips is significantly
higher (p<0.00051) compared to the MOE of the panel series with unal-

tered chip sizes.
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Figure 37: The modulus of elasticity of the UF-resin bonded partic-
leboards, based on umbrella tree wood and cacao tree pruning, in compa-
rison with the boards of spruce wood. Comparison of the MOE between
the panel series with unaltered chip sizes and the series with coarser core
layer chips of umbrella tree wood and cacao tree prunings (Board thick-
ness 20 mm).

5.2.1.4 The thickness swelling and water absorption

The 24 hours thickness swelling (TS) and water absorption (WA) proper-
ties of the produced particleboards are present in figure 38 and figure 39
respectively. Significant differences were observed between the boards of
umbrella tree wood and cacao tree prunings in each of the densities, 650
kg/m’, 550 kg/m’, and 450 kg/m’, for the panel series with unaltered chips

sizes as well as the series with coarser core layer chips.
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Figure 38: The thickness swelling (after 24 hours) of the UF-resin bon-
ded particleboards, based on umbrella tree wood and cacao tree
pruning, in comparison with the boards of spruce wood. Comparison of
the TS between the panel series with unaltered chip sizes and the series
with coarser core layer chips of umbrella tree wood and cacao tree
prunings (Board thickness 20 mm).

For the production series with unaltered chip sizes, the highest swell in
thickness (15.9 %) corresponding to the highest water absorption (85.7%)
was consistently observed for the boards of cacao tree prunings at the
density 450 kg/m’. At the density 550 kg/m’, TS of 12.8% and WA of
56.9% was also observed for the boards of cacao tree prunings of the same

panel series. In addition, the thickness swelling of the boards of umbrella
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tree wood did not differ significantly from the TS of the boards of
thereference material, spruce wood. However, the water absorption values
of the boards of spruce wood in each of the density 650 kg/m® (25.7%),
550 kg/rn3 (47.5%), and 450 kg/m3 (74.2%) were observed to be signifi-
cantly higher (p=0.00019, p=0.00316, and p=0.00012 respectively) than

the boards of umbrella tree wood.
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Figure 39: The water absorption (after 24 hours) of the UF-resin bonded
particleboards, based on umbrella tree wood and cacao tree pruning, in
comparison with the boards of spruce wood. Comparison of the WA
between the panel series with unaltered chip sizes and the series with
coarser core layer chips of umbrella tree wood and cacao tree prunings
(Board thickness 20 mm).
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Generally, the panel series with the coarser core layer chips showed less
dimensional stability in terms of thickness swelling compared to the panel
series with unaltered chip sizes for the materials umbrella tree wood and
cacao tree prunings. However, for the density, 450 kg/m’, no significant
differences in TS were observed between the boards of both panel series.
At the density 650 kg/m’, the water absorption of the boards of the um-
brella tree wood of the panel series with coarser core layer chips was ob-
served to be slightly higher (p=0.00021) compared to those of the panel
series of unaltered chip sizes. The boards of cacao tree prunings of the
panel series with coarser core layer chips did not differ significantly
(p=0.058) from the same boards of the panel series with unaltered chip
sizes. Nevertheless, the boards of both panel series of each of the raw ma-
terials did not differ significantly in terms of water absorption, for the
densities 550 kg/m’, and 450 kg/m’. However, the DIN EN 312 (2010) has
no requirement for TS and WA of particleboards that are used for interior

application under dry conditions.

5.2.2 The formaldehyde releaseof the UF-resin bonded particleboards
based on cacao tree prunings and umbrella tree wood as raw materi-
als

The formaldehyde properties of the manufactured particleboards measured
according to the perforator method (DIN EN 120: 1993a) and the flask
method (DIN EN 717-3) are presented in the flowing chapter. Due to the
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small number of repetitions (4 repetitions per variant), the results of for-

maldehyde properties were not evaluated statistically.

5.2.2.1 Perforator values

The perforator method (EN 120) measures the amount of extractable for-
maldehyde of wood-based composites. Figure 40 presents the perforat- or
values of the UF-resin (K 340) bonded boards, of the panel series with
coarser core layer chips and the series with unaltered chip sizes, for vari-
ous raw materials in each density. For the panel series with unaltered
chips sizes, it can be seen that the perforator values of the boards of um-
brella tree wood in each of the densities, 650 kg/m’, 550 kg/m’, and 450
kg/m’ were higher compared to the values of boards of cacao tree prun-
ings. The same trend was observed for the panel series with coarser core
layer chips, with the highest perforator value of 4.1 mg/100 g recorded for
the density of 450 kg/m’. Also, no actual differentiable differences were
observed in the perforator values of the boards of cacao tree prunings and
the boards of spruce wood. According to the European emission class E1
standard, the formaldehyde emission of panels for indoors applications
must not exceed 0.1ppm (0.124 mg/m3) when tested according to the DIN
EN 717-1. This maximum limit correlates with the perforator value, 8.0
mg/100 g oven-dry board. It can be seen from the results that the maxi-
mum formaldehyde release of the manufactured boards was merely half

the maximum allowable limit of 8.0 mg/100 g.
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Figure 40: The perforator values (at 6.5% MC) of the UF-resin bonded
particleboards, based on umbrella tree wood and cacao tree pruning, in
comparison with the boards of spruce wood. Comparison of the perforator
values between the panels’ series with unaltered chip sizes and the series
with coarser core layer chips of umbrella tree wood and cacao tree
prunings (Board thickness 20 mm).

5.2.2.2 Flask values
Another method of determining the formaldehyde release of wood-based
panels is by measuring the formaldehyde content of the aqueous solution

contained in a flask containing the test samples at 40 °C. Figure 41 shows
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the results of the flask values (after 24 hours) for the boards of the various

materials for the respective densities and panel series.
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Figure 41: The flask values of the UF-resin bonded particleboards, based
on umbrella tree wood and cacao tree pruning, in comparison with the
boards of spruce wood. Comparison of the flask values between the pa-
nels’ series with unaltered chip sizes and the series with coarser core
layer chips of umbrella tree wood and cacao tree prunings (Board thick-
ness 20 mm).

The flask values of the PB of umbrella tree wood in each of the densities,
650 kg/m’, 550 kg/m’, and 450 kg/m’, for both panel series, were ob-

served to be higher compared to the flask values of the boards of cacao
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tree prunings. Unlike the perforator values, the flask values of the boards
of the reference material, spruce wood, were slightly higher than the flask
values of the boards of cacao tree pruning. This may be because the perfo-
rator method is more sensitive as compared to the flask method and be-
cause the flask method accounts mostly for the formaldehyde from certain
areas (surfaces and edges) of the boards. The highest flask value, 52.5
mg/1000g, was recorded for the boards of umbrella tree wood of the den-
sity 450 kg/m’ of the panel series with unaltered chip sizes. It is also no-
ticeable that the flask values for the panel series with the coarser core lay-
er chips were lower compared to the values of the panel series with unal-
tered chip sizes in each of the densities, except for the boards of umbrella

tree wood of the densities 650 kg/m’ and 550 kg/m’.

5.2.3 Summary of the results of the UF-resin bonded particleboards
based on cacao tree prunings and umbrella tree wood as raw materi-
als

The study presented in this chapter evaluated the technical feasibility of
producing UF-resin bonded particleboards of reduced formaldehyde emis-
sions, from the raw materials, umbrella tree wood, and cacao tree prun-
ings, with physical and mechanical properties that are comparable to the
products that are already established in the market. It also investigated the

effect of the fractional composition of core layer chips on the properties of
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the particleboards. The results of the properties of the manufactured parti-

cleboards revealed that:

The boards of cacao tree prunings of both panels series for all the
densities, 650 kg/m’, 550 kg/m’, and 450 kg/m’, had higher
enough internal bond strength to meet the minimum IB require-
ment of the DIN EN 312-2(2010). The same was true for the
boards of umbrella tree wood except for the density of 450 kg/m’
of the panel series with coarser core layer chips.

The MOR and the IB strength of the boards of cacao tree prunings
were generally higher compared to the boards of umbrella tree
wood. Meanwhile, the PB of umbrella tree wood had higher MOE
compared to the boards of cacao tree prunings.

Although the internal bond strength of the panels of both raw ma-
terials was decreased by increasing the coarseness of the core lay-
er chips, the MOR and the MOE, on the other hand, were signifi-
cantly increased by increasing the coarseness of the core layer
chips. The PB of cacao tree prunings for the densities 650 kg/m’
and 550 kg/m’ had high enough MOR to satisfy the minimum
MOR requirement for DIN EN 312-2 (2010). The MOE of the
panels of umbrella tree wood for the same densities exceeded the
minimum MOE value stipulated by the DIN EN 312-2 (2010).
Higher IB strength values were observed for the PB of umbrella

tree wood and cacao tree prunings compared to the boards of
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spruce wood in each of the board densities. However, the PB of
spruce wood performed better in terms of MOR and MOE in
comparison with the board of umbrella tree wood and the boards
of cacao tree prunings.

The boards of cacao tree prunings, in each of the densities,
showed higher values of TS and WA compared to the boards of
umbrella tree wood and the boards of spruce wood.

As for the formaldehyde release of the manufactured panels, the
boards of umbrella tree wood showed higher perforator and flasks
values, in each of the panel densities, compared to the panels of
cacao tree prunings and the boards of spruce wood. The Perforator
values of all the boards were seen to be at least 2 times below the
maximum allowable limit of 8.0 mg/100g.

The results of this study suggest that at the densities of 650 kg/m’
and 550 kg/m’, it is possible to produce particleboards of reduced
formaldehyde emissions from the raw materials, umbrella tree
wood, and cacao tree prunings, when bonded with UF-resin 340.
However, caution should be taken to ensure that the coarseness of
the core layer chips is appropriate for achieving high enough

MOR and MOE.



5.3 TheProperties of the non-formaldehyde bonded particleboards

based on cacao tree prunings and umbrella tree wood as raw materials
The following chapter presents and explains in details the results of the
investigation into the feasibility of producing non-formaldehyde bonded
particleboards, based on the raw materials; umbrella tree wood and cacao
tree prunings. For the qualitative assessment of the manufactured parti-
cleboards to be meaningful, the results are compared with the standard of
DIN EN 312-2 (2010). These are particleboards that are used for interior

applications (such as furniture and interior fittings) under dry conditions.

5.3.1 Physical and mechanical properties

The particleboards which results are discussed in this chapter were pro-
duced in two series. In one production series, the formaldehyde-free bind-
er, PMDI, and in another series, blood albumin (animal protein), were
used to glue the wood chips. The produced chipboards were evaluated for
their physical and technological properties and the results are presented in

the following chapters.

5.3.1.1 Internal bond strength

Figure 42 presents graphically the results of the internal bond (IB)
strengths of the manufactured panels of each of the densities 650 kg/m’
and 550 kg/m’. The values of the IB strength of the PB of cacao tree prun-

ings of both binder systems; blood albumin, and PMDI, were seen to be
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significantly higher (p<0.0001) in each of the densities compared to those
of umbrella tree wood and the hybrid boards of both raw materials (um-
brella tree wood and cacao tree prunings mixed in the ratio 50:50 percent
w/w). This result is consistent with the results of the UF-resin bonded
particleboard discussed in section 5.2.1.1, where the PB of cacao tree
prunings attained the highest IB strengths compared to their umbrella tree
wood counterparts. Within the density of 550 kg/m’, the PB of the mixture
of umbrella tree wood and cacao tree prunings (UTW & CTP hybrid)
showed significantly higher IB strength values compared to the panels of
umbrella tree wood for both binder systems, PMDI (p=0.00004) and
blood albumin (p=0.04007).

In contrast to the density 550 kg/m’, the hybrid boards and the boards of
umbrella tree wood bonded with PMDI did not differ significantly from
each other with regard to their IB strengths for the density 650 kg/m’
(p=0.4795). The same applies to the series bonded with blood albumin
(p=0.6366). The 1B strengths of the PMDI bonded PB in each of the den-
sities were significantly higher in comparison to the PB bonded with
blood albumin. Nevertheless, the IB strength of the produced panels of
each density exceeded the DIN EN 312-2(2010) minimum requirement of
0.35 N/mm” for particleboards used for interior purposes under dry condi-

tions.
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Figure 42: The internal bond strength of the PMDI and blood albumin
bonded particleboards, based on the raw materials umbrella tree wood
and cacao tree prunings. Particleboards of the 50:50 percent (w/w) mix-
ture of umbrella tree and cacao tree prunings (UTW-CTP hybrid). Hor-
rizontal line indicates the minimum value stipulated by DIN EN 312-
2(2010).

5.3.1.2 Modulus of rupture

Figure 43 shows the results of the modulus of rupture (MOR) of the man-
ufactured particleboards. Amongst the PMDI bonded PBs of the density
650 kg/m’, it can be seen that the MOR of the boards of cacao tree prun-
ings was significantly lower (p<0.0001) compared to that of the boards of

umbrella tree wood and the boards of the hybrid between
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umbrella tree wood and cacao tree prunings (UTW-CTP hybrid). A simi-
lar trend was also observed for the blood albumin bonded particleboards
of the same density 650 kg/m’. Also, amongst the blood albumin bonded
PBs of the density 650 kg/m’, the MOR of boards manufactured from the
mixture of umbrella tree wood and cacao tree prunings (UTW-CTP hy-
brid) was significantly higher (p=0.0015) compared to the MOR of the
boards of cacao tree prunings. Meanwhile, the MOR of boards of umbrella
tree wood did not differ significantly (p=0.0950) from the boards of cacao
tree prunings. In addition, for the density 650 kg/m’, the MOR of the
boards of umbrella tree wood did not differ significantly from the MOR of
the hybrid particleboards (UTW-CTP hybrid) of both binder systems,
PMDI (p=0.9617) and blood albumin (p=0.2785).

In contrast to the density 650 kg/m’, the MOR of the panels of the density
550 kg/m’ did not differ significantly (p>0.05) from one another for both
binder systems. No significant differences in terms of MOR exist between
the PMDI and blood albumin bonded boards of each of the raw materials
in each of the densities, except for the boards of umbrella tree wood at the
density 650 kg/m’ (p=0.02875). This indicates that for the various raw
materials used in this study, the PMDI bonded boards ( with 3% resin
load) were not superior in terms of their modulus of rupture than the
boards bonded with the natural adhesive, blood albumin at resination lev-
els of 8,5% and 10% on the middle layer and surface layers respectively.

The hybrid boards (UTW-CTP hybrid) of both binder systems of the den-

134



sity 650 kg/m® attained MOR values which are greater than the minimum

value of 11N/mm’ stipulated by the DIN EN 312-2 (2010).
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Figure 43: Modulus of Rupture of the PMDI and blood albumin bonded
particleboards, based on the raw materials umbrella tree wood and
cacao tree prunings. Particleboards of the 50:50 percent (w/w) mixture
of umbrella tree and cacao tree prunings (UTW-CTP hybrid). Horrizon-
tal line indicates the minimum value stipulated by DIN EN 312-2(2010).

The particleboards of umbrella tree wood of the density 650 kg/m’, bond-
ed with PMDI also achieved high enough MOR. The results suggest that a
substitution of the chips cacao tree wood with the chips of umbrella tree
wood could significantly improve the modulus of rupture of the parti-

cleboards made predominantly from cacao tree prunings.
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5.3.1.3 Modulus of Elasticity

Figure 44 presents the results of the modulus of elasticity of the produced
particleboards. As it was prviously seen in the results of the Modulus of
rupture, the modulus of elasticity of the particleboards of cacao tree wood
bonded with PMDI as well as the particleboards bonded with blood albu-
min (for the density 650 kg/m’), were seen to be significantly lower
(p<0.0001) compared to the modulus of elasticity of the boards of umbrel-
la tree wood and the hybrid boards. The same trend was observed for the
PMDI bonded boards of the density and 550 kg/m”.

The MOE of the blood albumin bonded particleboards of cacao tree prun-
ings of the density 550 kg/m® did not differ significantly (p=0.1739) from
that of the hybrid boards. In addition, the MOE of the boards of umbrella
tree wood of each of the binder systems did not differ significantly from
the MOE of the hybrid boards (UTW-CTP hybrid). For the density
650 kg/m’, the MOE of the hybrid boards and the boards of umbrella tree
wood bonded with PMDI were seen to be significantly higher compared to
their blood albumin bonded counterparts. It can be seen from the results
that, the MOE of the boards of umbrella tree wood and the hybrid boards
(UTW-CTP hybrid) of the density 650 kg/m’ bonded with PMDI, ex-
ceeded the minimum required of 1600 N/mm” as stipulated by the DIN
EN 312-2(2010).

