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ABSTRACT 

Corn distiller’s dried grains with solubles (DDGS) is mostly marketed as a livestock feed 

due to its high protein content of 30%. Recently, the proteins in DDGS have shown potential to 

act as binding agents along with melamine-urea-formaldehyde resin. However, it is unknown if 

DDGS can be chemically functionalized as a natural binder to replace synthetic resin in 

particleboard. In this study, several formulations were tested using various concentrations of 

acetic acid and sodium hydroxide treatments with combinations of temperature, DDGS 

concentrations, particle sizes, and wax. FTIR results indicated that DDGS proteins were 

decoupled through acid or alkali treatments, and acid treated DDGS in particleboards displayed 

higher improvements in internal bond strength as well as the moisture resistance of the 

particleboards. These results suggest that acid or alkali treated DDGS has potential to act as a 

natural binder for manufacturing medium-density particleboard. 
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1. INTRODUCTION1 

Particleboards are one of the most demanded building materials as they can be applied in 

floor, wall, ceiling panels, counter and desk tops [1]. The history of particleboard manufacturing 

dates back to the 1950s when manufacturers started utilizing industrial wood residues produced 

during the production of softwood lumber and plywood [2]. Subsequently, the field continued to 

expand and the global wood-based panel market size is projected to reach 174.55 billion USD by 

2025 [3]. The growth in wood consumption has led to a high worldwide deforestation rate and 

may result in many devastating effects on our environment [4]. To accommodate the needs of 

industries, it is crucial to search for new lignocellulosic materials to reduce dependency on wood 

[5]. Moreover, conventional binders used in engineered wood products are synthetic resins such 

as urea formaldehyde, phenol formaldehyde, melamine fortified urea formaldehyde, and 

polymeric diphenylmethane diisocyanate [6]. However, factors such as the carcinogenic nature 

of formaldehyde emissions and the regulations put in place by agencies like the California Air 

Resources Board (CARB) have driven manufacturers to seek alternatives to formaldehyde resins 

[7].  

To address the concerns of deforestation and formaldehyde emissions, alternative 

agriculture residues such as corn distiller’s dried grains with solubles (DDGS) is safe and 

economical, which can potentially be used as a natural binder to eliminate the use of synthetic 

resin. The cost of DDGS was 4-6 cents per pound, which makes it cheaper than starch, wood 

fibers, and soy flour [8]. The adhesive properties of DDGS can be derived from its high 

                                                 
1 Some materials in this thesis are derived from an article by Joshua D. Liaw, Dilpreet S. Bajwa, Jamileh 

Shojaeiarani, and Sreekala G. Bajwa and accepted for publication in Industrial Crops and Products on June 2019. 

Joshua D. Liaw had primary responsibility in performing all experiments and analyzing the results. Joshua D. Liaw 

also drafted and revised all versions of this thesis. Dilpreet S. Bajwa, Jamileh Shojaeirani, and Sreekala G. Bajwa 

served as proofreader and provided advice for this work, and Dilpreet S. Bajwa also supervised this project. 
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hydrophobic zein protein content [8], which amounts to 30% protein [9]. A recent study reported 

that DDGS was added at 5 wt. %  together with melamine urea formaldehyde resin at 10 wt. %, 

and wax at 10 wt. % into particleboard, and resulted in an increase in mechanical properties as 

well as the moisture resistance of the particleboard [10]. In this case, the proteins of the DDGS 

were dissociated and reacted with the resin, which improved the mechanical properties, while the 

results indicated that the improvement in moisture resistance was attributed to the fat component 

of the DDGS [10]. Furthermore, to utilize the adhesive effect of the protein for bonding and 

solubilization, the native protein must be denatured to expose more polar groups [11]. Some of 

the most widely used methods to denature proteins were to expose it to acid or alkali [12], which 

affects the ability of the protein to come in intimate contact with the wood surface differently 

[11]. However, it was unknown that if we can use DDGS alone as a natural binder to 

manufacture formaldehyde free particleboard by denaturing the DDGS protein with acid or 

alkali.   

Thus, the purpose of this study is to identify suitable chemical treatment methods to 

functionalize the DDGS proteins, while maintaining the properties of the particleboard without 

the need of dangerous industrial binder. This study investigated the performance of natural 

binder derived from sodium hydroxide and acetic acid treated DDGS. These formulas were 

tested at various chemical concentrations with blends of wax for both sodium hydroxide and 

acetic acid, combined with three temperatures and two DDGS screen sizes. Finally, the results 

were compared to both ANSI A208.1-2009 standard and manufactured wood particleboard that 

used two different blends of resin and wax.  
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1.1. Objectives 

The objectives of this research are to understand whether chemically functionalized 

DDGS with acetic acid or sodium hydroxide can act as natural binder in wood particleboards and 

to analyze the physical and mechanical properties of medium-density particleboards. A major 

aspect of this research is to eliminate the use of traditional formaldehyde based resins and 

develop a safe, strong, and cost effective for industrial applications. This thesis evaluates the 

following hypotheses:  

Hypothesis 1: The protein of the DDGS can be functionalized either with acetic acid or 

sodium hydroxide as a natural binder in medium-density particleboards.  

Hypothesis 2: Higher DDGS concentrations will improve the physical and mechanical 

properties of the particleboards. 

Hypothesis 3: Smaller DDGS particle size will improve the mechanical properties of the 

particleboards.  
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2. LITERATURE REVIEW  

2.1. Particleboard 

2.1.1. Chemical composition of wood 

The chemical composition of wood differs with tree part, geographic location, climate, 

and soil conditions [13]. The two major chemical components in wood are lignin and 

carbohydrate where the carbohydrate part of wood consists of cellulose and the hemicelluloses 

[13]. Cellulose, hemicellulose, and lignin of the cell walls are in a 4:3:3 ratio and this ratio can 

deviate from hardwood, softwood, and herbs [14]. Additionally, cellulose is the strongest 

polymer in wood and is mainly responsible for giving strength in the wood due to its high degree 

of polymerization and linear orientation [11]. Each cellulose molecule composed of a linear 

chain of glucose residues that are covalently bonded to one another and stabilized by hydrogen 

bonds within the chain [15], as shown in Figure 1. Hemicellulose functions as a link between the 

cellulose and the amorphous lignin and increases the packing density of the cell wall, whereas 

lignin is responsible for keeping the fibers together and functions as a stiffening agent for the 

cellulose molecules [11]. All of these components help in different degrees to the strength of the 

wood [11]. 

 

Figure 1. The molecular structure of cellulose. Reprinted with permission from [13]. Copyright 

1984, American Chemical Society.  
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2.1.2. Comparison of manufactured boards 

This section discusses the difference between particleboard, fiberboard, plywood, and 

oriented strand board as defined by ASTM D1554, ASTM D1038, and ASTM D7033. 

Particleboard is a generic term for a composite material composed of cellulosic materials, in the 

form of particles and bonded together with some sort of binder, and that may contain additives 

[16]. Particleboard is often made out of wood that can be in the form of discrete pieces such as 

chips, curls, flakes, sawdust, shavings, slivers, strands, wood wool, or wood flour; wood flour is 

particularly important in this study and is defined as a very fine wood that is reduced by a mill 

until it resembles wheat flour in appearance, and it can pass through a 40-mesh screen [16]. 

While particleboard is often made out of cellulosic particles, medium-density fiberboard is a 

composite panel composed of cellulosic fibers bonded together and fiber is differentiated with 

the slender threadlike elements resulting from mechanical or chemical defiberization, and known 

as fiber bundles [16]. In contrast to the bundled fibers in medium-density fiberboard, plywood is 

a crossbanded assembly built with several layers of veneer or veneer in combination with a 

lumber core bonded with an adhesive [17]. Lastly, oriented strand board is comprised of a mat-

formed panel with oriented layers but made up of wood strands bonded with some sort of 

adhesive under heat and pressure [18]. These wood strands are defined as a small wood particle 

which has a length-to-width ratio of 2:1 [16].  

2.1.3. Particleboard classification and usage 

Particleboard has evolved into a highly engineered product that can be used in housing 

floor application and industrial used for making furniture, cabinets, tables, and countertops [2]. 

This section discusses classification of particleboard based on its density for different 

applications. Currently, the densities are defined by ANSI A208.1-2009, where the particleboard 
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densities are classified as high density (> 800 kg/m3), medium density (between 640 to 800 

kg/m3), and low density (< 640 kg/m3). Both high density and medium density particleboards are 

mainly used in commercial and industrial, whereas low density are used as a door core [19]. 

Table 1 shows the selected minimum requirements of high density (H), medium density (M), and 

low density (LD) particleboards on modulus of rupture, modulus of elasticity, internal bond, 

screw withdrawal, and linear expansion. 

Table 1. Properties of the selected grades from ANSI A208.1-2009 [19]. 

 Grade Physical and Mechanical Properties 

 

Modulus 

of 

Rupture 

(N/mm2) 

Modulus 

of 

Elasticity 

(N/mm2) 

Internal 

Bond 

(N/mm2) 

Screw 

Withdrawal 

(N) 

Linear 

Expansion 

(max. %) 

H-1 14.9 2160 0.81 1600 n/a 

H-2 18.5 2160 0.81 1700 n/a 

H-3 21.1 2475 0.90 1800 n/a 

M-0 7.6 1380 0.31 n/a n/a 

M-1 10.0 1550 0.36 n/a 0.40 

M-S 11.0 1700 0.36 800 0.40 

LD-1 2.8 500 0.10 360 0.40 

LD-2 2.8 500 0.14 520 0.40 

 

2.1.4. Particleboard manufacturing process 

The process of manufacturing particleboard begins with using wood residue and passes 

through several processes to obtain the finished product. These steps include raw material 

generation, classifying by size, drying, blending with resin and wax, forming, and hot pressing 

[20]. Figure 2 shows the process flow chart for a typical particleboard plant. 

