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ABSTRACT 

Particleboards are formulated from lignocellulose material bound with adhesives. 

Conventional lignocellulose material used is wood particles and adhesive is 

formaldehyde-based resin. Due to reduction of tree cover, wood has become scarce 

leading to search for alternative lignocellulose material. Crop residues, as a 

lignocellulose material, pose disposal problems due to their low biodegradability, hence 

disposed off mainly by burning. Crop residues are lignocellulose materials of low 

nutritional value for use as livestock feed. Conventional formaldehyde-based resins 

hydrolyse in water to form formaldehyde. Epidemiological studies have shown that 

formaldehyde are carcinogenic and thus harmful. Efforts to reduce the health hazard 

effects of the formaldehyde-based resins in the particleboard formulation have included, 

among others, the use of chemical scavengers for formaldehyde and use of an alternative 

binder. In this study, single layer particleboards were made from cassava peels starch 

and selected lignocellulose materials. This was done by in-situ chemical oxidation of 

cassava peels starch and hydrolysis of lignocellulose sources from crop residue followed 

by condensation polymerization to form composite material. The resultant composite 

material was moulded to form particleboards. Crop residues used in this study included 

bagasse, maize straw and rice husks. The residues were sampled from farm and disposal 

sites in Kirinyaga, Kisumu and Narok Counties. Sawdust was used as a control for the 

source of lignin. Lignin content was determined following the Klason method. Cassava 

peel starch adhesive used in this study was analyzed for pH. Na
+
, Zn

2+
, Ca

2+
 and Mg

2+
 in 

starch and crop residues were determined using atomic absorption spectroscopy (AAS) 

and X-ray fluorescence (XRF). The mineralogical content of particleboards was 

determined using X-ray Diffractometer (XRD). Structure elucidation of compounds in 

raw materials and particleboards was determined by the use of fourier transform infra-

red (FTIR) and nuclear magnetic resonance (NMR). Data obtained from this study were 

subjected to statistical analysis using Tukey one way analysis of variance (ANOVA). 

Particleboards were formulated and tested per American Standard for Testing and 

Materials (ASTM D1037). Average densities for particleboards was between 0.608 gcm
-

3
 to 0.627 gcm

-3
, moisture content of 9.51 % to 9.85 %, deionized water absorption 

(WA) ranged from 61.33 % to 83.87 % and thickness swelling (TS) 18.23 % and 23.43 

%. Modulus of Elasticity (MOE) for particleboards was between 2364.2 Nmm
-2

 to 

33329.92 Nmm
-2

, Modulus of rupture (MOR) ranged from 13.55 Nmm
-2

 to 14.83 Nmm
-

2
, internal bonding (IB) ranged from 1.613 Nmm

-2
 to 2.370 Nmm

-2
. Elemental analysis 

for both starch sources and polyphenolic materials for Na
+
, Zn

2+
, Ca

2+
 and Mg

2+
. Na

+
 

and Zn
2+

 was less than 1 %. Ca ranged from 4.55 to 13.46 % and Mg ranged from 5.95 

to 6.55 %. FTIR and NMR analysis for starch and polyphenolic materials showed that 

peaks of –OH and -COOH decreased as those of -C-O-C- increased. Particleboards 

formulated in this study have similar characteristics to medium density fiberboards. 

They can thus be used for making furniture and doors. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background Information 

Particleboard is a panel produced when particles are compressed while 

simultaneously bonding them with an adhesive. Particleboard is also defined as wood 

particles bonded using synthetic resin and with pressure and heat, moulded into a 

panel product (Kasim et al., 2014). Particleboard is formulated with small particles 

of lignocellulose material bonded together by adhesives (Tay et al., 2016; Matuana 

and Carlborn, 2012; Nasser, 2012b). Particleboards are formulated either as a 

medium, low or high-density boards. The criterion of the three categories depends on 

particleboard standards and certification bodies. According to American Standards 

for material testing (ASTM), low-density particleboards have densities of < 600 

g/cm
3
, medium density have densities that range from 640 g/cm

3
 to 0.85 g/cm

3
 and 

high-density particleboards have densities > 0.85 g/cm
3
. 

 

Particleboard is formulated through the encapsulation of lignocellulose particles with 

adhesive resins. Commonly used resins involve phenol-formaldehyde and urea-

formaldehyde (Akhtar et al., 2011). These resins undergo condensation 

polymerization to form a network of interlinked polymer that holds lignocellulose 

particles together at high pressure in a process known as curing (Grenier-Loustalot et 

al., 1996). The pressure used in the process reduces the spaces between the 

lignocellulose particles before the adhesive cures. Lignocellulose particles involved 

are wood chips, flakes, or wafers among others. 

 

Adhesives determine the strength of the resultant composite material formulated. 

However, the particle size and particle shapes affect the strength of the bonds (Ullah 

et al., 2014). Particleboard applications depend on the properties of adhesive used. 

Adhesives used have a partial or complete water-resistant. Adhesives that have 

partial water-resistance are mainly used for interior applications whereas complete 

water-resistant are mainly used for exterior applications due to the exposure to high 

moisture. Particleboards are mainly used in the construction industry for making 

doors, partitioning of rooms, packaging, paneling and frames. 
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Conventional adhesive used is mainly formaldehyde-based resins. Formaldehyde 

based resins undergo hydrolysis in the presence of water to form free formaldehyde. 

According to epidemiologic studies, formaldehyde is carcinogenic, hence harmful to 

health. Efforts to reduce formaldehyde-based resins in the particleboard formulation 

have included among others use of chemical scavengers for formaldehyde and the 

use of alternative binder (Magalhaes et al., 2013; Takagaki et al., 2000). There are no 

findings that the use of chemical scavengers eliminates the emission of formaldehyde 

from particleboard (Magalhaes et al., 2013). 

 

According to the European Panel Federation (EPF) 2016 – 2017 reports, more than 

30,250,000 m
3
 of particleboards were produced. Germany is leading with 5,500,000 

m
3
, France, 3,630,000 m

3
, Poland, 2,793,000 m

3
, Italy, 2,569,000 m

3
, Austria, 

2,300,000 m
3
, United Kingdom, 1,949,000 m

3
, Spain, 1,806,000 m

3
, Belgium, 

1,050,000 m
3
 among other countries (Mantanis et al., 2017). Other major 

particleboards producing countries included Bulgaria, Croatia, Czech Republic, 

Denmark, Estoria, Finland, Greece, Hungary, Lavia, Lithuania, and Norway. Kenya 

remains a main importer of particleboards (Mantanis et al., 2017). 

 

In Kenya, there has been a steady rise in demand for particleboard (KNBS, 2018). 

Primarily, wood and wood products including sawdust, have acted as the main 

source of lignocellulose material for particleboard formulation. This has been a 

major factor contributing to deforestation. Due to decreasing wood sources, there is a 

need for research on the use of alternative sources for lignocellulose material for the 

formulation of particleboards. According to 2017 Kenya National Bureau of 

Statistics (KNBS) reports, wood and wood products decreased by 13.2 percent, an 

indication of a reduction in the production of wood as a raw material for making 

these materials (KNBS, 2018).  

 

The focus of this study was to investigate the possibility of using alternative 

lignocelluloses and adhesive material to make prototype particleboards. The study 

investigated the use of crop residues as an alternative source of lignocellulose 

material and use of cassava starch as an adhesive for formulating the particleboard. 

The resultant formulated particleboards are suitable for interior design and 

construction. 
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1.2 Statement of the Problem 

Particleboards made currently for furniture and interior designs are expensive due to 

high cost raw materials thus making them unaffordable. This is due to the high cost 

of the conventional raw materials used in their formulation. The use of wood as a 

source of lignocellulose material has led to deforestation. This has led to the 

utilization of alternative, but low-quality construction materials. Since use of crop 

residues in particleboard formulation will enhance the use of alternative 

lignocellulose material which is otherwise disposed of mainly through burning in 

open fields. The use of cassava peel starch to formulate an adhesive will result in the 

elimination of formaldehyde-based resins. The use of formaldehyde in particleboard 

formulation poses a health risk associated with oncological health hazards. Cassava 

peel starch is, therefore, an alternative binder for particleboard formulation. Making 

particleboards from these agricultural by-products would introduce an alternative 

waste disposal method for the agricultural by-product. 

 

1.3 Significance of the Study 

Particleboards formulated with sugarcane bagasse, rice husks and maize stalk solve a 

problem in waste disposal. Alternative methods of waste disposal are provided in the 

production of particleboards. In this case, agricultural wastes are not burnt as a way 

of their disposal. Since burning of agricultural waste leads to environmental 

pollution. Greenhouse gases causes climatic conditions such as to global warming. In 

turn, it will result in a reduction in climate change. 

 

Agricultural by-products are estimated to increase globally to more than 496.4 

million tones every year (FAO, 2015). This will lead to the production of more 

agricultural-based crop residues. Disposal of these agriculture materials is mainly by 

burning (Kartini, 2014a) which gives rise to fine silica particles in the air causing air 

pollution (Anderson et al., 2016) and evolution of greenhouse gases such as carbon 

dioxide, methane gas and dinitrogen oxide (Boonyanopakun and Pavasant, 2012; 

Okoba et al., 2012). Greenhouse gases cause global warming (Haysa et al., 2015) 

and are emitted due to human activities. The use of these wastes, in developing 

countries like Kenya, and the world at large, is the most suitable way of their 

disposal. 
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Agricultural based materials such as rice husk contain 75 to 90 percent of organic 

matter which is mainly lignin (Ummah et al., 2015; Sangwan et al., 2013). Lignin, a 

natural polymer, has been used in formulating adhesives (Pfungen, 2015; Ghaffar 

and Fan, 2014) and particleboard yet it is still underutilized (Boon et al., 2019; 

Abdelmouleh et al., 2007; Mwaikambo and Ansell, 2002). Lignin can be blended 

with established biopolymers such as starch-based adhesives (Vengal and Srikumar, 

2015) to make composite material used to formulate particleboards. Particleboards 

made from biomaterials do not pollute the environment as they are biodegradable. 

Starch is used in the manufacture of processed material such as garri and starch flour 

(Tonukari, 2014; Grace, 2012). Starch is a natural biopolymer of adhesive which can 

be obtained from agricultural materials like cassava, sorghum, wheat, corn, rice, 

among others (Tonukari, 2014). It’s fine, smooth texture, non-staining and non-

poisonous nature make it useful in the formulation of bio-based adhesives for 

domestic use (Hardy et al., 2017).  

 

Kenya produces waste especially husks, corn stalk, cassava peels and bagasse from 

sugarcane and rice as crop residues in largescale (KNBS, 2018; Okeyo et al., 2016). 

Reports show that cassava has the highest output of residues generated in Kenya with 

residues of about 29,000,000 metric tonnes in one year. Middle-income countries, 

like Kenya, find cassava peels of no use, thus disposed of by burning, which 

produces greenhouse gases. Crop residues produced in large quantities include rice 

husks, sugar bagasse, and wheat straw among others. Agricultural crop residue 

disposal is a challenge leading to low tillage of farms (Okeyo et al., 2016). Poor crop 

residue disposal management has led to burning as an alternative way of waste 

disposal. 

 

1.4 Research Questions 

i. What is the starch, Na, Mg, Zn and Ca content in cassava tubers, maize, 

wheat, sorghum and millet grains? 

ii. What is the lignin content in bagasse, maize stalks, rice straw, rice husks, 

grass straw, wheat straw and sawdust? 

iii. What is the mineralogical composition of particleboards formulated from 

selected agricultural materials? 
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iv. What is the structure of compounds found in particleboards formulated from 

selected agricultural-based materials? 

v. What are the mechanical, physical and chemical properties of the formulated 

particleboards? 

 

1.5 Study Objectives 

1.5.1 The General Objective 

Investigation of particleboards formulated using selected crop residues as sources of 

lignocellulose materials and starch from cassava peels as a binder 

 

1.5.2 Specific Objectives 

1. To determine the starch, Na, Mg, Zn and Ca content in cassava tubers, 

maize, wheat, sorghum and millet grains 

2. To determine the lignin content in bagasse, maize stalks, rice straw, rice 

husks, grass straw, wheat straw and sawdust 

3. To investigate the mineralogical composition of formulated particleboard 

made through copolymerization of crop residues and starch as a binder 

using X-Ray Diffraction 

4. To elucidate the structural composition of the particleboards using FTIR 

and NMR spectroscopy. 

5. To investigate the physical and mechanical properties of the formulated 

particleboards 

 

1.6 Scope and Limitation 

This study was limited to formulating particleboards from selected agricultural 

residues such as sugarcane bagasse, maize stalk and rice husks and starch from 

selected sources. The study has not included synthetic polymeric materials used in 

commercial particleboards formulation. 
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CHAPTER TWO 

2 LITERATURE REVIEW 

2.1 Particleboards 

A Particleboard is a panel made of lignocellulose materials bonded together by resin 

under high pressure and temperature (Nasser, 2012a; Wang and Sun, 2002). 

Particleboard can also be defined as an engineered wood product formulated from 

wood particles, such as wood chips, sawmill shavings, sawdust and a synthetic resin 

as a binder (Nemli et al., 2009; Nemli et al., 2007). It can also be  made by 

compressing the small prtion of wood while simultaneously bonding them with 

adhesive (Youngquist, 2012). Primary lignocellulose materials used in particleboard 

formulation are usually wood particles. Agro-based crop residues such as palm 

stalks, rice straw, rice husks and other crop residues are being investigated for 

producing particleboards. Utilization of crop residues reduces the demand of wood 

and mitigates environmental pollution (Zarifa et al., 2018).  

 

Particleboards are categorized on the basis of the size of the particle. There are 

various types of particles such as fiberboard, orient starnd board (OSB), medium 

density board (MDF) and others (Akgul and Camlibel, 2008). Particle sizes 

specification is different for each particleboard plant requires slender particles for 

attaining high strength. Fine particles are used for face layers and coarse particles are 

used for the core layer. Once particles are prepared, they are dried by means of 

rotary, disk or suspension drying. Particle drying is a critical step in production of 

particleboard and the moisture content of the particles leaving the dryer is usually in 

the range of 4% to 8%. After drying, the particles are blended with an adhesive and 

additives. The adhesive-blended particles typically have a final moisture content of 

near 10% (Diop et al., 2017). Then the adhesive-blended particles are formed into a 

mat and pre-pressed to reduce mat thickness prior to hot pressing. Hot-press 

temperature usually ranges from 140 °C to 165 °C, and pressure in the range of 1.37 

to 3.43 MPa for medium density particleboard. 

 

2.2 Particleboard Binders 

Particleboard binders are used to hold the lignocellulose materials together. They are 

categorized into two: synthetic and natural. Synthetic adhesives commonly used in 

particleboard formulation include phenol-formaldehyde (PF) and urea-formaldehyde 
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(UF) (Yan et al., 2017a; Mamza et al., 2014; Paul et al., 2014). Natural adhesives 

include starch (Yang et al., 2013; Qiang et al., 2013; Sridach et al., 2013) and 

soybean (Bai et al., 2020; Ciannamea et al., 2010; Cheng et al., 2004; Sun et al., 

2004b). Synthetic adhesives undergo hydrolysis to form carcinogenic formaldehyde. 

The main challenge with natural adhesive is their water solubility which limits their 

outdoor applications. Due to this limitation, natural adhesives require chemical 

modifications to increase their stability in particleboard formulation (Masina et al., 

2017; Lewicka et al., 2015; Liu and Li, 2002; Bayazeed et al., 1998). Other 

adhesives used in particleboard formulation include sodium silicate (Zuo et al., 

2015), melamine-formaldehyde (Ullah et al., 2014; Merline et al., 2012; De Barros 

Filho et al., 2011) and methylene diphenyl diisocyanate (Sattayarak et al., 2012; Pan 

et al., 2006). 

  

2.2.1 Starch-Based Adhesive 

Starch is a biodegradable polymer with a demand in adhesive industries (Chang et 

al., 2010). Due to its abundance, non-food applications have been developed 

(Lawton, 2016). Non-food use of starch includes paper-making and adhesives (Gu et 

al., 2016; Xu et al., 2016). Currently, less than 30 percent of starch in developed 

countries is used as food (Lawton, 2016). In Kenya, starch is mainly used as a source 

of carbohydrates for both human and domestic animals. Starch is a renewable and 

bio-degradable material convertible to bioplastic and binders in the manufacture of 

concrete (Kulshreshtha et al., 2017) 

 

Starch is a primary carbohydrate that is composed of amylose and amylopectin 

(Tester et al., 2014). Structurally, starch has amylose that is joint with α-1,4-

glycoside linkages and branched amylopectin with α-1,6-glycoside linkages. 

Amylose and amylopectin are important fractions in grafting polymer formation such 

as lignin, cellulose and hemicellulose (Tester et al., 2014; Buleon et al., 2012; Parker 

and Ring, 2001). Amylopectin is shown in Figure 2-1 and Amylose structure is 

shown in Figure 2-2. 
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Figure 2-1. Molecular structure of amylopectin 
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Figure 2-2. Molecular structure of amylose 

 

Raw starch is mainly stored in root tubers, cereal grains and fruits (Chang et al., 

2010). Plants that contain high starch content include potatoes, corn, wheat, cassava 

and rice grains. Raw starch also contains wax, amino acids, and minerals with 

phosphorus (P), magnesium (Mg), and calcium(Ca) as main elemental composition 

(Tester et al., 2014). Elements present in starch are mainly supplied from fertilizers 

used during crop production. 

 

Raw starch has a high number of free hydroxyl groups. The hydroxyl groups form 

hydrogen bonding with water. When used in the formulation of composite materials, 

free hydroxyl groups result in high water absorption (WA), thus treatment of starch 

to reduce the free hydroxyl groups is done using various structural modifications 

using chemical, physical, enzymatic (Chen et al., 2009; Murphy, 2000) and genetic 

methods (Neelam et al., 2012).  

 

Chemical modification of starch is done through oxidation, cationization and 

esterification where new functional group is introduced to starch structure (Haroon et 

al., 2016) and new functional groups introduced are mainly carboxyl, acetyl, 
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hydroxypropyl, amine and amide which give specific properties. Oxidation to 

carboxylic group thus increases carboxyl content (Patel et al., 1974). Cationization of 

starch is involved during the introduction of an amino group to the starch chain (Xie 

et al., 2016; Siau et al., 2004). Esterification leads to the replacement of –OH in –C-

OH with an alkanoyl group (Qiao et al., 2016). 

 

Chemical treatment affects the crystallinity nature of starch molecules. Crystallinity 

is attributed to the presence of inter-molecule and intra-molecule hydrogen bonding 

as shown in Figure 2-3 (Huang et al., 2017). 

O

CH2OH

HO

H OH

HO

C
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HO

H OH OH

O O
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hydrogen bond

Inter-molecule

hydrogen bond

n n

 

Figure 2-3. Crystalline nature of starch 

 

Crystalline starch contains a fewer number of free hydroxyl groups used to combine 

with the lignocellulose materials. Crystallinity is broken by weakening hydrogen 

bonding in the starch, a process known as gelatinization. Gelatinization increases the 

number of free hydroxyl groups that act as reactive sites in the starch (Meimoun et 

al., 2017; Le Corre and Dufresne, 2013; Lu et al., 2004).  

 

Hydrogen bonding between starch molecules is achieved by substitution of hydrogen 

in the hydroxyl group with a cation, a process known as cationization. Scheme 2-1 

shows the cationization of starch molecules using an alkali such as sodium 

hydroxide. Cationization reduces starch granule size and starch fragmentation (Liu et 

al., 2016; Siau et al., 2013). 
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Scheme 2-1. Alkalization of starch using sodium hydroxide 

 

Chemical modifications of starch also involve grafting (Gayathri et al., 2013; 

Polnaya et al., 2013). Grafting of starch with long polyurethane is possible through 

grafting polymerization (Barikani and Mohammadi, 2007). Hydroxyl groups from 

starch react with isocyanates (NCO) from polyurethane to form an ester bond as 

shown in Scheme 2-2. The resultant polymer contains fewer hydroxyl groups. 

Reduced numbers of the hydroxyl group in starch increases water resistance making 

it more hydrophobic (Zia et al., 2015). 
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Scheme 2-2. Grafting of starch and polyurethane 

 

Cross-linking involves a combination of starch molecules with other molecules that 

consist of two or more hydroxyl groups, known as polyols, such as hydrolyzed 
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borax. Hydrolyzed borax reacts with starch (Narkchamnan and Sakdaronnarong, 

2013) as shown in Scheme 2-3. 
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Scheme 2-3. Starch molecules crosslinked with borax 

 

Starch is oxidized by the use of oxidizing agents such as hydrogen peroxide, sodium 

hypochlorous among others. Hydrogen peroxide in alkaline media oxidizes starch 

through a mechanism shown in equations 2.1 to 2.7. 

H2O2(l) + OH(aq) → HOO
-
(aq) + H2O(l)       2.1 

(aq)2
.

(l)2(aq)
.-

(aq)2(l)2 O+OH+OH→HOO+OH      2.2 

2(aq)(aq)(aq)2
.

(aq)
. O+OH→O+OH

      2.3 

2(g)(aq)(aq)
.

2(aq)
.

2(l)2 O+OH+OH→O+OH      2.4 

2(aq)(l)2(aq)
.

2(l)2 O+O2H+OH2→O3H
     2.5 

(l)2(l)
.

(aq)
.

(l)2 OH+CHOHR→OH+  OHRCH
    2.6 

(l)2(aq)
.

(aq)2(l)2(l)
. OH+OH+RCHO→OH+CHOHR

    2.7 

 

Oxidation reduces swelling capacity and viscosity of starch (Gambus et al., 2014; 

Patel et al., 2013). The process introduces carboxyl and carbonyl groups into the 

starch molecules (Haroon et al., 2016). Carboxyl groups undergo a condensation 

reactions with hydroxyl groups to form covalent bonds through esterification (Gu et 

al., 2016). This reduces the hydroxyl groups that hold the molecules together in 

starch crystals thus depolymerizing the starch molecules. Oxidation of starch 

converts the primary C-OH into aldehydes and carboxylic groups (Carey, 2003) 

while secondary C -OH groups are converted to ketones. Oxidation results in the 

cleavage of the glycocidic starch molecules (Lewicka et al., 2015) and reduces the 
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number of hydroxyl groups hence improved water solubility, lower viscosity and 

retrogradation of starch. 

 

Starch hydroxyl groups are used during substitution reactions modifications 

especially acetylation (Lewicka et al., 2015). The process of acetylation involves the 

replacement of the hydroxyl groups from starch with acetyl groups from chemicals 

such as ethanoic acid, acetic anhydride. The resultant acetyl groups in starch reduce 

the number of free hydroxyl groups that form hydrogen bonding between starch 

molecules thus increasing the starch stability (Colussi et al., 2015). Acetylation leads 

to a reduction in the gelatinization heat due to the weakening of hydrogen bonding. 

Acetylation using ethanoic acid (Kapelko-Zeberska et al., 2015) is represented in the 

scheme 2-4. 
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Scheme 2-4. Acetylation of starch using ethanoic acid 

 

Carboxylmethylation is another chemical modification process used for starch. The 

primary hydroxyl group in starch is replaced with a carboxymethyl group from 

monochloroacetic acid. The reaction between starch and monochloroacetic acid takes 

place in the presence of an alkali base such as sodium hydroxide to form 

carboxymethyl starch (Barrios et al., 2012). Carboxymethylation takes place in two 

major steps. Step one involves the reaction between starch with sodium hydroxide to 

form sodium alkoxide (Milotskyi et al., 2018) as shown in equation 2.8. 