136



2200

&' 2000
£ 1800
£ I
Z. 16004 R e e Rkl -
2 1400
=]
S 1200 T
S T
= 1000
= 800
Z 600
S 400
S 200
0
650 kg/m® | 550 kg/m’ 650 kg/m’ | 550 kg/m®
PMDI Blood albumin
B Cacao tree prunings [l Umbrella tree wood | | UTW & CTP hybrid

Figure 44: Modulus of Elasticity of the PMDI and blood albumin bon-
ded particleboards, based on the raw materials umbrella tree wood
and cacao tree prunings. Particleboards of the 50:50 percent (w/w)
mixture of umbrella tree and cacao tree prunings (UTW-CTP hybrid).
Horrizontal line indicates the minimum value stipulated by DIN EN
312-2(2010).

5.3.1.4 Thickness swelling and water absorption

The 24 hours thickness swelling (TS) and water absorption (WA) proper-
ties of the manufactured particleboards are of the various raw materials are
presented in Figure 45 and figure 46 respectively. The water-absorbent
nature of cacao tree prunings is evident from the TS and WA values of its
particleboards. For the boards of the density 650 kg/m’, of both binder
systems, the TS of the boards of cacao tree prunings was significantly

higher (p<0.0001) than the TS of the hybrid boards and the boards of um-
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brella tree wood. Surprisingly, at the density of 550 kg/m®, the TS of the
boards of cacao tree prunings did not differ significantly from the TS of
the boards of umbrella tree wood of both binder systems; PMDI
(p=0.9919) and blood albumin (p=0.2676). The 24 hours TS values of the
boards of umbrella tree wood, as well as the boards of cacao tree prunings,
were observed to be significantly higher (p<0.0001) in each of the densi-
ties and glue type compared to the TS of the hybrid boards. The results
also revealed that the TS values of the boards bonded with PMDI were
significantly lower (p<0.001) compared to the boards bonded with blood
albumin. However, for the density 650 kg/m’, the TS of the hybrid boards
did not differ significantly with respect to the glue type.

Like the TS, the WA values of the boards of cacao tree prunings were
seen to be significantly higher (p<0.0001) in each densities compared to
the boards of umbrella tree wood and the boards of the hybrid of both
material.

However, the WA values of the boards of cacao tree prunings of the densi-
ty 650 kg/m’, bonded with blood albumin, did not differ significantly
(p=0.7784) from the WA values of their umbrella tree wood counterparts.
In all cases, the 24 hours WA values of the hybrid boards were observed
to be significantly lower (p<0.001) than the WA values of the boards of

umbrella tree wood and the boards of cacao tree prunings.
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Figure 45: The thickness swelling after 24 hours of the PMDI and
blood albumin bonded particleboards, based on the raw materials
umbrella tree wood and cacao tree prunings. Particleboards of the
50:50 percent (w/w) mixture of umbrella tree and cacao tree prunings
(UTW-CTP hybrid).
This suggests that one of the raw materials might be acting as filler to the
other thereby reducing the amounts of voids within the test samples
through which water can penetrate and result in higher water absorption.
The WA values of the boards bonded with blood albumin were generally
higher compared to the boards bonded with PMDI. The results of the TS

and WA of the boards of cacao tree prunings relative to the boards of um-
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brella tree wood in this study are consistent with the findings of the UF-

resin bonded particleboards reported in section 5.2.1.4.
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Figure 46: The water absorption after 24 hours of the PMDI and blood
albumin bonded particleboards, based on the raw materials umbrella
tree wood and cacao tree prunings. Particleboards of the 50:50 percent

(w/w) mixture of umbrella tree and cacao tree prunings (UTW-CTP
hybrid).

5.3.2 Formaldehyde release of the non-formaldehyde bonded particle-
boards, based on cacao tree prunings and umbrella tree wood as raw
materials

The formaldehyde properties of the particleboards manufactured in this

study were examined using the perforator methods (EN 120: 1999a) and
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the flask method (EN 717-3). The following chapters present the non-
statistical results (due to small data set of four repetitions) of the meas-

urements.

5.3.2.1 Perforator values

Figure 47 shows the results of the extractable formaldehyde (Perforator
values) of the particleboards of the various raw materials, manufactured
on a laboratory scale with the non-formaldehyde containing binder, PMDI
and blood albumin. The boards of umbrella tree wood and the boards of
the mixture of the wood chips of umbrella tree and cacao tree (UTW-CTP
hybrid) bonded with PMDI show the highest perforator values of 0.2
mg/100 g in each of the densities.

The same values (0.2 mg/100 g) were observed for the hybrid parti-
cleboards (UTW-CTP hybrid) bonded with blood albumin of both densi-
ties. The boards of cacao tree prunings bonded with PMDI, as well as
blood albumin, in each of the densities, showed comparatively lower per-
forator values of 0.1 mg/100 g. It can be said from the results that, umbrel-
la tree wood contain a higher amount of the so-called natural formalde-
hyde than the wood of cacao tree prunings. It is also noticeable that the
perforator values of the boards of umbrella tree wood bonded with blood
albumin were half the values of the boards bonded with PMDI. However,

the perforator values of the boards manufactured in this study were negli-
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gible, about forty times lower than the maximum value permitted for E1

boards (8.0 mg/100 g ~ 0.1 ppm).
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Figure 47: The perforator values (at 6.5 % MC) of the PMDI and blood
albumin bonded particleboards, based on the raw materials umbrella tree

wood and cacao tree prunings. Particleboards of the 50:50 percent (w/w)

mixture of umbrella tree and cacao tree prunings (UTW-CTP hybrid).

5.3.2.2 Flask values

Figure 48 presents the flask values of the formaldehyde release of the

manufactured particleboards. The flask values of the particleboards of

umbrella tree wood, bonded with PMDI (0.8 mg /1000 g), were substan-

tially higher compared to their counterparts of cacao tree prunings as well
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as those of the hybrid of both materials (UTW-CTP hybrid). The flask
values of the hybrid boards and boards of umbrella tree wood bonded with
blood albumin, were also observed to be higher than the flask values of
their cacao tree prunings counterparts. The hybrid boards of both binder
systems had the same flask values of formaldehyde release but the flask
values of the boards of umbrella tree wood bonded with PMDI were two

times higher than the values of the same boards bonded with blood albu-
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Figure 48: The flask values of the PMDI and blood albumin bonded par-
ticleboards, based on the raw materials umbrella tree wood and cacao
tree prunings. Particleboards of the 50:50 percent (w/w) mixture of
umbrella tree and cacao tree prunings (UTW-CTP hybrid).

143



5.3.3 Summary of the results of the non-formaldehyde bonded parti-

cleboards based on cacao tree prunings and umbrella tree wood

This chapter investigated the possibility of producing non-formaldehyde

bonded particleboards by using the by-product of cacao thinning opera-

tions (cacao tree prunings) and the wood of a fast-growing tree species,

umbrella tree (Musanga cecropoides) as raw materials. The experimental

work was based on the use of non-formaldehyde containing binder sys-

tems, PMDI, and a newly developed adhesive based on animal protein,

blood albumin, for the production of three-layered particleboards of the

densities 650 kg/m® and 550 kg/m’. An evaluation of the properties re-

vealed that:
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The particleboards of the umbrella tree wood and cacao tree prun-
ings, as well as the the boards of the mixture of both materials
(hybrid boards), of both binder systems of each of the densities,
had high enough internal bond strength that surpassed the mini-
mum value (0.35 N/mm?) required stipulated by DIN EN 312-2
(2010).

The MOR of the particleboards of umbrella tree wood of the den-
sity of 650 kg/m’, manufactured with PMDI, exceeded the DIN
EN 312 requirement for type P2 particleboards. Also, the hybrid
particleboards of the density 650 kg/m’, bonded with PMDI, as
well as those bonded with blood albumin, achieved high enough
bending strengths to satisfy the requirement of particleboards that

are used for interior applications (such as furniture and interior fit-



tings) under dry conditions. A similar trend was also observed for
the MOE (for the density 650 kg/m®), except that the hybrid parti-
cleboards bonded with blood albumin did not achieve the mini-
mum MOE value as required by DIN EN 312-2 (2010).

The thickness swelling and water absorption values of the boards
of cacao tree prunings were generally higher compared to theTS
and WA of the hybrid boards and the boards of umbrella tree
wood. This could be attributed to the water-absorbent nature of
agricultural residues as opposed to wood material.

The formaldehyde release (perforator and flask values) of the pro-
duced boards were observed to be negligible compared to the
maximum limit of E1. The formaldehyde release recorded from
each board can be tied to the so-called natural formaldehyde of the
raw materials since the binder systems contained no free formal-
dehyde.

The findings indicate that the manufacture of non-formaldehyde
containing particleboards of the density 650 kg/m’ from the raw
materials, umbrella wood, and the mixture (50:50 percent by
weight) of umbrella tree wood and cacao tree prunings is techni-
cally feasible with PMDI. The particleboards can be used for inte-

rior applications including furniture.
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5.4 The properties of the particleboards based on a hybrid between the
chips of bean shells and various wood materials

The following chapter presents the results of the experimental work aimed
to assess the performance of the annual crop residue, bean shells (bean
crop residues of the rainy season) as a substitute raw material for wood
chips in both the core layer and the surface layers of particleboards. The
bean shells as already discussed in the previous chapter (see section 3.1),
are readily available around the world especially in Africa with no value-
added uses and posses waste disposal problem in many of the localities

where the crop cultivated especially in Cameroon.

5.4.1 Physical and mechanical properties

The produced particleboards were evaluated for their physical and me-
chanical properties and the results obtained were compared against the
standard for particleboards used for interior applications (including furni-

ture and interior fittings) under dry conditions (DIN EN 312:2010)

5.4.1.1 Internal bond strength

Figure 49 presents the internal bond (IB) strength of the manufactured
particleboards. The boards of the panel series with 40 percent (w/w) sub-
stitution of the wood chips with the chips of bean shells (Bs) on the sur-
face layer (40% Bs in SL), showed higher IB values for the PMDI (5%
SL, 3% CL) bonded boards compared to their UF-resin bonded counter-

parts. Like most annual crop residues, the bean shells were observed to
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contain waxy substances on their surfaces. Because of this, the UF-resins
could not effectively wet the surfaces of the chips of the bean shell
(Roffael et al., 2004; Li et al., 2010; Sauter, 1996), thus inhibiting the
formation of sufficient bond between the glue and the hydroxyl group of
the chips. In addition, the high pH and high buffering capacities (see chap-
ter 5.1.2) of the bean shells may have inhibited the proper curing of the

pH-sensitive UF-resin.

0.8

0.7

B Cacao tree prunings
0.6 [l Umbrella tree wood
Industrial wood chips

Internal bond strength [N/mm?]

PMDI UF-resin PMDI
650 kg/m? 650 kg/m? 650 kg/m?
(5% SL, 3% CL) (10% SL, 8.5% CL) 4% SL, 4% CL)
9 i 40% Bs in SL 20% Bs in SL and
40% Bs in SL 0% Bs in CL

Figure 49: The internal bond (IB) strength of the UF-resin and PMDI
bonded particleboards manufactured from umbrella tree wood, cacao
tree prunings and industrial wood chips with the various substitutions of
bean shells (Bs) on the surface layer (SL) and the core layer (CL) of the
boards. Horrizontal line indicates the minimum value stipulated by DIN
EN 312-2(2010).
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Whereas, PMDI could effectively wet the surfaces of the bean shells de-
spite the hydrophobic wax on their surfaces and form stronger chemical
bonds (H-bond) as well as polyurethane bonds (covalent bond) with the
bean shell chips. Besides, the PMDI is not pH sensitive as UF-resin, thus
less likelihood of curing inhibition. Amongst the boards of the PB variant
manufactured with a 40% substitution of the surface layers with the chips
of bean shells (40% Bs in SL), bonded with PMDI (5% SL, 3% CL), the
boards of cacao tree prunings achieved significantly higher (p=0.00013)
IB values (0.61 N/mm®) compared to the boards of umbrella tree wood
(0.40 N/mm?®) and the boards of the industrial wood chip (0.42 N/mm?).
Comparing also amongst the UF-resin bonded particleboards with 40 per-
cent bean shell substitution in the surface layer, no significant difference
(p=0.9092) was observed in terms of the IB strength between the boards
of umbrella tree wood and cacao tree prunings. However, both achieved
significantly higher values of IB strengths (p<0.001) compared to the pan-
els of industrial wood chips (40% Bs in SL).

Also, amongst the panels of the particleboard variant manufactured with
20:20 percent (w/w) bean shells substitution in both the surface and the
core layers, bonded with PMDI (40% SL and 4% CL), the boards of cacao
tree prunings showed superior IB strength (0.28 N/mm®) compared to the
boards of umbrella tree wood (0.19 N/mm?) and boards of the industrial
wood chips (0.20 N/mm?). The result of this panel series indicates that the

substitution of the wood chips in the middle layer with the chips of bean

148



shells is not suitable for achieving particleboards with high enough IB
strength, even when bonded with PMDI (resin load of 4%). Probably be-
cause the lower temperatures in the core layer compared to surface layers
is not enough to cause the formation of effective bonds between the adhe-
sive and the chips of the bean shell. Nevertheless, the IB strengths values
of the panels with 40% bean shells substitution in the surface layer (40%
Bs in SL) bonded with PMDI (5% SL, 3% CL) exceeded the 0.35 N/mm®
minimum values as stipulated by the DIN EN 312-2 (2010) for parti-
cleboards of 13 mm -20 mm thickness. The boards of cacao tree prunings
bonded with UF-resin (40% Bs in SL) also achieved the 0.35 N/mm” min-

imum IB value.

5.4.1.2 The bending properties

The modulus of rupture (MOR) of the manufactures particleboardss of the
various production variants (bean shells substitutions), is presented in
Figure 50. The particleboards of cacao tree prunings in each of the pan-
els’ variants achieved higher MOR compared to the boards of umbrella
tree wood and the boards of the industrial wood chips. Amongst the vari-
ants with 40 percent substitution of their SL chips with the chips of bean
shells, the MOR of the PMDI bonded boards (5% SL, 3% CL) was signif-
icantly higher (p<0.005) compared to the boards of the variant bonded

with UF-resin.
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Despite the low IB values of the panel variant with the 20:20 percent sub-
stitution of bean shell in the core layer and surface layers of the panels of
the various wood materials, they achieved unexpectedly higher MOR
values, with the boards of cacao tree prunings exceeding the 11 N/mm?
minimum value for DIN EN 312-2 (2010). The MOR values of the PB
variant manufactured by substituting the surface layer chips with the chips
of bean shell (40% BS in SL), bonded with PMDI (5% SL, 3% CL), also
exceeded the 11 N/mm?” value for particleboards of 13 mm — 20 mm as
required by DIN EN 312-2 (2010). None of the boards of the variant
bonded with UF-resin could achieve the bending strength value of
11 N/mm?2.

Figure 51 presents the bending modulus (MOE) as a function of sample
stiffness of the manufactured particleboards of the various variants. The
values of the MOE of the particleboards of the variant bonded with PMDI
(5% SL, 3% CL), and the surface layers substituted by bean shell chips
(40% BS in SL), did not differ significantly (p>0.1801) from one another.
A similar trend was also observed for the UF-resin bonded boards (40%
BS in SL). The results also indicate that amongst the panel variant with
the surface layers substituted by bean shell chips (40% BS in SL), the
stiffness properties of those bonded with PMDI (5% SL, 3% CL) did not
differ significantly (p>0.05) from their UF-resin bonded counterparts. For
the PMDI bonded variant (4% SL, 4% CL), with the 20:20 percent substi-

tution of the surface layers and the core layer by beans shells, shows that
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the boards of industrial wood chips achieved higher MOE (2072 N/mm?)
followed by the boards of cacao tree prunings (1905 N/mm?).
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Figure 50: The modulus of rupture (MOR) of the UF-resin and PMDI
bonded particleboards manufactured from umbrella tree wood, cacao tree
prunings and industrial wood chips with the various substitutions of bean
shells (Bs) on the surface layer (SL) and the core layer (CL). Horrizontal
line indicates the minimum value stipulated by DIN EN 312-2(2010).

The umbrella tree wood boards of this variant had the least value of MOE

(1765 N/mm®), making them the only boards that failed to achieve the
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1800 N/mm® minimum value for MOE as stipulated by the DIN EN 312-2
(2010) for particleboards of 13 mm - 20 mm thickness.
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Figure 51: The modulus of elasticity (MOE) of the UF-resin and PMDI
bonded particleboards manufactured from umbrella tree wood, cacao tree
prunings and industrial wood chips with the various substitutions of bean
shells (Bs) on the surface layer (SL) and the core layer (CL). Horrizontal
line indicates the minimum value stipulated by DIN EN 312-2(2010).