According to Neulicht et al. [20], raw materials such as wood chips, sawdust, and planer 

shavings are milled by hammermills, flakers, or refiners. The milled particles are screened using 

gyratory screens or air-classified to separate the core material from the surface material [20]. 
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After separating, the particles are transported to the rotary dryers to reduce the moisture content 

to between 2 and 8 percent [20]. Next, the core and surface materials are transferred to blenders, 

and a spray nozzle, tube, or atomizer is used to mix the particles with resin, wax and other 

additives [20]. The amount of resin depended on the resin type and is typically 8% for urea-

formaldehyde but can be as low as 2% for methylene diphenyl diisocyanate (MDI) [21]. 

Moreover, smaller particles tend to consume more resin due to their high surface-area-to-weight 

ratio [21].  

The two most commonly used resins are phenol-formaldehyde and urea-formaldehyde 

[20]. Urea-formaldehyde resins are used in particleboards for interior applications whereas 

phenol-formaldehyde resins are used for exterior applications [20]. Other than the cellulosic 

material and a bonding system, additive is any material added to particleboard that can enhance 

the particleboard’s dimensional stability, fire retardancy, or other properties [19]. Additives such 

as waxes are incorporated to improve the moisture resistance of the particleboard under wet 

conditions, while catalyst is added to accelerate the resin cure time and to minimize the press 

time [20]. The coated particles are fed to the forming machine to deposit resinated material in the 

form of a continuous mat [20].  

Depending on the application, the type of boards may be a single layer or multi-layer 

[21]. Though there are two types of boards, multi-layer board is still the more common one [20]. 

A multi-layered board must be a balanced structure of 3 or 5 layers to prevent distortion or poor 

properties [21]. The surface layers are made up of fine particles, while coarser particles are used 

as the core of the board [21]. It is important to note that the overall strength of the board is 

controlled by the core of the board [22]. Moreover, the flexural strength and modulus of 

elasticity of the multi-layer board can be increased by changing the properties of its surface and 
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core layers [20]. Thus, multi-layer board has higher potential to perform better in mechanical 

properties compared with single layer board.  

After forming, the mats are trimmed into its desired lengths and conveyed to the hot press 

[20]. The trimmed mats are then pressed under heat and pressure to activate the resin to bond the 

fibers into particleboards [20]. 

 

Figure 2. Adapted version of process flow chart for particleboard manufacturing in a typical 

particleboard plant [20].  

2.1.5. Avoiding blow defects during board manufacturing 

The board properties are influenced by the press temperature, press time, press pressure, 

and moisture content. Higher press temperatures and longer press times have shown 

improvements in physical and mechanical properties because sufficient heat was able to transfer 

to the core section of the board [23]–[25]. Higher press pressures have also shown improvement 

in physical and mechanical properties of the board and the density of the board was affected by 
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the press pressure [26]. One thing to note is that, during hot pressing, the moisture in the board 

will be converted to vapor and migrates to cooler areas such as the core of the board; this leads to 

faster heat transfer to the core and the formation of hydrogen bonding among fibers [27], [28]. 

However, an excessive vapor pressure within the board can cause a blow in the board shortly 

after leaving the hot press, which happens when the vapor pressure exceeds the internal bond 

strength of the board [27]. Thus, additional press time is needed to relieve the vapor pressure 

before the board can be taken out of the hot press safely [27]. It is important to ensure that the 

press time is adequate, because excessive press time can cause issues with overcuring that will 

lower the internal bond strength of the board and decrease the rate of production [22].    

2.1.6. Industrial resin for boards  

 The most commonly used binders in wood panel industry are petroleum-derived resins 

such as urea formaldehyde, melamine urea formaldehyde, and phenol formaldehyde [29]. Urea 

formaldehyde binder was determined by the California Air Resources Board to be significant 

source of formaldehyde emission because urea formaldehyde was able to cure throughout its 

lifetime and emitting formaldehyde in the environment after the wood composite panels were 

manufactured [7]. In contrast, phenol formaldehyde emits 90% less formaldehyde than urea 

formaldehyde, and phenol formaldehyde was suitable for exterior use due to its better water 

resistance than urea formaldehyde [7]. In 2004, the International Agency for Research on Cancer 

has classified formaldehyde as a known carcinogen [29]. To minimize formaldehyde emissions 

from wood products, the California Air Resources Board has regulated the formaldehyde 

emissions to be no higher than 0.06 ppm for both particleboard and medium density fiberboard 

whereas 0.05 ppm for hardwood plywood [30].  
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2.2. Corn DDGS 

2.2.1. Corn kernel components 

The two major components of corn kernel are the endosperm and germ, both of which 

consist of starch and oil, as shown in Figure 3. Around 75% of the protein can be found in the 

endosperm tissue and the remainder can be found between the germ and bran [31].  

 

Figure 3. Cross-section of corn kernel. Reprinted with permission from [31]. Copyright 2001, 

Elsevier. 

Table 2 shows the four major classes of protein and one of the dominant proteins in corn 

is zein, while both albumins and globulins are mainly located in the germ. This thesis 

emphasized the importance of zein because zein is the main protein that is found in both corn 

and DDGS [32].  

Table 2. Distribution of protein fractions in corn [31]. 

Protein 
Whole kernel 

% 

Endosperm 

% 

Germ 

% 

Albumins 8 4 30 

Globulins 9 4 30 

Glutelin 40 39 25 

Zein 39 47 5 
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The structure of the zein protein is globular [33]. Zein can be classified as α, β, and γ and 

located in the corn endosperm where the α-zein is the most abundant, which accounts for up to 

85% of the total zein [34]. Figure 4 shows the tertiary structure of zein, where the tandem 

repeating units form helices connected by glutamine-rich loops [35]. The glutamine-rich loops 

located at the top and bottom are hydrophilic, whereas the α-helix sides have a hydrophobic 

nature [34]. This means that zein is classified as amphilic because it possesses both hydrophilic 

and hydrophobic characteristics [36]. However, more than 50% of zein’s amino acid residues are 

hydrophobic [37], whereas their hydrophilic residues only account for up to 26% [31]. Thus, the 

highly hydrophobic zein protein found in DDGS may improve the water resistance properties of 

the particleboards. 

 

Figure 4. α-zein structural model. Reprinted with permissions from [34] and [35]. Copyrights 

2008 and 1997, Elsevier. 

 

2.2.2. DDGS from corn-ethanol production 

In 2017, the U.S. was the world's largest producer of ethanol, which produced 15.8 

billion gallons [38]. The vast majority of U.S. ethanol is derived from corn [38]. The two 

common techniques used to produce fuel ethanol from corn grains are the wet milling process 

and the dry-grind process [39]. The most widely used method in the U.S. for corn-ethanol 
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production is the dry-grind process, also referred as dry milling [39]. In the corn dry milling 

process, corn is hammer milled into a medium-to-fine grind meal [39]. The corn meal is then 

mixed with water to form slurry [39]. In the liquefaction step, the starch is hydrolyzed into 

dextrin with an alpha amylase enzyme to produce mash [39]. The mash is cooked, cooled and 

sent for fermentation to convert the dextrose to ethanol by yeast [39]. The co-products for dry 

milling process are distiller’s grains, distiller’s grains with solubles, and carbon dioxide [39]. 

Corn ethanol production can generate roughly a third of a kilogram each of ethanol, DDGS, and 

carbon dioxide when 1 kg of corn is utilized [40]. The high protein in DDGS makes it suitable to 

be marketed as animal feed [41].   

2.2.3. Properties of DDGS 

The rapid growth in the ethanol industry led to substantial research on determining the 

physical properties of DDGS [42]. This is essential because the physical properties vary among 

ethanol processing plants and at a given plant over time [42]. Table 3 summarizes some physical 

properties of DDGS. 

Table 3. Physical properties of DDGS [42]. 

Physical Property Range 

Moisture content (%) 13.2-21.2 

Water activity (-) 0.53-0.63 

Thermal conductivity (W/m°C) 0.06-0.08 

Thermal resistivity (m°C/W) 13.1-15.6 

Thermal diffusivity (mm2/s) 0.13-0.15 

Bulk density (kg/m3) 389.3-501.5 

Angle of repose (°) 26.5-34.2 

 

Other than the physical properties as mentioned in Table 1, another important physical 

property of DDGS is particle size. This is because particle size will influence the other physical 
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properties such as the bulk density, angle of repose, compressibility, heat transfer characteristics, 

and flowability properties of DDGS [43]. The particle size of DDGS can range from less than 0.1 

mm to more than 2 mm in diameter [43]. In general, milling DDGS particles down to smaller 

sizes will lead to higher surface area and a greater number of contact points between particles 

[43]. Figure 5 and Figure 6 show that the surface layer of DDGS particles consist mainly protein 

and fat compared with carbohydrate, and protein and fat in DDGS particles can act as a natural 

adhesive [44].  

 

Figure 5. Cross-sectional image of stained DDGS particles where the carbohydrate is represented 

by dark purple and protein by pink color. Reprinted with permission from [44]. Copyright 2009, 

John Wiley and Sons.  

 

Figure 6. Surface fat globules of DDGS particles. Reprinted with permission from [44]. 