OH+NaO-St↔NaOH+OH-St 2
+-

      2.8 

Sodium alkoxide reacts with the monochloroacetic acid to form carboxymethyl 

starch as shown in equation 2.9. 
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NaCl+NaCOOCH-O-St→NaCOOClCH+NaO-St +-
2

+-
2

+-    2.9 

Carboxylmethylation improves the physicochemical properties of starch, such as 

reducing its crystallinity. Reduced crystallinity makes resultant starch less prone to 

damage by heat and bacteria thus making it suitable for making adhesives (Alizadeh 

et al., 2017). 

 

Starch reacts with polymers such as polyvinyl acetate through grafting (Tout, 2000). 

Grafting involves the formation of radicals from starch and monomers such as vinyl 

acetate initiated by reducing agents (Xiao et al., 2011; Samaha et al., 2005). Radicals 

coalesce after water loss through the heating or hot press to form polyvinyl acetate 

(PVA). Radicals formed covalently bond to form a grafted supramolecule. PVA is 

thermoplastic thus softens on heating making it lose bonding strength especially at a 

temperature beyond 70 °C (Tout, 2000; Motohashi et al., 1984). PVA improves 

moisture and temperature resistance of adhesives (Cho et al., 1999). PVA adhesives 

are commonly applied in veneering, edge banding and jointing in furniture 

production (Tout, 2000). Grafted chains are terminated by disproportionation, 

coupling or chain transfer to give graft copolymer (Samaha et al., 2005) as shown in 

equations 2.10 to 2.15. 

RHOStROHSt ..               2.10 

3

.

232
. HOCOCHCRCH→CHOCOCHCH+R

           2.11
 

Propagation involves a combination of molecules with the radicals as shown in 

reaction equation 2.12 to 2.14. 

3

.

232

.

HOCOCHCRCH→CHOCOCHCH+OSt
           2.12

 

St O C
H2

CH2

O-CO-CH3

H2C CH

O-CO-CH3

St O C
H2

H
C C

H2

OCOCH3

CH2

OCOCH3

n+

..
n

 2.13 

R C
H2

CH2

OCOCH3

H2C CH

OCOCH3

C
H2

H
C C

H2

OCOCH3

CH2

OCOCH3

Rm+

..
m

       2.14 
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Termination involves a combination of radicals to produce a molecule during 

grafting as shown in equation 2.15 to 2.17. 

StO C
H2

H
C C

H2

OCOCH3

CH2

OCOCH3

.
n

graft copolymers2

        2.15 

St O C
H2

H
C C

OCOCH3

CH2

OCOCH3

H

H

C
H2

H
C C

H2

OCOCH3

CH2

OCOCH3

R
.

n

.
m

+ graft copolymer

2.16 

C
H2

H
C C

H2

OCOCH3

CH2

OCOCH3

R
.

m

graft copolymer2

         2.17 

 

2.2.2 Formaldehyde-based adhesives 

Formaldehyde-based adhesives are synthesized from petrochemical products. 

Petrochemical products such as phenol, urea and formaldehyde form the monomers 

used to synthesize the adhesive resins. The resins undergo condensation 

polymerization to form a network of interlinked supramolecules that encapsulate the 

lignocellulose materials during particleboard formulation (Biswas et al., 2011). The 

two main formaldehyde-based adhesives include phenol-formaldehyde and urea-

formaldehyde. The structures of the two monomers used in making phenol-

formaldehyde resins are shown in Figure 2-4. 

OH

Phenol

H H

O

Formaldehyde  

Figure 2-4. The structural formula of phenol and formaldehyde 

 

Phenol-formaldehyde based adhesives are synthesized from phenol and 

formaldehyde through condensation polymerization to form a resin (Mitsunaga et al., 
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2000) as shown in equation 2.18. 

(l)246(l)5(l)6 OHCHHHOC→HCHOH+HHOC          2.18 

Phenol formaldehyde molecules undergo further condensation reactions to form 

polyphenol formaldehyde (Grenier-Loustalot et al., 1996) as shown in equation 2.19. 

(l)2(l)2246(l))(56 OH+O)CHH(HOC→HCHOH+H2HOC
l

        2.19 

Other side reactions involve hydroxyl groups in phenol-formaldehyde and phenols 

(Bhattacharjee et al., 2014) as illustrated in equation 2.20. 

(l)2(l)2246(l)56(l)246 OH+CH)H(HOC→HHOC+OHCHHHOC        2.20 

Urea-formaldehyde is another main adhesive synthesized from petrochemical 

products. The adhesive, which is conventionally used for non-wood materials, is 

synthesized by condensation polymerization of formalin with urea as shown in 

equation 2.21. 

(l)22

8-7=pH

2(l)2 OHNCONHCHH→HCHO(l)+)CO(NH         2.21 

Urea-formaldehyde undergoes condensation polymerization to form poly-(urea-

formaldehyde) (Dunky, 1998) as illustrated in equation 2.22. 

(l)2(l)2(l)22 OH+-O-]H-[-NHCONHC→OHNCONHCHH2         2.22 

2.2.3 Other binders  

Other binders used in particleboard formulation include methylene diphenyl 

diisocyanate (MDI) and soy flour adhesive. MDI is synthesized from formaldehyde, 

a carcinogenic material whereas biobased adhesive results in low water resistance 

and thus require chemical modification with a chemical such as epichlorohydrin. 

 

Biobased adhesives from starch and soybean are readily available. Their uses are 

hindered by low water absorption resistance and thus require chemical modification. 

The focus of the study, is to chemically modify the starch, obtained from cassava 

peels, through oxidation using hydrogen peroxide in an alkaline media. 

 

2.3 Particleboard Component 

Lignin is one of the main components of lignocellulose biomass. The wood matrix 

consist of 20 to 30 percent of lignin as an aromatic polymer (Watkins et al., 2015). It 

is also an amorphous and highly branched phenolic polymer. Lignin is strong and 
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therefore provides support (Lu et al., 2017) and protection of plants mainly from 

chemical attacks (Welker et al., 2015; Miedes et al., 2014). Lignin is used to replace 

phenol in the synthesis of phenol-formaldehyde resin. Phenol-formaldehyde is used 

as an adhesive in particleboard formulation (Cetin and Ozmen, 2002). Lignin use in 

adhesives is cheaper compared to phenols mainly due to its low thermomechanical 

pulping (Ago et al., 2013). Lignin also has low polydispersity (Jablonskis et al., 

2016), high water resistance and low melting point and therefore suitable in the 

adhesive formulation (Wang et al., 2013b). Lignin is used during particleboard 

formulation to reduce water absorption and thickness swelling (Warui et al., 2019). 

Lignin, therefore, plays an important role in particleboard formulation. 

 

Lignin mainly consists of three alcohols that have few free hydroxyl groups. These 

alcohols include coniferyl (G), synapyl (S), and p-coumaryl (H) as shown in figure 2-

5 below (Cai et al., 2015).  

CH

CH

OH

H3CO
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HC

OH

H3CO COH3

CH2OH

HC

CH

OH

CH2OH

p-couraryl (H)Synapyl (S)Coniferyl (G)  

Figure 2-5. Three structural units of lignin 

 

Alcohol reaction with aldehydes depends on several factors such as the source of 

lignin, the molecular mass and the predominant alcohol in the lignin. Lignin from 

softwood, for example, is more reactive than lignin from hardwood (Welker et al., 

2015). Lignin with a higher molecular weight decomposes faster on heating 

compared to those with low molecular mass (Ago et al., 2013). Lignin from 

sugarcane bagasse has shown uniform thermal stability when used in adhesives (Yan 

et al., 2017b). Purification of lignin using suitable reagents may also enhance the 

reactivity of lignin. Sugarcane lignin purified with the cyclohexane-ethanol mixture, 

for example, was found to increase the reactivity of the lignin (Tana et al., 2016). 

Lignin in formaldehyde-based resin improved the mechanical characteristics of 

particleboard due to its fiber nature (Tana et al., 2016). Lignin treated with 
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multicopper oxidases has been found to enhance the binding with the starch matrix 

due to formation of carboxylic groups (Narkchamnan and Sakdaronnarong, 2013).  

 

Lignin used as a crosslink between starch and urea reduces the biodegradability of 

starch-urea adhesive (Majeed et al., 2018). Untreated lignin results in low 

compatibility with natural polymers like starch (Cavalcante et al., 2017). Lignin 

treatment improves mechanical characteristics and increases water absoption (WA) 

resistance of starch (Kaewtatip and Thongmee, 2013). Composites made from 

thermoplastic starch and esterified lignin showed a reduction in water absortpion and 

increase in tensile strength (Kaewtatip and Thongmee, 2013). Treatment of lignin 

and lignin model compound generate more hydrophilic materials which are further 

modified to create a wide range of applications (Collinson and Thielemans, 2010). 

 

Alkalization of lignin increases the reactivity of lignin with starch leading to 

oligomerization/condensation reactions (Liu et al., 2017). Condensation reaction 

leads to increased lignin-starch interaction in the formation of a composite material 

(Ramachandra and Shekar, 2018) which is the basis for making particleboards. 

Lignin plasticizes starch thus reducing its solubility in water (Baumberger et al., 

1998), making it useful in the formulation of particleboards. Composite material 

formulated is moulded into particleboard by compression (Rahman and Netravali, 

2018a) which is a process used in particleboard formulation.  

 

Treatment of lignin using alkali weakens hydrogen bonding hence increase free –OH 

groups (Akhtar et al., 2016b). Free hydroxyl groups provide reactive sites of 

lignocellulose material thus increasing the mechanical interlocking. Sodium 

hydroxide removes wax and oils besides delignification. Breaking of lignin structure 

exposes cellulose and hemicellulose thus reducing the crystallinity of the 

lignocellulose material (Akhtar et al., 2016b). Alkalization results in the replacement 

of hydrogen in the hydroxyl group with sodium to form alkoxides, as illustrated in 

equation 2.23 (Chand and Fahim, 2008).  

Fiber – O-H + NaOH → Fiber-ONa + H2O             2.23 

Sodium hydroxide exposes more free hydroxyl groups used in condensation 

reactions (Xu et al., 2017). Besides, sodium hydroxide forms soluble lignin 

derivatives (Lim et al., 2015) therefore increasing interlocking sites (Gomes et al., 
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2016). More molecular bonding leads to higher modulus of elasticity (MOE), internal 

bond (IB) and modulus of rupture (MOR) (Jacob et al., 2004). 

Sodium hydroxide cleaves the β-O-4 ether bond in lignin (Roberts et al., 2011), as 

illustrated in Scheme 2-5.  
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Scheme 2-5. Cleavage of lignin to form syringyl derivatives 

 

Chemically modified lignin reacts with other functional groups other than 

formaldehyde resins. Hydrogen peroxide (H2O2) dissociate in sodium hydroxide 

(NaOH) to produce hydroperoxy group (HOO
-
) (He et al., 2017; Hocking and Crow, 

1994) as shown in equation 2.24 

(aq)(aq)(aq)22 HHOOOH               2.24 

Hydroperoxy anion reacts with undissociated H2O2 to form hydroxyl radical (
.
OH) 

and superoxides (O2
-
) as shown in equation 2.25. 

(l)2(aq)2(aq)
.

(aq)2(aq)2 OHOOHHOOOH  
          2.25 

Conyferyl alcohol is oxidized by H2O2/NaOH to carboxylic acids as shown in Figure 

2-6. 
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Figure 2-6. Perhydroxyl anion cleavage and oxidation of coniferyl alcohol in 

Lignocellulose Material 

 

Hydrogen peroxide oxidizes synapyl alcohol in the presence of the alkaline solution 

(Gu et al., 2012; Xiang and Lee, 2000) as shown in figure 2-7. 
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Figure 2-7. Reaction sequence of sinapyl alcohol under alkaline conditions 

 

Perhydroxyl anion (HOO
-
) is a strong nucleophile from hydrogen oxidation in an 

alkaline medium. HOO
-
 groups cleave ether bonds within the lignin structure. Lignin 

derivatives such as vanillin and syringaldehyde are rapidly degraded by hydrogen 

peroxide (Gu et al., 2012; Xiang and Lee, 2000). Chemical modifications include 

lignin depolymerization that produces new reactive sites such as hydroxyl groups. 

These hydroxyl groups are chemically transformed so that lignin graft with other 

hydroxyl group-containing material to form copolymers (Figueiredo et al., 2018). 

 

Kraft lignin in thermoset polymers with polyurethane (Hatakeyama, 2012), phenol-

formaldehyde (PF), and epoxy thermosetting resins are brittle (Kelley et al., 2010). 
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Phenolic groups in lignin exhibit better characteristics than petrochemical phenol in 

PF resin. Up to 50 % of phenols in petrochemical products could be replaced with 

lignin without losing panel properties. 

 

Raw lignin requires chemical modification to activate the functional groups. 

Chemical modification of lignin using sodium hydroxide enhances the reaction 

between the lignin and the starch. This leads to the formation of covalent bonds that 

hold the composite material together (Achyuthan et al., 2010). The focus of this 

study was to improve the interaction between the lignin from lignocellulose material 

and modified cassava peel starch. Lignin forms more intermolecular associations in 

solution.  

 

2.4 Cellulose 

Cellulose is the major component of lignocellulose material. Cellulose constitutes 

between 30 to 50 percent of lignocellulose material and is mainly used in food, 

medical, paper and paper products, textile and pharmaceutical industries (Agarwal, 

2019). Cellulose has a general formula (C6H10O5)n, where n, which is over 10,000, is 

the degree of polymerization. Although cellulose mainly occurs in wood, other 

cellulose-containing materials include crop residues, water plants, grasses among 

others. 

 

Cellulose is a homopolymer of glucose linked by a β-1,4-glycoside link (Ruel et al., 

2012) as shown in figure 2-8.  

O O

O O
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CH2OHOH OH

CH2OH

glycoside link

n  

Figure 2-8. The structural formula for cellulose 

 

Cellulose linear structure enhances the interaction between -OH through hydrogen 

bonding (Kanga et al., 2016). The crystallinity of cellulose, therefore, is due to the 
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strong hydrogen bond between the glucose molecules. Cellulose in crystalline form 

exhibits little interaction with water. This is attributed to the smaller number of 

hydroxyl groups exposed that interact with water through hydrogen bonding. 

Depending on the number of free hydroxyl groups, cellulose ends up affecting the 

WA and mechanical properties of composite material.  

 

Chemical treatment of cellulose with H2O2/NaOH converts hydroxyl groups in -C-

OH into -COOH as shown in Scheme 2-6.  
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Scheme 2-6. Cellulose oxidation with alkaline hydrogen peroxide 

 

Cellulose combine with hydrolyzed silica to form hybrid (Han et al., 2019). Another 

way through which organic-inorganic hybrids are prepared is the use of electrostatic 

interactions. An organic compound such as cellulose reacts with silica to form a 

composite material through silication (Root et al., 2017; Kaushik et al., 2015). 
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Cellulose undergos chemical modification to reduce the number of free –OH by 

substituting them with an inorganic material. Inorganic material such as silica 

improves the properties of polymer-silica hybrid formed such as hardness and 

thermal stability (Zhou et al., 2019). 

 

Cellulose-silica linkage can be achieved using the interaction between ions to form 

layer by layer (LBL) (Borges and Mano, 2014). This concept deals with the 

attraction between unlike charges on the surface of composite material. LBL results 

in overlaying of many layers in a composite material. Interaction between each layer 

depends on the interaction between the unlike charges. Inorganic compounds, such as 

silica, are adsorbed onto the surface using the interaction of unlike charges. Silica 

having negatively charged ion require a positively charged ion to be adsorbed. SiO2-

NaOH treatments thus lead to the formation of oppositely charged ions enhancing the 

interaction. This principle was used in this study. 

 

Cellulose-silica blends can also be achieved through a sol-gel technique especially on 

a large scale (Chen et al., 2019). Cellulose from fibers and silica combine through 

sol-gel during the synthesis of organic-inorganic hybrids. Hydrophobic silica-based 

material such as polysiloxane can be used in coating organic material through sol-

gel. Covering of organic material using inorganic material require chemical 

treatments. Sulfite pulp is hydrolyzed with water when using compounds with silicon 

(Unger et al., 2012). Sol-gel is used to reduce water absorption in organic composite 

materials. Hydrolysis of metal alkoxides undergoes a condensation reaction with 

inorganic compounds containing hydroxyl groups such as silicic acid. Treated silica 

undergoes condensation reaction after hydrolysis (Gao et al., 2016). The two-phase 

process of hydrolysis and condensation is used to form a cellulose-silica composite 

(Guangbao, 2014) as shown in Scheme 2-7. 
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Scheme 2-7. Reaction process of production of cellulose-silica hybrid 

 

Biomineralization is another process used in the synthesis of inorganic-organic 

hybrids and can happen naturally or artificially. Naturally, bacteria release metabolic 

products that react with metal ions to form a precipitate (Han et al., 2019). Natural 

biomineralization is greatly enhanced by the use of bacteria especially bacterial 

cellulose (BC) (Maeda et al., 2006). The precipitate formed through 

biomineralization includes bones, egg shells and teeth in animals and rice husks that 

contain silica. Rice plant growth involves the biomineralization of cellulose with 

silica through a condensation reaction. Condensation reactions between organic and 

inorganic materials are the main process through which they are combined. 

Polymethylmethacrylate reacts with ferric oxides to form a hybrid (Sharif et al., 

2017). The introduction of a covalent bond between organic and inorganic materials 

increases MOE, MOR and IB of composite materials (Papageorgiou et al., 2017). 

 

Silica derivatives such as tetraethoxysilane (TEOS) and sodium silicate undergo 

hydrolysis. TEOS is hydrolyzed to form silanol solution in the presence of bacteria 

cellulose to form a hydro-gel whereas sodium silicate undergoes hydrolysis to form 

silicic acid (Annenkov et al., 2017). Silanol and silicic acid contain hydroxyl groups 

that react with hydroxyl groups from organic material through a condensation 

reaction. Silica is also hydrolyzed in the presence of bacterial cellulose to silanol 
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(Ashori et al., 2012). Rice husks contain silica that undergoes hydrolysis in sodium 

hydroxide to form silicic acid (Visser, 2018; Angelova et al., 2015). Silicic acid 

contains hydroxyl groups that combine with hydroxyl groups from biomass. 

Covalent bonds formed result in improved mechanical properties such as MOR and 

MOE as the structure is strengthened. 

 

Biomineralization leads to the production of two hybrids as shown in Scheme 2-8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Composite materials made from cellulose treated with silica are used as an 

alternative of fibers due to their improvements in their mechanical properties 

(Papageorgiou et al., 2017). Cellulose-silica is a rigid composite material that is 

resistant to any structural deformation. Silica becomes part of the organic network 

through linkages between silica and cellulose in lignocellulose material. Silica can be 

Bacteria cellulose 

Steel mesh 

Si(OH)4 +H2O 

Bacteria 

Glucocetobacter xyline 

Si(OH)4 →SiO2+H2O 

BC hydro-gel/silica 

hybrid 

Non-woven 

fabric 

Press  

Dry BC/silica hybrid sheet 

Scheme 2-8. BC hydro-gel/silica mixture and dry BC/silica mixture 



 
 

25 
 

combined with cellulose through hydrolysis followed by condensation (Tadanaga et 

al., 2013). 

 

Cellulose in its natural form interacts less with other organic and inorganic materials. 

Treatment with an alkali such as sodium hydroxide reduces hydrogen bonding. Rice 

husks treatment with sodium hydroxide serves two main purposes. First, it increases 

the number of free hydroxyl groups and secondly, conversion of silica to sodium 

silicate. Silica-based derivatives are converted to silanol to increase their reactivity 

with organic materials. 

 

2.5 Hemicellulose 

Hemicellulose polysaccharides that represent 20 to 35 % of lignocellulose material. 

Hemicellulose is a mixture of low-branched sugar with C6 and C5 units 

(Mounguengui-Diallo et al., 2019). These sugars include xylan (C5H10O6), xylose 

(C5H10O5), glucose (C6H12O6), mannose (C6H12O6), glucuronic acid (C6H12O7) and 

4-methyl glucuronic acid (C7H12O7) (Gao et al., 2020). Hemicelluloses act as a link 

between cellulose and starch that make the cell walls of plants (Waldron et al., 

2003). Hemicellulose glycoside linkages vary in terms of side chains, localization 

and distribution throughout its main macromolecular structure (Ebringerova et al., 

2005). Hemicellulose is mainly in form of xylans grouped into homoxylans that are 

mainly polysaccharides bonded via β-(1→3) and β-(1→4), glucuronoxylans that 

have single side chains, arabinoxylans, and heteroxylans.  

 

Hemicellulose is chemically modified through crosslinking, acetylation, dehydration, 

oxidation, reduction, esterification and etherification of hydroxyl groups. 

Hemicellulose contains only one or two hydroxyl groups for esterification which 

makes it more challenging to modify compared to cellulose and starch that have three 

free hydroxyl groups (Fischer and Heinze, 2005; Ebringerova et al., 2005). 

Crosslinking involves the combination of hemicellulose with biopolymers such as 

starch and cellulose (Fang et al., 2000). Hemicellulose is treated through acetylation 

to replace free hydroxyl groups with acetyl groups (Fang et al., 2000). This reduces 

the number of free hydroxyl groups thus increasing its hydrophobic character 

(Ebringerova et al., 2005). Heteroxylan structures are mainly found in bran, cereals 

and gum discharge (Ebringerova et al., 2005). 
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Hemicellulose C5 oligomers undergo hydrolysis to form xylose (Zhou and Zhang, 

2016) as shown in Scheme 2-9. 
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Scheme 2-9. Hydrolysis of hemicellulose to form xylose 

 

Xylose undergoes dehydration to form furfural (Dulie et al., 2020; Zhou and Zhang, 

2016) as shown in Scheme 2-10. Furfural is a substitute for formaldehyde that is used 

as a cross-link during the formulation of particleboard. 
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Scheme 2-10. Conversion of xylose molecules to furfural molecules 

 

2.6 Starch Additive Using Borax 

Borax is a compound whose molecular formula Na2B4O7.10H2O contains Na
+
 and 

B4O5(OH)4
2-

 (Zhang et al., 2016). Borate additives are inter-chain linkages between 

polymers through hydroxyl groups of borate anion structure (Moussa et al., 2013) as 

shown in Figure 2-9. Hydroxyl group in borax increase bonding that result to 

increase in resistance to the biodegradability of bio-based materials. Borax cross-

linking is another way of polymer modification, especially for starch. Borax 

increases the molecular weight of molecules of interest and results in a more rigid 

material.  
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Figure 2-9. Arrangement of elements in a borate ion 

 

Cross-links are formed when the hydroxyl groups in borate ions react with molecules 

containing more than one free hydroxyl groups called polyols such as starch (Zhang 

et al., 2016). The condensation reaction between polyols and borate ion leads to the 

elimination of water molecules producing strong covalent bonds. Borate ions are 

formed through hydrolysis of borax in water (Wang et al., 2013a) as shown in 

equations 2.26 to 2.28. 

-
(aq)

-
7(aq)4(l)2(aq)

-2
74 OH+OHB→OH+OB

          2.26 

3(aq)
+
(aq)(l)2(aq)

-2
74 4B(OH)→2H+OH+OB

           2.27 

(aq)

-
4

+
(aq)(l)2(aq)3 4B(OH)+H→OH+B(OH)

           2.28 

Boron in sodium borate exhibit two major structural geometry that is tetrahedral and 

trigonal planar that enables linkage with other polyols (Zhang et al., 2016) as 

illustrated in Scheme 2-11.  
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Scheme 2-11. Crosslinking borax to polyols 
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2.7 Particleboards Formulation 

Particleboards are panels product manufactured from discrete lignocellulose particles 

bound with a synthetic binder under heat and pressure. Pressure forces the particles 

to come together before the resin cures. This could leave space between resin and 

lignocellulose material particles that may expose the inherent hydroxyl group. 