5.4.1.3 Thickness swelling and water absorption
Thickness swelling (TS) and water absorption (WA) are some of the key
parameters in determining the dimensional stability of wood-based com-

posites. The TS and WA (after 24 hours) of the manufactured hybrid par-
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ticleboards of the different wood materials with the various substitutions
of the surface layers and core layers with the chips of bean shell bonded

with the various binder systems are presented in Figure 52 and Figure 53

respectively.
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Figure 52: The thickness swelling (TS) after 24 hours of the UF-resin
and PMDI bonded particleboards manufactured from umbrella tree
wood, cacao tree prunings and industrial wood chips with the various
substitutions of bean shells (Bs) on the surface layer (SL) and the core
layer (CL).

As can be seen from Figure 52, the values of the 24 hours TS of the parti-

cleboard variants bonded with PMDI were significantly lower than the
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variant bonded with UF-resin (p<0.001). This is because the methylene
bonds formed between the UF-resin and the furnish are easily hydrolyzed
compared to the urethane bridges formed between PMDI and the furnish.
For the particleboards variant bonded with PMDI (5% SL, 3% CL) with
their surface layers substituted by bean shells (40% BS in SL), the 24
hours thickness swelling of the boards of the various materials did not
differ significantly from one another. A similar trend was also observed
for the boards of the variant bonded with PMDI (4% SL, 4% CL) with
20:20 percent substitution of the core layer and the surface layers by the
chips of bean shell.

Conversely, for the PB variant bonded with UF-resin (with 40% BS in
SL), the 24 hours thickness swelling values of the panels of industrial
wood chips (42.3%) were significantly higher (p<0.001) compared to the
TS of the boards of umbrella tree wood (34.6%) and and the TS of the
boards of cacao tree prunings (37.2%). The TS of the PB variant with the
surface layers substituted by bean shells (40% BS in SL), bonded with
PMDI (5% SL, 3% CL), showed the lowest TS rate compared to the other
two variants. However, there is no required limit for TS and WA accord-
ing to the DIN EN 312-2(2010).

Similar to the thickness swelling, the 24 hours WA of the PB of the vari-
ant bonded with PMDI were significantly lower than the WA of the
boards of the variant bonded with UF-resin (p<0.001). Also, amongst the
variants bonded with PMDI, the boards of the variant with the surface

layers substituted by bean shell chips (40% BS in SL) had significantly
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lower WA values (p<0.001) compared to the boards of the variant manu-
factured by substituting both the surface layers (20% w/w) and the core
layers (20% w/w) with bean shells chips.
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Figure 53: The water absorption (WA) after 24 hours of the UF-resin
and PMDI bonded particleboards manufactured from umbrella tree
wood, cacao tree prunings and industrial wood chips with the various
substitutions of bean shells (Bs) on the surface layer (SL) and the core
layer (CL).
In each case, the WA of the boards containing the chips of cacao tree
prunings were observed to be slightly higher compared to the boards con-

taining the chips of umbrella tree wood. The 24 hours WA values of the

boards of umbrella tree wood did not differ significantly from the boards
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of industrial wood chips in each of the variants bonded with PMDI
(p>0.5000). However, for the variant bonded with UF-resin, the WA of
the boards containing industrial wood chips was much higher than the WA

of the boards containing umbrella tree wood

5.4.2 Formaldehyde release of the bean shells-wood chips hybrid PB

The formaldehyde release of the experimental particleboards manufac-
tured in this study were evaluated based on two methods; the perforator
method (EN 120) and the flask method (EN 717-3). The following chap-
ters present the results of the evaluations patterning to the methods used.
Due to the small number of measurements, the results presented here were

not subject to statistical analysis.

5.4.2.1 Perforator values

The perforator method of evaluating the formaldehyde release of wood-
based panels measures the amount of extractable formaldehyde present in
a test sample (Xiong and Zhang, 2010; Salem et al., 2012a). Figure 54
shows the perforator values of the manufactured boards of the different
variants. The boards of the PB variants bonded with UF resin showed the
highest perforator values compared to the boards of the two variants
bonded with PMDI. This is because unlike UF-resins, PMDI contains no
free formaldehyde. Amongst the boards of the variant bonded with UF-

resin, the boards containing the industrial wood chips had the highest per-
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forator value (2.62 mg/100 g) compared to 2.26 mg/100 g for the boards
containing the umbrella tree wood and 2.12 mg/100 g for the boards con-

taining cacao tree prunings.
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Figure 54: The perforator values (at 6.5% MC) of the UF-resin and
PMDI bonded particleboards manufactured from umbrella tree wood,
cacao tree prunings and industrial wood chips with the various substituti-
ons of bean shells (Bs) on the surface layer (SL) and the core layer (CL).
Horrizontal line indicates the maximum limit for Elemissions standard
(8.0 mg/100g).

It is also noticeable that in each of the variants, the perforator values of the

hybrid boards containing industrial wood chips were higher compared to
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the hybrid boards containing the chips of umbrella tree wood as well as
the hybrid boards containing the chip of cacao tree prunings. The presence
of recycling materials in the industrial wood chips might explain the rea-
son for the higher perforator values of the PB containing these wood
chips. Based on the results, one essential statement can be made; the per-
forator values of the manufactured panels of all PB variants were negligi-
ble compared to the E1 maximum limit of 8.0 mg/100 g, especially for the
variants bonded with PMDI.

5.4.2.2 Flask values

Unlike the perforator method, the flask method measures the amount of
formaldehyde that is emitted from the surfaces and the edges of the test
sample (Xiong and Zhang, 2010; Salem et al., 2012a). Figure 55 shows
the flask values of formaldehyde of the experimental particleboards pre-
sented in this study. Like the perforator values, the flask values of the
boards of the PB variant bonded PMDI were observed to be negligible as
compared to the boards of the variant bonded with UF-resin. It can also be
seen that the flask values of the boards containing the industrial wood
chips (for variants bonded with PMDI) were higher compared to the
boards containing of umbrella tree wood and cacao tree prunings.

Contrary to the perforator values of the UF-resin bonded boards, the flask
value of the boards containing the industrial wood chips (27.62

mg/1000 g) was seen to be lower compared to the values of the boards
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containing the chips of umbrella tree wood (35.96 mg/1000 g) as well as
those containing the chips of cacao tree prunings (33.7 mg/1000 g).
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Figure 55: The 24 hours flask values of the UF-resin and PMDI bonded
particleboards manufactured from umbrella tree wood, cacao tree
prunings and industrial wood chips with the various substitutions of bean
shells (Bs) on the surface layer (SL) and the core layer (CL).

The residual moisture content of the boards containing the industrial wood
chips (4.4%) was observed to be lower compared to the boards containing

the chips of the umbrella tree wood (7.4%) and the chips of cacao tree
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prunings (7.3%). According to Aydin et al., 2006, the flask values of for-
maldehyde are significantly affected by the board’s moisture content. The
lack of proportionality in the flask and perforator values of the boards of
industrial wood chips is because the flask values were not corrected to the

same moisture content as were the perforator values (6.5%).

5.4.3 Summary of the results of the bean shells-wood chips hybrid PB
The study presented in this chapter investigates the technical possibilityof
producing particleboards of comparable performance to the particleboards
of the standard DIN EN 312-2 (2010) by substituting the different wood
chips with the chips of the annual crop residues, bean shells (rainy season
residues), in both the core and surface layers of the boards. An evaluation
of the physical and mechanical properties revealed that:

e The production of particleboards of the density 650 kg/m’ for in-
terior applications used in dry conditions is technically possible
by substituting wood chips in the surface layers with bean shell
chips (40% w/w) when bonded with PMDI. This means, it is pos-
sible to replace up to 40% (w/w) of wood with bean shells in the
manufacturing process of particleboards.

e Urea-formaldehyde resin (K340) is not suitable as a bonding
agent for particleboards involving bean shells. The presence of the
waxy substances on the surfaces of bean shell prevents the pene-

tration of UF-resin beyond the surfaces of the chips to form strong
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interlocks with the hydroxyl group of the bean shells, hence poor
adhesive bonds.

e The substitution of the wood chip in the core layer and the surface
layers of the particleboards (20% and 20% w/w respectively) with
bean shells did not result in boards with high enough mechanical
strengths (IB) to meet the requirement of DIN EN 312-2 (2010).

e The formaldehyde emissions of the produced panels are at rela-
tively lower levels especially for the PMDI bonded boards com-
pared to the maximum permitted value for E1 (8.0 mg/100 g)
when tested by the perforator method.

5.5 The results of the UF-resin bonded particleboards based on the
chips of umbrella tree wood and bean crop residues of the dry season.
The following chapter presents the results of the experimental work to
investigate the possibility of producing UF-resin bonded particleboards of
the standard DIN EN 312-2 (2010) by substituting 10%, 15% and 20% of
the chips of the umbrella tree wood with chips of the residues of bean crop
(dry season residues) in the core layer of the boards. For the purpose of
comparison, the results of the particleboards manufactured with 100%

bean crop residues are also presented and described.
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5.5.1 The physical and mechanical properties

The manufactured particleboards were evaluated for their physical and
mechanical properties and the results obtained were compared against the
standard for particleboards used for interior applications (including furni-

ture and interior fittings) under dry conditions (DIN EN 312:2010).

5.5.1.1 Internal bond strength

Figure 56 illustrates the results of the internal bond (IB) strength of the
manufactured boards. The IB strength was observed to decrease with in-
crease in the substitution of umbrella tree wood chips with the chips of
bean crop residues (from 10% BCR to 20% BCR). The particleboards
made by substituting 10% of the umbrella tree wood with bean crop resi-
dues (10% BCR) achieved the highest IB strength (0.71 N/mm?®) compared
to the boards manufactured by substituting 15% (0.55 N/mm?) and 20%
(0.45 N/mm?) of th wood chips with bean crop residues.The boards manu-
facture exclusively from the bean crop residues achieved significantly
lower (p<0.0002) IB strength (0.20 N/mm®) compared to the rest of the

boards.
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Figure 56: The internal bond (IB) strengths of the UF-resin bonded par-
ticleboards manufactured by the substitution of 10% 15% and 20% of
umbrella tree wood chips in the core layer with the chips of bean crop
residues(BCR), and the IB strength of the boards containing 100% bean
crop residues. Horrizontal line indicates the minimum value stipulated by
DIN EN 312-2(2010).

As earlier explained, the bean crop residues like most annual crops con-
tained waxy substances on their surfaces, which make it difficult for the
chips to form strong bonds with conventional UF-resin (see chapter
5.4.1.1). According to the DIN EN 312-2 (2010), the minimum requirement
for IB strength for particleboards of the thickness, 13 mm - 20 mm, is 0.35
N/mm’. From the results, the IB strengths of the PB manufactured by substi-
tuting 10%, 15%, and 20% of the umbrella tree wood chips of the core layer

with the chips of the bean crop residues met the requirement of this stand-
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ard. The boards made exclusively from bean crop residues (100% BCR) fell

short.

5.5.1.2 Bending strength

The bending strengths (BS), also known as the modulus of rupture, of the
manufactured particleboards measured according to EN 319 are presented
in figure 57. The BS of the boards made by substituting 10%, 15% and
20% of the umbrella tree wood chips of the core layer with bean crop resi-
dues did not differ significantly from one another (p>0.500). However, the
highest BS (12.25 N/mm®) was observed for the boards made by substitut-
ing 10% of the umbrella tree wood chips of the core layer with the chips
of bean crop residues (10% BCR). The other two variants, 15% BCR and
20% BCR had bending strength values of 11.47 N/mm® and 11.41
N/mm’ respectively. The least bending strength (7.48 N/mm®) was ob-
served for the particleboards made exclusively from bean crop residues
(100% BCR).

The minimum requirement for bending strength according to DIN EN
312-2 (2010) is 11 N/mm?* for particleboards of 13-20 mm thickness. It
can be seen from the results that the bending strengths of the boards man-
ufactured by substitution 10%, 15% and 20% of the umbrella tree wood
chips of the core layer with bean crop residues slightly exceeded the min-

imum value required by DIN EN 312-2 (2010).
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Figure 57: The Bending strength (BS) of the UF-resin bonded partic-
leboards manufactured by substitution 10% 15% and 20% of umbrella
tree wood chips in the core layer with the chips of bean crop resi-
dues(BCR), and the BS strength of the boards containing 100% bean crop

residues. Horrizontal line indicates the minimum value stipulated by DIN
EN 312-2(2010).

5.5.1.3 Modulus of Elasticity

Figure 58 shows the modulus of elasticity (MOE) of the particleboards of
the various substitution levels of umbrella tree wood with the chips of
bean crop residues. Like the results of the bending strength, the MOE of
the boards manufactured by substituting 10%, 15% and 20% of the chips
of umbrella tree wood of the core layer with the chips of the bean crop
residues (10% BCR, 15% BCR, and 20% BCR) did not differ significantly
from one another (p>0.300).
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Figure 58: The modulus of elasticity (MOE) of the UF-resin bonded par-
ticleboards manufactured by substitution 10%, 15% and 20% of umbrella
tree wood chips in the core layer with the chips of bean crop residues
(BCR), and the MOE of the boards containing 100% bean crop residues.
Horrizontal line indicates the minimum value stipulated by DIN EN 312-
2(2010).

Nevertheless, the highest MOE (1782 N/mm®) was observed for the
boards made by substitution 10% of the wood chips with the chips of the
bean crop residues (10% BCR). The board variants, 15% BCR and 20%
BCR had MOE values of 1702 N/mm” and 1654 N/mm’ respectively. The
least MOE (1488 N/mm?) was observed for the particleboards made ex-
clusively from the chips of the bean crop residues (100% BCR). Accord-
ing to DIN EN 312-2 (2010), the minimum requirement of MOE for parti-

cleboards of 13 mm - 20 mm thickness is 1800 N/mm?. From the results,
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the values of MOE of all the boards were lower than the minimum value

required by DIN EN 312-2 (2010).

5.5.1.4 Thickness swelling and water absorption

The 2 hours and 24 hours thickness swelling (TS) and water absorption
(WA) of the manufactured particleboards are summarized in Figure 59
and Figure 60 respectively. The TS values (39.2% and 52.3% for 2 hours
and 24 hours respectively) of the boards made exclusively from bean crop
residues (100% BCR) were seen to be significantly higher (p<0.0001)
than the boards made from the various substitutions of umbrella tree wood
chips with the chips of the bean crop residues.
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Figure 59: The thickness swelling (TS)after 2h and 24 h of the UF-resin
bonded particleboards manufactured by substitution 10%, 15% and
20% of umbrella tree wood chips in the core layer with the chips of
bean crop residues (BCR), and the TS of the boards containing 100%
bean crop residues.
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No significant differences in TS (P>0.0900) were observed amongst the
boards manufactured by substituting 10%, 15% and 20% of the wood
chips with the chips of the bean crop residues (10% BCR, 15% BCR, and
20% BCR).

Like the TS, the highest WA values (149.5% and 182.8% for 2 hours and
24 hours respectively) were observed for the boards manufactured exclu-
sively from bean crop residues (100% BCR), which were also significant-
ly higher than the values of the boards made by substituting 10%, 15%
and 20% of the wood chips with the chips of bean crop residues.
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Figure 60: The water absorption (WA) after 2h and 24 h of the UF-resin
bonded particleboards manufactured by substitution 10%, 15% and 20%
of umbrella tree wood chips in the core layer with the chips of bean crop
residues (BCR) and the WAof the boards containing 100% bean crop res-
idues.
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In contrast to the TS, the 24 hours WA value (44.9%) of the boards made
by substituting 20% of the core layer wood chips with chips of the bean
crop residues (20% BCR), were seen to be significantly higher (p<0.001)
than the TS of the variants with 10% BCR (40.8%) and 15% BCR
(41.3%).

5.5.2 Formaldehyde release

The formaldehyde release of the experimental particleboards manufactured
boards in this study were evaluated using two methods; the perforator
method (EN 120) and the flask method (EN 717-3). The perforator values
(Figure 61) of the boards made by substituting 15% (12.2 mg/100 g) and
20% (12.4 mg/100 g) of the wood chips with the chips of the beans crop
residues were observed to be higher compared to the boards of the variant
with 10% BCR (8.7 mg/100g). The boards made exclusively from the
chips of the bean crop residues (100% BCR) had the perforator value of 9
mg/100 g.

Conversely, the 3 hours and the 24 hours flask values were seen to be
higher for the board variant made exclusively from the bean crop residues
(15.2 mg/1000 g and 111.3 mg/1000 g respectively) compared to the
boards made 10%, 15%, and 20% substitution of the wood chips by the
chips of the bean crop residues. While the perforator method measures the
extractable formaldehyde present in the test sample, the flask method

measures the amount of free formaldehyde emitted from its surfaces. The
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higher the resin load the higher the amount of free formaldehyde. The

disparity in the results between the two methods may be caused by the

difference in resin load between the boards of 100% BCR and the other

board variants (see Table 10). Based on the results, the perforator values

of all the boards exceeded the 8.0 mg/100 g limit of E1.
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Figure 61: The perforator values (at 6.5% moisture content) of the UF-
resin bonded particleboards manufactured by substitution 10%, 15% and
20% of umbrella tree wood chips in the core layer with the chips of bean
crop residues (BCR), and the perforator values of the boards containing
100% bean crop residues. Horrizontal line indicates the maximum limit
for EI emissions standard (8.0 mg/100 g).
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Figure 62: The flask values of the UF-resin bonded particleboards manu-
factured by substitution 10%, 15% and 20% of umbrella tree wood chips
in the core layer with the chips of bean crop residues (BCR), and the flask
values of the boards containing 100% bean crop residues.