Copyright 2009, John Wiley and Sons.  
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2.2.4. Proteins as adhesives 

Factors such as the carcinogenic nature of formaldehyde [29] and strict limits imposed by 

the California Air Resources Board on formaldehyde emissions from wood products [30] have 

expensive compliance, testing, and certification requirements [45]. Thus, green protein-based 

adhesives have gained considerable amount of attention [45]–[47].  

The adhesive effect or functionality of proteins are determined from the protein structure 

itself, which will be discussed as follows. Proteins are large and complex structures made up of 

basic molecular building blocks known as amino acids [48]. As shown in Figure 7, amino acids 

are combined together by peptide bonds to form a primary protein structure; this structure is 

known as a polypeptide chain [48], shown in Figure 8. Due to secondary interactions such as 

hydrogen bonding, electrostatic forces, van der Waals forces, hydrophobic interactions, and 

disulphide linkages, the polypeptide chains display specific configurations [48]. These 

interactions form higher-level structures of proteins, and the structures are secondary, tertiary, 

and quaternary [48].  

 

Figure 7. Adapted structure of an amino acid [49]. 
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Figure 8. Adapted structure showing linkage between two amino acids to form a peptide bond 

[49]. 

The secondary structure of protein is made up of alpha helices and beta sheets. The 

occurrence of alpha helices and beta sheets are the result of amino acids in a polypeptide chain 

linked by several hydrogen bonds [48].  

The tertiary structure of a protein is represented by the three-dimensional structure of a 

protein and associates the spatial arrangement of polypeptide chains through coiling an uncoiling 

[48]. The tertiary structure shows the interactions between alpha helices and beta sheets through 

covalent disulfide bonds, electrostatic and hydrophobic interactions, and hydrogen bonding [48]. 

The quaternary structure is the highest-level structure of the protein. This structure is 

made up of two or more polypeptide chains that are bonded together by noncovalent or covalent 

interactions [48].  

The protein structure can be unfolded in a process called denaturation, which involves 

disruption of both hydrogen bonds and electrostatic interactions between amino acids [50]. 

Though this process disrupts the internal bonds in the protein, it also exposes them to allow the 

protein to adhere to surrounding materials, such as wood [11]. Acid-induced protein unfolding 

occurs between pH 2 and pH 5 and base induced involves pH 10 or higher [50]. For DDGS in 

particular, a patent specified by Mohanty et al. [51] had successfully developed an adhesive by 

hydrolyzing the grains with an aqueous sodium hydroxide solution and cooking it in a pressure 
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cooker, washing it with water, filtering it using a Buckner funnel, and boiling it to obtain a 

concentrated suspension. Finally, a brown and viscous concentrated suspension was tested to 

have a lap shear strength of around 123 psi [51]. However, there are a lot of processes involve in 

making DDGS as adhesive, and these processes are not ideal to be used in DDGS wood 

particleboard manufacturing. 

2.2.5. Solubility of zein protein 

The solubility and chemical reactivity of zein are determined by its functional groups of 

amines, amides, hydroxyls, carboxylates and phenols [36]. These different types of functional 

groups allow zein to be physically and chemically modified to improve its functional properties 

[36]. Generally, zein is water-insoluble due to the presence of hydrocarbon groups in zein’s side 

chains, but zein becomes soluble in water in the presence of high concentrations of alkali at pH 

11 or above, alcohols, and other organic solvents [31], [36]. These organic solvents can be 

classified as primary solvents, secondary solvents, and ternary solvents [52]. A primary solvent 

is a compound that could dissolve zein in a concentration of more than 10% [52]. Acetic acid is 

classified as primary solvent because it can interact with the amino acids of zein to dissolve both 

the polar and nonpolar amino acids in zein [52]. Furthermore, the solubility of zein in water can 

be improved by either acid or alkali deamidation to convert the glutamine and asparagine amino 

acids to the acid or salt forms [31]. Previous study indicated that deamidation decreased the 

number of hydrogen bonds in protein and led to protein unfolding [53].  
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3. MATERIALS AND METHODS 

3.1. Materials 

Pine wood flour of 2020-grade was obtained from American Wood Fibers (Wausau, WI, 

USA). The particle size distribution for wood flour is shown in Table 4, and the wood flour had 

an average size of 425 µm.  

Table 4. Particle size distribution for wood flour. 

U.S. Standard Sieve No. and Micron Equivalent Wood Flour Content, % 

No. 20 (850 µm) < 1  

No. 40 (425 µm) 68-74   

No. 60 (250 µm) 23-27  

Pan (< 250 µm) 2-4 

 

DDGS was supplied by Blue Flint Ethanol plant (Underwood, ND, USA). Unprocessed 

DDGS was milled with screen sizes of 120 µm and 250 µm in a Retsch Rotor Beater Mill SR300 

(Newtown, PA, USA) as illustrated in Figure 9. The moisture content of the wood flour and 

DDGS were at 8% and 7%, respectively. 

 

Figure 9. Retsch Rotor Beater Mill SR300. 
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The particle size distribution for DDGS at screen sizes of 120 µm and 250 µm are shown 

in Table 5. Both the sodium hydroxide (NaOH) pellets with ≥ 90 % NaOH concentration and 

reagent grade glacial acetic acid were purchased from the Department of Chemistry and 

Biochemistry at North Dakota State University (Fargo, ND, USA), and the supplier for these 

products is MilliporeSigma (Burlington, MA, USA). The distilled water was obtained from the 

Department of Chemistry and Biochemistry at North Dakota State University (Fargo, ND, USA). 

The wax emulsion called Transseal Pre-Wax was purchased from Wood Finishers Depot 

(Baytown, TX, USA) and manufactured by Groco Specialty Coatings (Dallas, TX, USA). Phenol 

formaldehyde resin with 25-50% by weight of phenol-formaldehyde polymer sodium salt was 

obtained from Hexion Inc. (Columbus, OH, USA). 

Table 5. Particle size distribution for DDGS. 

U.S. Standard Sieve No. and 

Micron Equivalent 

DDGS Content, % 

(120 µm screen size) 

DDGS Content, % 

 (250 µm screen size) 

No. 60 (250 µm) 0.3-1.2  7.4-8.7  

No. 80 (180 µm) 6.2-17.7  19.1-23.0  

No. 100 (150 µm) 2.9-12.2  12.4-13.1 

Pan (< 150 µm) 73.8-87.3  56.6-59.6 

 

3.2. Board processing 

To reduce the formation of clumps during the chemical treatment process, different 

DDGS concentrations at 10 wt. %, 25 wt. %, and 50 wt. % were dispersed in the pine wood flour 

matrices of 90 wt. %, 75 wt. %, and 50 wt. %, respectively, by hand mixing the dried particles. 

Next, concentrated acetic acid or sodium hydroxide was dissolved in water to achieve the desired 

concentration. The protein decoupling process was initiated by hand mixing the desired 

concentration of chemical solution to both DDGS and wood flour particles at a ratio of 2:8. The 

treated particles were blended, mixed, and agitated for seven minutes in the Patterson Kelley 
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Twin Shell Dry Blender (East Stroudsburg, PA, USA), as shown in Figure 10, to obtain uniform 

mixtures.  

 

Figure 10. Twin Shell Dry Blender. 

 

In addition to using the blender, samples that contain wax combinations were prepared by 

using a Vaper HVLP Spray Gun (Renton, WA, USA) to spray a Northern Industrial Cement 

Mixer Model 998252 (Burnsville, MN, USA), as shown in Figure 11 and Figure 12. The control 

samples were prepared differently by spraying the cement mixer using a spray gun with 

combinations of 12 wt. % phenol formaldehyde resin and 10 wt. % wax. These percentages were 

calculated based on Equations (1) and (2). 

 % 𝑟𝑒𝑠𝑖𝑛 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑠𝑖𝑛 

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
× 100 % (1) 

 % 𝑤𝑎𝑥 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑥

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
× 100 % (2) 



 

20 

 

Figure 11. Spray gun. 

 

Figure 12. Cement mixer. 

 

The samples were then placed into a mold, as shown in Figure 13, and then pressed into 

medium-density particleboards using a hydraulic hot press, Carver Hot Press Model 4122 

(Wabash, IN, USA), shown in Figure 14. A pressure of 3.80 MPa (18 metric tons) was applied to 

the samples in the initial phase of the experiment, and a pressure of 4.65 MPa (22 metric tons) 

was applied to the samples in the final phase. The total press time was 12 minutes, and the 

applied pressure was released every 4 minutes to reduce built-up pressure. The dimensions of 
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each medium density particleboard were 305 mm (length) × 153 mm (width) × 6 mm (nominal 

thickness).  

 

Figure 13. Mold for manufacturing particleboard. 

 

 

Figure 14. Hot press. 
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3.3. Chemical treatment characterization 

3.3.1. Composition analysis 

Composition analysis was performed on untreated DDGS particles, 12.8 M acetic acid 

treated DDGS particles, and 8.0 M sodium hydroxide treated DDGS particles to determine the 

nitrogen, crude protein, neutral detergent fiber (NDF), acid detergent fiber (ADF), fat, and lignin 

contents of the samples. These DDGS particles consisted of DDGS particles that were milled 

with screen size of 250 µm. The chemically treated samples were oven dried at 30℃ for about 

48 hours prior to test. The tests were performed by the Department of Animal Sciences at North 

Dakota State University. The Association of Analytical Community’s (AOAC) methods were 

followed for crude protein test (2001.11), both fiber and lignin tests (973.18), and crude fat test 

(920.39), and the ANKOM method was used for NDF and ADF analyses.  