Hydroxyl functional groups interact with polar solvents such as water thus increasing 

the WA and TS (Adhikary et al., 2008). Commonly used lignocellulose material is 

wood from trees and synthetic binders are mainly formaldehyde-based resins.  

 

Conventional method in making particleboard involves encapsulation of 

lignocellulose material using formaldehyde-based resins. Phenol-formaldehyde 

resins is formulated by reacting phenols and formaldehyde as shown in equation 

2.29. 

(l)246(l)(l)56 OHCHHHOC→HCHOH+HHOC           2.29 

The synthesized phenol-formaldehyde undergoes condensation polymerization with 

phenols to form polyphenol-formaldehyde as shown in equation 2.30 

OH+CH)H(HOC→HHOC+OHCHHHOC 2224656256         2.30 

Under high pressure applied on the lignocellulose particles and heat, polyphenol-

formaldehyde undergoes curing process thus holding the particles together (Mamza 

et al., 2014) as illustrated in Scheme 2-12. Polyphenol-formaldehyde encapsulates 

lignocellulose particles. 
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Scheme 2-12. Encapsulation of wood particles using cured phenol-formaldehyde 

resin 
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Urea-formaldehyde undergoes a similar process to that of phenol-formaldehyde. 

Urea-formaldehyde resin is sprayed on lignocellulose particles and, with pressure 

and heat, it encapsulates the lignocellulose material (Gürü et al., 2006) as shown in 

the Scheme 2-13. 

 N

O

N

H2

C

O



CH2

N


H2C

N

O


Lignocellulose particles

Formaldehyde derivative

Urea derivative

n

NH2

O

H

O

+

HH2N

n n

 

Scheme 2-13. Encapsulation of lignocellulose particles with poly(Urea 

Formaldehyde) 

 

Post-industrial wood particle waste is feedstock for making composite materials for 

particleboards (Diyamandoglu and Fortuna, 2015; Vefago and Avellaneda, 2013). 

Sawdust is a conventional lignocellulose material for making particleboards with 

formaldehyde-based resin binders. Rahman, et al., (2013) used sawdust as a 

lignocellulose material and polyethylene terephthalate as a binder. Polyethylene 

terephthalate is non-biodegradable. Binders such as polyethylene terephthalate are 

mixed with coupling agents such as formaldehyde and polymethylene polyphenol 

isocyanate. These coupling agents increase their interaction with wood waste by 

introducing a mixture of reactive functional groups (Rahman and Netravali, 2018a; 

Lu et al., 2005). Coupling agents introduce alternative functional groups that 

enhance interaction between binders and chemically treated lignocellulose materials 

which increase their compatibility with the adhesive (Ndazi et al., 2006). 
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Bioplastics are formed between starch and lignin molecules. Starch –lignin matrix 

showed low enthalpy of combustion (Majeed et al., 2016). Fibers containing 

cellulose and lignin undergo chemical treatment to enhance their interaction with 

biobased binders such as starch (Narkchamnan and Sakdaronnarong, 2013). 

Hydroxyl groups in lignin are activated by the use of a base such as NaOH (Erdocia 

et al., 2014). Hydroxyl groups in activated lignin avail linkage point thus increase 

sites for condensation reactions to form copolymers (Lepifre et al., 2004). 

Copolymers are joined through covalent bonds, a strong bond used in the formulation 

of fiber-reinforced composite material (Shekar and Ramachandra, 2018). Lignin in 

lignocellulose material improved the physicochemical properties of starch in 

particleboard formulation (Baumberger et al., 2010). 

 

Starch has been blended with lignin in forming a starch-lignin copolymer (Vengal 

and Manu, 2016). Lignin has several hydroxyl groups that can be used for 

polymerization reactions. They include phenolic hydroxyl groups, aliphatic hydroxyl 

groups and unsubstituted 3- or 5- positions on phenolic C9 units (Cai et al., 2015). 

Phenolic hydroxyl groups react through an oxidative coupling initiated by the 

removal of a hydrogen ion from the phenolic hydroxyl group. Oxidative degradation 

of phenolic structures of lignin converts them to carboxylic acid groups that react 

with the hydroxyl group from starch to form esters (EraghiKazzaz et al., 2019). 

Lignin with high aliphatic hydroxyl groups can easily undergo an esterification 

reaction with carboxylic acid groups (Gao and Fatehi, 2019). Lignocellulose 

materials interact with chemically modified starch to form composite material 

moulded to particleboards. Composite material formulation through condensation 

reactions from various sites of lignin from lignocellulose materials is as shown in 

scheme 2-14. 
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Scheme 2-14. Interaction sites between lignocellulose material and starch 

 

Crop residues can be used as an alternative to wood as a source of lignocellulose 

material (Ferreira et al., 2015). Polymerizing natural polymers from crop residues 

with starch produces composite material for particleboards (Alessandra et al., 2015). 

The polymerization of crop residues and starch depends on free hydroxyl groups in 

their molecules which depend on the chemicals used during the treatment step. 

Hydrolysis with sodium hydroxide produces few free hydroxyl groups which are 

crucial in a condensation reaction (Yamada et al., 2001). Particleboards made from 

untreated cassava root and cassava starch consist of few hydroxyl groups that lack 

sufficient linkage sites during the formulation of composite materials (Nurul et al., 

2016). 

 

Lignin structure interacts with hemicellulose structure through covalent bondage. 

Lignin interacts with cellulose through hydrogen bonding (Choong et al., 2016) as 

shown in Figure 2-10. 
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Figure 2-10. Lignin-hemicellulose covalent linkages 

 

The above interactions result in four major linkage points between lignocellulose 

material and carbohydrates (Giummarella et al., 2016). The linkages include benzyl 

and ether bondage, benzyl and ester, phenyl and glycoside as well as acetal bonds. 

Phenolic and carboxyl groups react with quinone methide in hydrophobic conditions 

to form benzyl alcohols, ester and ethers (Sivasankarapillai and McDonald, 2011; 

Ghosh et al., 2000). Hydroxyl group reacts with a carboxylic group from glucuronic 

in xylan to form a benzyl ester. Phenolic hydroxyl groups in lignin undergo a 

condensation reaction with hydroxyl groups in polysaccharides to form phenyl 

glycoside. Acetal bond, on the other hand, is synthesized when two hydroxyl groups 

from polysaccharides react. Acetal groups undergo acid hydrolysis to form hydroxyl 

groups and carbonyl groups (Kapelko-Zeberska et al., 2015; Chotipratoom et al., 

2014; Fang et al., 2000). 
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Crop residues such as corn cob and sawdust have been used in particleboard 

formulation bound with urea-formaldehyde (Akinyemi et al., 2016a), rice husk 

bound with silica (Battegazzore et al., 2017), almond shell bound with urea-

formaldehyde (Gürü et al., 2006), sugarcane bagasse bound with urea-formaldehyde 

(Jonoobi et al., 2016b).  

 

Biomass is a renewable material of growing interest in achieving global 

sustainability (Collinson and Thielemans, 2010). Biomass such as lignocellulose 

materials and starch are used to prepare biobased composite films (Wu et al., 2009b). 

Lignin in the lignocellulose matrix reacts with starch to form a biopolymer film of 

low enthalpy of combustion (Mansor et al., 2016). This has increased resistance of 

composite material to microbial attack thus increasing the stability of composite 

materials (Mansor et al., 2016). Biomass such as starch and cellulose improves 

mechanical, thermal conductivity, and hindrance of flexible thermoplastic (Ferreira 

et al., 2015). 

 

The discussion above show how components of lignocellulose combine with other 

polymers such as starch. Starch interacts with components of lignocellulose material 

through covalent bonds. This indicates that natural polymers can be combined 

without the use of synthetic resins such as formaldehyde-based resins that are 

carcinogenic. The study focuses on the use of inherent functional groups in biomass 

to form a composite material free from formaldehyde-based resins. Activated 

functional groups in biomass can undergo crosslinking, esterification and 

etherification among other reactions. 

 

2.8 Characterization of Particleboard Adhesion  

Adhesive tests are used for comparison of properties, quality checks for a “batch” of 

adhesives to determine the recommended standard. In addition, it checks on the 

effectiveness of surface, and determination of parameters useful in predicting 

performance of the particleboards (Landrock and Sina, 2015). Bond strength 

determines the quality of adhesives used in particleboards. Bond strength of a 

particleboard describes the overall adhesion and depends on the type of stress 

experienced by the bond and temperature.  
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2.9 Thermal Properties 

Thermal conductivity in composites depends strongly on phase geometries, 

orientations and volume fractions of materials used in particleboard (Altendorf et al., 

2014). Simple two-phase composite structures are considered and are shown in 

Figure 2-11, (a) phase randomly dispersed and Figure 2-11 (b) lamella structure and 

the two phases having different conductivities.  

(a) (b)  

Figure 2-11. Phase arrangements in composite material 

 

When one phase consists of dispersed particles, the composite has conductivity 

approximately equal to the volume-fraction-weight average. When the phases are in 

the form of parallel slabs, the magnitude of the conductivity in directions parallel and 

perpendicular to the slabs varies analogously to the flow of current in a resistive 

electrical circuit (Altendorf et al., 2014). Parallel to the particleboard slabs, both 

phases contribute independently to the heat flow, similar to current flow through 

resistors in parallel, and the resultant thermal properties are always higher than that 

contributed by the phase with the larger conductivity (Altendorf et al., 2014). 

 

Perpendicular to the particleboards, heat must flow sequentially through each of the 

particleboard links. Heat flow is reduced by the lower-conductivity phase. This 

phenomenon is related to the current flowing through particleboard in series. In the 

latter case, the conductivity is lower than that contributed by the cooler phase alone 

(Altendorf et al., 2014).  

 

2.10 Methods Used for Adhesives Analysis and Thermal Properties 

2.10.1 Atomic Absorption Spectroscopy (AAS) 

AAS is used for the analysis of group two and higher group elements mainly from 

solubilized solution (Nerdy, 2018). The sample solution is nebulized into atoms that 

are directed into a flame where they absorb radiation of specific wavelengths. The 

amount of radiations absorbed is quantified and used for identification as different 
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atoms absorb at different wavelengths. The AAS depends on the efficiency of 

atomizer and monochromator. This technique requires standardization with analytical 

content which establishes an absorbance-concentration relationship that depends on 

Beer-Lambert’s law (Mendham et al., 2000) shown in equation 2.31. 

ε.cL)
I

I
(logA o

10              2.31 

Where A represents the absorbance, Io represents radiation at a given wavelength, I 

represent radiations that are attenuated, L represents path length of the sample in cm, 

c represents the concentration of species in mol/dm
3
) and Ɛ represents the molar 

absorptivity in L/mol/cm. 

 

AAS is used to determine the amount of metal in materials (Ghanemi et al., 2011 ) 

and has been used to determine Pd and Rh in the characterization of nanoparticles of 

composite materials (Scaccia and Goszczynska, 2012). 

 

2.10.2 X-Ray Diffraction (XRD) Spectroscopy  

XRD is used for the elucidation of crystallinity. The X-rays waves are diffracted by 

particles in the crystal planes and a diffraction pattern is formed on the screen. 

Diffraction peaks are observed at different angles and intensities are as a result of the 

crystal lattice. Crystal lattices give rise to diffracted X-rays in the form of a wave 

with unique peaks at specific angles with different intensities as shown by Bragg 

equation 2.32. 

2dsinθnλ             2.32 

Where λ represents the wavelength of x-rays, θ represents the angle in between the x-

ray beam and atomic planes, n represents the order of the intensity. The inter-plane 

particle distance, d in Bragg’s equation 2.32 can be calculated using the maximum 

intensity of constructive interference. 

 

Bragg’s equation is represented in figure 2-12. 
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Figure 2-12. Bragg's law reflection 

 

Diffraction pattern analysis provides information on atom arrangement in the 

material being in a plane. Arrangement of these atoms gives information on a unit 

cell in terms of shape and size whereas the position of atoms is determined by the use 

of relative peaks of the diffractograms (Myers, 2002). These techniques are used in 

the elucidation of the structure of materials as wavelengths in order of one angstrom 

(Ǻ) which is equivalent to the magnitude of distance between atoms in test materials. 

 

Electrons are propelled toward a certain metal by the use of a high voltage passed 

between electrodes. The high-density metal bombarded with these electrons emits 

rays with a certain wavelength characteristic of the specific target metal (Jones and 

Childers, 2003). Copper is used for standardizing that emits X-rays of 1.54 Ǻ. 

Particles in the sample diffract the X-rays in all directions that form a pattern in the 

fingerprint of the sample. Various X-ray intensities are recorded at two angle theta 

(2θ). Distance between crystal planes in the matter is then calculated using Equation 

2.32. A small diffraction angle shows a larger distance between atoms. Samples are 

identified using the handbook of mineral diffraction patterns (Poppe et al., 2015). 

 

XRD determines the mineralogical content of cellulose in sugarcane bagasse with 

different treatments (Umemura et al., 2016). Cellular matrix exists in crystalline 

form in lignocellulose materials (Agarwal, 2019). XRD was used to show the effect 

of additives and water on lignocellulose materials (Zhao et al., 2013). The 

introduction of additives into lignocellulose materials reduces the crystallinity nature 

of cellulose. This was observed in sugarcane bagasse treatment with citric acid where 

citric acid esterified with –OH in cellulose (Umemura et al., 2016). 
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2.10.3 X-Ray Fluorescence (XRF) 

XRF technique does not change the matrix of the tested materials during elemental 

identification and their concentrations in either solid or liquid state samples 

(Brouwer, 2010). Samples are bombarded with high energy photons from an X-ray 

tube more than the binding energy of the electron in the energy levels. Excited 

electrons move to a higher energy level from lower energy levels creating vacant 

spaces in energy levels which make atoms unstable. Stability is achieved when 

electrons from outer energy levels provide electrons that fill the energy levels in 

inner orbitals. The transition of electrons from outer energy levels to inner energy 

levels is accompanied by the emission of photons, a phenomenon called 

fluorescence. Emitted photons are energy waves that are lost by higher orbital 

electrons (Kalnicky and Singhvi, 2012). 

 

Energy (E) emitted through fluorescence is determined by the difference between 

initial energy denoted as Ei and the final energy denoted as Ef for individual 

transition as shown in equation 2.33. 

νh=E-E=E fi            2.33 

This energy difference is related to the frequency (ν) of the photon by equation 2.34. 

λνc =             2.34 

On substitution of equation 2.29 to that of equation 2.30, we obtain equation 2.35 

λ

hc
E 

           2.35
 

Where h represents the Planck’s constant, c for light velocity, and λ represents the 

photon wavelength. 

 

Equation 2.35 shows that as wavelength increases energy produced decreases and 

this is unique for each element to be tested. The intensity of emitted photons varies 

directly to the element concentration in the sample, a basis of the XRF technique in 

the elemental analysis (Kalnicky and Singhvi, 2012). 
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2.10.4 Fourier Transform Infrared (FT-IR) Spectrophotometric Method 

FT-IR provides information used in the elucidation of molecules in organic samples 

at the molecular level and characterization of proteins, lipids, nucleic acids, and 

carbohydrates. Calibration is done by collecting infra-red spectra of clay mixtures of 

known amounts of phosphatidylcholine (Polnaya et al., 2013). 

 

Optical spectroscopy utilizes the interaction of electromagnetic radiation with matter. 

The medium infrared (MIR) spectral range covers the electromagnetic frequency 

regime from approx. 4000 - 400 cm
-1

, which enables the excitation of vibrational or 

vibrational-rotational transitions of molecules involving transitions from/to rotational 

and/or vibrational levels in the same ground electronic state. MIR spectra are 

frequently characteristic of various functional groups within a molecule, particularly 

in the so-called “fingerprint” region (approx. 1200- 400 cm
-1

), the vibrations of the 

related specific bonds show specific absorption patterns (Bec et al., 2017). 

Consequently, MIR spectra determine the chemical nature and molecular structure of 

a constituent. MIR spectroscopy is used in qualitative and quantitative analysis of 

materials such as organic, inorganic, and biological substances. 

 

Wavelength dependents on light reduction are calculated and defined as 

transmittance (Tinti et al., 2015) (T) as shown in equation 2.36: 

oI

I
T 

           2.36 

Where Io represents the incident radiation intensity, I represent radiation intensity 

after it passes through the sample. 

 

Quantitative applications of IR spectroscopy is usually rearranged and expressed as 

absorbance (A) (Palencia, 2018), equation 2.37: 













0I

I
loglog(T)A

          2.37 

For quantitative measurements, absorbance may also be defined by the Lambert-Beer 

law (Parnis and Oldham, 2013), as illustrated in equation 2.38: 

εClA              2.38 
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Where: ε represents absorptivity, C represents concentration; l represents sample 

thickness (the optical distance of light through the sample). Therefore, equation 2.38 

shows a linear dependence of absorbance on the thickness of the sample, or more 

generally, the absorption path length. 

 

Attenuated total reflection (ATR) is brought about by internal reflections of 

radiations by the matter. Radiations from optically denser medium with refractive 

index n1 propagate to a lesser optically active media with refractive index n1. The 

total reflectance in the media occurs at the interface where the angle of incident rays 

(θ) exceeds critical angle (θc) as shown in Figure 2-13. 

Total internal

reflection

21
n1

n2

Water
 

Figure 2-13. Total internal reflection in the interface of the two media 

 

The θc representation of two media as a function of refractive indices is as shown in 

equation 2.39:  











 

1

21

c
n

n
sinθ

           2.39 

Evanescent fields extend into adjacent media that is rarer for each reflection. This 

resembles a standing electric wave that makes an angle of 90
o
 with the two media. 

Standing electric (E) amplitude decreases at an exponential rate to the distance as 

shown in equation 2.40. 
















 pd

z

0eEE
            2.40

 
Where E0 represents electric field amplitude, E represents the amplitude of standing 

electric field, z represents interface distance, and dp represents the depth it penetrates 

(dp). 

 

The dp which is an equivalent to 
1
/e of Eo is determined as shown in equation 2.41: 
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          2.41
 

 

2.10.5 Nuclear Magnetic Resonance (NMR) Spectroscopy 

Radiofrequency energy radiates a precessing nucleus. The system resonates and 

transition occurs from parallel to anti-parallel orientation. Absorption of energy 

occurs that is detected by a radiofrequency receiver (Baker and Kim, 2012). 

Resonance causes the transition which can be expressed by Equation 2.42. 

H2hνEnergy            2.42 

Where h represents Planck’s constant, υ represents radiofrequency, H represents 

static magnetic field strength whereas µ represents the magnetic moment of the 

nucleus. 

 

Samples in solution were put in small tubes made of glass are placed between the 

poles of a magnet. The glass tube spins. The sample is irradiated with radiofrequency 

through the antenna coils from a radiofrequency source. The sample absorbs the 

radiofrequency (RF) energy; the absorbed RF energy is emitted through the receiver 

coil which surrounds the sample tube (Neudecker et al., 2009). Emitted RF energy is 

detected and recorded by electronic devices and computers. The resonance between 

the nucleus and the rotating magnetic field is achieved by varying the strength of the 

magnetic fields at constant radiofrequency and or sweeping (varying) radiofrequency 

while the extended magnetic field is constant. Different resonance signals give rise to 

a spectrum (Tan et al., 2007). Different resonance signals are observed for each of 

the different types of the proton. Different signals arise because different protons 

exist in different chemical environments. Electrons in the bonds between hydrogen 

and other atoms in the molecules such, as H-C, H-O, and H-N screen the neighboring 

hydrogen nucleus, altering the effective magnetic field at the nucleus (Capanema and 

Balakshin, 2015). Therefore protons are shielded to a different extent according to 

their chemical environment. Hence different protons resonate at different frequencies 

(Baker and Kim, 2012). 
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Chemical shift of protons is expressed in (delta). Generally, the chemical shift of 

resonance is expressed as shown in equation 2.43. 

ppm10
erspectrometoffrequencyOperating

VV
δ 6TMSS 




       2.43

 

Where υS represent the frequency of the signal and υTMS represents the frequency of 

the reference material assigned 0 ppm. 

 

Chemical shifts of carbon – 13 are shown in Table 2-1 

Table 2-1. Chemical shifts for various functional groups in carbon-13 

Types of Carbon Chemical Shift 

RCH3 10-15 

R2CH2 16-25 

CH3CO- 20-50 

R3CH 25-35 

RCH2NH2 30-65 

RCH2Cl 30-60 

RCH2O- 50-90 

C=C (Alkenes) 115-140 

C (in aromatic rings) 125-150 

C=O (in acids and esters) 160-185 

C=O (in aldehydes) 190-200 

C=O (in ketones) 205-220 

C-C 0-50 

C-O 50-100 

C=C 100-150 

C=O 150-200 

 

Among the isotopes of carbon, carbon-13 has magnetic properties, because it has an 

odd mass number and is capable of giving rise to a NMR signal (Wen et al., 2013). It 

has a spin quantum number I = ½ and is detectable by NMR. Carbon-13 makes up 

1.1% of naturally occurring carbon (Balakshin and Capanema, 2015; Capanema and 

Balakshin, 2015; Neudecker et al., 2009). This natural abundance is high enough to 

make 
13

C useful in the structure determination of molecules. Low natural abundance 

of 
13

C, is about 6000 times more difficult to observe than proton resonance. Similar 

to 
1
H NMR, 

13
C shifts are measured in ppm downfield of TMS. Chemical shifts for 

13
C range from 0-200 ppm relative to TMS, which is about 20 times the range for 

1
H 

chemical shifts (Capanema et al., 2005). The structural environment of a carbon 

influences its chemical shift. The chemical shift of carbon is a function of its 
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hybridization, the polar and steric effects of the substituents as well as ring current 

(Zia et al., 2019). 

 

1
H NMR provides information on peak areas, chemical shifts, and splitting of peaks 

due to the coupling of nuclei. 
13

C NMR, does not provide information on peak area 

(integration) (Tan et al., 2007). However, chemical shifts and peak splittings are the 

two features of 
13

C NMR spectra. 
13

Carbon easily exhibits coupling with nearby 

protons, .i.e. protons directly attached to carbon resulting in split signal (Capanema 

and Balakshin, 2015; Stark et al., 2015). The resulting splitted signals are so 

complicated, signal to noise ratio is so low that 
13

C NMR spectra are usually 

obtained under proton splitting condition, in which each non-equivalent carbon is 

seen a single peak (Zia et al., 2019). The line intensities do not reflect the relative 

number of carbon atoms. However, what is usually observed is that in carbons 

without hydrogen such as C=O carbons, the intensity of the line will be less than 

those having hydrogen (Choong et al., 2016). For those carbons having hydrogen, 

the relative height of the peak estimates the relative number of carbon. Because an 

aromatic carbon atom which is attached to a substituent is not attached to hydrogen, 

such carbons appear with lower intensity than the other carbon atoms in that 

molecule, but they also appear with higher intensity than carbonyl carbons 

(Capanema and Balakshin, 2015; Stark et al., 2015; Sun et al., 2013). 

 

NMR spectroscopy is used to elucidate structures for the grafted copolymer (Stark et 

al., 2015). Copolymers were between cellulose and poly(β-hydroxybutyrate) /3-

hydroxybutyrate-co-3-hydroxy valerate) composites were successfully determined by 

the use of NMR for quantification of phenolic hydroxyl groups in lignin (Capanema 

and Balakshin, 2015). Research findings have shown that three phenolic groups in 

lignin were identified by the use of NMR (Sun et al., 2013). This made it possible to 

determine the main functional groups formed when new phenolic groups were 

formed.  