5.5.3 Summary of the results of the UF-resin bonded particleboards
based on the chips of umbrella tree wood and bean crop residues of
the dry season

The results of the experimental work to investigate the possibility of pro-
ducing UF-resin-bonded particleboards of the standard DIN EN 312-2
(2010) by substituting 10%, 15% and 20% of the chips of the umbrella
tree wood with chips of the residues of bean crop (dry season residues) in

the core layer of the boards revealed the following:
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By using UF-resin K350 it is possible to produce particleboards
with high enough mechanical strengths (IB and MOR) to satisfy
the requirement of DIN EN 312-2 (2010) by replacing up to 20%
of the wood chips in the middle layer of the board made predomi-
nantly of umbrella tree wood with bean crop residues.

by increasing in the amount of bean crop residues (from 10%,
15% to 20%) in the composite matrix results in a significant dete-
rioration of transverse tensile strengths (IB) of the resulting
boards, but the MOR, MOE and the physical properties did not
differ significantly from one another.

The perforator values of the formaldehyde release of all the
boards exceeded the maximum limit of 8.0 mg/100 g as required
by the E1 standard.

It is technically impossible to produce particleboards of the stand-
ard used for interior applications under dry condition (DIN EN
312-2 (2010) exclusively from the bean crop residues (100%
BCR) when bonded with the UF-resin K350.



6.0 Summary

Against the background of the soaring wood prices, the existing wood and
waste wood scarcity in the wood-based panel industry, the demand for a
more efficient use of the raw material wood, and the fact that wood mate-
rials with high formaldehyde emission are no longer accepted by consum-
ers, eco-friendly alternatives for wood and formaldehyde-containing bind-
ers should be extensively researched. The focus of this thesis was to inves-
tigate the possibility of producing particleboards with low formaldehyde
emission using alternative materials. This goal and additionally the reduc-
tion of the panels’ density shall be achieved by using the wood of fast-
growing tree species, the umbrella tree (Musanga cecropoides), and the
prunings of the cocoa tree (Theobroma cacao). In addition to its fast
growth, the umbrella tree stands out because it places few demands on the
location and is available in large quantities. Cocoa tree prunings (25 t/ha
yearly) accumulate regularly and are usually left in the fields to rot, and in
some cases burned. In this work, a meaningful material use is ensured.

In addition to the umbrella tree wood and the prunings of cacao tree
(wood materials), it also investigated whether the residues of the annual
crop bean (Phaseolus vulgaris) are suitable for particleboards production.
This study was conducted in two phases, the raw material characterization
phase (first phase) and the particleboards manufacturing phase. The first
phase involved a comprehensive investigation of the physical and chemi-
cal properties of the raw materials. In addition to the study raw materials,

wood chips of Norway spruce (Picea abies) were used for comparison.
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The bean crop residues were divided into two categories based on the

harvesting and processing season; the rainy season bean crop residues

(referred to in this study as bean shells) consisted of 100 percent bean

shells and the dry season bean crop residues, consisted of a mixture of

bean shells and bean stems.

Based on the results of the physical and chemical analysis of the study raw

materials, the following conclusions can be made:
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The evaluation of the bulk densities revealed that the bulk densi-
ties of the bean crop residues of both seasons (for both the surface
and core layer chips) were well below the bulk densities of the
wood materials. Amongst the wood materials, the chips of um-
brella tree wood showed comparatively lower bulk densities for
both the surface and core layers chips (127 kg/m’ and 92 kg/m’
respectively) compared to the chips of cacao tree prunings.
Analysis of the pH and buffering capacities revealed a higher pH
value (6.4) for the bean crop residues of the dry season compared
to 5.6 for the bean shells. Amongst the wood material, the cacao
tree prunings and umbrella tree wood had similar pH values of 6.8
and 6.2 respectively, compared to spruce wood (5.4).

The umbrella tree wood and cacao tree prunings, despite their high
pH values, exhibited the least buffering capacity values of 0.54
mmol NaOH/100 g and 0.57 mmol NaOH/100 g respectively. The

buffering capacity values of the bean shells (14.27 mmol



NaOH/100 g) and the bean crop residues of the dry season (6.24
mmol NaOH/100 g) were substantially higher than the rest of the
study raw materials.

Examination of the extractives content of the research raw materi-
als revealed that the umbrella tree wood contained the least
amount of water-soluble extractives (0.28% for cold water and
1.1% for hot water) but contained the highest amount of ethanol-
cyclohexane extractives (3.6%) compared to the rest of the wood
materials. The water-soluble extractives content of the bean crop
residues of both seasons ranged from 14.58% to 14.7% for cold
water and 14.25% to17.5% for hot water.

The analysis of pentosan content showed values of 13% and
16.7% for umbrella tree wood and cacao tree prunings respective-
ly, which were seen to be higher than the values of the bean crop
residues as well as the value of spruce wood. The pentosan con-
tent of the bean shells (8.2%) was not any different from that of
spruce wood (8.5%); rather, it was seen to be relatively lower than
the value of the dry season bean crop residues (10.2%).

The klason lignin contents of cacao tree prunings (39.2%) and
umbrella wood (37%) were substantially higher compared to the
klason lignin contents of the bean crop residues of both seasons,

and the spruce wood (29.4%).
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e Finally, the ash contents of the bean crop residues (8.5 -8.9%)
were much higher in comparison to the ash content of the wood
materials. Amongst the wood materials, cacao tree prunings and
umbrella tree wood contained higher amounts of ash (2.1% and

1.85% respectively) compared to spruce wood (0.36%).

The particleboards’ manufacturing phase of this study was divided into
four parts. The first part investigated the possibility of producing UF-resin
(K340) bonded particleboards of reduced formaldehyde emissions based
on the raw material; umbrella tree wood, and cacao tree prunings. For
comparison purposes, particleboards of spruce wood were also produced.
In addition to this, the first part also investigated the effects of coarser
core layer chips on the properties of the particleboards of umbrella tree
wood and cacao tree prunings. The results of the mechanical-technological
properties suggest that it is technically feasible to produce particleboards
of reduced formaldehyde emissions of the density 650 kg/m’and 550
kg/m’ of the standard DIN EN 312:2010 (type 2) from the raw materials,
umbrella tree wood, and cacao tree prunings when bonded with UF-resin
K340. However, the coarseness of the core layer chips must be appropri-
ate for the boards to achieve high enough bending and stiffness strengths.

The possibility to produce non-formaldehyde containing particleboards
based on the raw materials, umbrella tree wood, and cacao tree prunings,
was the focus of the second part of the particleboards’ manufacture. To

achieve this, an isocyanate-based adhesive (PMDI) and a natural binder
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based on animal protein, blood albumin, were used. The wood chips of the
core layer and the surface layers were separately blended with the differ-
ent adhesives. Particleboards of the densities 650 kg/m’ and 550 kg/m’
were produced in a pilot plant scale. Evaluation of the mechanical-
technological properties revealed that despite the higher internal bond (IB)
strengths of the boards of cacao tree prunings compared to the boards of
umbrella tree wood, their bending strengths (BS) and stiffness characteris-
tics (MOE) on the other hand were considerably lower compared to the
boards of umbrella tree wood. It was also revealed that combining the
chips of umbrella tree wood and cacao tree prunings in the ratio of 50:50
percent (w/w) on both the surface and the core layer will results in parti-
cleboards with superior bending strengths and MOE compared to the
boards made exclusively from cacao tree prunings. In addition, the for-
maldehyde release of the boards of both binder systems was observed to
be negligible compared to the limit of E1. The recorded formaldehyde
values of the board could be attributed to the so-called natural formalde-
hyde of the raw materials because the binder systems contained no free
formaldehyde. The overall findings indicated that the production of non-
formaldehyde containing particleboards of the density 650 kg/m’ for gen-
eral purpose applications including furniture (DIN EN 312:2010) is tech-
nically possible with umbrella wood as raw material when bonded with
PMDI. Also, a mixture of umbrella tree wood and cacao tree prunings in
the ratio of 50:50 percent (w/w) will results in particleboards with high

enough mechanical strengths to meet the requirements of DIN EN
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312:2010 when PMDI is used as the glue. The IB values of all the boards
bonded with blood albumin exceeded the minimum value specified by the
DIN EN 312:2010 standard. However, their MOR (except for the boards
made from a mixture of both materials, of the density 650 kg/m®) and
MOE failed to achieve the required values.

The third part of the project focused on investigating the feasibility of
bean shells (bean crop residues of the rainy season) to serve as a substitute
raw material for wood in both the core and surface layers of parti-
cleboards. Three-layered particleboards (density 650 kg/m’) of umbr- ella
tree wood, cacao tree prunings, and industrial wood chips were produced
in three production series’. In the first and the second series, the propor-
tions were 100 percent bean shells on the surface layers and 100 percent
of the various wood materials in the core layer. That is a 40% substitution
of the wood chips of each board with bean shells. The panels of the first
series were bonded with PMDI and the second series by UF-resin (340).
In the third production series, however, 20 percent (w/w) of the surface
layers and 20 percent (w/w) of the core layer of each board were substi-
tuted with bean shells. The boards of the third series were also bonded
with PMDI (resin load of 4% on the SL and the CL). The substitution
level of the wood chips with bean shells was also 40%. The results of the
evaluation of the physical and mechanical properties were compared to
the required minimum values for commercial particleboards (DIN EN
312:2010 standard for type 2 PB). The particleboards of first production

series (100% bean shells on the surface layer and 100% wood materials
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on the core layer) were able to exceed the minimum required values of
internal bond strength, bending strength and modulus of elasticity. In ad-
dition, the formaldehyde release (evaluated by the flask and perforator
methods) of the boards of the first series was also negligible. The panels
bonded with UF-resin (series 2), as well as the particleboards manufac-
tured with bean shells substituted in both the core layerand the surface
layers (third series) did not have high enough mechanical strength to satis-
fy the requirement for type 2 particleboards of the DIN EN 312:2010
standard. Overall, based on the mechanical performance of the boards of
the first production series, bean shells can be considered as an alternative
surface layer material for particleboards of satisfactory performance for
use in interior fittings and furniture applications.

The fourth part of the experimental work was to investigate the possibility
of producing UF-resin bonded particleboards of the standard DIN EN
312:2010 by substituting 10%, 15% and 20% of the chips of the umbrella
tree wood with chips of bean crop residues of the dry season in the core
layer of the boards. In addition to these boards, another variant of parti-
cleboards made exclusively from the bean crop residues was manufac-
tured. The results revealed that increasing the amount of bean crop resi-
dues (from 10%, 15%, and 20%) in the composite matrix significantly
reduces the internal bond strength of the particleboards but bending
strength, MOE, and the water-related properties are not significantly af-
fected. It is technically possible to produce particleboards with high

enough IB and BS to satisfy the requirement of type 2 particleboards of
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the DIN EN 312:2010 standard by replacing up to 20% of the chips of
umbrella tree wood with chips of the bean crop residues in the core layer
of the board when bonded with UF-resin (350). However, the MOE values
of the boards were slightly lower than the minimum required value (1800
N/mm?). The properties of the particleboards manufactured exclusively
from the bean crop residues did not meet the requirements of this stand-
ard. The formaldehyde release of all the boards (perforator values) ex-
ceeded the E1 limit value of 8.0 mg/100 g of dry board.

The overall findings of this project indicate that umbrella tree wood, cacao
tree prunings and the bean crop residues of both seasons are valuable and
potential alternative biomass that could be used wholly or as a substitute
for wood in particleboards production. In the future, there could be a pos-
sibility to use these previously unused materials for chipboard and to es-

tablish them locally in products, for example in Cameroon.
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7.0 Zusammenfassung

Vor dem Hintergrund der steigenden Holzpreise, der bestehenden Holz-
und Altholzknappheit in der Holzwerkstoffindustrie, der Forderung nach
einer effizienteren Nutzung des Rohstoffes Holz und der Tatsache, dass
Holzwerkstoffe mit kritischem Formaldehydaussto3 keine Verwendung
mehr finden, sollten von den Verbrauchern akzeptierte umweltfreundliche
alternative Bindemittel mit geringem Formaldehydgehalt oder ohne ein-
gehend untersucht werden. Der Schwerpunkt dieser Dissertation lag auf
der Untersuchung der Moglichkeit, Spanplatten mit geringer Formaldehy-
demission unter Verwendung alternativen Rohstoffen und Bindemitteln
herzustellen. Dieses Ziel und die Reduzierung der Rohdichte soll erstmals
durch den Einsatz von Holz der schnell wachsenden Baumarten Schirm-
baum (Musanga cecropoides) und Kakaobaum (Theobroma cacao) er-
reicht werden. Schirmbaum zeichnet sich neben seiner Schnellwiichsigkeit
dadurch aus, dass er wenig Anspriiche an den Standort stellt und in Afrika
in hohen Mengen vorkommt. Holz aus Kakaobaumabschnitten fallen in
Kamerun in Héhe von 25 t/ha jihrlich an und werden iiblicherweise zum
Zwecke die Energiegewinnung verbrannt. In dieser Arbeit ist somit eine
sinnvolle stoffliche Nutzung angestrebt. Neben dem Schirmbaum- und
Kakaobaumholz wurde auch untersucht, ob die Riickstinde der einjdhri-
gen Gartenbohne (Phaseolus vulgaris) ebenfalls fiir die Herstellung von
Spanplatten geeignet sind.

Diese Dissertation wurde in zwei Teilabschnitten durchgefiihrt. Im ersten

Teil wurde die Rohstoffcharakterisierung und im zweiten Teil die Ent-
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wicklung der Spanplatten vorgenommen. Zunichst wurden die physikali-

schen und chemischen Eigenschaften der Rohstoffe umfassend untersucht.

Als Referenz zu den o.g. Rohstoffen wurden Spine aus Fichtenholz (Picea

abies) herangezogen. Die Ernteriickstinde der Bohnenfriichte wurden je

nach Ernte- und Verarbeitungszeit in zwei Kategorien eingeteilt: die Ern-

teriickstinde der Regenzeit bestanden zu 100 Prozent aus Bohnenhiilsen

und die Riickstéinde der Trockenzeit aus einer Mischung aus Bohnenhiil-

sen und Bohnenstidngeln. Basierend auf den Ergebnissen der physikali-

schen und chemischen Analyse der untersuchten Rohstoffe kdnnen fol-

gende Schlussfolgerungen gezogen werden:
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Die Auswertung der Schiittdichten ergaben, dass die Spdne der
Bohnenernteriickstdnde beider Jahreszeiten deutlich unter den
Schiittdichten des Schirmbaum- und Kakaobaumholzes lagen. Bei
den Spanplatten zeigten die Schirmbaumspine sowohl fiir die
Deckschicht als auch fiir die Mittelschicht eine geringere Schiitt-
dichte (127 kg/m’ bzw. 92 kg/m’) im Vergleich zu den Kakao-

baumspénen.

Die Analyse der pH-Werte ergab fiir die Bohnenernteriickstinde
der Trockenzeit einen hoheren pH-Wert von 6,4 im Vergleich zu
5,6 fiir die Bohnenhiilsen aus der Regenzeit. Die Spine aus Ka-
kaobaum- und Schirmbaumholz wiesen dhnliche pH-Werte von
6,8 bzw. 6,2 auf. Die Fichtenholzspédne hatten einen einem pH-

Wert von 5.,4.



Die Schirmbaum- und Kakaobaumholzspine zeigten trotz ihrer
hohen pH-Werte die niedrigsten Pufferkapazititswerte von 0,54
mmol NaOH/100 g bzw. 0,57 mmol NaOH/100 g. Die Pufferka-
pazititswerte der Bohnenhiilsen (14,27 mmol NaOH/100 g) und
der Bohnenernteriickstinde der Trockenzeit (6,24 mmol
NaOH/100 g) waren wesentlich hoher als die der tibrigen Rohstof-
fe.

Die Untersuchung der Extraktstoffgehalte ergab, dass die Schirm-
baumspidne im Vergleich zu den restlichen Spinen die geringste
Menge an wasserloslichen Extrakten enthielt (0,28 % nach Kalt-
wasser- und 1,1 % nach HeiBwasserextraktion), jedoch die héchs-
te Menge an Ethanol-Cyclohexan-Extrakten (3,6 %). Der Gehalt
an wasserloslichen Extrakten in den Bohnenernteriick- stinden
beider Erntezeiten lag nach Kaltwasserextraktion zwischen 14,58
% und 14,7 % und bei HeiBwasserextraktion zwischen 14,25 %
und 17,5 %.