3.3.2. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis was performed on untreated DDGS particles, 12.8 M acetic 

acid treated DDGS particles, and 8.0 M sodium hydroxide treated DDGS particles to analyze the 

degradation temperature and the rate of degradation of the samples. These DDGS particles 

consisted of DDGS particles that were milled with screen size of 250 µm. The chemically treated 

samples were oven dried at 30℃ for about 48 hours prior to test. The analysis was conducted 

using a TA Q500 TGA (New Castle, DE, USA). The temperature was increased at a rate of 

10℃/min from 25℃ to 400℃. The experiments were carried out under nitrogen gas with a flow 

rate of 60 ml/min.   

3.3.3. Differential scanning calorimetry (DSC) 

Differential scanning calorimetry was performed on untreated DDGS particles, 12.8 M 

acetic acid treated DDGS particles, and 8.0 M sodium hydroxide treated DDGS particles to 
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analyze the melting peak and glass transition temperature of the samples. These DDGS particles 

consisted of DDGS particles that were milled with screen size of 250 µm. The chemically treated 

samples were oven dried at 30℃ for about 48 hours prior to test. The analysis was conducted 

using a TA Q1000 DSC (New Castle, DE, USA). The temperature was ramped at a rate of 

10℃/min from -20℃ to 190℃. The experiments were carried out under nitrogen gas with a flow 

rate of 50 ml/min.   

3.3.4. Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectroscopy was performed on untreated DDGS particles, 

12.8 M acetic acid treated DDGS particles, and 8.0 M sodium hydroxide treated DDGS particles 

to determine the difference in functionality between chemically treated DDGS and untreated 

DDGS. These DDGS particles consisted of DDGS particles that were milled with screen size of 

250 µm. The chemically treated samples were oven dried at 30℃ for about 48 hours prior to test. 

The analysis was conducted using a Thermo Scientific Nicolet 8700 FTIR spectrometer 

(Waltman, MA, USA). All of the samples were mixed with KBr and pressed at 2 tons using a 

Specac Mini-Pellet Press (Limited, UK) to form disc-shaped specimens.  

3.4. Physical and mechanical testing 

Samples from the initial phase testing and final phase testing were cut according to the 

patterns provided in Figure 15 and Figure 16, respectively; these patterns were adapted from 

ASTM D1037-12 [54]. The initial phase tests include density, static bending, and internal bond, 

while the final phase tests include density, static bending, internal bond, hardness, screw 

withdrawal, water absorption, and linear expansion. The initial phase tests were performed to 

determine the preferred temperature and chemical concentrations. These preferred parameters 

were then incorporated in the final phase testing.  
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Figure 15. Particleboard cut out patterns for initial phase testing. 

 

 

Figure 16. Particleboard cut out patterns for final phase testing. 
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The statically-bent samples from the initial phase of the experiment were reused for 

internal bond test, while statically-bent samples from the final phase of the experiment were 

reused for hardness and screw withdrawal tests. The reused samples for internal bond and screw 

withdrawal tests were cut adequately far from the fracture point of the statically-bent samples 

except for hardness. The reused samples for hardness test were cut in a way that the hardness 

indentation points were far enough from the fracture point of the statically-bent samples, as 

shown in Figure 17, to prevent any influence from the statically-bent samples.  

 

Figure 17. Fracture point of a statically-bent sample. 

 

It should be noted that a batch consisted of a board in the initial phase, while two boards 

were produced from a batch in the final phase to speed up the manufacturing process. Two 

batches were manufactured for both the initial and final phases of this experiment. 

3.4.1. Density 

The density test was adapted from ASTM D2395-17 [55]. The mass was measured by 

weighing the mass of the entire panel to ±0.1 g. The volume was determined from the mean of 

three lengths, three widths, and four thickness measurements. The dimensions were measured to 

±0.01 mm. The density was then calculated based on Equation (3). 
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𝜌 =

𝑀

𝐿𝑊𝑇
 (3) 

Where 𝜌 represents density in kg/m3, M represents mass in kg, L represents length in m, W 

represents width in m, and T represents thickness in m.   

3.4.2. Water absorption 

A water absorption test was used to determine the resilience of a board to absorb water 

when submerged horizontally in a water bath at 20 ± 1℃. This test was adapted from ASTM 

D1037-12 [54]. The water absorption test was conducted using a 2-plus-22-hour method. The 

dry specimen dimensions were 76 mm × 76 mm × approximately 6 mm manufactured thickness. 

The dry specimen was submerged in water for 2 hours, drained for 10 minutes, and then, their 

mass, length, width, and thickness were obtained. After the 2-hour measurements were obtained, 

the specimen was submerged for an additional 22 hours, and the procedures of draining and 

measuring were repeated. For both time points, percent change in mass and percent change in 

volume were calculated based on Equations (4) and (5). 

 % 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑀𝑎𝑠𝑠 =
𝑀𝑓 − 𝑀𝑖

𝑀𝑖
× 100 (4) 

 % 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 =
𝑉𝑓 − 𝑉𝑖

𝑉𝑖
× 100 (5) 

Where Mi and Vi are the initial mass and initial volume, respectively, and Mf and Vf are the final 

mass and final volume, respectively. The initial mass and initial volume measured the dry mass 

and dry volume, respectively, whereas the final mass and final volume measured the submerged 

mass and submerged volume, respectively.  

The volume is calculated based on Equation (6). 

 𝑉 = 𝐿𝑊𝑇 (6) 
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Where V represents the volume, L represents the length, W represents the width, and T 

represents the thickness of the samples measured at the midpoint of all four sides. Four samples 

were tested for each unique formulation.  

3.4.3. Linear expansion 

Linear expansion test was used to determine the dimensional stability of a board in the 

presence of high humidity. The linear expansion test was adapted from ASTM D1037-12 [54]. 

The test was conducted using a Binder Humidity Chamber model KBF 115-UL (Tuttlingen, 

Germany). The dry specimen dimensions were 195 mm × 50 mm × approximately 6 mm 

manufactured thickness. The specimen was first condition to achieve practical equilibrium at 

50% relative humidity, and a temperature of 20 ± 3℃ and the length of the specimen was 

measured to 0.02 mm. Practical equilibrium is defined as not having a mass change of more than 

0.05% in a 24-hour period. After the measurements were obtained for 50% relative humidity, the 

specimen was exposed to 80% relative humidity and temperature of 20 ± 3℃, and the 

procedures of achieving practical equilibrium and obtaining measurements were repeated. The 

specimen lengths were calculated based on Equation (7). 

 % 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝐿𝑒𝑛𝑔𝑡ℎ =
𝐿𝑓 − 𝐿𝑖

𝐿𝑖
× 100 (7) 

Where Li is the initial length and Lf is the final length. Four samples were tested for each unique 

formulation. Figure 18 displays the placement of the samples in the humidity chamber.  
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Figure 18. Linear expansion test. 

 

3.4.4. Static bending 

A three-point static bending test was conducted to determine the flexural properties of the 

particleboards, specifically on the modulus of rupture and modulus of elasticity. The static 

bending test was adapted from ASTM D1037-12 [54]. The test was conducted using a 

TestResources Model 312 Frame (Shakopee, MN, USA). The specimen dimensions were 195 

mm × 51 mm × approximately 6 mm manufactured thickness. The span length and crosshead 

rate were calculated in accordance to the standard with values of 144 mm and 2.88 mm/min, 

respectively. The crosshead rate was calculated based on Equation (8). 

 𝑁 =
𝑧𝐿2

6𝑑
 (8) 

Where N represents the crosshead rate in mm/min, z represents the outer fiber strain rate of 0.005 

mm/mm/min, L represents the span length in mm, and d represents the thickness in mm. 

The modulus of rupture and modulus of elasticity were calculated based on Equation (9) 

and Equation (10), respectively. 
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 𝑅𝑏 =
3𝑃𝑚𝑎𝑥𝐿

2𝑏𝑑2
 (9) 

 𝐸 =
𝐿3

4𝑏𝑑3

∆𝑃

∆𝑦
 (10) 

Where Rb represents the modulus of rupture in MPa, E represents the modulus of elasticity in 

MPa, Pmax represents the maximum load in N, L represents the span length in mm, b represents 

the width in mm, d represents the thickness in mm, and ΔP/Δy represents the slope of the straight 

line portion of the load-deflection curve in N/mm. Four static bending samples were tested for 

each unique formulation. Figure 19 displays the fixture and loading conditions used for all static 

bending tests. 

 

Figure 19. Three-point static bending test. 

 

3.4.5. Internal bond 

Internal bond or tension perpendicular to the surface test was conducted to determine the 

cohesion of the panel. The internal bond test was adapted from ASTM D1037-12 [54]. The 

specimen dimensions were 51 mm × 51 mm × approximately 6 mm manufactured thickness was 

glued to the loading blocks using a hot melt adhesive provided by Masonite PrimeBoard in 
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Wahpeton, North Dakota. The adhesive was melted using a hot plate and applied to the surface 

of the blocks. The melted glued was allowed to cool for at least an hour before applying to the 

second surface.  

The test was conducted using a TestResources Model 312 Frame (Shakopee, MN, USA). 

The crosshead rate used in this test was 1 mm/min, which was deviated from the constant strain 

rate of 0.08 cm/cm as specified by the standard. This change was due to the unavailability of a 

suitable extensometer to test at a constant strain rate. It should be noted that adhesive failures 

between the loading block and the adhesive were discarded and excluded in the analysis. The 

internal bond strength was calculated based on Equation (11).  