 

2.11 Adhesive Bonding Strength Analysis 

Adhesion allows the transfer of mechanical stress from one material to the other 

through the bond formation. Polymers interact through physical as well as chemical 

ways by forming forces that put the materials together (Marhmood, 2005). 



 
 

43 
 

Interactions emanate from atomic attractions that form the functional groups. 

Adhesion creates a rigid solid after curing due to the formation of new compounds 

through a cohesive linkage such as cross-linking. Cohesive linkage establishes joints 

that bring materials together (Marhmood, 2005). Adhesion is measured through 

mechanical tests of the composite material formed (Mittal, 1995) which is dependent 

on the material under investigation. 

 

Adhesion in particleboards is based upon thermosetting or thermoplastic polymeric 

matrices. Intrinsic adhesion involves the establishment of molecular contact between 

the substrate and adhesive. Inherent interactions mainly occur from interatomic as 

well as intermolecular attractions between an adhesive and material surfaces (Baldan, 

2012). These intermolecular forces include hydrogen bonding whereas intra-

molecules attractions are covalent and ionic bonding. Surface pretreatment of 

materials enhances the attraction between the materials. 

 

2.12 Thermal Conductivity of Particleboards 

Thermal conductivity reffers transfer of heat from one side of a particleboard to the 

another measured in watts per square surface. It measures the potential of a 

particleboard to be used as an insulator (Mati et al., 2015). It is affected by density, 

MC and ambient temperature where their increase corresponds to an increase in 

thermal conductivity and vice versa. It measures the basic properties of 

particleboards such as insulation. particleboards with large voids consist of more air 

trapped in the matrix results into low conductivity, a characteristic required in 

materials for internal applications. 

 

Thermal conductivity is measured through two basic properties; steady and non-

steady (Kerschbaumer et al., 2019). The steady technique measures the thermal 

conductivity when there is complete equilibrium. The non-steady technique measures 

thermal conductivity during the heating process using a guarded hot plate instrument. 

This instrument measures the thermal conductivity of particleboards in a solid-state 

where the test material is placed between two plates. One side plate is heated and the 

other one is not heated at a specific lower temperature (Kerschbaumer et al., 2019). 

Transfer of temperatures across the material being tested is monitored until there is 

no more change is observed.  
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Cross-section of a guarded hot plate indicating the position of the test particleboard is 

shown in Figure 2-14. 

 

 

 

 

 

 

 

 

 

 

 

 

Thermal conductivity, λ, for a steady-state is calculated (Kerschbaumer et al., 2019) 

using equation 2.44 

21 T-T   

d×q
=λ            2.44 

Where q represents the quantity of heat in W/m
2
, d sample thickness in m, T1 

represents a higher temperature in kelvin, K, T2 for a lower temperature in K. 

 

Heat transferred across the particleboard is determined by equation 2.45. 

[ ]2W/m
A

Q
=q             2.45 

Where Q represents heat passing through the particleboard sample in watts, A 

represents the surface area of test material in m
2
.  

 

2.13 Material Emissions 

Material emissions are the results of several mass transport processes. Emissions are 

produced through processes such as diffussion (Zhang and Niu, 2003). Diffusion 

through a material as a result of a concentration, pressure, temperature, or density 

gradient and the surface emissions occurring between the material and the overlying 

air as a consequence of several mechanisms, such as evaporation, convection and 

HEATED PLATE 

TEST MATERIAL 

NON-HEATED PLATE 

INSULATOR 

Figure 2-14. Scheme of guarded hot plate 
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diffusion. Compounds in wet materials evaporate and the vapor pressures of the 

compound overly in the air depending on their concentrations. The mass transfer 

coefficient depends on the environment where they take place. Environmental factors 

include air temperature, relative humidity, surface air velocity, turbulence 

fluctuations, and surface characteristics (Zhang and Niu, 2003; Yang et al., 2001). 

 

2.13.1 Volatile Organic Compounds and Formaldehyde 

Volatile Organic Compounds (VOC) include several hundred organic chemical gases 

from particleboard. In the particleboard, these are released by drying the wood 

particles and during hot-pressing at high temperatures. In the wood particles, VOCs 

can be attributed to wood extractives, including terpenes, and aldehydes; and in the 

resins, they can be mainly found in thinners and adhesives. The most commonly 

found VOCs in particleboard are formaldehyde, methanol, phenol and toluene 

(Santos et al., 2007). VOC emissions have been linked to ozone destruction and 

photochemical smog.  

 

2.13.2 Formaldehyde 

Formaldehyde (HCHO) is the simplest and most common aldehyde and is found in 

low concentrations in our environment as a consequence of natural processes. At 

normal ambient temperatures, it is a transparent gas with a strong odor. It boils at 

21⁰C and melts at 92⁰C (Ge et al., 2020). 

 

Wood-based composite materials are bonded through thermosetting (heat curing) 

adhesive resins, such as UF, with curing temperatures that vary from 130 °C to 195 

°C. UF is among the less expensive thermosetting resin used as a binder in wood; 

they are non-flammable, strong, have a very rapid cure rate, and are light in color. 

UF adhesives are the predominant adhesives for interior grade plywood and 

particleboards (Bekhta et al., 2016; Tan et al., 2011; Hoong et al., 2010). UF 

adhesive can only be used in particleboards for interior applications such as furniture 

and partitioning as they are destroyed by excess moisture and heat (Yan et al., 

2017b; Pfungen, 2015; Mamza et al., 2014). Moisture and heat breakdown of the 

bond-forming carcinogenic formaldehyde fumes continues to emerge from the 

adhesive. The formaldehyde emissions are high initially because of unreacted 

formaldehyde. Formaldehyde emissions decrease with time but do not disappear 
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(Paiman et al., 2019; Khanjanzadeh et al., 2013). The carcinogenic nature of 

formaldehyde is attributed to the crosslinking of proteins with DNA (Lu et al., 2010). 

The first step involves the reaction between proteins and formaldehyde (Kerns et al., 

1983; Swenberg et al., 1980) as shown in equation 2.46 

R1 NH2 +

H H

O

R1 NH

H2C OH

R1 N

CH2

Schiff BaseMethylol

Formaldehyde

Proteins
+ H2O

       2.46 

Schiff base formed reacts with DNA to form crosslinked products (Lu et al., 2010) as 

shown in equation 2.47 

R1 N

CH2

Schiff Base
+ Nuc R2

R1 NH

C
H2

Nuc

R2

DNA or Protein Crosslinked Product

       2.47 

Formaldehyde acts as a crosslink between proteins with DNA (Lu et al., 2010) as 

shown in Figure 2-15. 
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N

O

N

N

Guanine Base

of DNA

H

H

H

 

Figure 2-15. Formaldehyde crossling proteins and DNA 

 

Formaldehyde causes irritation, lacrimation, sneezing, cough, dyspnea and nausea 

(Paiman et al., 2019; Tohmura et al., 2000; Myers, 1985). Due to its carcinogenic 

nature, regulations of formaldehyde concentration in fiber and board panels were put 

in place to reduce the emission of formaldehyde into the environment. Engineered 

wood products, natural material panels and product emissions are less than 1% w/w 

of free formaldehyde in glues. Internationally accepted test method EN 120 for 

particle and MDF boards have  emission limits of < 9 mg/100g (Awaluddin et al., 

2017; Kelley et al., 2010). 

 

Formaldehyde based boards in countries are produced with strict environmental 

controls, one of the measures include a decrease in the use of formaldehyde-urea 
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ratios (Boran et al., 2011). Lowering resin ratios has respectively been reflected in 

the decrease of the strength of commercial products. This issue has made industries 

to consider their replacement with alternative binders that do not contain 

formaldehyde (Paiman et al., 2019; Khanjanzadeh et al., 2013; Saffari, 2011; 

Tohmura et al., 2000). 

 

2.14 Mechanical Tests for the Particleboards 

2.14.1 Modulus of Rupture (MOR) and Modulus of Elasticity (MOE) 

MOE measures flexural strength where the stress of samples is determined before it 

is deformed (Stark et al., 2010). Three points flexural test technique is used where 

the specimen is bent until it breaks. The MOR, on the other hand, measures the stress 

within the test material at the breaking point. MOE measures the resistance of the test 

material to be deformed when pulled. Therefore MOE is the slope of a curve at its 

stress-strain deformation region. The higher MOE the material has the more it 

becomes stiffer (Akinyemi et al., 2016b). 

 

Particleboards formulated in this study were tested for MOR and MOE as set by 

American Standards for Testing Material (ASTM). ASTM regulate the quality of 

materials. They also coordinate with international standards so that products are used 

worldwide. The standard in this project is the (American National Standards 

Institute) ANSI-particleboard standard. Materials used to make paticleboards in this 

study were regulated by ASTM standard. The MOR and MOE of various grades are 

provided in this standard, and they are classified by the density and grade of boards.  

 

2.14.2 Internal Bond (IB) Strength 

IB measures tensile strength perpendicular to the surface of the test material 

(Kowaluk et al., 2019). IB provides a quantification of the bonding amongst the 

particles perpendicular to the board plane. Particleboard normally fails when stressed 

in tension perpendicular to sample surface at the middle of the thickness, and that 

higher density particleboards will have higher IB (Kowaluk et al., 2019; Li et al., 

2014). Internal bond is the tensile strength of particleboards perpendicular to the 

particleboard plane. A fully cured particleboard fails when tension stress is applied at 

an angle of 90 
o
 in the middle of the test board where the density is lowest. The 

lowest density represents part of the particleboard with the least particle interactions 
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and lowest consolidation. Density is directly proportional to IB. An increase in 

density correspond increase in IB whereas low density reduces IB of particleboard 

(Kowaluk et al., 2019). The low density is a result of low pressing that causes high 

moisture content of the matrix. Moisture trapped within composite material causes 

spring-back which results in breakage of bonds between the particles thus causing 

lower density (Jonoobi et al., 2016a; Koubaa and Koran, 1995). IB increases with a 

decrease in moisture content as lower moisture is trapped after pressing. 

 

Tensile strength improves with the configuration of the core particle. The use of 

wood shaving as an alternative to flakes improved the IB (Mirski et al., 2019). 

Particleboards made with coarse particles at the center and flakes at the surface have 

been used in the optimization of the three-layer board properties (Ayrilmis et al., 

2012). Studies also have shown that IB increases with an increase in the amount of 

wood dust. Further increase in the amount of wood dust beyond 20 % results in a 

decrease in IB (Nemli et al., 2007). The size of particles affects the contact between 

materials. Research findings showed that the smaller the particle size the more 

contact is between the blended materials (Nemli et al., 2009). Small particles fill 

gaps in the core of the composite material which increases tensile strength resistance 

applied perpendicular to board surface (Koubaa and Koran, 1995). 

 

Wood species highly influence the IB of the formulated particleboard. A decrease in 

wood species density results in a decrease in IB (Melo et al., 2014). A study on an 

admixture of rubberwood and Mahang showed IB of particleboards formulated was 

affected by the density of wood particles as an increase of low-density wood particles 

decreases IB (Lee et al., 2010). Other ways of improving IB include the addition of 

wax. 

 

2.15 Particleboards Standards and Certification 

Particleboard undergoes a different set of testing for strength, hardness and flex 

following ANSI A208.1, using the standard test methods outlined in ASTM D1037-

12 and JIS A-5908 using Japanese standards for material testing, EN 312 using 

European standards for material testing and KS 2226:2010 using Kenyan standards 

for material testing. Particleboards control experts perform the following physical 

tests: WA, TS, MC and density. Particleboards are categorized based on their 
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densities. Different standards set certain requirements for certification as summarized 

in Table 2. High, medium and low-density particleboards are represented by HD, 

MD and LD respectively. 

 

Table 2-2. Different standard requirements for high density, medium density 

and low-density particleboards used for certification 

Property Density 

American 

standards 

ANSI A208.1 

European 

standards 

EN 312 

Japanese 

standards 

JIS A-5908 

Kenyan 

standards 

Density 

(g/cm
3
) 

LD <0.60 <640 0.30-0.50 <0.60 

MD 0.64-0.80 640-800 0.60-0.90 0.60-0.780 

HD >0.85 >800 >0.9. >0.780 

Moisture 

content 

(%) 

LD 8 to 13 8-15 <13 4-15 

MD 8 to 13 8-15 5.00 – 13.00 4-15 

HD 8 to 13 8-15 <13 4-15 

Water 

absorption 

(%) 

LD <77 <50 35 <50 

MD <77 <50 35 <50 

HD <77 <50 35 <50 

Thickness 

swelling 

(%) 

LD 18±3 <13 <12 <15 

MD 18±3 < 13 <12 <15 

HD 18±3 <13 <12 <15 

MOR 

(N/mm
2
) 

LD 2.8-5 8-13 >18 22< 

MD 7.6-16.5 8-13 >18 22-27 

HD 14.9-21.5 8-13 >18 >27 

MOE 

(N/mm
2
) 

LD 500-1025 1000-2000 <2000 <2500 

MD 1380-2750 1600-1800 2000-3000 2500-2700 

HD 2160-2475 >1800 >3000 >2700 

IB 

(N/mm
2
) 

LD 0.1-0.4 <0.35 >0.3 <0.60 

MD 0.31-0.55 0.35 >0.3 0.60-0.9 

HD 0.81-1 >0.9 >0.3 >0.9 

 

Conventional methods of using formaldehyde-based resin all cause formaldehyde 

emmision. Formaldehyde is carcinogenic and harmful. Use of alternative biobased 

binders such as cassava peel starch become an alternative source of adhesive. Use of 

wood as a lignocellulose material has led to decrease in tree cover. Due to this, this 

material has become scarce leading to high cost of conventional particleboards. The 

aim of the study is to make prototype formaldehyde free particleboards. 
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CHAPTER THREE 

3 MATERIALS AND METHODS 

3.1 Samples  

Maize stalk, sugarcane bagasse and rice husks were used in the study as 

lignocellulose source. These materials pose environmental challenges as they require 

large space to be disposed. These materials were choosen as lignocellulose material 

as they are mainly disposed off through burning. Maize stalk was sampled from 

Nakuru, an agricultural area, after harvesting season. Sugarcane bagasse was 

collected from Kisumu where there is largescale production of sugarcane plant. Rice 

husks was collected from Kirinyaga County where rice is grown in large scale and 

cassava tubers sampled at random in Thika. All samples were collected at random 

where they were in plently during research period. 

 

3.2 Sampling Sites and Sampling Design 

Sampling of raw materials was done randomly from selected sites. Lignin source 

materials were obtained from three geographical areas and starch source from one 

geographical area. Maize stalks were obtained from Arahuka Farm in Nakuru 

County, Kenya (0
o 

18’ S, 36
o 

4’ E), Sugarcane bagasse was obtained from Muhoroni 

Sugar Company in Kisumu County, Kenya (0
o 

5’ S, 34
o 

46' E) while rice husks were 

obtained from Mwea Rice Millers (0
o 

37’S, 37
o 

20' E), Kirinyaga county. Cassava 

tubers were obtained from Thika in Kiambu County (1
o 

3’ S, 37
o
 5’ E). Multistage 

design was used during the sample collection where three samples were obtained 

from each site. Experimental design was used in the study. Each sample was 

homogenized and analyzed separately in triplicate. 

 

3.3 Cleaning of Apparatus 

All glassware was soaked in nitric acid (AR grade reagent) mixed in the ratio of 1:1 

to deionized water for 8 hours and then cleaned using detergent, rinsed with 

deionized water and oven-dried at 105 
o
C for 10 minutes. Plastic containers were 

washed with 1:1 of nitric acid (AR grade reagent) to water, washed with appropriate 

detergents and rinsed four times with deionized water. They were then oven-dried at 

60 
o
C. 
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3.4 Preparation of Reagent 

All reagents used were of analytical grade prepared in deionized water unless 

otherwise stated. 

 

3.5 Sample Treatment 

Maize stalk was chopped with an electric chaff cutter with motor and 2 blades 

(Model Phagwara PB National Foundry 2010) rotating at 2 revolutions per second, to 

smaller size. The largest choppings were measured with verneer calipers and found 

to be less than 10 mm. No further pretreatment was done to sugarcane bagasse. It 

was used as obtained from the sampling site. Rice husks were pulverized to pass 

through 1.5 mm sieve. Cassava tubers were washed with tap water, periderm 

removed, rinsed with distilled water and peeled. Cassava peels were rinsed with 

deionized water and then sun-dried. Rice grains, maize corn, cassava tubers, wheat 

grains, millet grains and sorghum grains, cassava peel starch, maize stalk and 

sugarcane bagasse were dried in an oven at 105 
o
C to a constant mass. The samples 

were then removed allowed to cool and packed in 2 kg khaki paper bags and placed 

in desiccators for three hours. Cassava peel starch, rice husks and maize stalk were 

then ground using a pulverizer (5E-PCM1x100 Pulverizer) and sieved to pass 

through 300 microns standard gauge sieve. 

 

3.6 Starch Characterization 

3.6.1 Determination of Starch Content 

Starch content in rice grains, maize corn, cassava tubers, wheat grains, cassava peels, 

millet grains and sorghum grains was determined using spectrometric titration 

(Nielsen, 1943). 2.0 g of oven-dried starch samples were placed separately in a 500.0 

ml beaker placed on a magnetic stirrer. Into the same beaker, 2 ml of deionized water 

and 2.7 ml 7.2 M perchloric acid were added and the resultant mixture stirred for 10 

minutes. Deionized water was then added to the resulting mixture to make a total 

volume of 50 ml. 1.0 ml of the resulting solution was placed in 100 ml Pyrex glass 

beaker, followed by 6 ml of deionized water, then one drop of phenolphthalein 

indicator and 0.6 mL of 6.0 M NaOH while stirring. The resultant mixture was 

titrated with standardized acetic acid until the pink color of the solution disappeared. 

2.5 ml of 0.4 M NaOH was then added to the resultant mixture. 5.0 ml of 0.6 M KI 

and 5.0 ml of 0.01 M KIO3 was added to the resultant mixture while stirring. The 
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resultant mixture was analyzed using UV–vis spectrophotometer (Spectrometer, 

Model: UV1700, AC240V/50 HZ, SN: VD01181803015) for absorbance at 650 nm 

wavelength after 3 minutes of addition of KIO3. Laboratory starch was analyzed 

using the same procedures as a control. 

 

3.6.2 Determination of Starch pH  

The pH of the starch was determined in accordance to Chen, et al., (2016). 5.0 g of 

starch sample was put into 500 ml Pyrex beaker. 15 ml of deionized water then 

added and stirred for 30 seconds using a stirrer. 85 ml of boiling deionized water was 

added to the resulting mixture while stirring to make a slurry. The resulting mixture 

was allowed to cool to room temperature and pH measured using a pH Meter (HI 

2211 Microprocessor-based pH/mV/
o
C Bench Meters) (Chen et al., 2016). 

 

3.6.3 Determination of Starch Ash Content 

Starch ash content was determined using a procedure described by Aloko and 

Adebayo, (2007). 2.0 g of starch sample was weighed and placed in a porcelain 

crucible. The crucible with starch was placed over a hot water bath and dried to a 

constant mass. Over-water dried samples were placed in a preheated muffle furnace 

at 900 °C for 1 hour. The porcelain crucible and residue was placed in a desiccator 

and allowed to cool to room temperature. The crucible and residue were re-weighed. 

Starch ash content was determined using equation 3.1. 

Percentage ash content =
Wo−Wash

Wo
× 100     3.1 

Where Wo represents the sample dry weight and Wash represents mass after heating. 

 

3.6.4 Pre-Treatment of Starch 

Oxidized starch was prepared using a method adopted from Opara, et al., (2017). 

17.50 g of ground starch and 5.00 g Na2CO3 were put in 200 ml beaker. 40.0 ml of 

20 % H2O2 was added and the resultant mixture stirred for 30 minutes using a 

magnetic stirrer. The resulting mixture was dried to a constant mass at 60 °C. The 

resultant solid was pulverized to pass through a 100 microns standard sieve. The 

process was done in triplicate. 
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Dextinization of cassava peel starch was done following the preparation of cassava-

based adhesive (Opara et al., 2017). 12.5 ml of 0.1 M HCl was placed in a 500 ml 

Pyrex beaker. 17.5 g cassava peel starch was put into the same beaker and the 

mixture heated to dryness. The resulting mixture was further dried in an oven at 105 

o
C to a constant mass. The oven-dried mixture was allowed to cool to room 

temperature and placed in a desiccator. Dextrinized starch was pulverized to pass 

through 100 microns sieve. The process was done in triplicate.  

 

3.6.4.1 Preparation of Urea-Oxidized Starch 

Urea-oxidized starch was prepared in accordance with a procedure adopted from 

Opara et al., (2017), with slight modifications. 17.5 g of ground cassava peel starch, 

2.5 ml of 20 % H2O2, 1.25 g of sodium carbonate, and 5.00 g of urea was mixed in 

500 ml clean beaker and the resultant mixture analyzed. 

 

3.7 Preparation of lignocellulose material 

Lignocellulose materials used in the study were prepared in accordance with Sluiter 

et al., (2016). 70.0 g of dried lignocellulose samples were separately soaked in 1400 

ml of 20% hydrogen peroxide (H2O2) in a 2000 ml plastic beaker at pH 11.5 

maintained using sodium hydroxide. The resultant mixture was stirred at room 

temperature for 15 min, after which the resultant mixture was filtered with a Buchner 

funnel. The residue was rinsed using deionized water and oven-dried at 105 °C to a 

constant mass. 

 

3.8 Lignin Content Determination  

Lignin content in lignocellulose material was determined using the Klason method 

(Fagerstedt et al., 2015). 10.00 g of the ground lignocellulose material was weighed 

in a 500 ml beaker. 14 ml of 13.4 M sulphuric acid at 25 
o
C was then added to the 

resulting mixture while stirring for 30 minutes. The resultant mixture was allowed to 

cool for 2 hours. The mixture was placed in a conical flask and 450 ml deionized 

water added into the mixture. The resultant mixture was boiled for 4 hours under 

reflux then filtered using a Buchner funnel. The residue was washed with 250 mL of 

deionized water. The residue was dried in an oven at 105 ̊ C to constant mass. The 

residue was then cooled to room temperature and weighed as insoluble substance. 

The ercentage of lignin content was calculated using equation 3.2. 
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Percentage ash content =
L2

L1
⁄  × w ×100     3.2 

Where L1 represents mass of lignocellulose material, L2 represent the residue after 

acid treatment and w is the mass of lignocellulose used.  