Die Analyse der Pentosangehalte ergab Werte von 13% bzw. 16,7
% fiir Schirmbaum- und Kakaobaumspine. Damit lagen die Werte
iber den Werten der Bohnenernteriickstinde sowie der Fichtenho-
Izspidne. Der Pentosangehalt der Bohnenhiilsen (8,2 %) unter-

schied sich nicht von dem der Fichtenholzspéne (8,5 %), lag aber
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unterhalb des Wertes der Ernteriickstiande aus der Trockenzeit

(10,2 %).

e Die Lignin-Gehalte nach Klason der Kakaobaum- (39,2 %) und
Schirmbaumspéne (37 %) waren erheblich hoher als der Lignin-
Gehalt der Bohnenernteriickstinde beider Erntezeiten (19.6 % und

16.8 %) und des Fichtenholzes (29,4 %).

e Die Aschegehalte der Bohnenernteriickstinde (8,5 - 8,9 %) lagen
im Vergleich zum Aschegehalt der untersuchten Holzspéne erheb-
lich hoher. Die Kakaobaum- und Schirmbaumspine verfiigen iiber
hohere Aschemengen (2,1 % bzw. 1,85 %) als die Fichtenholz-
spane (0,36 %).

Die Entwicklung der Spanplatten in dieser Arbeit gliederte sich in vier
Abschnitte. Im ersten Abschnitt wurde die Mdoglichkeit untersucht, UF-
Harz (BASF K340) gebundene Spanplatten aus Schirmbaum- und Kakao-
baumspénen herzustellen, um die Formaldehydemissionen zu reduzieren.
Zu Vergleichszwecken wurden auch Spanplatten aus Fichtenspidnen her-
gestellt. Dariiber hinaus wurden im ersten Abschnitt die Auswirkungen
von groberen Mittelschichtspidnen untersucht, um die Biegefestigkeit der

Spanplatten zu erhdhen.

Die Ergebnisse zeigen, dass die Spangrofe der Mittelschicht eine be-

stimmte Grofle aufweisen miissen, um ausreichend hohe Biegefestigkeiten
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und E-Module zu gewihrleisten. Die Uberpriifung der mechanisch-
technologischen Eigenschaften zeigte, dass die Herstellung von Spanplat-
ten mit reduzierten Formaldehydemissionen bei Rohdichten von 650
kg/m3 und 550 kg/m3 der Norm DIN EN 312: 2010 (Typ 2) entsprechen.
Die Herstellung von Spanplatten aus Schirmbaum- und Kakaobaumspa-
nen ist unter Verwendung des formaldehydarmen UF-Harzes BASF K 340
technisch machbar.

Die Moglichkeit, formaldehydfreie Spanplatten auf Basis von Schirm-
baum- und Kakaobaumspédnen herzustellen, stand im Mittelpunkt des
zweiten Abschnitts dieser Dissertation. Um dies zu erreichen, wurden ein
Bindemittel auf Isocyanatbasis (PMDI) und ein natiirliches Bindemittel
auf Basis von tierischem Protein, Blutalbumin, verwendet. Im Techni-
kumsmaBstab wurden Spanplatten in Rohdichten 650 kg/m’® und 550
kg/m® produziert. Die Auswertung der mechanisch-technologischen Ei-
genschaften ergab, dass die Spanplatten aus Kakaobaumspinen trotz der
hoheren Querzugfestigkeiten im Vergleich zu Schirmbaumbholz, niedrigere
Biegefestigkeiten und E-Module aufwiesen. Es wurde ebenfalls festge-
stellt, dass das Kombinieren der Schirmbaum- und Kakaobaumspéne im
Verhiltnis von 50:50 (Gew./Gew.) in den Deck-und Mittelschichten der
Spanplatten zu hoheren Biegefestigkeiten und hoheren Elastizitdtsmodu-
len fiihrte, als bei alleiniger Verwendung von Kakaobaumspénen. Ausser-
dem wurde beobachtet, dass die Formaldehydemissionen der Platten bei-
der Bindemittelsysteme im Vergleich zum Grenzwert der Norm E1 sehr

geringfiigig waren. Die getesteten Formaldehydwerte der Platten konnten
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auf den sogenannten natiirlichen Formaldehyd des gewachsenen Holzes
zuriickgefiihrt werden, da die verwendeten Bindemittelsysteme keinen
freien Formaldehyd enthielten. Die Ergebnisse zeigten, dass die Herstel-
lung von formaldehydfreien Spanplatten aus Schirmbaumholz mittels
PMDI in einer Rohdichte von 650 kg/m® fiir allgemeine Anwendungen,
einschlieBlich Mobel (DIN EN 312: 2010), in der Praxis moglich ist. Eine
Mischung aus Schirmbaum- und Kakaobaumspédnen im Verhiltnis 50:50
(Gew./Gew.) und PMDI als Bindemittel ergab Spanplatten mit ausrei-
chenden mechanisch-technologischen Eigenschaften, um die Anforderun-
gen der DIN EN 312: 2010 zu erfiillen. Die Querzugfestigkeit aller mit
Blutalbumin beleimt Spanplatten lag iiber dem in der Norm DIN EN 312:
2010 festgelegten Mindestwert. Die Biegefestigkeit (mit Ausnahme der
aus einer Mischung beider Spine hergestellten Spanplatten mit einer Roh-
dichte von 650 kg/m®) und Elastizititsmodul erreichten jedoch nicht die
erforderlichen Werte.

Der dritte Abschnitt dieser Dissertation konzentrierte sich auf die Unter-
suchung der Eignung von Bohnenhiilsen (Ernteriickstinden wihren der
Regenzeit) als Ersatzrohstoff fiir Holz sowohl in den Mittel- als auch in
der Deckschicht von Spanplatten. In drei Versuchsreihen wurden drei-
schichtige Spanplatten (Rohdichte 650 kg/m’) aus Schirmbaum-, Kakao-
baum- und Industriespidnen hergestellt. In der ersten und zweiten Ver-
suchsreihe betrugen die Anteile 100 % Bohnenhiilsen in den Deckschich-
ten und 100 % der verschiedenen Holzspine in der Mittelschicht. Hieraus

ergibt sich somit eine 40 %ige Substitution der Holzspine durch Bohnen-
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hiilsen. Die Spanplatten der ersten Versuchsreihe wurden mit PMDI und
die zweite Versuchsreihe mit UF-Harz (BASF 340) gebunden. In der
dritten Versuchsreihe wurden 20 % (Gew./Gew.) der Deckschicht und 20
% (Gew./Gew.) der Mittelschicht jeder Spanplatte durch Bohnenhiilsen
ersetzt. Die Spanplatten der dritten Versuchsreihe wurden ebenfalls mit
PMDI gebunden (Beleimungsanteil von 4 % auf DS und MS, atro). Der
Substitutionsgrad der Holzspiane mit Bohnenhiilsen betrug ebenfalls 40 %.
Die mechanisch-technologischen Figenschaften der in dieser Dissertation
entwickelten Spanplatten wurde mit den geforderten Mindestwerten fiir
handelsiibliche Spanplatten verglichen (Norm DIN EN 312: 2010 fiir Typ
2 Spanplatten). Die Spanplatten der ersten Versuchsreihe (100 % Bohnen-
schalen in der Deckschicht und 100 % Holzspine in der Mittelschicht)
konnten die geforderten Mindestwerte fiir Querzugfestigkeit, Biegefestig-
keit und Elastizitatsmodul iibertreffen. Dariiber hinaus war die Formalde-
hydemission (getestet nach der Flaschen- und Perforatormethode) der
Platten der ersten Reihe ebenfalls sehr gering. Die Spanplatten, die mit
UF-Harz (Versuchsreihe 2) gebunden wurden, sowie die Spanplatten, die
mit Bohnenhiilsen sowohl in der Mittelschicht als auch in der Deckschicht
(dritte Versuchsreihe) hergestellt wurden, wiesen keine ausreichenden
mechanisch-technologischen Eigenschaften auf, um die Anforderungen
von Spanplatten fiir allgemeine Zwecke Typ 2 zu erfiillen (DIN EN 312:
2010). Insgesamt konnen Bohnenhiilsen, basierend auf den mechanisch-

technologischen Eigenschaften der untersuchten Spanplatten als alternati-
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ves Deckschichtmaterial fiir den Einsatz im Innenausbau und in der Mo-
belherstellung angesehen werden.

Im vierten Abschnitt der experimentellen Arbeit wurde untersucht, ob der
Ersatz von 10 %, 15 % und 20 % der Mittelschichtspidne des Schirm-
baumholzes durch Spine von Bohnenernteriickstinden der Trockenzeit
moglich ist und die Anforderungen nach DIN EN 312: 2010 erfiillt wer-
den konnen. Neben diesen Spanplatten wurde eine weitere Variante herge-
stellt, die ausschlieBlich aus Bohnenernteriickstinden bestand. Die Ergeb-
nisse zeigten, dass durch steigenden Einsatz der Mittelschichtspidne durch
Bohnenernteriickstinden (10 %, 15 % und 20 %) die Querzugfestigkeiten
der Spanplatten signifikant verringert werden. Dagegen wird die Biegefes-
tigkeit, der E-Modul und die hygroskopischen Eigenschaften jedoch nicht
negativ beeinflusst. Wird UF-Harz (BASF 340) als Bindemittel verwen-
det, ist es bis zu einem Einsatz von 20 % Schirmbaumspinen durch Boh-
nenernteriickstdnde technisch moglich. Die so hergestellten Spanplatten
verfiigen iiber eine ausreichende Querzugfestigkeit und Biegefestigkeit,
um die Anforderungen von Spanplatten des Typs 2 geméll DIN EN 312:
2010 zu erfiillen. Die E- Module der Spanplatten lagen jedoch geringfiigig
unter dem erforderlichen Mindestwert (1800 N/mm?) der EN-Norm. Die
Eigenschaften der ausschlieBlich aus Bohnenernteriickstinden hergestell-
ten Spanplatten entsprachen nicht den Anforderungen dieser Norm. Die
Formaldehydemissionen aller Platten (Perforatorwerte) iiberschritten den

E1-Grenzwert von 8,0 mg/100 g atro Platte.
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Die Ergebnisse dieser Arbeit zeigen insgesamt, dass Schirmbaum-, Ka-
kaobaumholz und die Bohnenernteriickstinde sinnvolle und potentielle
alternative Rohstoffe zur Herstellung von Spanplatten sind. Diese nach-
wachsenden Rohstoffe konnen vollstindig oder als Teil zur Produktion
von Spanplatten eingesetzt werden. Zukiinftig wird somit ermoglicht,
bisher fiir Spanplatten ungenutzte Materialien einzusetzen und vor Ort,

beispielsweise in Kamerun, in Produkten zu etablieren.
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8.0 Outlook

Within the scope of the investigations carried out in this dissertation, the
finding has indicated that umbrella tree wood, cacao tree prunings, and
bean crop residues could be valuable renewable resources for the produc-
tion of particleboards. It has been shown that it is technically feasible to
produce particleboards with high enough strengths to be used for general
purpose applications including furniture with the chips of umbrella tree
wood and cacao tree prunings. The bean crop residues of both seasons
could be used in combination with wood materials to achieve the same
purpose. However, there are still some gaps in terms of research that need
to be filled to have a complete understanding of these raw materials.

The first phase of the study was focused on investigating the physical and
chemical characteristics of the raw materials.The availability of the bean
crop residues like most annual plants is not always guaranteed throughout
the year in a uniform quality. Like straw, they must therefore be stored for
a long time in bales with a moisture content of less than 15 % in order to
avoid a biological attack. The extent to which the gluing-relevant proper-
ties of the bean crop residues, such as pH, buffer capacity and volatile acid
content, are influenced by the storage time should be investigated.

The study on the effect of coarser core layer wood chips of umbrella tree
wood and cacao tree prunings on the properties of the resulting parti-
cleboards indicated that an increase in the coarseness of the core layer
chips have a significant effect on the mechanical-technological properties

of the boards. The results are indicative of a trend but cannot be general-
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ized to include all fractional compositions of core layer wood chips with
higher amounts of coarser materials. Therefore, it would be important to
identify which fractional composition of the chips of the various raw ma-
terials is optimal for particleboards production.

The technique of substituting wood with annual crop residues such as the
bean crop residues used in this study is a novel approach with significant
potential for producing particleboards with comparative properties as the
boards made exclusively from wood. Nevertheless, the major challenge
faced when using annual crop residues in the production process is the
presence of the waxy substances on their epidermis which adversely af-
fects bonds formation between the glue and the raw material. Developing
methods by which these waxy substances could be removed from the sur-
faces of the annual crop residues without altering their cellular structures
would be helpful in establishing them as effective raw materials in the
wood-based panel industry.

The investigation into the possibility of producing particleboards of DIN
EN 312:2010 standard by substituting 10 %, 15 %, and 20 % (w/w) of
umbrella tree wood chips of the core layer with the chips of bean crop
residues of the dry season should be extended to substitution levels of 25
%, 30 %, and so on. Also, experimental particleboards should be manufac-
tured with the bean crop residues of the dry season as the surface layer
material. The particleboards involving the bean crop residues of the dry

season should also be repeated with isocynate-based glue such as PMDI.
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Finally, more work need to be done to optimize some of the production

variables such as press time, press temperature and resin load.

192



9.0 Bibliography

Aambrozy H., Giertlova Z. (2005): Planungshandbuch Holzwerkstoffe:
Technologie, Konstruktion, Anwendung.

Adhikari B. B., Appadu P., Chae M. and Bressler, D. C. (2017): Protein-based
wood adhesives current trends of preparation and application. in: Bio-based
Wood Adhesives, Z. He (ed.), CRC Press, Boca Raton, FL, USA, pp. 1-58. DOIL:
10.1201/9781315369242-1

Alexandropoulos D., Nakos P. and Mantanis G. (1998): European approach to
particleboard and MDF adhesives. In 1998 Resin andBlending Seminar
Proceedings, Composite Panel Association (CPA),10-11 December 1998,
Charlotte, N. Carolina, USA, p. 133-141.

Azizi K., Tabarsa T. and Ashori A. (2011): Performance characterizations of
particleboards made with wheat straw and waste veneer splinters. Composites
Part B 42, p.2085-20809.

Becker E. and Braun D. (1990): Kunstoffhandbuch. 1. Kunststoffe — Polykon-
densationsharze. Karl Hanser Verlag, Miinchen, Germany.

Behrendt S., HenselingC., Erdmann L., Knoll M. and Rupp J. (2007):
"Trendreport: Zukunftstrends fiir das Bauen mit Holz" Paperreihe des Holzwen-
de 2020plus-Projektes, Institut fiir Zukunftstudien und Technologiebewertung,
ed., Eigenverlag, Berlin.

Behrendt S. and Rupp J. (2006): " Perspektiven der Holzmobilisierung zur
Stirkung nachhaltiger Zukunftsmérkte der Forst- und Holzwirtschaft," Paperrei-
he des Holzwende 2020plus- Projektes, Institut fiir Zukunftstudien und Techno-
logiebewertung, ed., Eigenverlag, Berlin.

BMWi — (Bundesministerium fiir Wirtschaft und Energie) (2016): Marktan-
reizprogramm (MPA) — Internetaufruf am 18.04.2016: http://www.erneuerbare-
energien.de/EE/Navigation/DE/Foerderung/

193


http://www.erneuerbare-energien.de/EE/Navigation/DE/Foerderung/
http://www.erneuerbare-energien.de/EE/Navigation/DE/Foerderung/

194

Bowyer J.L. and Stockman V.C. (2001): Agricultural Residues. An Exciting
Bio-based Raw Material for the Global Panel Industry. Forest Products Journal,
51(1): 10-21.

Brinkmann E. (1982): Entscheidende technologische Werte von Spanplatten
und Moglichkeiten zu deren Beeinflussung wihrend der Produktion. Holz als
Roh- und Werkstoff V40 (10): 381-386, Springer-Verlag Berlin, Heidelberg. (in
German)

Buongiorno J., Zhu S., Raunikar R. and Prestemon J. (2012): Outlook to
2060 for World Forests and Forest Industries: A Technical Document Supporting
the Forest Service 2010 RPA Assessment. Southern Research Station, 200 W. T.
Weaver Blvd. Asheville, NC 28804.

Burkill H.M. (1985): The useful plants of west tropical Africa. ed. 2, Vol. 1,
Families A-D.

Carroll M.N. (1963): ‘Efficiency of urea formaldehyde and phenol formalde-
hyde in particleboard’. Forest Products Journal, vol. 13, no. 3, p. 113 — 120.

Christjanson P.,Pehk T. and Siimer K. (2006):Hydroxymethylation and poly-
condensation reactions in urea-formaldehyde resin synthesis. Journal of Applied

Polymer Sciences, 100, p.1673-1680.