 𝐼𝐵 =
𝑃𝑚𝑎𝑥

𝑎𝑏
 (11) 

Where IB represents the internal bond strength, Pmax represents the maximum load in N, a 

represents the width in mm, and b represents the length in mm. Six internal bond samples were 

tested for each unique formulation in the initial phase, and eight samples in the final phase. 

Figure 20 displays the fixture and loading blocks used for all internal bond tests. 

 

Figure 20. Internal bond test. 
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3.4.6. Screw withdrawal 

Screw withdrawal test was conducted to measure the ability of the particleboard to resist 

screw pullout. The screw withdrawal test was adapted from ASTM D1037-12 [54]. The 

specimen dimensions were 51 mm × 51 mm × quadruple the manufactured thickness. The 

additional thickness was achieved by gluing four specimens together using a Weldwood contact 

cement as required by the standard. The specimen was predrilled to form a lead hole of 3.2 mm 

and a depth of 17 mm. After predrilling, a Number 10 screw was screwed into the lead hole.  

The test was conducted using a TestResources Model 312 Frame (Shakopee, MN, USA). 

The specimen was tested at a crosshead rate of 1.5 mm/min, and the maximum load of screw 

withdrawal was recorded. This test was performed with four replicates for each unique 

formulation. Figure 21 displays the configuration used for all screw withdrawal tests. 

 

Figure 21. Screw withdrawal test. 
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3.4.7. Hardness 

Hardness test was conducted to measure the ability of the particleboard to resist 

indentation. The hardness test was adapted from ASTM D1037-12. The specimen dimensions 

were approximated to 76 mm × 51 mm × triple the manufactured thickness. The additional 

thickness was achieved by gluing three specimens together using Weldwood contact cement as 

prescribed by the standard. Though the standard called for a Janka-ball method in which the test 

will be stopped when the ball has penetrated to a depth of one-half its diameter, this test was 

modified slightly to use a ball of 19 mm that only penetrated to a depth of 4.75 mm. This was 

done to prevent the Janka-ball from indenting deeper than the manufactured thickness, so the 

modified depth was half the required depth; this modified depth can be found from similar 

studies [56], [57]. Two penetrations were performed in each specimen as shown in Figure 22. 

 

Figure 22. Indentation points of a hardness specimen. 

 

The test was conducted using a TestResources Model 312 Frame (Shakopee, MN, USA). 

The specimen was tested at a crosshead rate of 6 mm/min, and the maximum load of hardness 

was recorded. Four hardness specimens were tested for each unique formulation. Figure 23 

displays the configuration used for all hardness tests.  
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Figure 23. Hardness test. 
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4. DESIGN OF EXPERIMENT 

4.1. Design of experiment 

This experiment was divided into two different phases: an initial phase and a final phase. 

The initial phase of the experiment was performed to determine the interaction of both 

temperature and chemical concentration on the flexural properties and internal bond strength of 

the particleboards. A screen size of 250 µm and a DDGS loading concentration of 50 wt. % were 

held constant throughout the initial phase. In total, twelve different blends comprised of 1 

particle size × 1 DDGS loading concentration × 2 chemical treatments × 3 temperatures as well 

as 1 particle size × 1 DDGS loading concentration × 2 chemical treatments × 3 chemical 

concentrations were studied, shown in Table 6 and Table 7, respectively. For each of these six 

different blends, two boards were manufactured per blend for a total of twelve.  

Table 6. The number of boards manufactured for each formulation of temperature and chemical 

treatment. 

 Chemical treatment 

Press temperature 12.8 M Acetic acid 2.0 M Sodium hydroxide 

170℃ 2 2 

180℃ 2 2 

190℃ 2 2 

 

Table 7. The number of boards manufactured for each formulation of acid and alkaline 

concentrations hot pressed at 190℃. 

Chemical treatment Acetic acid Sodium hydroxide 

Chemical 

concentration 
8.0 M 11.0 M 12.8 M 2.0 M 5.0 M 8.0 M 

Number of boards 2 2 2 2 2 2 

 

Once the initial phase was completed and the mechanical properties were determined, the 

final phase of the experiment was conducted to investigate the effect of screen size and DDGS 
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loading concentration on the physical and mechanical properties of particleboards. In this final 

phase, the chemical treatments used for DDGS particles were 12.8 M acetic acid and 8.0 M 

sodium hydroxide, the screen sizes used to micronize DDGS particles were 120 and 250 µm, the 

DDGS loading concentrations were 10, 25, and 50 wt. %, and the press temperature was 190℃. 

In total, four boards for each of twelve different blends comprised of 2 particle sizes × 3 DDGS 

loading concentrations × 2 chemical treatments were manufactured, shown in Table 8.  

Table 8. The number of boards manufactured for each formulation of DDGS concentration and 

screen size. 

 Screen size 

DDGS 

concentration 
120 µm 250 µm 

10 wt. % 4/chemical treatment 4/chemical treatment 

25 wt. % 4/chemical treatment 4/chemical treatment 

50 wt. % 4/chemical treatment 4/chemical treatment 

 

Since the sodium hydroxide treated DDGS blend samples had weak water resistance 

properties, 10 wt. % wax was added to the particleboards. Hence, another four different blends 

comprised of 2 particle sizes × 1 DDGS concentration × 2 chemical treatments × 1 wax were 

studied, as shown in Table 9. In each case, four boards were manufactured per blend for a total 

of sixteen. 

Table 9. The number of boards manufactured with addition of wax for each formulation of 

DDGS concentration and screen size. 

 Screen size 

DDGS concentration 120 µm 250 µm 

50 wt. % 4/chemical treatment 4/chemical treatment 

 

In addition to the initial and final phases, two control sets were manufactured; the first 

used wood flour and 12 wt. % phenol formaldehyde, while the second used wood flour, 12 wt. % 
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phenol formaldehyde, and 10 wt. % wax. The control boards were produced without using 

DDGS filler, and four control boards were manufactured per blend for a total of eight. 

4.2. Data analysis 

The five methods used to evaluate the results were interval plot, analysis of variance 

(ANOVA), interaction plot, Tukey’s test, and tabular additive weighting method. 

All statistical analyses were performed using Minitab 19. ANOVA was conducted to 

compare the means of the groups. If the ANOVA results indicated that the interaction effects 

were significant, the main effects cannot be interpreted alone, thus an interaction plot was used 

as a visual representation to interpret the interaction effects. Moreover, a Tukey’s test was run on 

those ANOVA results to determine whether the means of different samples were significantly 

different.  

4.2.1. Interval plot 

Interval plots are a useful tool to compare the means of groups. This plot displays a 95% 

confidence interval for the mean of each group and a red dotted line indicates the minimum 

requirements of the physical and mechanical properties for medium-density particleboards as 

prescribed in ANSI A208.1-2009 standard [19].   

4.2.2. Analysis of variance (ANOVA) 

ANOVA is a useful method to evaluate the effects of two or more factors on the response 

and was used to evaluate the test results at the 0.05 level of significance. To analyze a two-factor 

factorial design involves partitioning the sum of squares total (SST) into four parts. These four 

parts include the sum of squares due to factor A (SSA), the sum of squares due to factor B 

(SSB), the sum of squares due to the interaction between factors A and B (SSAB), and the sum 

of squares error (SSE).  
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As defined by Applied Statistics for Engineers and Scientists [58], r is the number of 

levels of factor A, c is the number of levels of factor B, n’ is the number of replication, n is the 

total number of observation, and Xijk is the value of the kth observation for level i of factor A and 

level j of factor B.  

The SST is the total variation of all observations and is defined in Equation (12). 

 

𝑆𝑆𝑇 = ∑ ∑ ∑(𝑋𝑖𝑗𝑘 − �̿�)
2

𝑛′

𝑘=1

𝑐

𝑗=1

𝑟

𝑖=1

 

 

(12) 

Where �̿� is the overall mean and is defined in Equation (13). 

 �̿� =
∑ ∑ ∑ 𝑋𝑖𝑗𝑘

𝑛′
𝑘=1

𝑐
𝑗=1

𝑟
𝑖=1

𝑟𝑐𝑛′
 (13) 

The SSA is the differences between the various levels of factor A and the overall mean, 

and SSA is defined in Equation (14). 

 𝑆𝑆𝐴 = 𝑐𝑛′ ∑(�̅�𝑖.. − �̿�)
2

𝑟

𝑖=1

 (14) 

Where X̅i.. is the mean of the ith level of factor A and is defined in Equation (15). 

 X̅i.. =
∑ ∑ 𝑋𝑖𝑗𝑘

𝑛′
𝑘=1

𝑐
𝑗=1

𝑐𝑛′
 (15) 

For i = 1, 2, …, r. 

The SSB is the differences between the various levels of factor B and the overall mean, 

and SSB is defined in Equation (16). 

 
𝑆𝑆𝐵 = 𝑟𝑛′ ∑(�̅�.𝑗. − �̿�)

2
𝑐

𝑗=1

 
(16) 

Where �̅�.𝑗. is the mean of the jth level of factor B and is defined in Equation (17). 
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 �̅�,𝑗, =
∑ ∑ 𝑋𝑖𝑗𝑘

𝑛′
𝑘=1

𝑟
𝑖=1

𝑐𝑛′
 (17) 

For j = 1, 2, …, c. 

The interaction effect between factors A and B is defined in Equation (18). 

 
𝑆𝑆𝐴𝐵 = 𝑛′ ∑ ∑(𝑋𝑖𝑗. − �̅�𝑖.. − �̅�.𝑗. + �̿�)

2
𝑐

𝑗=1

𝑟

𝑖=1

 
(18) 

The SSE is defined in Equation (19). 