 

3.9 Formulation of Particleboards 

Particleboards were formulated using an approach adopted in the synthesis of starch-

lignin copolymer preparation (Vengal and Manu, 2016; Vengal and Srikumar, 2015; 

Srikumar and Vengal, 2015) with slight modifications. 250 mL of 0.4 M NaOH was 

transferred into a 500 mL Pyrex beaker and pre-heated to 40 
o
C using an electric 

heater. To the pre-heated 0.4 M NaOH, 17.5 g of the cassava peels starch was added 

and the temperature gradually raised to between 55 
o
C and 60 

o
C while stirring the 

mixture for 15 minutes. To the resulting mixture, 2.0 g of sodium borate was added 

and stirring continued for 15 minutes. The hot mixture was put in a 1000 ml plastic 

beaker and 70 g of prepared maize stalk added while stirring with a clean wood for 5 

minutes. The composite material was allowed to cure at 25.0 
o
C for 8 hours. The 

resulting composite material was transferred into 300 mm by 150 mm by 30 mm 

mild steel fabricated moulds with an internal lining of polyethylene sheet. The 

moulded composite material was compressed using 6.5 Nmm
-2

 mechanical 

compressor for 6 minutes at 30 
o
C. The moulded composites were air-dried under a 

shade and further dried at 60 
o
C for 3 hours. The procedure was repeated for the 

formulation of composite materials with sugarcane bagasse and rice husks. Labeling 

of the particleboards formulated was done according to lignocellulose material and 

treated cassava peels starch. Particleboards made from sugarcane bagasse with 

hydrolyzed starch, dextrinized starch, oxidized cassava peel starch and urea-oxidized 

cassava peel starch were labeled as PBS-HS, PBR-DS, PBR-OS and PBR-U-OS 

respectively. Particleboards formulated with rice husks with hydrolyzed starch 

cassava peel, dextrinized starch cassava peel, oxidized cassava peel starch and urea-

oxidized cassava peel starch are PBR-HS, PBR-DS, PBR-OS and PBR-U-OS 

respectively. Particleboards formulated from maize stalks with hydrolyzed cassava 

peel starch, dextrinized cassava peel starch, oxidized starch and urea-oxidized starch 

were labelled as PBM-HS, PBM-DS, PBM-OS and PBM-U-OS respectively. 

Samples of prototype formulated particleboards from maize stalk, sugarcane bagasse 

and rice husks with oxidized cassava peel starch are shown in Plate 3-1. 
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Plate 3-1. Sample prototype particleboards 

 

3.10 Optimization of Starch to Lignocellulose Ratio in Particleboard 

Formulation 

The treated cassava peel starch was mixed separately with sugarcane bagasse, rice 

husks and maize stalk at a ratio of 2:20 to 8:20 in increments of 0.05 in clean 500 ml 

plastic beakers. The mixture was then covered with aluminium foil for 8 hours. The 

cooled composite materials were put in the fabricated mould (Appendix II) and 

compressed using 6.5 Nmm
-2

 mechanical compressor. Models were sun-dried for 48 

hours.  

 

3.11 Time-Temperatures Optimization for Gelatinization of Sodium 

Hydroxide-Starch  

12.5 g of starch was put in a 250 mL of a glass beaker. 100 cm
3
 of 0.1 M NaOH was 

added to the starch and the resultant mixture heated at temperatures of 25 
o
C. The 

time taken for the starch to gelatinize was recorded. The same procedure was 

separately repeated but the heating temperature was changed to 30 
o
C, 35 

o
C, 40 

o
C, 

45 
o
C, 50 

o
C, 55 

o
C, or 60 

o
C. In all cases the time taken for the starch to gelatinize 

was recorded. Time taken to gelatinize was plotted against temperature. The graph 

was used to determine the optimum time-temperature for starch to gelatinize. The 

optimal condition was adopted in this study. 
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3.12 Characterization and Testing of Particleboard 

3.12.1 Sample Preparation for AAS Analysis 

AAS sample analysis was determined using an approach adopted from standards 

used in water and effluent analysis (Ademoroti, 1996; Rantala and Loring, 1992; 

Allen, 1974). 0.10 g of lignocellulose material was transferred into 125 ml plastic 

beaker followed by 1 ml of aquaregia (concentrated HNO3 and HCl in the ratio 1:3). 

To the resulting mixture, 3.0 ml hydrofluoric acid was added onto the mixture and 

stirred for 1 minute. The mixture was allowed to cool for 8 hours after which 50.0 ml 

of concentrated H3BO3 was added into the mixture and allowed to settle for 1.5 

hours. The resultant mixture was transferred to a 100 ml volumetric flask and topped 

up to the mark using deionized water. AAS Standards were prepared using Mount 

Royal Gabbro (MRG) rock and Syenite (SY-3) (Abbey and Gladney, 2005). 5 ml of 

the standard solutions prepared were ransferred separately into a 100 ml volumetric 

flask topped up with deionized water. Standard and sample solutions were run in 

SpectrAA.10 Model SEANAC Company in the usual procedure. 

 

3.12.2 Sample Preparation for XRFS Analyses 

XRF analysis was carried out using a procedure described by Inkrod et al., (2018) 

that was used to characterize lignocellulose materials (Inkrod et al., 2018). 10.0 

grams of ground starch was pulverized to pass through 100 micron sieve. The ground 

starch was mixed with 5.0 g analytical grade starch flux then made into pellets. 

Pellets were then put into the XRF machine for analysis. 100 ml of 0.2 M oxalic acid 

was added to 20.00 g of the sugarcane bagasse, maize stalk and rice husks in a 250 

ml conical flask placed on a hot plate and agitated at 80 
o
C to 90 

o
C for 2 hours while 

covered with a watch glass. The mixture was then filtered and the residue washed 

and dried at 105 
o
C in an oven for 2 hours. Chemical analyses in each sample were 

determined using the XRF. 

 

3.12.3 Mineralogical Analysis Using X-ray Diffraction (XRD) 

10.0 g of ground samples of lignocellulose materials and starch were placed in six 

cell holders. Sample holders were tapped carefully to ensure the particles are parked 

to avoid displacement which affects peak shifts. The cell holders containing the 

samples were loaded in Bruker D2 phaser diffractometer for analysis installed with 

data collector software. Data was shown in single-phase collection of XRD patterns 
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for most intense 3D values in form of interplanar spacings (D) tables, mineral name 

and relative intensities (I
Io

⁄ ) (Zhou et al., 2010). Sample spectra were related to 

literature reference spectra to identify the mineral. 

 

3.12.4 Fourier Transform Infra-Red (FTIR) Analysis of Samples 

FTIR spectroscopy was done using direct transmittance with attenuated total 

reflectance (ATR) accessory (IRT Laser-100 SHIMADZU). Sample spectrum was 

scanned as a resolution of 4 cm
-1

 between 400 cm
-1

 to 4000 cm
-1

. The background 

spectrum for each test sample was collected before sampling. All the infra-red 

spectra were obtained with an FTIR spectrometer by use of the KBr disk. Spectra 

recording were obtained using 32 scans at an average using a resolution of 4 cm
-1

. 

Particleboard samples were conditioned to 102 
o
C for 24 hours in an oven. Raw 

samples and particleboard samples were homogenized using a Universal 

disintegrator (Model FW80-1) to pass through 100 micron sieve. 200 mg of samples 

were placed in an oven set at 60 
o
C for 8 hours. Ground samples were made into a 

ball and placed in a desiccator with phosphorus pentoxide (P2O5). Heat-treated 

samples were used for obtaining the spectra. Each treatment-time-species 

combination gave one spectrum. All spectra were obtained with 1.50 mg to 1.55 mg 

of sample materials using ATR. The spectra were identified using literature reference 

spectra to identify major functional groups (Ouhaddouch et al., 2019).  

 

3.12.5 Solid-Nuclear Magnetic Resonance (NMR) Analysis of Samples 

All NMR measurements were performed on a Bruker AV400 spectrometer in NMR 

facility at ICMM-CSIC Spain operating at a 100.61 MHz frequency, using a 4 mm 

wide-line MAS probe. Raw materials and particleboard samples were spun at 10 kHz 

in zirconia rotors to obtain spectra utilizing a CP-MAS pulse sequence equipped with 

1 microsecond contact time and a 5 second recycle delay. The spectra were obtained 

by averaging 1800–4000 scans. All chemical shifts (δ) were identified with reference 

to standard deuterochloroform (CDCl3). Sample spectra were determined using 

literature reference spectra to identify main molecular groups. 
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3.12.6 Scanning Electron Microscopy (SEM) Analysis 

Surface analysis was determined using SEM using a high-resolution machine model 

JSM-5300LV emitting 47 μA current at an accelerating voltage of 15 kV in 

operation. Samples were coated with 50 nm Au/Pb and data magnified by 200x (Tay 

et al., 2016). Interfacial interaction between lignocellulose materials and cassava peel 

starch was determined. 

 

3.12.7 Thermal Conductivity Determination 

Thermal conductivity of the particleboard was determined in accordance to the 

ASTM C518-98 method for material testing (ASTM, 2000). Thermal conductivity 

was determined using a guarded hot plate apparatus model HFS-4 heat flux sensor 

(Omega Engineering, Stamford, CT). Particleboard specimens were cut into sizes of 

150 x 150 mm and 11 to 12.5 mm thick. The hot plate was set at 117.0 
o
C and the 

cold plate 77.0 
o
C with a temperature gradient of 3.5

 o
C mm

-1
. Thermal equilibrium 

was reached and five successive observations were made at 5 min intervals. 

 

3.12.8 Determination of Formaldehyde Emission 

Formaldehyde emission was determined according to ASTM D 5582-00 (ASTM 

2006), using the desiccator method. Samples of formulated particleboards were were 

cut into 5 cm by 15 cm and placed in a desiccator at 20.0 °C for 24 hours with 

deionized water. Formaldehyde emitted from samples dissolved in distilled water and 

the resultant solution analyzed for absorbance at 412 nm wavelength. Deionized 

water was used as a control using a UV-vis spectrophotometer (Spectrophotometer, 

Model: UV1700, AC240V/50 HZ, SN: VD01181803015). Formaldehyde standard 

solution was used in calibration and the graph of absorbance against the 

concentration of formaldehyde in mg/L plotted.  

 

3.13 Particleboard Physical and Mechanical Evaluation 

Evaluation of particleboards was carried out according to ASTM D 1037 (ASTM, 

2002). Physical properties evaluated include density, thickness swelling (TS) and 

water absorption (WA) and mechanical properties evaluated include modulus of 

Rupture (MOR), Modulus of Elasticity (MOE) and Internal bond (IB).  
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3.13.1 Determination of Density 

Square samples of length and width dimensions of 50 mm by 50 mm by 20 mm 

respectively were cut and placed on a weighing balance to an accuracy of 0.01 g. The 

density (ρ) of the samples was calculated by dividing mass in grams with volume in 

square millimeters. 

 

3.13.2 Determination of Moisture Content 

Determination of Mositure content in starch was done in accordance to procedure 

adopted from Darkwa and Sekyere (2003). 5.0 g of starch sample was placed in a 

clean porcelain dish and placed over a hot water-bath and dried to a constant mass. 

Over-water dried samples were further dried at 105 °C in an oven set for 1 hour and 

then placed in a desiccator to cool. The samples were then weighed using analytical 

balance Model Mettler AJ150 GWB. Moisture content in starch was expressed as a 

percentage as shown in equation 3.3. 

100×
M

M-M

1

12

 
            3.3 

Where M1 represents mass of starch samples dried over water bath and M2 represents 

oven dried starch samples. 

 

3.13.3 Determination of Thickness Swelling (TS) and Water Absorption (WA) 

of Particleboard Formulated  

Particleboard specimen was cut into 152 mm by 152 mm by 20 mm in size and the 

four edges trimmed and smoothened. The test specimen was placed at 65 % relative 

humidity set at 20 
o
C. The moisture content after conditioning was recorded. After 

conditioning, the samples were weighed and measurement for width, length, and 

thickness made using a micrometer screw gauge. The volume of the specimen was 

calculated in the normal way using these measurements. The thickness of specimens 

was made as an average of TS in four points at the middle that is 25 mm away from 

edges of specimens. The WA and TS were converted into a percentage for all 

specimen soaked after 24 hours (ASTM, 2002). 

 

3.13.4 Static Bending Test  

Particleboard samples were cut into 50 mm width and length was 20 times the 

thickness plus 50 mm. The width was measured at the mid-length and thickness was 
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measured at the intersection of the diagonals. The samples were placed on the 

supports with a longitudinal axis set at 90 
o
 to the supports with the center point 

under the load. The load was applied at a constant rate of crosshead movement 

through the sample. The loading rate was adjusted to 60 ± 30 seconds at a speed of 

10 mm/min. The deflection was measured in the middle of the test sample to an 

accuracy of 0.1 mm. The test speed was applied continuously at a uniform motion 

rate of movable cross-head of the machine used for testing calculated using equation 

3.4. 

6d

zL
N

2


        3.4 

Where N represents the rate of movement the head in mm/min, z represents the rate 

of fiber strain in mm/min, L represents span radius mm and d represents the 

thickness of tested material in mm (ASTM, 2002). 

 

3.13.4.1 Modulus of Rupture (MOR) and Modulus of Elasticity (MOE) 

Samples size 152 mm in length and 76 mm width were cut from formulated 

particleboards made in this study. The samples were placed in the flexural unit-

model Dkz-5000 shown in Plate 3-2.  

 

Plate 3-2. Instrument Used to Measure Modulus of Rupture 

 

A load was applied continuously at a rate of 12 mm (min)
-1

 until definite failure 

occurred. The maximum load of the testing machine was noted and MOR in N/mm
2
 

calculated using equation 3.5 (Muruganandam et al., 2016).  
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22bd

3PL
MOR 

               3.5 

Where P represents the largest load in kg, L represents the length of the span in mm, 

d represents the specimen thickness in mm and b represents specimen width in mm. 

 

MOE was calculated using equation 3.6 (Muruganandam et al., 2016).  

 Y4bh

PL
MOE

3

3


       3.6 

Where P represents load at the proportionality limit, L represents the span length, 

measured in mm, b represents the width of the specimen, in mm and Y, represents 

the deflection corresponding to P, in mm. 

 

3.13.5 Internal Bonding (IB) Strength 

IB was determined according to ASTM D1037 procedure (Stark et al., 2010)., 

samples were cut into 50 mm x 50mm x 10 mm that were stuck onto steel loading 

blocks with hot melt adhesive. The temperature in which the hot melt adhesive was 

applied to the loading blocks and samples was around 170 °C (±10 °C). The cross-

head spin at a speed of 0.8 mm (min)
-1

. Three replicate of each particleboard was 

used. The IB strength was obtained in Nmm
-2

, by the quotient of maximum load 

(Newtons) with the surface (mm
2
) of the samples. IB was determined using a 

compression machine model YAW-300 shown in Plate 3-3.  

Sample

 

Plate 3-3. Instrument Used to Measure Internal Bonding of Particleboard 
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IB was calculated (Koubaa and Koran, 1995) using equation 3.7. 

t×Wtb=σt       3.7 

Where: σt represents the tensile stress in N/mm
2
, Wt represents tensile load at failure 

in N, b represents the specimen breadth in mm and t represents the specimen 

thickness. 

 

3.14 Data Analysis 

Samples were analyzed in triplicate and their means calculated using equation 3.8. 


i

i

n

x
x        3.8 

Where: x  represent sample mean, xi represents several measurements and n 

represents the sample population. 

 

Results of WA, TS, MOE, MOR, IB and thermal conductivity were presented 

graphically with use of error bars to represent standard deviation. Standard errors 

were calculated using equation 3.9. 

    nS.E.=sd       3.9 

Where sd represents the standard deviation, S.E. represents the standard error and n 

represents the population. 

 

The t-test was used to compare experimental means obtained from AAS for 

significance difference and Tukey one way ANOVA (Harvey, 2000; Miller and 

Miller, 1988). The standard deviation of the means was calculated using equation 

3.10 shown below (Miller and Miller, 1988). 

 
 

i

2

i 1)/(n)x(xs             3.10 

t – Calculated was given by equation 3.11. 

( )

2

2
2

1

2
1

21

cal

n

s
+

n

s

x-x
=t             3.11 

Bar graphs were used for the representation of data obtained in this study. The 

analyzed data are in the form of diffractograms, tables, and bar graphs. Comparative 
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statistical analysis was used where appropriate to test for the significant difference 

using Tukey one way ANOVA was used. 
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CHAPTER FOUR 

4 RESULTS AND DISCUSSION 

4.1 Results Overview 

The study investigated the use of agricultural crop residues bound with modified 

cassava peel starch in the formulation of particleboards. This chapter gives a detailed 

discussion of the results obtained in this study. The physical-chemical properties of 

the resultant materials have also been presented in this chapter. 

 

4.2 Starch Characterization 

4.2.1 Starch Content of Various Sources 

Results for various test starch samples are presented in figure 4-1. 

 

Figure 4-1. Percentage of starch content in various sources 

 

From the results, all sample materials exhibited different starch contents with cassava 

peels exhibiting the highest content. Rice grains, maize corn, cassava tubers, wheat 

grains, millet grains and sorghum grains are mainly used as a source of starch for 

human consumption. This reduces their industrial applications. High starch content 

of cassava peel makes it an alternative source of starch for industrial applications. 
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Cassava peels constitute 15 to 20 % of the tuber (Onyimonyi and Ugwu, 2007; 

Obadina et al., 2006) thus cassava peel is a good source of the starch. Cassava peels 

contain high carbon content thus used in the preparation of activated carbon 

(Sudaryanto et al., 2006). Studies have shown that cassava peels are rich in starch 

which makes them raw materials for industrial production of ethanol (Oparaku et al., 

2013). Cassava peels have been used as a binder in production of concrete (Salau et 

al., 2012). Cassava peel therefore remains one of the best alterative source of 

biobased adhesive for particleboard formulation. 

  

Cassava peels starch contains high levels of cyanogenic glucosides (Bayitse et al., 

2015; Kongkiattikajorn and Sornvoraweat, 2011). Cyanogenic glucosides contain 

ammine functional groups that undergo a condensation reaction with carboxylic and 

hydroxyl groups from lignocellulose material which makes particleboards better. 

Cyanogenic glucoside reduces soil microbial activities and increases soil acidity. 

This makes it unsuitable for crop production thus considered as a waste. Utilization 

of cassava peels as a source of starch provides an alternative waste disposal of the 

cassava peels.  

 

Cassava peels contain large numbers of carboxyl, amino acid and hydroxyl groups. 

The functional groups make cassava peels useful in formulation of adhesives 

(Cumpstey, 2013; Crini, 2006). Hydroxyl and ammine groups act as a connecting 

point between lignocellulose material and cassava peels starch (Oladele et al., 2020). 

Free hydroxyl groups from starch react with free hydroxyl groups in lignocellulose 

material through etherification to form covalent bonding. Amine groups from 

cassava peel react with carboxylic and hydroxyl groups from lignocellulose material 

through condensation reaction to produce peptide bonds. This results in the 

production of composite material used in the formulation of particleboard in this 

study. 

 

From the results, cassava peels can be utilized as a source of starch for formulating 

particleboards. This is because of its high starch content and limited alternative use 

of the peels. The limited use of the peels as food material is due to the high 

cyanoglucoside content which is very important in preventing attack of the peels 
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product by termites. (Bhandari et al., 2014). This provides inherent protection against 

termites hence particleboards last longer. 

 

4.2.2 Statistical Analysis for Various Starch Materials 

Statistical analysis for significant difference between starch sources is presented in 

table 4-1. 

 

Table 4-1. Statistical analysis for significance difference in starch contents from 

different sources with superscript showing signifiance difference 

Starch 

sources 

Rice  

grains 

Maize 

corn 

Cassava 

tubers 

Wheat 

grains 

Cassava 

peels 

Millet 

grains 

Sorghum 

grains 

Starch  32.79
a
± 27.27

a
± 10.79

b
± 28.69

c
± 56.66

d
± 32.62

a
± 26.82

f
± 

content 4.756 0.777 0.951 0.378 1.245 2.822 0.275 

 

Tukey one way ANOVA at 95 % confidence level showed statistical differences 

within the means across the samples. Mean samples concentrations of rice grain and 

maize corn showed no significant difference where tcal =1.99 < tcrit = 4.3027 

(P>0.05). Comparative analysis between the mean starch contents between rice 

grains and millet grains showed no significant difference where tcal = 4.3024 < tcrit 

=4.3027. Comparatively, there was a significance difference between the starch 

content means between cassava peel starch and rice grains where tcal = 8.41 > tcal = 

4.03 (P < 0.05). 

 

Bayitse et al (2015) observed a starch content of 47.16 % while Moresco et al., 

(2014) observed 32.1 % and 20.13 % in maize and wheat respectively (Moresco et 

al., 2014). Cassava tubers have a starch content of between 20 to 30 % (Ascheri et 

al., 2014). Wankhede et al (1979) observed that millet contain starch content that 

ranges from 35.28 % to 39.2% (Wankhede et al., 1979). Starch content in sorghum 

has been documented as 30.48 % (Sattlera et al., 2010) and rice grains contain 28.7 

% (Kaur et al., 2016), due to high glucose content. High glucode content provide 

more ydroxyl groups that are crucial during esterification process. A process utilized 

in this study for formulating particleboards. Therefore, cassava peel provides this 

functional groups adequately hence an alternative source of starch for particleboard 

formulation. 
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4.2.3 Ash Content for Starch Sources 

Results for ash content in various starch materials are presented in figure 4-2. 

 

Figure 4-2. Ash content in starch sources 

 

Cassava peel starch contain the highest ash content of 3.41 %. High ash content is as 

a result of high levels of inorganic substances that is mainly silica (Kartini, 2014b; 

Habeeb and Mahmud, 2010). High silica content provides the raw material for 

making sodium silicate after treatment with NaOH (Bakar et al., 2016). Study has 

shown treatment of ash with sodium hydroxide is used as a substitute for sodium 

silicate (Kamseu et al., 2017). Na2SiO3 is an inorganic adhesive that combines with 

starch through the silication process to form a crosslink (Zuo et al., 2015).  

 

Sodium silicate undergoes hydrolysis to form silicic acid (Zhang et al., 2020). Silicic 

acid contains mainly hydroxyl groups (Chen et al., 2020). This implies that high 

concentration of silica in lignocellulose material will result in a large number of 
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hydroxyl groups. Hydroxyl groups in silicic acid undergo condensation reaction with 

amine and hydroxyl (Annenkov et al., 2017). Cassava peel starch contains cyano 

glucosides that have amine and hydroxyl groups. Reaction between amine and 

hydroxyl groups forms peptide bond. Hydroxyl groups from other materials such as 

lignocellulose material form ethers when combined with hydroxyk groups from 

starch. These bonds increase the interaction between the lignocellulose material and 

cassava peel starch. Ng et al (2018) observed that high sodium silicate concentration 

and its distribution within fibers determine the mechanical properties of particleboard 

(Ng et al., 2018). 

 

Cassava peel ash contain a high concentration of calcium oxide (Raheem et al., 

2015). Calcium oxide is one of the main binding components in inorganic adhesives. 

Calcium oxide reacts with water to form calcium hydroxide. Calcium hydroxide 

reacts with silica in lignocellulose material to form calcium silicate, an inorganic 

adhesive. Calcium silicate is also the main chemical composition in cement. Cement 

has been used as a binder in particleboard formulation (Tittelein et al., 2012). 

Calcium oxide is a flame-retardant additive in composite materials (Hamdani-

Devarennes et al., 2013). 

 

4.2.4 Chemical Analysis of Raw Starch  

Results for Na, Zn, Ca and Mg from various starch sources are presented in table 4-2.  

Table 4-2. XRF analysis in cassava peels starch with same superscript  

Starch Sources Na Zn Ca Mg 

Cassava Tubers 0.00133
a
± 0.03433

a
± 9.99633

b
± 0.00167

a
± 

 0.00058 0.00473 0.0953 0.00058 

Wheat Four 0.002
a
± 0.12333

a
± 7.755

b
± 6.55333

bc
± 

 0.0001 0.00513 0.03568 0.01124 

Maize Corn 0.00133
a
± 0.132

a
± 4.55367

a
± 0.14387

a
± 

 0.00058 0.00361 0.00945 0.00184 

Sorghum Grains  0.00133
a
± 0.21733

a
± 5.21433

c
± 6.24067

cd
± 

 0.00058 0.00586 0.01756 0.01343 

Millet Grains 0.00167
a
± 0.23733

a
± 5.62533

b
± 5.953

bc
± 

 0.00058 0.0185 0.00586 0.01082 

Cassava Peel 

Starch 

0.00467
a
± 0.06333

a
± 13.4633

b
± 0.1270

a
± 

0.000577 0.00635 0.10017 0.00781 

 

Analyses for Na, Zn, Ca and Mg in starch sources in this study showed that major 

ions were present. The results show that there is no significant difference in the 
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presence of Na, Zn and Mg across the starch sources, especially in cassava tubers, 

maize corn and cassava peel. In all starches, sodium ions (Na
+
) were of low 

concentrations. Na
+
 enables the curing process of the biobased adhesive such as 

cassava peel starch. Sodium hydroxide used in this study provided more Na
+
, a 

crucial ion for the curing process (Li et al., 2018). 