CNC (Comité National des Co-produits) (2004):Coproduits de fruits et legumes
et coproduits de conserverie: fiche n® 24. Comité National des Co-produits,

ADEME, IDELE.(In Frecnch).

http://idele.fr/recherche/publication/idelesolr/recommends/coproduit-de-haricots-

vertsde-conserverie.html

Cone C. N. (1934): Adhesive and process of making the same. U.S. Patent No.
1976436


http://idele.fr/recherche/publication/idelesolr/recommends/coproduit-de-haricots-

Conner A. H. (2001): Wood: Adhesives. In: Encyclopedia of Materials: Science
and Technology. Amsterdam; New York: Elsevier Science, Ltd., p. 9583-9599.
Dauvergne P. and Lister J. (2011): Timber. Chapter: Flat-pack furniture. Cam-
bridge, MA: Polity Press.

Deppe H. J. and Ernst K. (2000): Taschenbuch der Spanplattentechnik. 4.
UberarbeiteAuflage, DRW-Verlag, ISBN 3-87181-349-4: 85 — 96.

Deppe H. J. and Ernst K. (1996): MDF — Mitteldichte Faserplatten. DRW-
Verlag. Leinenfeld-Echterdingen.

Detlefsen W. D. (1989): Blood and casein adhesives for bonding wood. in: Ad-
hesives from Renewable Resources, R. W. Hemingway, A. H. Connor, and S. J.
Branham (eds.), ACS Publications, Washington, D.C., USA, pp. 445-452. DOI:
10.1021/bk-1989-0385.ch031

Deutsche Fassung EN 319 (1993): Deutsches Institut fiir Normungen e. V.
1999, Beuth-Verlag, Berlin, Wien, Ziirich.

Deutsche Fassung DIN66 165 (1987): Deutsches Institut fiir Normungen e. V.
1987. Beuth-Verlag, Berlin, Wien, Ziirich.

Devi N, Mandip S., Bably K., and Tarun K. Maji, (2016). Encapsulation of
active ingredients in polysaccharide-protein complex coacervates. Advances in
colloid and Interface Science.

Dietrich F. and Gerd, W. (1989): Wood: Chemistry, Ultrastructure, Reaction.
Berlin, New York: de Gruyter 1989.

DIN EN 14775 (2012): Feste Biobrennstoffe - Bestimmung des Aschegehaltes;
Deutsche Fassung EN 14775:2009. Deutsches Institut fiir Normungen e. V.
1999, Beuth-Verlag, Berlin, Wien, Ziirich. (in German).

DIN EN 312 (2010): Spanplatten — Anforderungen. Deutsche Fassung EN
312:2010-12. Deutsches Institut fiir Normungen e. V., Beuth-Verlag, Berlin,

Wien, Ziirich. (in German).

195



196

DIN EN 14775 (2009): Solid biofuels - Determination of ash content. European

committeeforstandardization.B-1000 Brussels.

DIN EN 310 (1993): Holzwerkstoffe — Bestimmung des Biege-
Elastizititsmoduls und der Biegefestigkeit. Deutsche Fassung DIN EN
310:1993. Deutsches Institut fiir Normungen e. V. 1999. 6. Auflage, Beuth-

Verlag, Berlin, Wien, Ziirich. (in German).

DIN EN 319 (1993): Spanplatten und Faserplatten — Bestimmung der Zugfestig-

keit senkrecht zur Plattenebene.(in German).

DIN EN 323 (1993): Holzwerkstoffe — Bestimmung der Rohdichte. Deutsche
Fassung EN 323:1993. DeutschesInstitut fiir Normungen e. V. 1999, Beuth-

Verlag, Berlin, Wien, Ziirich. (in German).

DIN EN 120 (1992): Holzwerkstoffe - Bestimmung des Formaldehydgehaltes -
Extraktionsverfahren (genannt Perforatormethode); Deutsche Fassung. (In Ger-

man).

DIN 66165 (1987): Partikelgrolenanalyse; Siebanalyse; Grundlagen und Durch-
fithrung. Deutsche Fassung DIN 66 165:1987. Deutsches Institut fiir Normungen
e. V. 1987. Beuth-Verlag, Berlin, Wien, Ziirich.

DIN 52351 (1956): Testing of wood fibre boards; determination of the moisture
content, the absorption of water and the thickness swell.

Dohrenbusch A. and Bolte A. (2008): "Forest Plantations”, Wood production,
Wood Technology and Bio-Technological Impacts. U. Kiies, Ed., Universitits-
verlag, Gottingen.

Dunky M. (2001): State of the Art Report; Wood Adhesion and Glued products.
COST Action E13-WG1. Working Group 1.

Dunky M. (1998): Urea—formaldehyde (UF) adhesive resins for
wood.International Journal of Adhesion and Adhesives, 18, 95-107.



Dunky M. (1997): Urea-formaldehyde (UF) adhesive resins for wood. Interna-
tiona Journal of adhesion and adhesives 18, p. 95-107.
Egger (2014): Umwelt and Nachhaltigkeit. Mit Egger Holzwerkstoffen nachhal-

tig bauen und gesund wohnen. Company brochure, December 2014, 52 pages.

EN 717-1 (2005): Holzwerkstoffe — Bestimmung der Formaldehydabgabe — Teil
1: Formaldehydabgabe nachder Kammer-Methode. Deutsche Fassung.

EN 717-3 (1996): Holzwerkstoffe — Bestimmung der Formaldehydabgabe — Teil
3 Formaldehydabgabe nachder Flaschen-Methode. Deutsche Fassung.

EN 317 (1993): Particleboards and fibreboards - Determination of swelling in
thickness after immersion in water. European Committee forStandardization

(CEN) 1993.

Euring M., Kirsch A., Schneider P., and Kharazipour A. (2016): Lignin-
Laccase-Mediator-Systems (LLMS) for the Production of Binderless Medium
Density Fiberboards (MDF). Journal of Materials Science Research, Vol. 5 (2);
DOI: 10.5539/jmsr.v5n2p7.

Euring M., Kirsch A. and Kharazipour A. (2015): Hot-Air/Hot-Steam Process
for the Production of Laccase-Mediator-System Bound Wood Fiber Insulation
Boards. BioResources 10(2), pp. 3541-3552, DOI: 10.15376/biores.10.2.3541-
3552.

Euring M., Trojanowski J. and Kharazipour A. (2013): Laccase-Mediator
Catalyzed Modification of Wood Fibers: Studies on the Reaction Mechanism and
Making of Medium-Density Fiberboard. Forest Products Journal Vol. 63, No.
1/2, pp. 54-60.

Euring M., Riihl M., Ritter N., Kiies U. and Kharazipour A. (2011): Laccase-
mediator-systems for eco-friendly production of medium-density fiberboard

(MDF) in pilot scale: Physico-chemical analysis of the reaction mechanism. Bio-

197



198

technol. J., Volume 6, Issue 10, pp. 1253-1261.

Euring M., Miiller C. and Kharazipour A. (2008): Application of mediators in
enzymatical activation of fiberself cohesions for the production of enzyme-
bonded, binder-free derived timber products. - Methods and Results. In Kharazi-
pour, A.; Miiller, C.; Schopper, C. (Eds.): In: Review of forests, wood products
and wood biotechnology of Iran and Germany - Part II, Universititsverlag Got-
tingen 2008, ISBN 978-3940344212.

European Chemicals Agency Regulation 605/2014 (2014): Commission Regu-
lation (EU) No 605/2014 amending, for the purposes of introducing hazard and
precautionary statements in the Croatian language and its adaptation to technical
and scientific progress, Regulation (EC) No 1272/2008 of the European Parlia-
ment and of the Council on classification, labelling and packaging of substances
and mixtures. European Union, Brussels, Belgium.

Fan B., Zhang L., Gao Z., Zhang Y., Shi J. and Li J. (2016): Formulation of a
novel soybean protein-based wood adhesive with desired water resistance and
technological applicability. J. Appl. Polym. Sci. 133(27), Article ID 43586. DOI:
10.1002/APP.43586.

FAO (Food and Agricultural Organization of the United Nations) Statistics
(2017): Agricultural production data.

FAO (Food and Agricultural Organization of the United Nations) Statistics
(2016):http://www.fao.org/faostat/en/#data/QClvisualize.
Feldman D. (2002): Lignin and its polyblends. A review in “Chemical Modifi-
cation, Properties, and Usage of Lignin”. Edited by Thomas Q. Hu. Kluwer Aca-
demic / Plenum Publishers.
Frihart C. R. and Lorenz L. F. (2017): Protein adhesives. in: Handbook of
Adhesive Technology — 3rd Edition, A. Pizzi, and K. L. Mittal (eds.), CRC
Press, Boca Raton, FL, USA, pp. 145-175.


http://www.fao.org/faostat/en/#data/QC/visualize

Frybort S., Mauritz R., Teischinger A. and Miiller U. (2008): Cement bonded
composites—A Mechanical Review. BioResources, 3(2), 602-626.

Fungel D. and Wegener G. (1989): Wood: chemistry, Ultrastructure , reaction.
Walster de Gruyter Berlin, New York. 613PP

Geimer R. L. and Christiansen A. W. (1996): Critical variables in the rapid
cure and bonding of phenolic resins. Forest Products Journal, 46, 67-72.

Gerardi V., Minelli F. and Viggiano D. (1998): Steam treated rice industry res-
idues as an alternative feedstock for the wood-based particleboard industry in
Italy. BiomassBioenergy 14(3), 295-299.

Golbanaie M. (2006): Applications of Bio composites in building industry, De-
partment of Plant Agriculture University of Guelph, 2-3.

Gossett J. M., Estep M. H. and Perrine M. J. (1959): Production of glue from
soluble blood. U.S. Patent No. 2874134

Guler C. and Ozen R. (2004): Some properties of particleboards made from
cotton stalks (Gossypiumhirsitum L.) Holz Roh Werkst 62, 40—43.

Han J. S. and Rowell J. S. (1996): Chemical composition of fibers. In R.M.
Rowel, et al. (ed.) Paper on the composites from agro-based resources. CRC
Press, Boca Raton. P.464.

Hapla F. and Militz H. (2008): Verwertung und Verwendung von
Buchenholz. Beitrige aus der NW-FVA, Band 3: 311-325.

Hegazy S. S. and Aref I. M. (2010): Suitability of some fast-growing trees and
date palm fronds for particleboard production. Forest Prod. J. 60(7/8), 599-604.
Henning S. B. (1920): Glue and process for manufacturing the same. U.S. Pa-
tent No. 1329599.

Huang J.and Li K. (2008): A New Soy Flour-Based Adhesive for Making Inte-
rior Type II Plywood.JAOCS, Journal of the American Oil Chemists' Society;
P.63.

199



200

Hubbard E. (1887): Die Verwerthung der Holzabfille. Hartleben, Vienna Aus-
tria.

Huffman F.G. (2003): Encyclopaedia of Food Sciences and Nutrition. Second
Edition.

Hun D.E., Siegel J.A., Morandi M.T., Stock T.H. and Corsi R.L. (2009):
Cancer risk disparities between Hispanic and non-Hispanic White populations:
the role of exposure to indoor air pollution, Environ. Health Perspect., 117,

1925-1931.

Hutschneker K. (1975): Neuere Entwicklungen auf dem Spanplattengebiet (Re-
centdevelopments in thefieldofparticleboard) (In German). HolzRohWerkst
33(10): p. 357-364.

IARC (International Agency for Research on Cancer) (2006): Formaldehyde,
2-butoxyethanol and 1-tert-butoxypropan-2-ol, IARC Monog. Eval. Carc. 88, 1-
478.

ICCO (International Cocoa Organisation) (2016): Quarterly bulletin of cocoa
statistics, Vol. XLII, No.1, Cocoa year 2015/16.

ICCO (INTERNATIONAL COCOA ORGANISATION) (2019): ICCO Quarterly
Bulletin of Cocoa Statistics, Vol. XLV, No.1, Cocoa year 2018/19.

ILI (International lignin institute) (2000-2017). About Lignin. http://www.ili-
lignin.com/

ILSR (Institute for local self-Resilience) (1997): The carbohydrate economy,
Volume no.1, Issue no.1, fall 1997, p. 14.

Istek A., Aydin U., and Ozliisoylu I. (2018): “The effect of chips size on Parti-
cleboard Properties.” International congress on engineering and life science. 26-

29 April, Turkey.



Kharizipour A., Ritter N., von Werder H-K., Bohn C. (2011): Entwicklung
leichter dreischichtiger Spanplatten auf Basis nachwachsender Rohstoffer. Holz-
technolgie 52 (5): 11-16.

Kharazipour A. (1996): Enzyme von WeiBfdulepilzen als Grundlage fiir die
Herstellung von Bindemitteln fiir Holzwerkstoffe. J.D. Sauerldnder’s Verlag,

Frankfurt (Main), Germany.

Kimoto R. E., Ishimoir H.S. and Maku T. (1964): ‘Studies on particleboards.
VI. Effects of resin content and particle dimension on the physical and mechani-
cal properties of low-density particleboards’. Wood Research, vol. 32, p. 1 — 14
Kirker T., Blodgett B., Arango A., Lebow K. and Clausen A. (2013): The
role of extractives in naturally durable wood species. International Biodeteriora-
tion & Biodegradation 82, p.53-58.

Kirsch A., Ostendorf K. and Euring M. (2018): Improvements in the produc-
tion of wood fiber insulation boards using hot-air/hot-steam process. Eur. J.
Wood Wood Prod. 76(4), 1233-1240. DOI: 10.1007/s00107-018-1306-z.

Kirsch A., Ostendorf K., Kharazipour A. and Euring M. (2016): Phenolics as
mediators to accelerate the enzymatically initialized oxidation of laccase- media-
tor-systems for the production of medium density fiberboards,” BioResources
11(3), 7091-7101. DOI: 10.15376/biores.11.3.7091-7101

Kloeser L., Kiies U., Schopper C., Hosseinkhani H., Schiitze S., Dantz S.,
Malik L., Vos H., Bartholme M., Miiller C., Polle A. and Kharazipour A.
(2007): Panel Boards and ConventionalAdhesives. In: Kiies, U., (Ed.) Wood
production, Wood Technology, and Biotechnological Impacts, Universititsverlag
Gottingen.

Kozlowski Y. R. and Manys’ S. (1997): Coexistence and competition of natural
and man-made fibers. Proceedings of the 78" world conference of the textile in-

stitute. 23-27 may, 1997. Thessaloniki, Grece.

201



202

Kiies U., Bohn C., Euring M., Miiller C., Polle A., & Kharazipour A. (2007):
Enzymatically Modified Wood in Panel Board Production. In U. Kiies(Ed.),
Wood Production, Wood Technology, and Biotechnological Impacts (pp. 433-
467). Universititsverlag Gottingen.

Lehman W.F. and Hefty F.V. (1973): ‘Resin efficiency and dimensional stabil-
ity of particleboard’. FPL 208, Forest Products Laboratory, US Department of
Agriculture, Pullmann, USA

Lei H., Pizzi A., Navarrete P., Rigolet S., Redl A. and Wagner A. (2010):
Gluten protein adhesives for wood panels,” J. Adhes. Sci. Technol. 24(8-10),
1583-1596. DOI: 10.1163/016942410X500963.

Lias H., Kasim j., Johari N. A. N., and Mokhtar I. L. M. (2014). Influence of
board density and particle sizes on the homogenous particleboard properties from
kelempayan (neolamarckiacadamba). International Journal of Latest Research in

Science and Technology, Issue6: P. 173-176.

Lim K.O. (1986a). The energy potential and current utilization of agriculture
and logging waste in Malaysia, Renewable Energy Review Journal, Vol.§, No. 2,

December 1986, RERIC-AIT, Bangkok.

Lin H. and Gunasekaran S. (2010): Cow blood adhesive: Characterization of
physicochemical and adhesion properties. Int. J. Adhes. Adhes. 30(3), 139-144.
DOI: 10.1016/j.ijjadhadh.2009.10.003.

Li X,, Li J., Luo J., Li K., Gao Q. and Li J. (2018): A novel eco-friendly blood
meal-based bio-adhesive: Preparation and performance. J. Polym. Environ.
26(2), 607-615. DOT: 10.1007/s10924-017-0976-7.

Lindauer A. C. (1923): Blood-albumin glue. U.S. Patent No. 145954.

Lora J. H. and Glasser W. G. (2002). Recent industrial applications of Lignin:
A Sustainable alternative to non-renewable materials. Journal of polymers and

the environment Vol.10, Nos. 1/2).



Mantanis G., Eleftheria Th., Athanassiadou M., Barbu M. and Wijnendaele
K. (2018): Adhesive systems used in the European particleboard, MDF and OSB
industries. Wood Material Science & Engineering,13:2, p.104-116,
DOI:10.1080/17480272.2017.1396622

Markessini E., Roffael E. and Rigal L. (1997): Panels from annual plants fi-
bers bonded with Urea-formaldehyde resins. Proceedings of the Washington
state university International, 31st Particleboards/composite materials symposi-
um.