 𝑆𝑆𝐸 = ∑ ∑ ∑(𝑋𝑖𝑗𝑘 − �̅�𝑖𝑗)
2

𝑛′

𝑘=1

𝑐

𝑗=1

𝑟

𝑖=1

 (19) 

Where �̅�𝑖𝑗. is the mean of the cell ij, the combination of the ith level of factor A and the jth level 

of factor B, and �̅�𝑖𝑗. is defined in Equation (20). 

 �̅�𝑖𝑗, = ∑
𝑋𝑖𝑗𝑘

𝑛′

𝑛′

𝑘=1

 (20) 

 The mean square values are computed by dividing the sum of square values by the degree 

of freedom as shown in Equations (21), (22), (23), and (24).  

 
𝑀𝑆𝐴 =

𝑆𝑆𝐴

𝑟 − 1
  

(21) 

 
𝑀𝑆𝐵 =

𝑆𝑆𝐵

𝑐 − 1
 (22) 

 
𝑀𝑆𝐴𝐵 =

𝑆𝑆𝐴𝐵

(𝑟 − 1)(𝑐 − 1)
 (23) 

 
𝑀𝑆𝐸 =

𝑆𝑆𝐸

𝑟𝑐(𝑛′ − 1)
 (24) 

 Factors A and B are tested using hypothesis testing. The null and alternative hypotheses 

are: 

𝐻0: 𝜇1 = 𝜇2 = ⋯ = 𝜇𝑟 
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𝐻1: 𝑁𝑜𝑡 𝑎𝑙𝑙 𝜇𝑖  𝑎𝑟𝑒 𝑒𝑞𝑢𝑎𝑙 

  The F test for factor A main effect is calculated in Equation (25). 

 
𝐹 =

𝑀𝑆𝐴

𝑀𝑆𝐸
 (25) 

Likewise, the F test for factor B main effect is calculated in Equation (26).  

 
𝐹 =

𝑀𝑆𝐵

𝑀𝑆𝐸
 (26) 

The F test for interaction effect is determined in Equation (27). 

 
𝐹 =

𝑀𝑆𝐴𝐵

𝑀𝑆𝐸
 (27) 

The hypothesis testing is performed once the F-values are established. The null 

hypothesis is rejected when 𝐹 > F𝛼=0.05 as shown in Equations (28), (29), and (30), and this 

implies that the main effect or interaction effect is not significant.  

 𝐹 =
𝑀𝑆𝐴

𝑀𝑆𝐸
> F𝛼=0.05 (28) 

 𝐹 =
𝑀𝑆𝐵

𝑀𝑆𝐸
> F𝛼=0.05 (29) 

 𝐹 =
𝑀𝑆𝐴𝐵

𝑀𝑆𝐸
> F𝛼=0.05 (30) 

4.2.3. Interaction plot 

An interaction plot is used as a visual representation to determine the existence of 

interaction. This method, defined by Applied Statistics for Engineers and Scientists [58], was 

used to evaluate the test results. Parallel lines signify that there is no interaction between factors, 

while intercepting lines signify an interaction between factors is significant. More intercepting 

lines in the result indicated a stronger interaction effect.  
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4.2.4. Tukey’s test 

Tukey’s Pairwise Comparison test was conducted to compare all pairs of treatment 

means. This method, defined by Design and Analysis of Experiments [59] was used to test all 

pairwise mean comparisons as follows: 

𝐻0: 𝜇𝑖 = 𝜇𝑗 

𝐻1: 𝜇𝑖 ≠ 𝜇𝑗 

For these two hypotheses, 𝑖 ≠ 𝑗, H0 is the null hypothesis, and H1 is the alternative hypothesis. 

For equal sample sizes, Tukey’s test states that two means are significantly different 

when the absolute value of sample difference is greater than Equation (31).   

 𝑇 = 𝑞𝛼(𝑎, 𝑓)√
𝑀𝑆𝐸

𝑛
 (31) 

Tukey’s test for unequal sample sizes is defined in Equation (32). 

 
𝑇 =

𝑞𝛼(𝑎, 𝑓)

√2
√𝑀𝑆𝐸 (

1

𝑛𝑖
+

1

𝑛𝑗
) 

(32) 

Where 𝑞𝛼(𝑎, 𝑓) value is obtained from the Studentized range statistic table, α=0.05 which 

corresponds to 95 % confidence interval, 𝑀𝑆𝐸 is the mean square error, and n is the number of 

samples.  

4.2.5. Tabular additive weighting method 

The tabular additive weighting method was used to decide the best alternative based on 

multiple criteria. This method, defined by Systems Engineering and Analysis [60], was used to 

analyze the test results by comparing different alternatives with respect to each criteria. Using 

this method, a weight (W) is assigned to each criterion; the total weights assigned for internal 

bond strength and flexural strength are 60% and 40%, respectively. Since this project 
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emphasized the importance of functionalized DDGS as a natural binder to bond with the wood 

flour, a higher weight is assigned to internal bond strength. After assigning a weight to each 

criterion, the performance rating (R) is ranked ordinally for each criterion with respect to each 

alternative. The performance rating (R) is ranked between 1 and 3 and were assigned to the 

flexural and internal bond strength, where 3 represents the highest performance, 2 represents the 

intermediate performance, and 1 represents the lowest performance. Finally, the totals of W × R 

are used in comparing the alternatives, where the highest W × R values indicated the best 

alternative.  
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5. RESULTS AND DISCUSSION 

5.1. Chemical treatment characterization and analysis results 

5.1.1. Composition analysis 

Composition analysis was performed to determine the nitrogen, crude protein, neutral 

detergent fiber (NDF), acid detergent fiber (ADF), lignin, and crude fat contents. Previous work 

verified that 0.1 M sodium hydroxide treatment led to solubilization of DDGS fiber, which 

resulted in loss of protein, starch, hemicellulose, lignin, and fat contents in the DDGS [61]. In 

this study, Table 10 shows that alkali treatment of 8.0 M degraded and solubilized both the 

protein and fat components in the DDGS, while the protein and fat contents in 12.8 M acetic acid 

treated DDGS are not noticeably different than the untreated DDGS. In comparison to the 

untreated DDGS, both acid and alkali treated DDGS display lower percentages of NDF and 

ADF. The lower percentage of NDF is attributed to the degradation of cellulose, hemicellulose, 

and lignin, and the lower percentage of ADF is attributed to the degradation of lignin and 

cellulose.   

Table 10. Composition analysis of untreated and treated DDGS particles. 

Component 
Nitrogen 

% 

Protein 

% 

NDF 

% 

ADF 

% 

Lignin 

% 

Fat 

% 

DDGS, 250, untreated 5.30 33.15 45.30 15.30 2.06 8.71 

DDGS, 250, 12.8 M acetic acid 5.38 33.62 41.90 14.90 2.05 8.13 

DDGS, 250, 8.0 M sodium hydroxide 4.63 28.91 25.50 9.65 0.65 4.33 

 

5.1.2. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis was performed to investigate the behaviors of treated and 

untreated DDGS particles at high temperatures, as shown in Figure 24.  
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Figure 24. Thermogravimetric analysis of untreated and treated DDGS particles.  

 

The weight loss at temperatures below 100℃ is attributed to the loss of moisture in all 

samples and is considered negligible.  

The local maxima of the first derivative curves occur between 100℃ and 200℃, which 

relates to the initial degradation of DDGS components. These components include protein, 

starch, fat, hemicellulose, cellulose, and lignin [62]. The temperature range of the local maxima 

corresponds to a similar study [10]. To maintain about 90% of DDGS weight in the percentage 

change of weight curves, the press temperature should not exceed 200℃, which confers with the 

similar study [10]. Pressing the wood composite at the right temperature is crucial to prevent loss 

of mechanical properties.  

Between 250℃ and 350℃ of the first derivative cures, all samples display their mass 

decomposition of major components of DDGS, and the range is similar to the previous study 

[10]. These major components include protein, hemicellulose, cellulose, and lignin [10], [63]. 
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Among the DDGS samples, both acid treated and untreated DDGS particles exhibit higher 

degradation rate than alkali treated. This trend relates to the previous study that better heat 

stability is achieved with a lower protein content in DDGS [64]. As observed in the composition 

analysis in Table 10, alkali treated DDGS have a protein content of 28.91%, which is 

numerically lower than both untreated DDGS and acid treated DDGS of 33.15% and 33.62%, 

respectively.  

Overall, acid treated and untreated DDGS samples display similar decomposition 

behavior, while alkali treated DDGS samples have better thermal stability. Thus, the presence of 

DDGS protein in samples may influence their degradation behaviors.  

5.1.3. Differential scanning calorimetry (DSC) 

  The effect of untreated and treated DDGS particles on the glass transition and melting 

peak temperatures were analyzed using DSC, as shown in Figure 25. Untreated, acid treated, and 

alkali treated DDGS particles display glass transition temperatures of 53.50℃, 63.93℃, and 

60.05℃, respectively. The higher glass transition temperatures of treated DDGS might be 

attributed to its lower fat contents [6].  

The untreated, acid treated, and alkali treated DDGS particles have melting peaks at 

110.59℃, 125.04℃, and 122.38℃, respectively. Among samples, chemically treated DDGS 

particles have higher melting temperatures than untreated DDGS. These melting peaks fall 

within the initial degradation range from the TGA, between 100℃ and 200℃, in Figure 24, and 

these melting peaks possibly demonstrated on both the denaturation temperatures of proteins and 

degradation temperatures of DDGS components. The higher melting temperatures of treated 

DDGS samples were possibly due to the denaturation and solubilization of protein during acid or 

alkali treatment process, which may result in the change of DDGS composition and protein 
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structure. Thus, the higher melting temperature of treated DDGS could possibly means that 

chemically treated DDGS samples have been denatured to potentially act as a natural binder. 