 

Zn level was low in all the starch resources. The level was highest in millet grains at 

0.23733 % and lowest in cassava tubers at 0.03433 %. Compounds containing zinc 

and magnesium increases bond strength in particleboards (Zuo et al., 2015). Zn
2+

 

improves starch granules dissolution as it allows percolation into the starch structure 

which weakens the intra-molecular and inter-molecular bond which breaks down the 

crystalline nature of the starch (Garcia and Gonzalez, 2019). ZnO in aqueous sodium 

hydroxide forms a complex radical of zincate [Zn(OH)4]
2-

. Zincate ion improves 

cellulose dissolution through the formation of strong hydrogen bonding (Kanga et 

al., 2016). Zinc ions coordination with amino and carboxylic groups strengthens and 

toughen the adhesive formulated from cassava (Bai et al., 2020). 

 

Calcium level was the highest element in all starch sources ranging from 4.55 to 

13.46 %. Cassava peel starch showed highest levels calcium with 13.463 % and 

maize corn with the lowest at 4.5536 %. The chemical and physical properties of 

starch granules are affected by Ca
2+

 ions. It also changes morphological, mechanical 

and pasting properties of adhesive (Garcia et al., 2017). Ca
2+

 determines plastic and 

elastic parts of the hydrogel. Ca
2+ 

increases the hydrophobic nature of the 

lignocellulose material and increases the repellant of water in the particleboards. This 

also helps in the reduction of TS by up to 25 % (Halvarsson et al., 2004). Calcium 

ions gel the adhesives that provide cohesion force that makes network structure more 

compact (Bai et al., 2020). 

 

Levels of magnesium were highest in wheat flour at 6.55 %. Cassava peels starch 

showed the lowest levels among the starch sources at 0.00167 %. Mg
2+

 as a 

plasticizer increases swelling as well as solubility index (Garcia and Gonzalez, 

2019). Mg(OH)2 and MgO reduces the concentration of the acid in a reacting 

mixture. Magnesium oxide has been used as inert filler during the preparation of 

plywood (Du et al., 1995). Mineral fillers increase board performance compared to 
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those with no filler or with the filler of starch. This is because filler prevents over 

permeation of adhesive to the wood substrate. This results in the reduction of internal 

stress attributed to the shrinkage of the glue line (Koubaa and Koran, 1995).  

 

4.3 Characterization of Lignocellulose Materials 

4.3.1 Lignin Content in Various Lignocellulose Materials 

Results for lignin content in various lignocellulose materials are presented in figure 

4-3. 

 

Figure 4-3. Lignin content in crop residues 

 

Percentage of lignin in sugarcane bagasse was highest compared to the other 

lignocellulose materials used in this study whereas maize stalk had the lowest lignin 

content. High lignin content in sugarcane bagasse is attributed to degradration of 

cellulose and hemicellulose (Perez et al., 2002). Lignin has high molecular mass 

compared to cellulose and hemicellulose which makes them to undergo slow 

biodegradation (Perez et al., 2002). Cellulose has been found to constitute the highest 

part of maize stalk with up to 50 % and lignin of content less than 30 % (Cao et al., 

2014). Rice husks are mainly composed of cellulose and silica (Bakar et al., 2016). 

Silica reduces biodegradation of rice husks. This makes rice husks have high lignin 

content compared to maize stalk. 
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Lignin has phenolic hydroxyl groups which react with polyols such as starch to form 

ethers (Laurichesse and Averous, 2014). Lignin content determines water absorption 

(WA) and thickness swelling (TS) of particleboard (Zarifa et al., 2018). Low lignin 

content results in high WA (Achyuthan et al., 2010). Lignin-starch composites have 

low WA and TS (Welker et al., 2015; Baumberger et al., 2010). Higher lignin 

content in sugarcane bagasse has been observed to lower WA and TS of formulated 

particleboard (Atiqah et al., 2017). 

 

The test crop residues can be used as a source of lignocellulose material for making 

particleboards. This is because the test sample residues have been observed to have 

adequate lignin components. The lignin component plays a vital role in particleboard 

formulation since they affect WA and TS of particleboards. Lignin content 

determines the physical characteristics of particleboards. An increase in lignin 

content lowers WA and TS, a characteristic that is required for particleboards used in 

making furniture. The test crop residues can be used in the formulation of 

particleboards for interior applications like making furniture, doors and partitioning 

of rooms. Lignin has been observed to undergo slow biodegradation. It is therefore 

expected that particleboards formulated with such crop residues would show 

reasonable service life. 

 

4.3.2 Chemical Analysis of Lignocellulose Material 

The Results on XRF for Na, Zn, Ca and Mg from various lignocellulose materials 

used in particleboards formulated are presented in table 4-3. 

Table 4-3. Chemical analysis of lignocellulose materials 

Lignocellulose  

material 

Na2O ZnO CaO MgO 

Sugarcane bagasse 0.010±0.0001 0.012±0.002 3.867±0.024 12.86±0.074 

Rice husk 0.002±0.0001 0.005±0.001 1.037±0.009 0.010±0.0001 

Maize stalk 0.003±0.001 0.054±0.008 7.958±0.063 17.006±0.069 

Grass straw 0.013±0.003 0.017±0.002 7.457±0.030 0.010±0.001 

Saw dust 0.014±0.003 0.457±0.007 1.702±0.006 0.828±0.008 

Wheat straw 0.002±0.001 0.051±0.0046 3.315±0.015 10.570±0.053 

 

Table 4-3 shows that maize stalk contains the highest amount of CaO and MgO of 

7.958 and 17.00 respectively. The main source of these ions in lignocellulose 
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material is mainly from the fertilizers used. The presence of calcium in lignocellulose 

material is CaO and MgO dissolves in water to form an alkaline medium. The 

presence of Ca ions extensively cross-links lignin molecules under alkaline 

conditions. An alkaline solution such as Ca(OH)2 and Mg(OH)2 is used in breaking 

up of lignocellulose material to obtain free lignin and acetyl groups from 

hemicellulose, thus increasing biomass porosity (Grimaldi et al., 2015). 

 

4.4 Optimization of Starch to Lignocellulose Ratio in Particleboard Formulation 

The particleboards were formulated with varying the starch to lignocellulose ratio 

and the results obtained are indicated in figure 4-4. Comparison of various ratios 

showed that increase in the starch to rice husks ratio reduces moisture content MC 

steadily up to the ratio of 4:20. This ratio was adopted for the formulation of the 

particleboard between rice husks and cassava peel starch.  

 

Different lignocellulose material have been observed to give varied moisture content 

of the resultant particleboards. Formulation of particleboard using 20 % (w/w) of 

cassava starch with maize stalk as lignocellulose material, for example, gave 

moisture content of 12 % (Ye et al., 2018). Particleboards formulated with 15 % 

(w/w) of wheat starch as a binder and oil palm starch with rubberwood as 

lignocellulose material gave MC of 10 % (Salleh et al., 2014). Particleboard 

formulated with wood and bound with starch in a mixture of 1:1 gave moisture 

content of between 15.1 % and 15.5 % (Monteiro et al., 2019). Higher moisture 

content was attributed to the heterogeneity in the particleboards formulated due to 

unreacted starch materials. 

 

Results from the comparison of various ratios showed that an increase in the ratio 

increases the density of the particleboards up to ratio of a 5:20. Densities of 

particleboard formulated with ratios 3:20 and 4:20 were significantly different where 

tcal = 12.26 > tcrit = 3.18. Comparatively, there was significant difference between the 

densities obtained at a ration of 4:20 and 5:20, the tcal = 2.789 < t crit = 3.18 (p<0.05, 

one way ANOVA). Increase in density is attributed to the interaction between 

cassava peels starch and lignocellulose material through esterification.  
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Figure 4-4. Optimization of starch-rice husks material for formulation of particleboard 
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Figure 4-5. Optimization of starch-maize stalk material for formulation of particleboard 
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Figure 4-6. Optimization of starch-sugarcane bagasse for formulation of particleboard
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Montero et al (2020) observed that increase of potato starch to wood ratio increases 

the density of the particleboard (Monteiro et al., 2020). Starch/wood dry mass ratio 

increase from 0.6 to 1.2 resulted to increase in density from 0.290 g/cm
3
 to 0.372 

g/cm
3
. Particleboards formulated from 20 % wheat flour by mass to wood gave the 

highest density of 0.65±0.02 g/cm
3
 (Ferreira et al., 2018). 

 

Results in figure 4-4 showed a gradual decrease in water absorption up to a starch to 

lignocellulose ratio of 4:20. Comparison between the ratios 4:20 and 5:20 showed 

significant difference where t cal =143.0> tcrit = 3.18. Further comparison of the ratios 

5:20 and 6:20 showed no significance difference where tcal =1.22< tcrit=3.18. This 

implies that starch to lignocellulose ratio of 5:20 left fewest hydroxyl groups which 

determine water absorption. Unreacted starch determines water absorption in 

composite materials (Kale et al., 2007) that is higher starch content results to higher 

WA. Increase in starch content more than of 50 % to lignocellulose material 

increased water absorption in particleboard formulated from rice husks and cassava 

starch by over 60 % (Ameh et al., 2019). 

 

Salleh et al (2014) observed that particleboards formulated with wheat starch to 

wood ratio of 15 % gave WA of 96.6 % (Salleh et al., 2014). This value is higher 

compared to the ones obtained in this study. This can be attributed to the initial 

pretreatment of the raw materials especially lignocellulose materials with sodium 

hydroxide. Study has also shown particleboards made from rubberwood were 

optimized at 15 % corn starch as a binder content gave water absorption of 87.35 % 

(Amini et al., 2013). Study has also shown that increase of tapioca starch from 10 to 

20 % (w/w) improved WA from 112.5 to 93.4 % (Homkhiew et al., 2020).  

 

Results in figure 4-4 show that a ratio 5:20 gave the optimum combinations of 

cassava peel starch to rice husks for particleboard formulation. The high water 

absorption is reduced further by chemical modification of cassava starch. Chemical 

modification of corn starch with glutaldehyde reduced WA in particleboards 

formulated from rubberwood by 10 %. Initial chemical treatment with sodium 

hydroxide and borax reduces the number of hydroxyl groups (Ali et al., 2012) that 
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intern reduces the overall performance of WA in particleboard (Murphy and 

Mitchell, 2009).  

 

Results in figure 4-4 show a gradual decrease of thickness swelling (TS) up to 5:20 

which is attributed to the size of voids in the particleboards. Voids are attributed to 

the interaction between cassava peel starch and lignocellulose material. Gradual 

decrease signifies interaction between the functional groups in starch and those in 

lignocellulose material. Comparative analysis shows a significant difference between 

starch to lignocellulose material ratios of 4:20 and 5:20 where tcal =18.08 > 

tcrit=2.776. Further comparison between the starch to lignocellulose material ratios of 

5:20 and 6:20 showed no significance different where tcal =0.268 <tcrit = 3.18. 

Unreacted starch increases the hydrophilic properties in composite materials (Amini 

et al., 2013) thus starch content influences water uptake that affects the TS. Slight 

increase in water absorption is therefore attributed to excess unreacted starch. 

 

Particleboards formulated with tapioca starch optimized at 25 % starch (w/w) 

showed stabilization of thickness swelling at 26.55 % (Liew et al., 2018). A study 

showed use of additional tapioca starch decrease to a minimum of 8.45 % when 25% 

of starch was used (Liew et al., 2018). These results were similar to the TS obtained 

in this study. 

 

Result from figure 4-4 shows a gradual increase in internal bonding with an increase 

in starch to lignocellulose ratio from 2:20 to 5:20. Comparative analysis of the IB 

using ratios 4:20 and 5:20 showed a significance difference where tcal = 8.35>tcrit = 

2.77. Comparison of the results using the ratios 5:20 and 6:20 showed no significant 

difference where tcal = 0.237 < tcric = 2.77. Optimum starch to lignocellulose ratio 

combination therefore is 5:20. This implies that a combination of starch to 

lignocellulose ratio at 5:20 gave the optimal interaction through condensation 

reactions to form covalent bonding. Excess starch content affects the interaction 

between starch and lignocellulose material resulting in weaker IB. 

 

Increase in tapioca starch to sawdust ratio from 10 and 20 % result to change in 

internal bonding of particleboard from 0.69 N/mm
2
, 0.93 N/mm

2
 and then to 0.50 
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N/mm
2
 (Homkhiew et al., 2020). Increase in starch content to lignocellulose material 

increases the adhesion between wood and starch. Starch improves the interaction 

with lignocellulose material that fills the voids in composite material hence act as a 

filler material (Boon et al., 2019). Results obtained in this study were in line with 

results obtained by other researchers. 

 

Results in figure 4-4 showed a gradual increase in modulus of rupture (MOR) with 

an increase in starch to lignocellulose ratio up to 5:20. Comparative analysis of the 

starch to lignocellulose ratios of 4:20 and 5:20 showed no significant difference 

where tcal =13.86 < tcrit = 3.18. Further comparison between starch to lignocellulose 

materials for 5:20 and 6:20 showed no significance difference where tcal =1.38 < tcrit 

= 2.78. This implies an increase in starch content in formulation of the composite 

material to 6:20 did not increase the interaction of the starch with lignocellulose 

material. Excess starch reduces the rigidity of composite material formulated using 

starch and lignocellulose materials (Ye et al., 2018).  

 

Study has shown that increase in tapioca starch increase from 10, 15 and 20% (w/w) 

changed MOR from 6.7 N/mm
2
, 9.0 N/mm

2
 and then dropped to 8.5 N/mm

2
 

(Homkhiew et al., 2020). This shows that excess starch content lowers the overall 

MOR of the particleboards. Results obtained in this study are in line with results 

obtained in other research. Particleboards formulated met the minimum requirements 

required for medium density particleboards accordind to ASTM.  

 

Results obtained in figure 4-4 show a gradual increase in modulus of elasticity with 

an increase in starch to lignocellulose ratio. Comparatively, starch to lignocellulose 

ratios of 4:20 and 5:20 showed significant difference in MOE where tcal = 40.19 > 

tcric = 4.30. Further comparison of MOE obtained using starch to lignocellulose 

ratios of 5:20 and 6:20 showed a significance difference where tcal = 3.9>tcrit =3.18. 

Comparison between MOR using starch to lignocellulose ratio of 6:20 and 7:20 

showed no significant difference where tcal = 0 < tcric = 3.18. This implies that a 

combination of starch to lignocellulose ratio of 6:20 gave the optimum interaction 

between starch and lignocellulose material to form a composite material. 
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Researchers such as Homkhiew et al., (2020) optimized tapioca starch to sawdust 

ratios jointly using the maximum MOR, IBS and minimum WA. Properties of the 

particleboards increased with the ratio of cassava peel starch-lignocellulose. 

Optimum combination was achieved at a ratio of starch-rice husks of 4:20. 

Particleboard whose density is 0.638 g/cm
3
 and at a moisture content of 9.61 % and a 

compression pressure of 6.5 Nmm
-2

. The particleboard showed WA and TS of 78.55 

% and 19.08 %. The IB, MOR and MOE were 1.597 Nmm
-2

, 13.63 Nmm
-2

 and 2599 

Nmm
-2

 respectively. The high percentage of WA and TS indicates the presence of an 

unmodified hydroxyl group. Hydroxyl groups in composite materials interact 

through hydrogen bonding with water molecules. Similar trends in physical and 

mechanical properties were shown with other lignocellulose materials such as maize 

stalk and sugarcane bagasse as shown in figure 4-5 and figure 4-6 respectively. The 

optimum combination of starch-lignocellulose materials adopted for his study was 

starch to lignocellulose material of 5:20. 

 

4.4.1 Time-Temperatures Dependent Optimization for the Gelatinization of 

Starch  using Sodium Hydroxide 

Optimisation results on time-temperature taken for starch to gelatinize against 

change in concentration are presented in figure 4-7. 

 

Figure 4-7. Effect of variation of concentrated sodium hydroxide on cassava 

peels starch gelatinization 
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Increase in sodium hydroxide concentration result in lower gelatinization time. 

Sodium hydroxide concentration determined the time taken for cassava peels to 

gelatinize. An increase in sodium hydroxide concentration results in a reduction of 

the time taken for cassava starch to be clear. Sodium hydroxide increased the 

swelling of cassava peel starch due to the rapid breaking of intramolecular hydrogen 

bonding as a result of interaction with water. 

 

Sodium hydroxide concentration reduces gelatinization time using potato as a starch 

source as was ivestigated by Roberts and Cameron, (2007). The researchers found 

that starch treated with 2M sodium hydroxide gelatinized almost instantly at room 

temperature (Roberts and Cameron, 2002). Similar results were obtained during the 

gelatinization of carboxymethyl starch using rice as a starch source and  using 

sodium hydroxide by Rachtanapun et al.,(2012). Researchers observed that increase 

in sodium hydroxide concentration increases breaking down of starch structure. 

During gelatinization of starch, St-OH, sodium hydroxide reacts with starch to 

produce an alkoxide, St-ONa (Rachtanapun et al., 2012). 

 

Sodium hydroxide breaks hydrogen bonding leading to the formation of free 

hydroxyl groups in cassava peels starch (Awaluddin et al., 2017; Ragheb et al., 

1995). Hydroxyl groups, -C-OH, are converted to -COOH. The resultant -COOH 

groups react with hydroxyl groups in lignocellulose material to form the composite 

material. Sodium hydroxide increases the rate at which hydrogen bonding are broken 

thus resulting in formation of free hydroxyl groups. This reduces the time taken for 

the cassava-based adhesive to be formulated and used to bind the lignocellulose 

material. 

 

4.5 Mineralogical Composition of Starch, Lignocellulose and Composite 

Material Formed 

Results from XRD analysis for the cassava peel starch, maize stalk, sugarcane 

bagasse, rice husks, and laboratory starch are shown in figure 4-8. 
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Figure 4-8. X-ray diffraction of rice husks, sugarcane bagasse, maize stalk, and 

lab starch 

 

XRD patterns of untreated Sugarcane bagasse, rice husks, and maize stalk had peaks 

(2θ) at 15.3 °, 17.5 
o
, and 23.1° which are a typical identity of cellulose that cause 

crystallinity in biomass. Large peaks in cassava peels starch, laboratory starch and 

maize stalk are attributed to high contents of carbohydrates and cellulose (Rahman 

and Netravali, 2018a; Cengiz et al., 2016). Smaller peaks on rice husks and 

sugarcane bagasse are attributed to low cellulose content (Akhtar et al., 2016a; Wu et 

al., 2009a). 

 

Crystallinity is attributed to hydrogen bonding in cellulose that combine with starch 

and lignocellulose materials. Decrease in the peak size shows the transformation 

after reaction between the cassava peel starch and lignocellulose materials. This is 

attributed to the incorporation of lignin from lignocellulose material to cassava peel 

starch and cellulose to form a composite material. Crystallinity is also attributed to 

amide linkages through covalent and hydrogen bonding in amino groups and -OH of 

cassava peel starch and -OH in cellulose. The intensity of the crystallinity depends 
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on the amount of cellulose. Change in the peaks size showed the coexistence of 

cellulose in both starch and lignocellulose material (Mandal and Chakrabarty, 2011).  

 

Cassava peel starch showed a C-type crystalline structure. The cassava peel starch 

analysis showed a major peak of 2θ at 17.5°. The peak was attributed to the presence 

of amylopectin recrystallization (B-type crystallization) (Lemos et al., 2019). 

Amylose diffraction spectra were observed at 2θ = 23.1° denoted as VH-type (Lemos 

et al., 2019; Obiro et al., 2012). Addition of lignocellulose material to cassava peel 

starch reduced the VH –type peak due to lignin present (Sun et al., 2014). The 

reduction of the B-type crystalline form index was observed in all samples due to 

addition of the amorphous lignin content. The partial decrease in peak size due to the 

introduction of amorphous lignin in starch shows partial interaction between cassava 

peel starch and lignocellulose materials (Rahman and Netravali, 2018b). The above 

results were observed by Uthumporn, et al.,(2012) who were working on hydrolysis 

of cereal starch granules using sodium hydroxide (Uthumporn et al., 2012). 

 

XRD spectra for rice husks showed extra spectra at 2θ = 22
o
 which is attributed to 

silica in the form of SiO2 and 25.23 
o
 attributed to sodium silicate (Zhang et al., 

2020; Ng et al., 2018; Zuo et al., 2015). Rice husks are known to have high ash 

content than the other materials under study. Further, the ash is documented to have a 

high silica content (Bakar et al., 2016). The same results were observed by 

Fernandes, et al (2017) while characterizing SiO2 from RHA. Same results were 

observed during evaluation of amorphous SiO2 from RHA which produced similar 

results (Paranhos and Santana Costa, 2018). Silica can be utilized in bonding by 

converting it to silicic acid. Silicic acid has been utilized as an adhesive and can be 

crosslinked with organic molecules through biomineralization (Zhou et al., 2019). 

 

The results above shows a reduction in crystallinity in cassava peels starch with the 

addition of lignocellulose material through copolymerization. Copolymerization 

through etherification and esterification between cassava peels starch and 

lignocellulose material form a covalent bond. This is attributed to the etherification 

of -OH groups from cassava peel starch and hydroxyl groups from phenolic groups 

in lignin from lignocellulose material. Covalent bonding is one of the major 

molecular bonds in the formulation of particleboards. 
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4.6 Chemical Characterization of Starch, Lignocellulose Material and 

Particleboards Using Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR results for raw cassava peel starch, oxidized cassava peel starch, lignocellulose 

materials sources, PBM/OS, PBR/OS and PBS/OS are shown in figure 4-9. 

 

Figure 4-9. FTIR spectra for raw starch and lignocellulose sources and PBM/OS 

board 

 

An interpretation of the FT-IR spectra from cassava peels, sugarcane bagasse and 

maize stalk, and rice husks particleboards formulated in this study are shown in 

Table 4-4. 
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Table 4-4. FTIR Analysis 

Agricultural  

Waste 

Material/ 

particleboard 

Wavelength 

range(cm
-1

) 

Identified groups 

Cassava peel 3500-3200 -O-H free groups and chemically bonded compounds 

such as alcohol, phenols, carboxylic acids 

3000-2850 Symmetric or asymmetric stretching of CH, CH2, of 

aliphatic acids 

1750-1680 C=O stretching vibration of carboxylic groups 

1375-1300 C=O Stretching of carboxylic 

1300-1000 C-O of carboxylic acid (COOH) 

Sugarcane  

Bagasse 

3300 -OH from Polysaccharides  

2885 -CH symmetrical stretching Polysaccharides  

1732 -C=O stretching Xylans  

1650-1630 -OH water  

1335 -C-O in Cellulose  

1162 -C-O-C asymmetrical stretching Cellulose  

670 -C-OH bending Cellulose  

Maize stalk 1724 C=O stretching vibrations 

1325-1031 SiO2 stretching vibrations  

Rice Husks 3300 -OH broad band 

2925 C-H vibration  

1738 The vibration of carbonyl from carboxylic groups in 

ester link 

1839 Carbonyl 

1217 -Si-O 

Particleboards  3414.06 

2484.36 and 

1362.73 

1229.64 

1102.34 

1150 and 

950 

-OH Bending 

-CH bending 

 

C=O stretching 

C-O  

B-OH 

 

The peak attributed to the hydroxyl group is observed at 3414.06 cm
-1

. Hydroxyl 

forms hydrogen bonding with water in a single bridge (Nishida and Fayer, 2017) and 

another major peak associated with the hydroxyl group was also observed at 1626.98 

cm
-1

. Peaks attributed to a C-H bond were observed at 2484.36 cm
-1

 and 1362.73 cm
-

1
. At a wavenumber 1229.64 cm

-1
 a peak was associated with the vibration of C=O 

and another peak at a wavelength of 1102.34 cm
-1

 attributed to stretching of C-O. 