Web: http://www.Marktanreizprogramm/marktanreizprogramm.html

McKeen W.T. and Jacobs R. S. (1997): Wheat straws as a paper fiber source.
Clean Washington Center 1-55.

Miller R. B. (1999b): Structure of wood, Forest product Laboratory, 1999.
Wood handbook- Wood as an engineering material. Gen. Tech. Rep. FPL-GTR-
113, Madison, WI: U.S. Department of Agriculture , Forest Service, Forest
Product Laboratory. p. 463.

Mueller D. H., Krobjilowski A. and Schachtschneider H. (2002): Acoustical-
ly Optimized Structural parts Basing on Hybrid fleeces, Beltwide cotton

conferences, Atlant, GA, January 8-1 ot

Mundy J. S. and Bonfield P.W. (1998): Predicting the short-term properties of
particleboard using composite theory. Wood Sci Technol 32(3): 237-245.

Nash. T. (1953): The colorimetric estimation of formaldehyde by means of
Hantzsch reaction. Biochemical Journal. 55 (3): 416 — 421.

Nazerian M., Ghalehno M. D., Shojaiishad M., Sharifpoor H. and Taftiyan
M. H. (2011): Properties of three—layer particleboard made from wood of Athel
(Tamarixaphylla) and pruning particles of almond(Amygdalus communis) and

pistachio (Pistaciavera). J Basic Appl Sci Res 1(8):837-843.

203



204

Nguyen T. G., Pfriem A. and Wagenfiihr A. (2006): Alternatives Verfahren
zur Zerfaserung von Einjahrespflanzen fiir Klein- und mittelstindische Unter-
nehmen. Teil 1: Vorstellung des Zerfaserungsprozesses, Holztechnologie 47, (4):
11-15.

Nikvash N. (2013): Renewable Resource Utilization of Annual Plants:
Chemistry, biotechnological application and development of particleboards. PhD
Dissertation. Department of molecular wood biotechnology and technical
mycology. Georg-August University of Goettingen.

Nikvash N., Kharazipour A. and Euring M. (2013a): Low density parti-
cleboards with different kind of annual plants by UF/wheat protein adhesives.
holztechnologie 54 (2013) 2, S. 29-35.

Nikvash N., Kraft R., Kharazipour A., and Euring M. (2010): Comparative
properties of bagasse, canola and hemp particleboards. Eur. J. Wood Prod.,
68(3), 323-327. http://dx.dio.org/10.1007/s00107-010-0465-3.

Ohlhauser G. (2005): Beschichtete Hanfspanplatte — Cannabis Excellent. Ent-
stehung und Marktpotential der Okologischen Leichbauplatten. PR-Nr. 40175-
0134-05/2005. Vortrag auf der INTERZUM in Koln, 29.04.-03.05.2005.

Orwa C., Mutua A., Kindt R., Jamnadass R. and Anthony S. (2009): Agro-
forestree Database: a tree reference and selection guide version 4.0. World Agro-
forestry Centre, Kenya.

Papadopoulos A. N., Hill C. A. S., Traboulay E. and Hague J. R. B. (2002):
Isocyanate Resins for Particleboard: PMDI vs EMDI. [Online].

Pentosans in wood and pulp. In TAPPI test method T 223 cm-01. Atlanta GA.
Pizzi A. (1994): Advanced Wood Adhesives Technology (New York: Marcel
Dekker).

Pizzi A. and Mittal K. L. (2011): Wood Adhesives, CRC Press, Boca Raton,
FL, USA.


http://dx.dio.org/10.1007/s00107-010-0465-3

Pizzi A. and Mittal K. L. (1994): Handbook of adhesive technology. Marcel Dekker,
New York, NY.

Polle A., Hawighorst P. and Spellmann H. (2008): Innovative Holzprodukte und
Holzwerkstoffe aus nachhaltig produziertem Buchen- und Kiistentannenholz. In:
Holztechnologie V49 (6): S. 5-6, Dresden.

Poppensieker J. and Thomen H. (2005): Wabenplatten fiir den Mobelbau.
Bundesforschungsanstalt fiir Forst- und Holzwirtschaft. Arbeitsbericht des Insti-
tuts fiir Holzphysik und mechanische Technologie des Holzes, Universitidt Ham-
burg.

Purseglove J.W. (1968): Tropical Crops: Dicotyledons, Longmans, Longmans,

London.

Rackwitz G. (1963): Der Einfluss der Spanabmessungen auf einige Eigenschaf-
ten von Holzspanplatten (Influenceofchipdimensions on someproper-
tiesofwoodparticleboard) (In German). HolzRohWerkst 21(6): 200-209.

Roffael E. (2015): Significance of wood extractives for wood bonding. Springer-
Verlag Berlin Heidelberg 2015. P 1589-1596.

RoffaelE. (2004): Holzchemie und Holztechnologie. Skript zur Vorlesung:
Institut fiir Holzbiologie und Holztechnologie der Georg-August-Universitit
Gottingen.

Roffael E., Schneider T. and Behn C. (2004): Strohfasern besser verleimen.
Holz-Zentralblatt 130: 22, 266 und 268 (vgl. auch Roffael, E., Schneider, T. und
Behn, C. (2004): Aufbereitung von Strohfasern zur Verbesserung ihrer Verlei-
mung. Mitteilungen aus dem Lehrbereich Holzchemie und Holztechnologie der
Universitidt Gottingen).

Roffael E. (1993): Formaldehyde release from particle board and other wood
based panels. Forest Research Institute Malaysia, Kepong, Kuala Lumpur, Ma-

laysia.

205



206

Roffael E. and Schneider A. (1981): Sortional behaviour of particleboards. 4.
Influence of additives on the equilibrium moisture content. HolzalsRoh- und
Werkstoff, 39, 17-23.

Roger M. R., Roger P. and Mandla A. T. (2012): Cell Wall Chemistry. Hand-
book of Wood Chemistry and Wood Composites. CRC Press.

Saha B. C. (2003): Hemicellulose Bioconversion. Journal of Industrial Microbi-
ology and Biotechnology 30(5):279-91.

Salem M.Z.M., Bohm M., Srba J. and Berankova J. (2012a): Evaluation of
formaldehyde emission from different types of wood-based panels and flooring
materials using different standard test methods, Building and Environment 49
(March), p. 86-96

Sari B., Ayrilmis N., Nemli G., Baharoglu M., Giimiiskaya E. and Bardak S.
(2012): Effects of chemical composition of wood and resin type on properties of
particleboard. Lignocellulose. Peer review Jr. 1(3), p 174-184.

Sax S., Bennett D., Chillrud S., Ross J., Kinney P. and Spengler J. (2006): A
cancer risk assessment of inner-city teenagers living in New York City and Los
Angeles, Environ. Health Perspect., 114, 1558—1566.

Schell D. J., Riley C. J., Dowe N., Farmer J., Ibsen K. N. and Ruth M. F.
(2009):  Science clarified. Available onhttp://www.scienceclarified.com/Ca-
Ch/Cellulose.html

Schell D. J., Riley C. J., Dowe N., Farmer J., Ibsen K. N. and Ruth M. F.
(2004): A Bioethanol process development unit: initial operating experiences
and results with corn fiber feedstock. Bioresource Technology 91 (2), 179-188.
Sellers T. (1985): Plywood and Adhesive Technology, CRC Press, Boca Raton,
FL, USA

Sjostrom E. and Alén R. (1998): Analytical Method in Wood Chemistry, Pulp-
ing and Papermaking. Springer-Verlag Berlin.


http://www.scienceclarified/

Sjostrom E. and Aldn R. (1999): Analytical Methods in Wood Chemistry,
Pulping and Papermaking. Berlin; New York.

Smith G. (2012): Lectures and Course Notes for WOOD 487, Vancouver: UBC
Forestry - Department of Wood Science.

Spellman H. and Kehr 1. (2008):"The wood supply of the world, Europe, Ger-
many and Lower Saxony," In: Wood production, Wood Technology and Bio-
Technological Impacts. U. Kiies, Ed., Universititsverlag, Gottingen 43-55.
Sundin B., Mansson B. and Endrody E. (1987): Particleboards with different
contents of releasable formaldehyde. A comparison of board properties including
results from four different formaldehyde tests. 21st International Symposium on
particleboard / composite material. March 24-26, 1987, Washington State Uni-
versity, Pullman, USA.

TAPPI (Technical association of pulp and paper industry) (2001): Pentosans
in wood and pulp. In TAPPI test method T 223 cm-01. Atlanta GA.

TAPPI (Technical association of pulp and paper industry) (2002): Ash in
wood, pulp, paper and particleboards: Combustion at 525°C. In TAPPI test
methods T211, Atlanta GA. Technical Association of the Pulp and Paper Indus-
try.

Tcharbuahbokengo N. (2005): Cacao production in Cameroon. AFTA 2005
Conference Proceedings.
Web:https://worldagroforestry.org/treesandmarkets/inaforesta/documents/agrof_
cons_biodiv/cocoa%?20cameroon.pdf

Thoemen H., Irle M. and Sernek M. (2010): Wood-based panels-An Introduc-
tion to Specialists. Brunel University Press, London, UB8 3PH. England.

Toon S.T. and Lumpkin R.E. (2004): A bioethanol process development unit:
initial operating experiences and results with a corn fiber feedstock. Bioresource

technology 91(2):179-88.

207


https://worldagroforestry.org/
https://scholar.google.de/citations?user=t09Ag2kAAAAJ&hl=en&oi=sra

208

Twitchett H. J (1974): Chemistry of the production of organic Isocyanates
Chemical Society Reviews, Chemical Society, London, GB, vol. 3, no. 2, pages
209-230.

UKCES (University of Kuntucky Cooperation Extension Service) (1997): An
Introcution to Wood Anatomy Characteristics Common to Softwoods and Hard-
woods. University of Kuntucky Cooperation Extension Service, College of Agri-
culture, Lexington and Kuntucky state University. Frankfort. Issued 9-93, 1M;
11-94, SM.

Umemura K., Kawai S., Nishioka R., Mizuno Y. and Sasaqki H. (1995): Cur-
ing behaviour of wood adhesives under high-pressure steam. MokuzaiGakkaishi,
41, 828-836.

UN DESA (United Nations department of economics and social affairs)
(2015): World population projected to reach 9.7 billion by 2050, 2015 Revision.
New York

Wang X.M., Riedl B., Christiansen A.W. and Geimer R.L. (1995): The ef-
fects of temperature and humidity on phenol-formaldehyde resin bonding. Wood
Science and Technology, 29, 253-266.

Wasyliciw W. (2006): Commercialisation of Cereal straw-based structural pan-
els in North America. Vortraggehaltenanlisslich des 10th European wood-based
panel Symposium in Llandudno (Wales, UK) am 11.10.2006: Symposium Pro-
ceedings p. 163 — 175.

Wegener G. (1982): Die Rolle des Holzes als Chemierohstoffe und Energietra-
ger, Teil 2: Verwertungsmoglichkeiten fiir Cellulose, Polylosen und lignin. Holz
als Roh-und Werkstoff 40 pp. 209-214.

Weimar H., Doring P. and Mantau U. (2012): Standorte der Holzwirtschaft —
Holzrohstoffmonitoring. Einsatz von Holz in Biomasse-GrofBfeuerungsanlagen
2011. Abschlussbericht. Universitit Hamburg, Zentrum Holzwirtschaft, Arbeits-

bereich Okonomie der Holz- und Forstwirtschaft, Hamburg.



Whitemann A., Brown C., and Bull G. (1999): Forest product market devel-
opements: the outlook for forest product markets to 2010 and implications for
improving management of the global forest estate. FAO Forest policy and plan-
ning division, Rome.

Wilson A. (1995): Straw: The Next Great Building Material? Environmental
Building News, May 1.

Wilson J. B. (2010): Life-cycle inventory of formaldehyde-based resins used in
wood composites in terms of resources, emissions, energy and carbon. Wood Fi-
ber Sci. 42, 125-143.

WKI (Wilhelm-Klauditz-Institut) (2008): Schlussbericht zum BMBF-
Verbundprojekt: Entwicklung einer extraleichten Spanplatte fiir den Mdobelbau
auf Basis von Schaumklebstoffen. Forderkennzeichen 01RI05141.

Wood-Based Panels International (2009): Sticking with MDI. [Online].

http://www.wbpionline.com/features/sticking-with-mdi/.

Worrtmann C. S. (2006): Phaseolus vulgaris L. (common bean). Record from
PROTAA4U. Brink M. and Belay G. (Editors). PROTA (Plant Resources of Trop-
ical Africa / Ressourcesvégétales de 1’ Afriquetropicale), Wageningen, Nether-

lands.

Wortmann C. S., Kirkby R. A., Eledu C. A. and Allen D. J. (1998): Atlas of
common bean (Phaseolus vulgalis L.) production in Africa. CIAT Pan-African

Bean Research Alliance, vol 133Google Scholar.

Xiong J.Y. and Zhang Y.P. (2010): Impact of temperature on the initial emitta-
ble concentration of formaldehyde in building materials: Experimental observa-

tion, Indoor Air 20(6), p. 523-529.

Youngquist J., English A., Brent E., Scharmer R., Chow P. and Steve R.

(1994): Literature review on use of nonwood plant fibers for building ma-

209



210

terials and panels. Gen. Tech. Rep. FPL-GTR-80. Madison, WI: U.S. De-
partment of Agriculture.

Youngquist J.A. (1999): Wood-based Composites and Panel Products, in: Unit-
ed States Department of Agriculture (Eds.), Wood handbook — Wood as An En-
gineering Material, USDA, Madison, WI, USA, pp. 10-12:10-31.

Zakis G. F. (1994): Functional Analysis of Lignin and their Derivatives, Tech-
nical association of the pulp and paper industry.

Zheng Y., Pan Z., Zhang R., Jenkins B. and Blunk S. (2007): Particleboard
quality characteristics of saline jose tall wheatgrass and chemical treatment ef-

fect. Bioresour. Technol. 98, 1304-1310.



Statutory declaration

I, Travolta Achalle Achale, hereby assure that I have independently and
scientifically edited and authored the present dissertation titled "Agricul-
tural residues and the wood of umbrella tree (Musanga cecropioides) as
raw materials for the development of reduced emission particleboards"
and have used no sources other than those specified in the literature. Also,
I assure that all statements that were taken literally or analogously from
other writings have been identified and the work in the same or similar

version was not yet part of any other study or publication.