 

Figure 25. Differential scanning calorimetry results of untreated and treated DDGS particles. 

 

5.1.4. Fourier transform infrared spectroscopy (FTIR) 

Figure 26 shows the FTIR spectrum of untreated DDGS and treated DDGS particles. The 

broad peaks in the 3500-3200 cm-1 region represent the –OH and –NH stretching, whereas the 

peaks in the 2950-2500 cm-1 region represent the –CH stretching. The –OH and –NH stretching 

are identified as carbohydrates and protein, respectively, while the –CH stretching is identified as 

lipids [65]. Next, the peaks in the 1500-1000 cm-1 region represent the CHO bond of 

carbohydrates [66]. The peaks in the region of 1700-1500 cm-1 region represent the protein 

amide I and II [67], while the peaks in the 1700-1800 cm-1 region represent the –C=O stretching. 

Moreover, the peaks in the 600-700 cm-1 region show the P-S and P=S stretching [6]. The –C=O 

and P-S/P=S stretching are identified as lignin and protein, respectively [6].  

From all these peaks, a noticeably different in terms of peak intensity fell within the 

1700-1500 cm-1 region. The peaks in this region show weaker peak intensities of treated DDGS 
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than untreated DDGS. The weaker peak intensities of protein amide I and II may be attributed to 

the unfolded proteins of acid or alkali treated DDGS. 

 

Figure 26. FTIR spectrum of (a) untreated DDGS particles, (b) 8.0 M sodium hydroxide treated 

DDGS particles, and (c) 12.8 M acetic acid treated DDGS particles. 

 

5.2. Initial phase of mechanical testing 

The initial mechanical tests were performed on the samples to understand the effect of 

press temperature and chemical concentration on both the internal bond and flexural strengths of 

particleboards. The preferred temperature and chemical concentrations were selected based on 

the weighting method and were then used in the final phase of this research.   

5.2.1. Density results 

The medium-density of the particleboards as defined by ANSI A208.1 standard was 

between 640 kg/m3 and 800 kg/m3 [19]. The target density of the particleboards was 720 kg/m3 

which is the middle limit of medium-density particleboards. The density results are shown in 

Figure 27 and Figure 28. When comparing the density to the ANSI A208.1 standard, all 

formulations fall within the medium-density particleboard category. 
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Figure 27. Density of particleboards at various press temperatures. 

 

 
Figure 28. Density of particleboards at various chemical concentrations. 
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5.2.2. Relationship between temperature and mechanical properties of particleboards 

The samples were hot-pressed at 170°C, 180°C, and 190°C to study the effect of 

temperature on the modulus of rupture of particleboards, as shown in Figure 29, where high 

modulus of rupture is desired. Tisserat et al. reported that the superior modulus of rupture of 

fiberboard pressed at 185°C was attributed to the plasticization of DDGS [6]. Furthermore, the 

plasticization occurred when the samples had a smooth tactile feel on their surface, which 

imitated a wood composite manufactured with a thermoset or thermoplastic resin [6]. In this 

study, the modulus of rupture of the samples pressed at 190°C are superior to those pressed at 

170°C and 180°C, which may be attributed to a higher plasticization of the particleboards while 

limited plasticization occurred below 190°C. However, the flexural samples failed to meet the 

requirements of the ANSI A208.1-2009 standard.  

 

Figure 29. Relationship between temperature and modulus of rupture of particleboards. 
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The highest internal bond strengths for 2.0 M sodium hydroxide and 12.8 M acetic acid 

treatments are achieved at 190℃ and 180℃, respectively, as shown in Figure 30. The decrease 

in internal bond strength of acetic acid treatment at 190℃ may be due to the brittleness and 

degradation of the DDGS. However, no clear trend is visible based on increasing or decreasing 

the temperature of sodium hydroxide treated DDGS. This is likely due to the small number of 

temperatures that are tested. The results in Figure 30 show that the samples have met the internal 

bond strength requirement of ANSI A208.1-2009 standard.  

 

Figure 30. Relationship between temperature and internal bond strength of particleboards. 

 

5.2.3. Relationship between chemical concentration and mechanical properties of 

particleboards 

Figure 31 depicts the relationship between chemical concentration and flexural strength 

of particleboards. The highest flexural strengths are achieved with 2.0 M sodium hydroxide and 

12.8 M acetic acid. No clear trend is visible based on increasing or decreasing chemical 
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concentration, which is likely due to the small number of molarities that were tested. A previous 

study shows that weak acid treatment led to the hydrolysis of hemicellulose that resulted in 

increasing porosity of the lignocellulosic biomass, while alkaline treatment led to the removal of 

lignin [68]. Thus, higher chemical concentration of acid treated DDGS can possibly lead to better 

penetration of acid into the composite and may be able to enhance the binding properties of 

DDGS particles with wood flour.  

 

Figure 31. Relationship between chemical concentration and flexural strength of particleboards.  

 

Figure 32 shows that the internal bond strengths of particleboards increase with 

increasing concentration of sodium hydroxide, where 8.0 M alkali treated DDGS displays a 

relatively high internal bond strength. The high internal bond strength may be attributed to the 

DDGS proteins being denatured and may lead to greater hydrolysis of DDGS proteins as the 

concentration of sodium hydroxide increases. The higher concentrations of sodium hydroxide 

treated samples lead to better bonding between wood flour and DDGS particles. However, with 

acid treated DDGS, the highest internal bond strength is achieved at 11.0 M acetic acid 

treatment. This may be attributed to the increase in chemical acidity from 8.0 M to 11.0 M that 

enhance the internal bond strengths of the samples because of better penetration of acid or alkali 
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into the composite. However, no clear trend is visible based on increasing or decreasing chemical 

concentration. This is likely due to the small number of molarities that were tested. 

 

Figure 32. Relationship between chemical concentration and internal bond strength of 

particleboards. 

 

5.2.4. Tabular additive weighting method  

Table 11, Table 12, Table 13, and Table 14 illustrate a tabular additive weighting method. 

The performance rating (R) was ranked between 1 and 3 and were assigned to the flexural and 

internal bond strength results in Figure 29, Figure 30, Figure 31, and Figure 32. The totals of W 

× R are used in comparing the alternatives, where the highest W × R values indicated the best 

alternative.  

From Table 11 and Table 12, the preferred press temperatures are 180℃ and 190℃, 

respectively. Even though the preferred press temperature is 180℃ in Table 11, 190℃ is chosen 

because of the small difference of 0.2 in sums of W × R between 180℃ and 190℃ alternatives, 

while in Table 12 there is a larger difference of 1.6 which shows processing at 190℃ produces 

superior mechanical properties. For convenience purposes, 190℃ press temperature is selected 

as the preferred temperature for all treatments.  From Table 13 and Table 14, 12.8 M and 8.0 M 
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are selected as the preferred concentration for acetic acid and sodium hydroxide, respectively. 

Those molarities are selected due to their high values in sums of W × R. 

Table 11. Selection of the preferred press temperature from the mechanical testing of 12.8 M 

acetic acid treatment. The preferred temperature is underlined.  

Alternative\ 
Weight 

(W) 

170℃ 180℃ 190℃ 

Criterion 
Rating 

(R) 
W × R 

Rating 

(R) 
W × R 

Rating 

(R) 
W × R 

Internal bond strength 0.6 1 0.6 3 1.8 2 1.2 

Flexural strength 0.4 1 0.4 2 0.8 3 1.2 

Sum 1.0  1.0  2.6  2.4 

 

Table 12. Selection of the preferred press temperature from the mechanical testing of 2 M 

sodium hydroxide treatment. The preferred temperature is underlined. 

Alternative\ 
Weight 

(W) 

170℃ 180℃ 190℃ 

Criterion 
Rating 

(R) 
W × R 

Rating 

(R) 
W × R 

Rating 

(R) 
W × R 

Internal bond strength 0.6 2 1.2 1 0.6 3 1.8 

Flexural strength 0.4 1 0.4 2 0.8 3 1.2 

Sum 1.0  1.6  1.4  3.0 

 

Table 13. Selection of the preferred chemical concentration from the mechanical testing of acetic 

acid treatment at various concentrations. The preferred chemical concentration is underlined. 

Alternative\ 
Weight 

(W) 

8.0 M 11.0 M 12.8 M 

Criterion 
Rating 

(R) 
W × R 

Rating 

(R) 
W × R 

Rating 

(R) 
W × R 

Internal bond strength 0.6 1 0.6 3 1.8 2 1.2 

Flexural strength 0.4 2 0.8 1 0.4 3 1.2 

Sum 1.0  1.4  2.2  2.4 
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Table 14. Selection of the preferred chemical concentration from the mechanical testing of 

sodium hydroxide treatment at various concentrations. The preferred chemical concentration is 

underlined. 

Alternative\ 
Weight 

(W) 

2.0 M 5.0 M 8.0 M 

Criterion 
Rating 

(R) 
W × R 

Rating 

(R) 
W × R 

Rating 

(R) 
W × R 

Internal bond strength 0.6 1 0.6 2 1.2 3 1.8 

Flexural strength 0.4 3 1.2 1 0.4 2 0.8 

Sum 1.0  1.8  1.6  2.6 

 

5.3. Final phase of physical and mechanical testing 

Initial phase of mechanical testing indicated that 12.8 M and 8.0 M were selected as the 

preferred concentration for acetic acid and sodium hydroxide, respectively, while the preferred 

press temperature was at 190℃. These preferred concentrations and press temperature were 

applied in this section to understand the physical and mechanical behaviors of particleboards. 