The condensation reaction between carboxylic groups in cassava peels starch and 

hydroxyl groups from lignocellulose materials (Yamada et al., 2001). This reaction 
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leads to a reduction of OH peaks at 3414.06 cm
-1

 and at 1626.98 cm
-1

 and an increase 

of C-O at 2484.36 cm
-1

. 

 

Ester formation results in the reduction of -OH as the peak is attributed to the 

formation of esters that is mainly that of C-O in C-O-C. The –OH peak that remained 

is associated with hydroxyl groups from sodium hydroxide that was used during the 

treatment of lignocellulose material and cassava peel starch and water produced 

during condensation reaction of lignocellulose material, cassava peels starch and 

boric acid. Increase of the C-H peak results from a combination of C-H in cassava 

peel starch and lignocellulose materials. Peaks for B-OH from hydrolyzed sodium 

borate were observed at 1150 cm
-1

 and 950 cm
-1

 (Altan et al., 2019). 

 

Borax hydrolyzes in deionized water to form the equilibrium of boric acid and borate 

ion solution , as shown in equation 4.1 to 4.3 (Altan et al., 2019). 

-
(aq)

-
7(aq)4(l)2

-2
7(aq)4 OH+OHB→OH+OB       4.1 

3(aq)
+
(aq)(l)2

-2
7(aq)4 4B(OH)→2H+OH+OB       4.2 

(aq)

-
4

+
(aq)(l)23(aq) B(OH)+H→OH+B(OH)       4.3 

Starch reacts with borax as shown in equation 4.4 (Ali et al., 2012). 

O)10H+O(Na+O+OBHC→O.10HONaB+)OH(C 2222
1

114126274n6126   4.4 

The peak formed at 1075 cm
-1

 and 725 cm
-1

 is associated with Si-O. Si-O is 

produced from the reaction between silica in rice husks and sodium hydroxide. The 

reaction is shown in equation 4.5 and 4.6 (Kamseu et al., 2017; Jendoubi et al., 

1997). 

(l)22(aq)22(s)(aq) OH+O.SiONa→SiO+NaOH      4.5 

4(aq)4(aq)(l)22(aq)2 SiOH+2NaOH→O3H+O.SiONa      4.6 

Silicic acid undergoes polycondensation reaction in the following ways, as shown in 

equations 4.7 and 4.8 (Zhang et al., 2020; Annenkov et al., 2017). 

(l)2
-
(aq)3(aq)3

-
(aq) OH+O-Si(OH)→OH-Si(OH)+OH     4.7 

-
(aq)3(aq)3

-
(aq)

-
(aq)3(aq)3 OH+Si(OH)-O-Si(OH)+OH→O-Si(OH)+OH-Si(OH)  4.8 

NaOH shifts -OH group stretching vibrations from low frequencies to higher 

frequencies. Higher frequencies are related to free –OH groups which does not take 
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part in hydrogen bonding. Silication has been used to combine cellulose from the 

cotton fiber with hydrolyzed silica during cotton fabric processing (Shateri-

Khalilabad et al., 2017).  

 

FTIR analysis of soy-lignin adhesive showed results similar to those observed in 

particleboards formulated on major functional groups in the bio-based adhesive 

(Nasir et al., 2014). Peak due to –OH was observed between 3300 and 3500cm
-1

 

reduced considerably during particleboard formulation in the study. This observation 

is related to the transformation of –OH during a chemical reaction. Reduction in peak 

size is due to ester formation. Peaks observed between 1420 cm
-1

 to 1430 cm
-1

 were 

related to C-OH which explains the existence of crystals over the amorphous nature 

structure of molecules (Oh et al., 2005). Peak intensity and peak position of –OH 

around 3400cm
-1

 changed due to the formation of an ester (Umemura et al., 2012). 

 

The above results show bond formation as a result of esterification between 

carboxylic groups from cassava peels starch and hydroxyl groups from lignocellulose 

material. Silication process refer to the reaction between hydroxyl groups from silicic 

acid with carboxylic groups from cassava peels starch. Crosslinking of starch with 

hydrolyzed borax through condensation reaction between hydroxyl groups from 

borate and lignocellulose material form ether linkage. These are the major bond 

formation that resulted in particleboard formulation. 

 

4.7 NMR Analysis Results for Raw Materials and Formulated Particleboard 

Results of NMR analysis for maize stalk, sugarcane bagasse, rice husks, and 

formulated particle boards are presented in figure 4-10.
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Figure 4-10. NMR spectra of lignocellulose material, starch and formulated particleboards
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The major chemical shifts in NMR spectra are shown in table 4-5. 

Table 4-5. MAS 
13

C NMR chemical shifts and attributed functional groups 

13
C chemical  

shift (ppm) 

Chemical group 

11.5 RCH3 

24.7 CH3, C in R2CH2 

25.4 C in R2CH2 

32.9 C in CH3CO 

42.3 C in RCH2NH2 

46.9 C in R2CH2 

46.9 Ethoxy (CH3CO), hydroxylamine, oximes, 

hydroxamic acid 

57.4 C in RCH2OH of C6 carbon of crystalline 

cellulose 

64.6 C in RCH2OH 

72.4 C2, C3, and C5 of cellulose and hemicellulose 

and hemicellulose and OCαH2 carbons of 

lignin 

82.0 Alkynes and hemicelluloses 

 OCαH2 carbons of lignin 

88.6 C in RCH2O 

104.8 and 119.4 C in alkene 

116.0 and 146.0 C1 and C6 associated with aromatic and carbon 

of double bonds 

128.8, 137.0, 145.3, and 150.8 Alkene and aromatic in lignin and its 

derivative 

131.0 Alkene  

172.0 and 176.0 Carbonyl in ester and acid and carbonyl 

128.8, 137.0, 145.3,  C in alkene 

150.8 aromatic 

167.8, 170.3, 171.8, 172.8, 177.2 and 

181.4 

carbonyls in ester and carboxylic acid 

 

Particleboards formulated from sugarcane bagasse showed a peak at 24.7 ppm 

associated with CH3 in acetyl groups of hemicelluloses and lignin. This peak is 

associated with CH3CO, hydroxylamines, oximes and hydroxamic acids. At 46.0 ppm, a 

peak was observed that is related to disilene. At 64.0 ppm a peak associated with CH2- 

in RCH2OH was also observed from C6 carbon of crystalline cellulose. Peaks between at 

60 to 105 ppm were due to carbohydrates from starch, cellulose, and hemicellulose. An 

increase in the peak size is as a result from the combination of starch, cellulose, lignin 

and hemicellulose molecules (Nordqvist, 2012). Other peaks observed were at 72.0 ppm 
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associated with C2, C3 and C5 of cellulose and hemicellulose. Spectra between 60.0 to 

80.0 ppm are attributed to the etherification of aromatic rings (Yuan et al., 2011). A 

peak at 82.0 ppm associated with alkynes, 116.0 ppm and 146.0 for C1 and C6 associated 

with aromatic and carbon of double bonds on the side chain. A peak at 131.0 ppm is 

associated with an alkene, 172.0 and 176.0 ppm were observed for carbonyl in ester and 

acid and carbonyl. NMR peaks around 170.0 ppm are a result of aliphatic esters and 

aliphatic carbonyls (El Hage et al., 2009). 

 

Particleboards formulated with rice husks and modified starch showed prominent peaks 

at 11.5 which is associated with RCH3. A peak at 25.4 ppm is attributed to C in R2CH2. 

A peak observed at 32.9 ppm was attributed to CH3CO- whereas at 42.3 ppm associated 

with C in RCH2NH2. A peak at 57.4 ppm is associated with C in the methoxy group 

(Capanema et al., 2005) and 64.6 ppm associated with C in RCH2OH of C6 carbon of 

crystalline cellulose, 72.3 and 82.4 ppm associated with C in alkynes and hemicelluloses 

(Hult et al., 2002). A peak was observed at 88.6 ppm is associated with the presence of 

C in RCH2O-, 104.8 and 119.4 ppm associated with C in alkene, 128.8, 137.0, 145.3, 

and 150.8 ppm associated with aromatic rings of lignin (Hazwan et al., 2019). Spectral 

lines observed at 167.8, 170.3, 171.8, 172.8, 177.2 and 181.4 ppm are associated with 

carbonyls in ester and carboxylic acid. 

 

Particleboards formulated with maize stalk major spectra peaks at 24.7 ppm associated 

with R2CH2, 46.9 ppm for C in RCH2NH2, 64.6 ppm for C in RCH2OH. The strong peak 

at 58.0 to 68.0 ppm is associated with C6 (Tan et al., 2007), 72.4 ppm from C2 C3, C5 of 

cellulose. Peaks between 68.0 to 78.0 ppm are brought about by the interaction of C2, 

C3, C5 during the reaction between hydrolyzed starch and high amylose starch (Qin et 

al., 2019). A peak at 82.5 ppm was observed and is associated with C in alkynes, 104.6 

ppm associated with C1 of single helix part in starch granules, 116.6, 131.7 and 146.1 

ppm are attributed to the presence of aromatic rings of lignin. 172.7 and 176.5 ppm are 

identified with carbonyls in ester and carboxylic acid. 
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Spectrum observed on sugarcane bagasse, rice husks and maize stalk showed the 

presence of signals at 21.6 ppm and 173.7 ppm evident that hemicellulose is present. 

The spectra observed at 50.0 ppm to 120.0 ppm attributed to hemicellulose and cellulose 

carbons (Spaccini et al., 2016). There were slightly changed due to delignification 

during sodium hydroxide treatment. Cellulose extracted from sugarcane was identified 

with the following peaks: 64.8 ppm. 62.4 ppm, 72.5 to 74.8 ppm, 82.3 to 83.7 ppm, 88.8 

ppm and 104.7 ppm (Sun et al., 2004a). Signals at 62.5 ppm, 64.8 ppm, 83.5 ppm and 

87.9 ppm were attributed to carbons in cellulose. Peaks related to lignin are observed 

from 100.0 ppm to 200.0 ppm. Signals at 21.5 ppm and 173.6 ppm were associated with 

hemicellulose and that observed at 56.3 ppm was due to -OCH3 found in the lignin 

molecule (Rezende et al., 2011).  

 

The appearance of peaks related to carbonyl groups in esters and polypeptide bonds is 

attributed to the reaction between cassava peels starch and lignocellulose material. 

Carbonyl groups are produced through the reaction between carboxylic acid groups from 

starch and hydroxyl groups from aromatic groups of lignin, cellulose and hemicellulose 

through a condensation reaction. Polypeptide bond is formed from the reaction between 

amine groups from crude proteins in cassava peels starch and hydroxyl groups from 

lignocellulose material through a condensation reaction. Condensation reaction results in 

copolymerization between natural polymers in lignocellulose material and cassava peel 

starch that was used in the formulation of the particleboards. Results above shows 

esterification as one of the major processes of combining cassava peel starch and 

lignocellulose materials. Esterification led to formation of strong covalent bonds 

between starch and lignocellulose materials.  

 

4.8 Morphological Analysis of Starch and Particleboards 

Results on morphological analysis of untreated cassava peel starch are shown in figure 

4-11. 
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Figure 4-11. SEM analysis of raw Starch from cassava peels 

 

Cassava peels starch exists in mixed patterns of elliptical-shape, round crystalline form 

and amorphous parts. Different shapes are related to hydrogen bonding in amylose 

molecules and amylopectin molecules. Hydrogen bonding exists between O-3 and OH-3 

of D-glucosyl of amylopectin. Hydrogen bonding also exists between amylose and 

amylopectin. Pores increase the surface area where the chemical reaction occurs. 

Porosity significantly influences starch chemical reactivity (Sujka and Jamroz, 2010). 

Microscopic pores make the surface of cassava peel starch appear smooth. Molecules in 

the starch granules and amorphous region contain hydroxyl groups that are required 

during the chemical reaction. Break down of the crystalline nature of the granules 

increases the surface area of starch molecules. 

 

Results on morphological analysis of gelatinized starch is shown in figure 4-12. 

 

Figure 4-12. SEM image for gelatinized starch 
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Figure 4-12 shows the dispersion of starch granules in sodium hydroxide solution. 

Sodium hydroxide promotes swelling and dispersion of starch granules. Chemical 

treatment of starch with sodium hydroxide was utilized to form a gel that exposes the -

OH groups used during copolymerization. NaOH reacts with cassava peel starch to form 

sodium salts. The formation of sodium salts breaks up the hydrogen bonding between 

starch molecules leading to exposure of more hydroxyl groups (Yamamoto et al., 2006; 

Tako and Hizukuri, 2002). Morphological changes are attributed to the transformation of 

some OH to O
-
Na

+
 and alkali hydrolysis of some glycoside bonds. NaOH reduce the 

rigidity of cassava peel starch and stability. The mobility of cassava peels starch leads to 

loss of granule nature (Cardoso, 2007). Gelatinized starch was used as a binder in this 

study. 

 

Results for SEM analysis of formulated particleboards with sugarcane bagasse, maize 

stalk and rice husks bound with oxidized starch are given in figure 4-13. 

PBS/OS PBM/OS

PBR/OS

a b

c

Voids voids

 

Figure 4-13. Analysis of the formulated particleboards 
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SEM analysis of surfaces of the particleboards formulated in this study is given in figure 

4-13 (a-c). All particleboards showed an interaction between gelatinized starch and the 

lignocellulose materials. The variation in density is attributed to the reaction between 

starch and the lignocellulose material. SEM analysis for the particleboards showed 

larger voids between the sugarcane bagasse fiber materials and cassava peels adhesive. 

Voids are formed due to insufficient interaction between lignocellulose material and the 

adhesive. Sugarcane bagasse had the highest lignin content among the three 

lignocellulose material. Lignin is hydrophobic with few hydroxyl groups that are used in 

bonding with starch molecules. Low cellulose content reduces the binding area of 

adhesive. Particleboards formulated with sugarcane bagasse appeared rough due to 

protrusions roughness of the lignocellulose material used. Carboxylic groups in oxidized 

starch react with –OH of the lignocellulose material. Starch hydrolysis with sodium 

hydroxide only broke the hydrogen bonding. Gelatinized starch was trapped in the 

sugarcane bagasse matrix resulting in a lower degree of penetration. Interaction between 

two polymers reduces the mobility of an adhesive (Mokhena et al., 2018). 

 

SEM micrographs of particleboards formulated with maize stalk showed smaller voids 

between lignocellulose material and adhesive. The presence of cellulose and 

hemicellulose fillers provided extra interaction sites between lignocellulose material and 

the adhesive. Cellulose content increases fiber tensile properties through oxidation 

(Williams et al., 2011). Carboxylic groups from cassava peel starch (Warui et al., 2019; 

Potthast et al., 2006) react with hydroxyl groups in lignocellulose materials to form 

covalent bondage by esterification. Particleboards formulated from maize stalk showed 

smooth surfaces due to cementation from hemicellulose and lignin. Similar studies of the 

rice husks treatment using sodium hydroxide were obtained (Ciannamea et al., 2010) 

 

SEM analysis of particleboards formulated with rice husks showed an undulated surface 

due to regularly spaced conical-shaped protrusion and bright spots of treated silica. This 

is due to the treatment of silica with sodium hydroxide to form sodium silicate. Small 

pores are associated with the cementing of cellulose and hemicellulose. Sodium silicate 

acts as an adhesive and filler for voids to make the surface have a smoother appearance. 
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Images in SEM analysis explain the different spectral lines in NMR analysis. The 

reaction between the cassava peel adhesive and lignocellulose material relates to the 

difference in appearances on the surface of the particleboard formulated. The peak at 

72.3 ppm increased from those of raw materials to those of particleboards. The change is 

associated with the combination of cellulose and starch materials. The interaction 

between maize stalk and cassava peel starch showed the highest peak. The interaction 

between lignocellulose material and the modified cassava peel starch determines the 

mechanical properties of the formulated particleboards. Higher compatibility results in a 

higher MOR. The reaction between rice husks and cassava peels starch as clearly 

indicated in NMR spectra, gave the highest MOR and IB. MOR is determined by 

bonding strength in composite material (Singha and Thakur, 2010). 

 

The results shown in figure 4-13 suggests the interaction between cassava peel starch 

and lignocellulose material. Voids are attributed to reaction between carboxylic groups 

in cassava peel starch with hydroxyl groups of cellulose, lignin and hemicellulose (Dai 

et al., 2005). Voids present in particleboards can be used to explain the levels of 

interaction between the lignocellulose materials and cassava peels starch (Boon et al., 

2019). Boards formulated using rice husks were observed to have smaller voids 

compared to other particleboards formulated from sugarcane bagasse, maize stalk bound 

with oxidized starch. This was attributed to the reaction between carboxylic and 

hydroxyl groups from starch with hydroxyl groups from silicic acid, lignin, cellulose and 

hemicellulose (Zhang et al., 2020; Annenkov et al., 2017; Alessandra et al., 2015). 

Maize stalk consists of hydroxyl groups from cellulose, hemicellulose and lignin that 

reacted with carboxylic and hydroxyl groups in starch molecules (Mtibe et al., 2015). 

Sugarcane bagasse had a higher content of lignin which implies that few hydroxyl 

groups were available for reaction with carboxylic and hydroxyl groups in cassava 

starch (Jonglertjunya et al., 2014). Hydrolyzed rice husk has more reaction sites 

compared with maize stalk and sugarcane bagasse.  
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4.9 Thermal Conductivity Analysis 

Results on thermal conductivity for the particleboards formulated are shown in figure 4-

14. 

 

Figure 4-14. Thermal conductivity for the particleboards 

 

Thermal conductivity for PBR/OS was highest with 0.079 W/m
2
 and PBS/OS with 

lowest with 0.071 W/m
2
. This is attributed to the differences in densities. The density of 

PBR/OS was higher than those of PBS/OS. Thermal conductivity is affected by the 

number of voids in the particleboard. Decrease in voids results into increase in thermal 

conductivity (Khedari et al., 2003). Similar results on the study of wood-gypsum boards 

showed lower thermal conductivity for particleboards with large voids.  
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Khedari et al. (2003) observed that different lignocellulose materials affect thermal 

conductivity of the particleboard. This observation was attributed to size of the voids in 

the particleboards (Khedari et al., 2003). Thermal conductivity of medium density 

particleboards range from 0.054 Wm
-1

K
-1

 to 0.13 Wm
-1

K
-1

 (Ferrandez-Villena et al., 

2020). Efficiency of particleboards insulation against heat was observed also to be 

inversely proportion to the density of the particleboards (Aravind et al., 2019). Results 

above suggest that all particleboards can be used for internal room partitioning purposes. 

Low thermal conductivity makes particleboards formulated in this study suitable for 

interior heat insulation. Interior applications involve room partitioning and making 

doors. 

 

4.10 Formaldehyde Emissions from Formulated Particleboard 

Results for formaldehyde emissions from formulated particleboards are shown in figure 

4-15. 

 

Figure 4-15. Formaldehyde emissions from formulated particleboards 
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Results on figure 4-15 showed formaldehyde emissions below the maximum allowed 

which is less than 0.05 mg/l (Bohm et al., 2012). Formaldehyde emitted at 40 
o
C was 

higher than those obtained at 25 
o
C. Higher temperatures increase formaldehyde 

emissions (Myers, 1985). Formaldehyde emissions has been observed from flooring 

materials at 23 and 29 
o
C that range from 0.005 to 0.03 mg/l (Bohm et al., 2012). 

Particleboards formulated with urea gave lower formaldehyde emissions compared to 

other particleboard samples. Urea has been used as a formaldehyde scavenger used to 

reduce the free formaldehyde to form urea-formaldehyde (Costa et al., 2013). 

Particleboards formulated in this study therefore meet minimum emission requirements 

and thus may not pause a health risks. 

 

4.11 Physical Properties of Particleboards 

Results of density,  MC, WA, TS, IB, MOR and MOE for optimized particleboards from 

the optimized starch-lignocellulose materials are presented in this section. 

 

4.11.1 Densities of Particleboard 

Results for densities of formulated particleboards are shown in figure 4-16. 

 

Figure 4-16. Average densities of particleboards 
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Average densities of the particleboards made using the three lignocellulose materials 

using different modified cassava peel starch as binders ranged from 0.604 gcm
-3

 to 0.627 

gcm
-3

 respectively. Particleboards formulated using dextrinized cassava peel starch 

showed the highest densities with sugarcane bagasse, maize stalk and rice husks. 

Densities of the particleboards are dependent on the interaction between cassava peels 

starch and lignocellulose materials that were used in particleboard formulation. An 

increase in interaction leads to a reduction of the voids thus increasing the compaction of 

material hence density increases. 

 

Dextrinized cassava peel starch consists of a large number of free –OH (Srivastava et 

al., 1970). Particleboards formulation involves the esterification process where 

carboxylic groups in cassava peel starch react with hydroxyl groups in lignocellulose 

material which results in the formation of covalent bonds. Another source of adhesion 

involves bondage between the hydroxyl groups in the composite material that is mainly 

through hydrogen bonding. Adhesion brings cassava peels starch molecules and 

lignocellulose materials together thus reducing spaces within composite material hence 

the density increases (Edhirej et al., 2017). 

 

Hydrolyzed cassava peels starch has fewer hydroxyl groups. The hydroxyl groups react 

with sodium hydroxide to form sodium salt (Rachtanapun et al., 2012) as shown in 

equation 4.9.  

OHONaStNaOHOHSt 2       4.9 

Reduction in the number of free hydroxyl groups in hydrolyzed cassava peel starch 

reduces the interaction sites with lignocellulose. Reduction in the interaction increase the 

size of voids hence reduction in the volume of the formulated particleboards. Interaction 

between cassava peel starch and rice husks was even more due to the silication process 

compared to the other lignocellulose materials.  

 

From the results, it is observed that particleboards in this study fall in the category of 

medium density that ranges between 0.5 to 0.6 gcm
-3

 according to US Standards 
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ANSI/A208.1 for medium density boards. Razak et al (2013) observed that 

particleboards formulated with oil palm trunks stems gave densities ranging from 0.441 

gcm
-3

 to 0.597 gcm
-3 

(Razak et al., 2013). Low variations in density lead to reliability in 

measuring MC, particleboards specific mass, MOE, MOR and IB. The difference 

between densities reported in Razak et al (2013) study with the ones in this study is 

brought about by the treatment of lignocellulose material. Alkaline treated lignocellulose 

materials activate the hydroxyl groups that react with hydroxyl and carboxylic groups 

thus increasing the interaction between adhesive and lignocellulose material.  

 

4.11.2 Particleboards Moisture Content (MC) 

Results for moisture content (MC) for various particleboards formulated are presented in 

figure 4-17. 