Travolta Achalle, Achale

211



	Figure 1: Basic chemical structure of cellulose showing repeating unit of Cellobiose. Source: Devi N. et al., 2016. 18
	Figure 2: The structure of a segment of softwood lignin (Roger et al., 2012). 22
	Figure 3: Flowchart of particleboards production process. 24
	Figure 4: An illustration of 3-layered particleboard configuration. 25
	Figure 5: Methylolation of urea in the synthesis of UF resin (adopted from Christjanson et al., 2006) 29
	Figure 6: The acidic condensation of methylolureas to form Urea-formaldehyde resin (adopted from Christjanson et al., 2006) 30
	Figure 7: Polycondensation reaction of phenol-formaldehyde resins- (a) Resol is formed when a basic catalyst is used, (b) Novolac is formed when an acid catalyst is used. (Adopted from Kloeser et al., 2007) 32
	Figure 8: Acid-catalyzed condensation of Aniline and Paraformaldeh- yde to produce Polyamine (Twitchett,1974). 33
	Figure 9: Phosgenation of Polyamine to produce PMDI (Twitchett, 1974). 33
	Figure 11: An image of common bean 42
	Figure 10: An image of mature common bean plant. Source: Sliver Reef Organicfarms 42
	Figure 12: The freshly harvested wood of umbrella tree. 44
	Figure 13: A prunned cacao tree(A) and  an unwanted cacao tree branche (B). 45
	Figure 14: Laboratory produced core layer and surface layers wood chips. The ruler at the bottom is marked in cm. 48
	Figure 15: Beans crop residues of the dry season (a mixture of shells and straws. 50
	Figure 16: Beans crop residues of the rainy season (100 percent bean shells). 50
	Figure 17: The setup for the determination of the hot water extractive content of the raw materials (a) and the fritted-glass crucible of porosity G3 (b) 57
	Figure 18: The setup for ethanol-cyclohaxane extraction of the raw materials (a) and the vacuum rotary evaporator from the company Heidolph (b). 59
	Figure 19: Pentosans distillation apparatus. Source: TAPPI (2001), T223cm-01. 61
	Figure 20: The cutting pattern used to obtain test pieces for the testing of the physical-mechanical properties as well as the formaldehyde emissions of the produced particleboards. 64
	Figure 21:  A test sample for internal bond test, mounted in a Universial testing machine Zwick / Roell. 67
	Figure 22: A picture showing the measurement of the three-point bending test. 68
	Figure 23: Test equipment for the flask method (adopted from EN 717-3: 1996). 75
	Figure 24: Extraction apparatus used for perforator method (adopted from EN 120: 1992). 77
	Figure 25: Laboratory-scale drum mixer equipped with an air-pressure atomizer for blending wood chips for particleboards. 84
	Figure 26: Hot press from the company Siempelkamp, D-47803 Krefeld (Left), and pre-pressed mat ready for hot-pressing (Right). 85
	Figure 27: A comparison of the fractional composition of the core layer wood chips of cacao tree prunings and umbrella tree wood with the industrially produce core layer wood chips. 87
	Figure 28: The fractional composition of the adjusted particle sizes of the chips of cacao tree prunings and umbrella tree wood compared with the industrially produced wood chips of the core layer. 87
	Figure 29: The schematic illustration the substitution of wood chips with the chips of beans shells on the surface layer of the particleboards of variant 1 and variant 2. 90
	Figure 30: Schematic illustration of the substitution of the wood chips with the chips of bean shells in both the core and surface layersof the particleboards of variant 3. 92
	Figure 31: The size distribution of the laboratory-produced wood chips of the core layer compared with the industrially produced wood chips (Core layer). 100
	Figure 32: The size distribution of the laboratory- produced wood chips of the surface layers compared with the industrially produced wood chips. 101
	Figure 33: The fractional composition of the laboratory-produced core layer chips of the bean crop residues (BCR) of the rainy season and the dry season compared with the industrially produced wood chips of the core layer. 102
	Figure 34: The fractional composition of the laboratory-produced chips of the surface layers of the bean crop residues (BCR) of the rainy season and the dry season compared with the industrially produced wood chips of the surface layer. 102
	Figure 35: The internal bond strengths of the UF-resin bonded particleboards, based on umbrella tree wood and cacao tree pruning, in comparison with the boards of spruce wood. Comparison of the IB strength between the panel series with unaltered chip ...
	Figure 36: The modulus of rupture of the UF-resin bonded particleboards, based on umbrella tree wood and cacao tree pruning, in comparison with the boards of spruce wood. Comparison of the MOR between the panelsseries with unaltered chip sizes and the...
	Figure 37: The modulus of elasticity of the UF-resin bonded particleboards, based on umbrella tree wood and cacao tree pruning, in comparison with the boards of spruce wood. Comparison of the MOE between the panel series with unaltered chip sizes and ...
	Figure 38: The thickness swelling (after 24 hours) of the UF-resin bonded particleboards, based on umbrella tree wood and cacao tree pruning, in comparison with the boards of spruce wood. Comparison of the TS between the panel series with unaltered ch...
	Figure 39: The water absorption (after 24 hours) of the UF-resin bonded particleboards, based on umbrella tree wood and cacao tree pruning, in comparison with the boards of spruce wood. Comparison of the WA between the panel series with unaltered chip...
	Figure 40: The perforator values (at 6.5% MC) of the UF-resin bonded particleboards, based on umbrella tree wood and cacao tree pruning, in comparison with the boards of spruce wood. Comparison of the perforator values between the panels’ series with ...
	Figure 41: The flask values of the UF-resin bonded particleboards, based on umbrella tree wood and cacao tree pruning, in comparison with the boards of spruce wood. Comparison of the flask values between the panels’ series with unaltered chip sizes an...
	Figure 42: The internal bond strength of the PMDI and blood albumin bonded particleboards, based on the raw materials umbrella tree wood and cacao tree prunings. Particleboards of the 50:50 percent (w/w) mixture of umbrella tree and cacao tree pruning...
	Figure 43: Modulus of Rupture of the PMDI and blood albumin bonded particleboards, based on the raw materials umbrella tree wood and cacao tree prunings. Particleboards of the 50:50 percent (w/w) mixture of umbrella tree and cacao tree prunings (UTW-C...
	Figure 44: Modulus of Elasticity of the PMDI and blood albumin bonded particleboards, based on the raw materials umbrella tree wood and cacao tree prunings. Particleboards of the 50:50 percent (w/w) mixture of umbrella tree and cacao tree prunings (UT...
	Figure 45: The thickness swelling after 24 hours of the PMDI and blood albumin bonded particleboards, based on the raw materials umbrella tree wood and cacao tree prunings. Particleboards of the 50:50 percent (w/w) mixture of umbrella tree and cacao t...
	Figure 46: The water absorption after 24 hours of the PMDI and blood albumin bonded particleboards, based on the raw materials umbrella tree wood and cacao tree prunings. Particleboards of the 50:50 percent (w/w) mixture of umbrella tree and cacao tre...
	Figure 47: The perforator values (at 6.5 % MC) of the PMDI and blood albumin bonded particleboards, based on the raw materials umbrella tree wood and cacao tree prunings. Particleboards of the 50:50 percent (w/w) mixture of umbrella tree and cacao tre...
	Figure 48: The flask values of the PMDI and blood albumin bonded particleboards, based on the raw materials umbrella tree wood and cacao tree prunings. Particleboards of the 50:50 percent (w/w) mixture of umbrella tree and cacao tree prunings (UTW-CTP...
	Figure 49: The internal bond (IB) strength of the UF-resin and PMDI bonded particleboards manufactured from umbrella tree wood, cacao tree prunings and industrial wood chips with the various substitutions of bean shells (Bs) on the surface layer (SL) ...
	Figure 50: The modulus of rupture (MOR) of the UF-resin and PMDI bonded particleboards manufactured from umbrella tree wood, cacao tree prunings and industrial wood chips with the various substitutions of bean shells (Bs) on the surface layer (SL) and...
	Figure 51: The modulus of elasticity (MOE) of the UF-resin and PMDI bonded particleboards manufactured from umbrella tree wood, cacao tree prunings and industrial wood chips with the various substitutions of bean shells (Bs) on the surface layer (SL) ...
	Figure 52: The thickness swelling (TS) after 24 hours of the UF-resin and PMDI bonded particleboards manufactured from umbrella tree wood, cacao tree prunings and industrial wood chips with the various substitutions of bean shells (Bs) on the surface ...
	Figure 53: The water absorption (WA) after 24 hours of the UF-resin and PMDI bonded particleboards manufactured from umbrella tree wood, cacao tree prunings and industrial wood chips with the various substitutions of bean shells (Bs) on the surface la...
	Figure 54: The perforator values (at 6.5% MC) of the UF-resin and PMDI bonded particleboards manufactured from umbrella tree wood, cacao tree prunings and industrial wood chips with the various substitutions of bean shells (Bs) on the surface layer (S...
	Figure 55: The 24 hours flask values of the UF-resin and PMDI bonded particleboards manufactured from umbrella tree wood, cacao tree prunings and industrial wood chips with the various substitutions of bean shells (Bs) on the surface layer (SL) and th...
	Figure 56: The internal bond (IB) strengths of the UF-resin bonded particleboards manufactured by the substitution of 10% 15% and 20% of  umbrella tree wood chips in the core layer with the chips of bean crop residues(BCR), and the IB strength of the ...
	Figure 57: The Bending strength (BS) of the UF-resin bonded particleboards manufactured by substitution 10% 15% and 20% of  umbrella tree wood chips in the core layer with the chips of bean crop residues(BCR), and the BS strength of the boards contain...
	Figure 58: The modulus of elasticity (MOE) of the UF-resin bonded particleboards manufactured by substitution 10%, 15% and 20% of  umbrella tree wood chips in the core layer with the chips of bean crop residues (BCR), and the MOE of the boards contain...
	Figure 59: The thickness swelling (TS)after 2h and 24 h of the UF-resin bonded particleboards manufactured by substitution 10%, 15% and 20% of  umbrella tree wood chips in the core layer with the chips of bean crop residues (BCR), and the TS of the bo...
	Figure 60: The water absorption (WA) after 2h and 24 h of the UF-resin bonded particleboards manufactured by substitution 10%, 15% and 20% of umbrella tree wood chips in the core layer with the chips of bean crop residues (BCR) and the WAof the boards...
	Figure 61: The perforator values (at 6.5% moisture content) of the UF-resin bonded particleboards manufactured by substitution 10%, 15% and 20% of  umbrella tree wood chips in the core layer with the chips of bean crop residues (BCR), and the perforat...
	Figure 62: The flask values of the UF-resin bonded particleboards manufactured by substitution 10%, 15% and 20% of umbrella tree wood chips in the core layer with the chips of bean crop residues (BCR), and the flask values of the boards containing 100...
	Table 1: Overview on formaldehyde limit values for raw panels (Egger 2014, modified) 9
	Table 2: Chemical composition of hardwoods and softwoods. Source: Sjöström, and Alén, (1999). 16
	Table 3: The properties of the binder systems used in this research. 78
	Table 4: The DIN EN 312: 2010 minimum requirements for particle- boards of thickness between 13 mm to 20 mm. 80
	Table 5: The limit values of formaldehyde emission class E1 tested by the EN 717-3 and EN 120. 81
	Table 6: The production parameters for the development of the particleboards based on cacao tree prunings and umbrella tree wood in a laboratory scale. 83
	Table 7: The production parameters for the development of the particleboards based on coarser core layer chips of cacao tree prunings and umbrella tree wood in a laboratory scale. 86
	Table 8: The manufacturing conditions for the non-formaldehyde bonded particleboards produced in a laboratory scale. Surface layer (SL), Core layer (CL). 89
	Table 9: Detailed production conditions for the hybrid particleboards based on chips of the annual plant residue, bean shells and the chips of the various wood materials. 92
	Table 10: The experimental design for the development of the UF-resin bonded particleboards based on the chips of umbrella tree wood and bean crop residues of the dry season. 94
	Table 11: The bulk densitiesof the chips of the study’s raw materials in comparison to spruce wood and the industrially produced wood chips. Bean crop residue (BCR). 97
	Table 12: The pH and buffering capacities of the cold water extracts of the raw materials compared with the reference material, spruce wood. Bean crop residues (BCR). 104
	Table 13: The water-soluble extractives contents of the raw materials compared with the reference material, spruce wood. Bean crop residues (BCR). 106
	Table 14: The solvent-soluble extractives contents of the raw materials compared with the reference material, spruce wood. Bean crop residues (BCR). 107
	Table 15: The pentosan contents of the raw materials compared with the reference material, spruce wood. Bean crop residues (BCR). 108
	Table 16: The Klason lignin contents of the raw materials compared with the reference material, spruce wood. Bean crop residues (BCR). 110
	Table 17: The ash contents of the raw materials compared with the reference material, spruce wood. Bean crop residues (BCR). 111
	1.0 Introduction
	1.1 Aim of the thesis
	1.2 Problems statement
	1.3 Possible Solutions
	1.3.1 Alternative raw materials from other sources.
	1.3.2 Lightweight particleboards
	1.3.3 Particleboards of reduced Formaldehyde emission


	2.0 Background
	2.1 The case of agricultural residues in the wood-based panel industry
	2.2 Chemical characteristics of wood
	2.2.1 Extractives
	2.2.2 Cellulose
	2.2.3 Hemicellulose
	2.2.4 Lignin
	2.2.5 Ash

	2.3 Particleboards – Definition
	2.4 Chemical additives
	2.4.1 Adhesives
	2.4.1.1 Urea-Formaldehyde
	2.4.1.2 Phenol Formaldehyde
	2.4.1.3 Isocyanate-based resin - PMDI
	2.4.1.4 Bio-based adhesives
	2.4.1.4.1 Blood albumin


	2.4.2 Auxiliary additives
	2.4.2.1 Hydrophobic agents
	2.4.2.2 Curing agent



	3.0 The study raw materials
	3.1 Bean crop (Phaseolus vulgaris) residues
	3.2 Umbrella tree (Musanga cecropioides) wood
	3.3 Cacao tree (Theobroma cacao) prunings

	4.0 Materials and methods
	4.1 Preparation of the raw materials
	4.1.1 Umbrella tree wood and cacao tree prunings
	4.1.2 The bean crop residues
	4.1.3 The reference materials

	4.2 Physical and chemical characterization of the study raw materials
	4.2.1 Determination of fractional composition and Bulk densities of the chips
	4.2.2 The determination of cold-water soluble extractives content
	4.2.3 The determination of pH-value and buffering Capacity
	4.2.4 The determination of hot-water soluble extractives content
	4.2.5 The determination of the solvent-soluble extractives content
	4.2.6 The determination of pentosan content of the raw materials
	4.2.7 The determination of Klason lignin
	4.2.8 The determination of ash content

	4.3 The determination of the physical and mechanical properties of the manufactured particleboards
	4.3.1 The Determination of the bulk density and density profile
	4.3.2 The Determination of the internal bond strength
	4.3.3 The determination of bending strength and modulus of elasticity of the produced particleboards
	4.3.4 The determination thickness swelling and water absorption

	4.4 The determination of formaldehyde release of the of the produced   particleboards
	4.4.1 The determination of formaldehyde release by the Flask method
	4.4.2 The determination of formaldehyde by the perforator method

	4.5 Chemical additives used in producing the particleboards
	4.5.1 Adhesives
	4.5.2 Auxiliary additives

	4.6 The requirements of the properties of particleboards
	4.6.1 Requirements of the physical and technological properties
	4.6.2 The requirements for formaldehyde emissions

	4.7 The manufacture of particleboards on a laboratory scale
	4.7.1 The development of the particleboards based on cacao tree prunings and umbrella tree wood as raw materials
	4.7.2 The development of non-formaldehyde bonded particleboards based on cacao tree prunings and umbrella tree wood as raw materials
	4.7.3 The development of hybrid particleboards based on the chips of the various wood materials and the chips of bean shell
	4.7.4 The manufacture of UF-resin bonded particleboards based on the chips of umbrella tree wood and bean crop residues of the dry season

	4.8 Statistical evaluation of the results

	5.0 Results and discussion
	5.1 The physical and chemical characterization of the raw materials
	5.1.1 Fractional composition and bulk density
	5.1.2 pH and buffering capacities of the raw materials
	5.1.3 Water-soluble extractives content of the raw materials
	5.1.4 Solvent-soluble extractives content of the raw materials
	5.1.5 Pentosan content of the raw materials
	5.1.6 The klason lignin content of the raw materials
	5.1.7 The ash content of the raw materials
	5.1.8 Summary of the physical and chemical characteristics of the study raw materials

	5.2 The properties of the UF-resin bonded particleboards based on
	cacao tree prunings and umbrella tree wood as raw material
	5.2.1 The physical and mechanical properties
	5.2.1.1 The internal bond strength
	5.2.1.2 The Modulus of Rupture
	5.2.1.3 The Modulus of Elasticity
	5.2.1.4 The thickness swelling and water absorption
	5.2.2 The formaldehyde releaseof the UF-resin bonded particleboards based on cacao tree prunings and umbrella tree wood as raw materials
	5.2.2.1 Perforator values
	5.2.2.2 Flask values

	5.2.3 Summary of the results of the UF-resin bonded particleboards based on cacao tree prunings and umbrella tree wood as raw materials

	5.3 TheProperties of the non-formaldehyde bonded particleboards based on cacao tree prunings and umbrella tree wood as raw materials
	5.3.1 Physical and mechanical properties
	5.3.1.1 Internal bond strength
	5.3.1.2 Modulus of rupture
	5.3.1.3 Modulus of Elasticity
	5.3.1.4 Thickness swelling and water absorption

	5.3.2 Formaldehyde release of the non-formaldehyde bonded particle- boards, based on cacao tree prunings and umbrella tree wood as raw materials
	5.3.2.1 Perforator values
	5.3.2.2 Flask values

	5.3.3 Summary of the results of the non-formaldehyde bonded parti-cleboards based on cacao tree prunings and umbrella tree wood

	5.4 The properties of the particleboards based on a hybrid between the chips of bean shells and various wood materials
	5.4.1 Physical and mechanical properties
	5.4.1.1 Internal bond strength
	5.4.1.2 The bending properties
	5.4.1.3 Thickness swelling and water absorption

	5.4.2 Formaldehyde release of the bean shells-wood chips hybrid PB
	5.4.2.1 Perforator values
	5.4.2.2 Flask values

	5.4.3 Summary of the results of the bean shells-wood chips hybrid PB

	5.5 The results of the UF-resin bonded particleboards based on the chips of umbrella tree wood and bean crop residues of the dry season.
	5.5.1 The physical and mechanical properties
	5.5.1.1 Internal bond strength
	5.5.1.2 Bending strength
	5.5.1.3 Modulus of Elasticity
	5.5.1.4 Thickness swelling and water absorption

	5.5.2 Formaldehyde release
	5.5.3 Summary of the results of the UF-resin bonded particleboards based on the chips of umbrella tree wood and bean crop residues of the dry season


	6.0 Summary
	7.0 Zusammenfassung
	8.0 Outlook
	9.0 Bibliography