 

Figure 4-17. Moisture content in the formulated particleboards 
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PBM/DS showed the highest moisture content of 9.85 % and PBR/U/OS showed the 

lowest MC with 9.51 %. Lower moisture content is attributed to lower number of free 

hydroxyl groups. Hydroxyl groups used up during esterification thus reducing their 

numbers. Moisture content between PBR/HS and PBS/HS showed no significant 

difference. An increase in moisture in fiber leads to an increase in thickness swelling 

(TS). An increase in TS results in the weakening of bonding between lignocellulose 

material and cassava peel starch (Atiqah et al., 2017). WA results in the weakening of 

MOE, MOR and IB of particleboards (Joseph et al., 2002). 

 

Heat transfer from composite material helps in the curing of the binder (Sam-Brew and 

Smith, 2017). Particleboards with high MC were also observed to have high densities. 

Lowest MOR was recorded from the particleboard with the highest MC. Particleboard 

made with maize stalk and dextrinized cassava peel starch gave the highest MC. Water 

absorbed by particleboards results in hydrolysis of ester bondage that holds composite 

material together. This results to reduction of the interaction between lignocellulose 

material and starch which weakens the strength of particleboards. Dextrinization of 

cassava peel starch breaks down molecular chains in the starch granules (Srivastava et 

al., 1970). The MC in composite materials depends on the free hydroxyl group (Rautkari 

et al., 2013).  

 

A composite material made with rice husks and oxidized cassava peel starch and urea 

showed the lowest MC. Urea contain amine groups that react with hydroxyl and 

carboxylic groups to form covalent bonds. Sodium silicate formed from the reaction 

between silica with sodium hydroxide undergoes hydrolysis forming silicic acid 

(H4SiO4). H4SiO4 reacts with cassava peel starch through silication that enhances cross-

linking with cassava peel starch. Particleboard formulated with maize stalk showed 

higher porosity than in sugarcane bagasse and rice husks due to high number of unused 

hydroxyl groups (Olumoyewa et al., 2019) 
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Particleboards formulated from wood, bamboo and rice husks contained moisture 

content that ranges from 8.3 % to 8.8 % (Diego et al., 2014). Particleboards formulated 

with sugarcane bagasse- wood particles and UF as an adhesive gave MC that range from 

8 % to 12 % (Dahmardehghalehno and Bayatkashkoli, 2013). Boards made from kenaf 

particles bound with urea-formaldehyde had an MC that ranges from 8 % to 10 % (Allal 

et al., 2010). The moisture content which ranged from 9.51 % to 9.85 % reported in this 

study compared well with those obtained from other research done. 

 

4.11.3 Thickness Swelling (TS) of Particleboards 

Results on thickness swelling (TS) for various particleboards formulated are as shown in 

figure 4-18. 

 

Figure 4-18. Thickness swelling (TS) for the particleboards 
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Particleboards formulated with maize stalks and dextrinized cassava peel starch gave the 

highest TS of 23.43 %. Dextrinized cassava peel starch consists of a high number of free 

-OH that interact with H2O. This is attributed to the presence of the cellulose material 

present in maize stalk. Cellulose is a form of carbohydrate that consists of a high number 

of hydroxyl groups. Particleboards formulated with dextrinized cassava peel starch with 

maize stalk gave TS of 27.08 % that was the highest whereas those made with sugarcane 

bagasse and oxidized cassava peel starch showed the lowest TS of 18.23 %. 

 

Dextrinized cassava peel starch involves only the breaking of hydrogen bonding 

(Srivastava et al., 1970). This implies the numbers of free hydroxyl groups are more. 

This also increases the TS of the resulting particleboards. A combination of dextrinized 

starch with maize stalk gave the overall highest TS. This is due to cellulose and 

hemicellulose that consist of a higher percentage compared to lignin content. Cellulose 

and hemicellulose contain free hydroxyl groups in their molecules, therefore the 

combination of dextrinized starch and maize stalk contains a higher number of hydroxyl 

groups that translate to overall high TS. Treatment of starch reduces hydroxyl functional 

groups thus difference in TS. Hydrolyzed starch gave lower TS as hydrogen in one 

hydroxyl group is replaced with sodium. The presence of sodium reduces the interaction 

of starch with water through hydrogen bonding. Oxidation of starch reduces the presence 

of hydroxyl groups by converting them to carboxylic groups. Carboxylic groups react 

with hydroxyl groups in maize stalk to form an ester. Esters are hydrophobic in nature. 

The addition of urea in oxidized starch introduces amine groups that enhance hydrogen 

bonding between urea and water. This leads to the interaction of water with the 

particleboards formulated. 

 

Particleboards formulated with sugarcane bagasse with dextrinized cassava peel starch 

showed similar trends to those made from maize stalk and dextrinized cassava peel 

starch. Particleboards from sugarcane bagasse and dextrinized cassava peel starch 

showed the highest TS of 20.63 %. Lignin content in sugarcane bagasse being at 21.5 % 

implies that cellulose and hemicellulose content is lower compared to that of maize 
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stalk. Lignin is hydrophobic which explains the low TS. Interaction of sugarcane 

bagasse with dextrinized starch gave overall lower levels of TS. Chemical treatment of 

the raw materials reduces the free hydroxyl groups that result to lower interaction of 

particleboards with water hence lower TS. 

 

Particleboards made with rice husks bound with dextrinized cassava peel starch showed 

the lowest TS comparatively to other lignocellulose-dextrinized starch matrices. Despite 

rice consists of 15.9 % lignin content that contributes to the hydrophobic nature of the 

particleboards. Rice husks have a lower amount of hemicellulose and cellulose content 

compared to maize stalk (Cengiz et al., 2016). In addition to this, rice husks consist of 

silica as filler material which reduces voids in particleboard formulated (Fernandes et 

al., 2017). Reduction of voids in particleboards reduces water intake (Dai et al., 2005) 

thus minimal interaction exists between particleboards and water leading to lower TS. 

 

Minimum requirements for TS according to ASTM D 1037-99(1999) is set at 25 % for 

general uses (Abdolzadeh et al., 2010). All particleboards formulated in this study met 

these minimum requirements. Voids in particleboards accommodate water absorbed 

which leads to swelling. This results in moisture build-up in maize stalk cell wall and 

interface of the fiber and adhesive that changes the dimension of particleboards (Dizaj et 

al., 2015). The moisture build-up is determined by the number of free -OH formed in 

alkali hydrolysis using NaOH. The number of free -OH varies with the amount of lignin. 

 

Study of particleboard formulated from fiber and soy-lignin showed that biobased 

adhesives improves adhesion property of MDF (Nasir et al., 2014). Particleboards made 

from rubberwood particles and wheat starch as a binder gave TS of 50.78 % and 68.79 

% (Salleh et al., 2015). These values were higher than those obtained from this study. 

Research done on particleboards formulated with rubberwood bound with modified corn 

starch showed TS that ranged between 34.81 % to 47.53 % (Amini et al., 2013).  
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4.11.4 Water Absorption (WA) of Particleboards 

Results for water absorption (WA) for various particleboards are presented in figure 4-

19. 

 

Figure 4-19. WA for particleboards formulated  

 

Maize stalk bound with dextrinized cassava peel starch gave particleboards with WA of 

83.87 %. Due to the high content of cellulose and hemicellulose maize stalk consists of 

large numbers of free hydroxyl groups (Guler et al., 2016). Hydroxyl groups combine 

with water through hydrogen bonding which increases absorption of a high amount of 

water (Amini et al., 2013). Also, maize stalk contains holocellulose with polyose that is 

hygroscopic hence promote higher WA (Scatolino et al., 2013). Sugarcane bagasse that 
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contains the highest lignin content showed considerably lower WA. Lignin introduces its 

hydrophobic nature to the composite material formulated which reduces the overall WA 

of the particleboards (Zarifa et al., 2018). The initial stages of WA are attributed to the 

capillarity process as waters move through diffusion. 

 

Movement of water takes place only within the matrix as large cavities enhance water 

diffusion, especially in maize stalk. WA in maize stalk is higher due to the presence of 

large cavities whereas in sugarcane bagasse is lower due to the small size of the cavities 

(Khazaei, 2008). The high amount of the lignocellulose material is required to formulate 

medium-density particleboard. This brings with them a large number of free hydroxyl 

groups, hygroscopic sites in water bondage. A maximum requirement of 60 % is 

recommended for WA for particleboard (ASTM D 1037-99). Particleboards formulated 

in this study gave higher WA in comparison to highest levels guided by ASTM D 1037-

99 standard. The results showed that all particle boards in this study gave higher than 60 

% hence did not achieve these standards. 

 

Particleboards formulated from oxidized cassava peel starch showed lower WA and TS. 

Urea addition increased WA and TS. Urea is a plasticizer with amino groups which 

increases the hydrophilic nature of the compound. The hydrophilic nature of composite 

material increases water of relative humidity (Thomas et al., 2013). This is due to the 

attraction hygroscopic nature of alkali in the urea-based adhesive (Sattayarak et al., 

2012). 

 

Research done on particleboards formulated from commercially manufactured particles 

with wheat starch as a binder had the WA of 96.60 % and 138.82 % (Salleh et al., 2015). 

Research on formulated composite boards from oil palm trunks exhibited WA range 

from 63.03 % to 94.33 % (Razak et al., 2013). A study on particleboards formulated 

with sugarcane bagasse gave 64.2 % for WA (Mendes et al., 2012). In this study, WA in 

sugarcane bagasse particleboards showed similar results as those in literature, and in 

other cases showed lower average values. Particleboards formulated with rubberwood 

and modified corn starch showed WA which ranges from 87.35 % to 107.58 %. 
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4.12 Analysis of Modulus of Rupture (MOR) and Modulus of Elasticity (MOE) 

Analysis of Particleboards 

Results for modulus of rupture (MOR) tests for various formulated particleboards are 

presented in figure 4-20. 

 

Figure 4-20. MOR for the formulated particleboards 

 

Particleboards were formulated in a random blend between lignocellulose materials with 

cassava peel starch without consideration of lignocellulose material orientation of any 

during particleboard formulation. Composite materials in this study were put in a mould 

with no bias towards the forming direction expected. Tests for the MOR and MOE 
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properties were taken in a perpendicular and parallel directions of the sample used. Data 

analysis revealed a significant difference in both directions. 

 

Particleboards formulated with maize stalk gave the highest MOR that was 13.96 Nmm
-

2
. Crosslinking of lignocellulose material with cassava peel bound with increased MOR. 

Large numbers of free hydroxyl groups in cellulose and hemicellulose of maize stalk 

react with carboxylic groups from oxidized cassava peels starch through esterification. 

Esterification results in crosslinking of cassava peel starch and lignocellulose materials 

thus higher values of MOR as strong covalent bonds are formed. Reddy, et al., (2010) 

have shown that the reaction of the -OH and –COOH forms cross-linked molecules. 

Crosslink was formed between hydroxyl groups from starch with a carboxylic group 

from citric acid which showed improved MOR in the resultant composite materials.  

 

Particleboards formulated in this study surpassed the minimum requirements of ASNI 

208.2-2009 medium density used for interior applications of 2.8 Nmm
-2

. Silica in rice 

husks provides extra reaction sites with cassava peel starch after hydrolysis with sodium 

hydroxide. The reaction results in the formation of sodium silicate used as an inorganic 

adhesive (Guangbao, 2014). Particleboards made from engineered composite materials 

from palm stems shone lower MOR. MOR ranged from 1.33 to 3.71 Nmm
-2

 (Razak et 

al., 2013). Similarly, the values were also lower compared to those obtained in this 

research study.  

 

Sugarcane bagasse produced particleboard with the highest MOR value of 11 Nmm
-2 

(Widyorini et al., 2005). Particleboards formulated from sugarcane bagasse and 

formaldehyde-based resins showed the highest MO of 11.5 Nmm
-2 

(Mendes et al., 

2012). Particleboard made from sugarcane bagasse bound with urea-formaldehyde gave 

MOR of 20.9 Nmm
-2 

(Mendes et al., 2014). MOR for the particleboards formulated in 

this study was consistent compared to literature values. All particleboards formulated 

met the minimum requirements for a medium density of 12.8 Nmm
-2 

(ASTM, 2002). 

Also, the particleboards met and exceeded the minimum requirement of EN 312 

standard (ECS, 1993) standards which gives the lowest value of 13 Nmm
-2

. 
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Results for various modulus of elasticity (MOE) tests for various particleboards are 

presented in figure 4-21. 

 

Figure 4-21. MOE for the formulated particleboards 

 

Particleboards formulated with sugarcane bagasse bound with a mixture of oxidized 

cassava peel starch and urea had highest MOE of 3329.93 Nmm
-2

, due to presence of 

fibers that reinforce the structure of the boards (Gilfillan et al., 2012). MOE and MOR 

showed similar trends where there was no significant difference between particleboards 

synthesized with rice husks. There was no significant difference when particleboards 
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formulated with maize stalk were compared to those made with sugarcane bagasse. The 

particleboards formulated exceeded the minimum MOR for low-density particleboards 

of 500 Nmm
-2

. 

 

Particleboards made from palm stems gave MOE that ranged from 109.69 to 304.73 

Nmm
-2 

(Amirou et al., 2013) Particleboards made from bagasse mixed with industrial 

wood particles bound with urea-formaldehyde gave MOE that ranged between 1706 

Nmm
-2 

to 2384 Nmm
-2

 (Dahmardehghalehno and Bayatkashkoli, 2013). Boards 

formulated from a mixture of sugarcane bagasse and wood bound together with urea-

formaldehyde mixed with ammonium chloride gave MOE that ranged from 1020 Nmm
-2

 

to 2550 Nmm
-2

 (Tabarsa, 2011). Particleboards formulated from wheat straw bound 

using urea and urearase inhibitor N-(n-butyl) thiophosphoric triamide (nBTPT) gave 

MOE that ranged from 2601.6 Nmm
-2

 to 3343.2 Nmm
-2

. Comparatively, particleboards 

formulated in this research study display characteristics that are within the results 

obtained from other research work. 

 

Particleboard produced using sugarcane bagasse obtained the highest MOE of 1600 

Nmm
-2

 (Widyorini et al., 2005). Particleboards formulated from sugarcane bagasse 

bound with formaldehyde-based resins obtained highest MOE 1064.7 Nmm
-2

 (Mendes et 

al., 2012). Particleboard formulated from sugarcane bagasse bound with formaldehyde 

resin obtained the highest MOE of 1643.2 Nmm
-2

 (Mendes et al., 2014). The MOE 

result in this study relates to those found in the literature. Particleboards formulated in 

this study met the minimum MOE requirements for medium density particleboards of 

1943.7 Nmm
-2

 (ASTM, 2002). Also, they met the minimum requirements of 1800 Nmm
-

2
 for MOE for internal use as per the European standards (EN 312). All particleboards 

attained the standards for medium density for interior use of 1241 Nmm
-2

 (ASTM, 

2002). 

 

4.12.1 Internal Bond (IB) Analysis of Particleboards 

Results for various internal bonding (IB) tests for various formulated particleboards are 

presented in figure 4-22. 
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Figure 4-22. IB for the formulated particleboards 

 

Particleboard from maize stalk with dextrinized cassava peel starch as a binder gave 

highest IB of 2.367 Nmm
-2

. Maize stalk has high levels of hemicellulose where 

hemicellulose increases the fiber joint strength. Fiber bondage is explained as the 

bonded area and the bond strength. Particleboard formulated with maize stalk bound 

using dextrinized cassava peel starch showed a higher fiber-fiber bond strength which 

has resulted in improvement of IB (Koubaa and Koran, 1995).  
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Alkali treatment of maize stalk using NaOH increased its flexibility when compared to 

other lignocellulose materials which improve the interaction. Sodium hydroxide breaks 

hydrogen bonding that holds the structure together thus increasing flexibility of lignin in 

lignocellulose material. Treatment of lignocellulose material changes the morphology of 

lignin, cellulose and hemicellulose which increases cohesiveness in composite material. 

Celluloses as a reinforcement material increase the IB composite material (Peng et al., 

2010). Cellulose avails more free hydroxyl groups used in chemical reactions with 

functional groups in cassava peel starch-based binders (Sreekala, 2000). 

 

Particleboard formulated from rice husks bagasse bound with hydrolyzed starch gave the 

lowest IB of 1.61 Nmm
-2

. Low amount of hemicellulose and cellulose content in rice 

husks is attributed to low IB. Hemicelluloses act as reinforcement material that enhances 

bondage in particleboards. Rice husks have higher lignin content than maize stalk which 

makes the structure stronger. Low hemicellulose and cellulose content result in a low 

number of hydroxyl groups which is used in bondage in particleboard formulation. 

 

Particleboards formulated in this study exceeded minimum requirements that range from 

0.24 Nmm
-2

 and 0.40 Nmm
-2

 for general use and internal applications such as the 

manufacture of furniture in accordance with the European standard EN 312:2010 

(Taramian et al., 2007). They also met the minimum requirements of 0.60 Nmm
-2

 for 

ANSI A208 for interior applications. The density of the particleboard increases with 

increases in IB where particleboards formulated with maize stalk showed the highest IB. 

Highest IB is attributed to the extent of interactions brought about by crosslinking of 

cellulose, hemicellulose and lignin with cassava peel starch. At about 40 
o
C the density 

has great improvement to IB (Laemlaksakul, 2010). The higher value of IB can be 

obtained when more amount of resin is utilized. A study has shown that an increase in 

the surface area decreases the IB (Rokiah et al., 2010). 

 

IB average values were determined. The industrial panels made from Bagasse, Maize 

stalk, Rice husks differed in internal bond. Panelboards formed from rice husks were 

lowest. This is attributed to a low amount of cassava peel starch that interacts with 



 

 

112 
 

lignocellulose particles. Particleboards formulated with maize stalk gave the highest IB 

strength of 3.72 Nmm
-2

. This is as a result of the presence of more hydroxyl groups for 

copolymerizing as well as crosslinking. These binding sites are available in cellulose, 

hemicellulose and also lignin molecules. Particleboards made from bagasse had IB 

strength of 1.72Nmm
-2

. Results on IB are as shown in figure 4-22. Significance 

differences were determined for the IB mean of the particleboards. There was 

significance difference between PBRHS and PBMS, tcal = -27.96 < tcrit = 4.30, at P=0.05. 

comparison of IB means between PBRHS and PBBS showed no significant difference as 

tcal = -1.76 < tcrit = 4.30 and IB means between PBMS and PBBS shown significance 

difference where tcal = 130.93 > tcrit = 4.30. 

 

Research done on particleboards made from organic waste has shown similar IB. 

Particleboards made from the a mixture of sugarcane bagasse and wood bound with 

urea-formaldehyde showed IB ranging from 0.33 Nmm
-2

 to 0.78 Nmm
-2

 

(Dahmardehghalehno and Bayatkashkoli, 2013). Ammonium chloride was used to 

improve the IB from 0.39 Nmm
-2

 to 0.81 Nmm
-2

 (Shahidan and Muhammed, 2011). 

Boards made from wheat straw bound with urearase inhibitor N-(n-butyl) 

thiophosphoric triamide (n BTPT) and urea gave IB that range from 3.7 Nmm
-2

 to 5.6 

Nmm
-2

 (Sun et al., 2004a), which enhance adhesive strength. 

 

Particleboards formulated with sugarcane gave internal bond values of 0.2 Nmm
-2

 

(Oliveira et al., 2016). Particleboards made from sugarcane bagasse bound with UF and 

melamine-formaldehyde showed IB of 0.63 Nmm
-2

 (Mendes et al., 2014). A different 

study has shown that particleboards produced from sugarcane bagasse had IB of 0.85 

Nmm
-2

. Particleboards formulated met the minimum ANSI A208.1 standard for IB of 

0.40 Nmm
-2

 and the EN 312 standard of 0.30 Nmm
-2

. Comparatively the IB obtained in 

this study showed consistency with those recorded in literature and they met all cited 

standards. 
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CHAPTER FIVE 

5 CONCLUSION AND RECOMMENDATION 

5.1 Conclusion  

1. Cassava peels contain 56.66 % (w/w) starch compared to rice grains (32.79 % 

(w/w)), sorghum grains (26.80 % (w/w)), wheat grains (28.69 % (w/w)) , maize 

corn (27.27 % (w/w)), millet grains (20.90 % (w/w)) and cassava tubers (10.79 

% (w/w)). Cassava peels treated with hydrogen peroxide are alternative source of 

starch that can be utilized for synthesis of particle board adhesives.  

2. Sugarcane bagasse showed highest lignin content of 21.50 % (w/w) compared to 

sawdust (17.60 % (w/w), rice husks (15.90 % (w/w), grass straw (14.30 % (w/w), 

wheat straw (12.60 % (w/w) and maize stalks 11.4 % (w/w). All mlignocellulose 

material have lignin content that was within a range of 11 to 25 % (w/w) 

compared with wood particle from tree stems, thus, sugarcane bagasse, maize 

stalk and rice husks can be used as an alternative lignocellulose material for 

particleboard formulation.  

3. X-ray diffraction showed the presence of sodium silicate (Na2SiO3), an inorganic 

adhesive. Absence of CaSiO3 that makes particleboard fragile during installation 

and readily absorbs moisture, absence of MgSiO3 which reduces adhesion of 

Na2SiO3, absence of zinc silicate that causes mud cracking of particleboard. 

4. Esterification is the main bondage in particleboard formulation due to reaction 

between -C-OH from hydrolyzed lignocellulose material and -COOH oxidized 

cassava peel starch as shown using FTIR spectroscopy and NMR. Esterification 

formed the main bondage in composite material. 

5. All particleboards showed a density range of 0.60 to 0.80 gcm
-3

 thus all 

particleboards are classified as medium density particleboard. Water absorption 

35 to 50 % and thickness swelling exceeded the minimum standard requirements 

for particleboards. Particleboards formulated which had thermal conductivity 

within 0.04 to 0.12 W/m
2
 thus can be used as insulators for room partitioning. 

Mechanical ( IB, MOE, MOR) properties of the particleboards exceeded the 

ASTM standard for MDP, thus can be used to supplement MDF deficits. 
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5.2 Recommendations 

The following recommendations are made from the study: 

1. Treating of particleboard surfaces such as the use of undercoat with fillers, 

pigments with alkyd based paints and nitrocellulose based varnish need to be 

investigated to improve physical properties. 

2. Further investigations on the use of chemical cross-linking of cassava peel 

adhesive with biodegradable synthetic polyvinyl acetate (PVA) to improve TS, 

WA and bonding strength. 

3. Further investigation by blending sugarcane bagasse, maize stalk and rice husks 

can be done to ascertain whether individual characteristics improve the overall 

physical and mechanical properties of particleboards. 
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Appendix 2. Particleboard Mould 
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Appendix 3. XRF Analysis results for lignocellulose materials and Cassava starch 

Starch Sources Na Zn Ca Mg 

Cassava Tubers 0.00133
a
±0.00058 0.03433

a
±0.00473 9.99633

b
±0.0953 0.00167

a
±0.00058 

Wheat Four 0.002
a
±0.001 0.12333

a
±0.00513 7.755

b
±0.03568 6.55333

bc
±0.01124 

Maize Corn 0.00133
a
±0.00058 0.132

a
±0.00361 4.55367

a
±0.00945 0.14387

a
±0.18804 

Sorghum Grains  0.00133
a
±0.00058 0.21733

a
±0.00586 5.21433

c
±0.01756 6.24067

cd
±0.01343 

Millet Grains 0.00167
a
±0.00058 0.23733

a
±0.0185 5.62533

b
±0.00586 5.953

bc
±0.01082 

Cassava Peel Starch 0.00467
a
±0.000577 0.06333

a
±0.00635 13.4633

b
±0.10017 0.1270

a
±0.00781 

 