5.3.1. Density results 

The medium-density of the particleboards as defined by ANSI A208.1 was between 640 

kg/m3 and 800 kg/m3 [19]. The target density of the particleboards is 720 kg/m3, which is the 

middle limit of medium-density particleboards and all formulations fall within the medium-

density particleboard category, as shown in Figure 33. 
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Figure 33. Density of particleboards.  

 

The factor information displays the specific blends, screen sizes, and DDGS 

concentrations performed using a three-way ANOVA model, as shown in Table 15. The three-

way interaction between blend, screen size, and DDGS concentration is not significant, as shown 

in Table 16. Moreover, all the other interaction effects in the three-way ANOVA model are not 

significant; therefore, the interactions in Figure 34 can be ignored. 

Table 15. Factor information for three-way ANOVA on density.  

Factor Levels Values 

Blend 2 12.8 M acetic acid, 8.0 M sodium hydroxide 

Screen Size 2 120, 250 

DDGS Concentration 3 10, 25, 50 
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Table 16. A three-way ANOVA for density. 

Source DF SS MS F P 

Blend 1 1209.12 1209.12 8.16 0.007 

Screen Size 1 51.56 51.56 0.35 0.559 

DDGS Concentration 2 446.14 223.07 1.5 0.236 

Blend*Screen Size 1 1.44 1.44 0.01 0.922 

Blend*DDGS Concentration 2 216.91 108.46 0.73 0.488 

Screen Size*DDGS 

Concentration 
2 271.52 135.76 0.92 0.409 

Blend*Screen Size*DDGS 

Concentration 
2 453.55 226.78 1.53 0.23 

Error 36 5336.6 148.24   

Total 47 7986.84    

S 12.1753 R-sq 33.18% 
R-sq 

(adj) 
12.77% 

 

 

Figure 34. Interaction plot of blend, screen size, and DDGS concentration for density. 
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Since the interaction effect is not significant; therefore, a three-way ANOVA test on main 

effects will be interpreted, and blend is the only main effect being significant. Thus, a separate 

ANOVA model was run on blend followed by post hoc Tukey test to determine whether the 

means are significantly different. The results indicated that 8.0 M sodium hydroxide is not 

significantly different as most blends but significantly different from both 12.8 M acetic acid and 

12 wt. % phenol formaldehyde, as shown in Table 17.  

Table 17. Tukey pairwise comparison showing the influence of blend on the density. 

Blend N Mean Grouping 

8.0 M sodium hydroxide 24 732.02 A  

12.0 wt.% phenol formaldehyde and 10.0 wt.% wax 4 727.88 A B 

8.0 M sodium hydroxide and 10.0 wt.% wax 8 723.19 A B 

12.8 M acetic acid and 10.0 wt.% wax 8 721.99 A B 

12.8 M acetic acid 24 721.98  B 

12.0 wt.% phenol formaldehyde 4 708.44  B 

Means that do not share a letter are significantly different. 

 

5.3.2. Water absorption results 

The water absorption test was tested using a 2-plus-22-hour method to obtain the physical 

behavior of the sample in both short term of 2 hours and long term of 24 hours bases. This 

section does not include analysis on 8.0 M sodium hydroxide because the samples broke apart 

after being submerged for 2 hours. Thus, no meaningful data can be obtained from the 8.0 M 

sodium hydroxide blend, and 10 wt. % wax was added to improve the moisture resistance of this 

blend. By adding wax to the combination of 8.0 M sodium hydroxide and 50 wt. % DDGS, 

meaningful results were obtained. The highest DDGS concentration was chosen to include wax 

because the results of acetic acid blend show that the water resistance properties of the boards 

increase with increasing DDGS concentration. Thus, 10 wt. % wax was added to both acetic acid 

and sodium hydroxide blends that contain 50 wt. % DDGS for further analysis.   
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5.3.2.1. 2-hour percentage change in volume test 

The 2-hour percentage change in volume of each particleboard was measured and is 

summarized in Figure 35, where low percentage change in volume is desired.  

 

Figure 35. 2-hour percentage change in volume of particleboards. 

 

The factor information displays the specific screen sizes and DDGS concentrations that 

were performed using a two-way ANOVA model, as shown in Table 18. The interaction effect in 

the two-way ANOVA model is not significant in Table 19, and this is supported by the parallel 

profiles in Figure 36; thus the interaction effect can be ignored. Since the interaction effect is not 

significant; therefore, the two-way ANOVA test on main effect can be interpreted, where screen 

size and DDGS concentration are significant. The main effects indicated that either smaller 

screen size or larger DDGS concentrations lead to better water resistance properties of 

particleboards. 
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Table 18. Factor information on two-way ANOVA for 2-hour percentage change in volume. 

Factor Levels Values 

Screen Size 2 120, 250 

DDGS Concentration 3 10, 25, 50 

 

Table 19. A two-way ANOVA for 2-hour percentage change in volume. 

Source DF SS MS F P 

Screen Size 1 425.98 425.98 19.58 0 

DDGS Concentration 2 3228.55 1614.28 74.19 0 

Screen Size*DDGS Concentration 2 8.98 4.49 0.21 0.815 

Error 18 391.63 21.76   

Total 23 4055.15    

S 4.66447 R-sq 90.34% 
R-sq 

(adj) 
87.66% 

 

 

Figure 36. Interaction plot of screen size, and DDGS concentration for 2-hour percentage change 

in volume. 
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Blend was not included in a two-way ANOVA; thus, a separate ANOVA model was run 

on blend-only followed by post hoc Tukey test to determine whether the means are significantly 

different. 12.8 M acetic acid is significantly different than 12.8 M acetic acid and 10 wt. % wax 

in Table 20, and this implies that the addition of wax into particleboards lead to better water 

resistance property compared to without wax.  

Table 20. Tukey pairwise comparison showing the influence of blend on the 2-hour percentage 

change in volume. 

Blend N Mean Grouping 

12.0 wt.% phenol formaldehyde 4 42.33 A   

12.0 wt.% phenol formaldehyde and 10.0 wt.% wax 4 35.48 A B  

12.8 M acetic acid 24 32.72 A B  

8.0 M sodium hydroxide and 10.0 wt.% wax 8 23.71  B C 

12.8 M acetic acid and 10.0 wt.% wax 8 12.13   C 

Means that do not share a letter are significantly different. 

 

5.3.2.2. 2-hour percentage change in mass test 

The 2-hour percentage change in mass of each particleboard was measured and is 

summarized in Figure 37, where low percentage change in mass is desired.  
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Figure 37. 2-hour percentage change in volume of particleboards. 

 

The factor information displays the specific screen sizes and DDGS concentrations that 

were performed using a two-way ANOVA model, as shown in Table 21. The interaction effect in 

the two-way ANOVA model is not significant in Table 22, and this is supported by the parallel 

profiles in Figure 38; thus the interaction effect can be ignored. Since the interaction effect is not 

significant; therefore, a two-way ANOVA test on main effect can be interpreted, where screen 

size and DDGS concentration are significant. The main effects indicated that either smaller 

screen size or larger DDGS concentrations lead to better water resistance of the particleboards. 

Table 21. Factor information on two-way ANOVA for 2-hour percentage change in mass. 

Factor Levels Values 

Screen Size 2 120, 250 

DDGS Concentration 3 10, 25, 50 
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Table 22. A two-way ANOVA for 2-hour percentage change in mass. 

Source DF SS MS F P 

Screen Size 1 3345.5 3345.5 12.16 0.003 

DDGS Concentration 2 6743.5 3371.7 12.25 0 

Screen Size*DDGS 

Concentration 
2 375.4 187.7 0.68 0.518 

Error 18 4953.9 275.2   

Total 23 15418.3    

S 16.5897 R-sq 67.87% 
R-sq 

(adj) 
58.94% 

 

 

Figure 38. Interaction plot of screen size, and DDGS concentration for 2-hour percentage change 

in mass. 

 

Blend was not included in a two-way ANOVA model; therefore, a separate ANOVA 

model was run on blend followed by post hoc Tukey test to determine whether the means are 

significantly different. 12.8 M acetic acid is significantly different than 12.8 M acetic acid and 10 

wt. % wax in Table 23, and this implies that the addition of wax into particleboards lead to a 

better water resistance property compared to without wax. 
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Table 23. Tukey pairwise comparison showing the influence of blend on the 2-hour percentage 

change in mass. 

Blend N Mean Grouping 

12.0 wt.% phenol formaldehyde 4 86.71 A  

12.8 M acetic acid 24 72 A  

8.0 M sodium hydroxide and 10.0 wt. % wax 8 62.69 A B 

12.0 wt.% phenol formaldehyde and 10.0 wt. % wax 4 53.1 A B 

12.8 M acetic acid and 10.0 wt. % wax 8 32.2  B 

Means that do not share a letter are significantly different. 

 

5.3.2.3. 24-hour percentage change in volume test 

The 24-hour percentage change in volume of each particleboard was measured and is 

summarized in Figure 39, where low percentage change in volume is desired. 

 

Figure 39. 24-hour percentage change in volume of particleboards. 

 

The factor information displays the specific screen sizes and DDGS concentrations that 

were performed using a two-way ANOVA model, as shown in Table 24. The interaction effect in 



 

63 

the two-way ANOVA model is not significant in Table 25, and this is supported by the parallel 

profiles in Figure 40; thus, the interaction effect can be ignored. Since the interaction effect is not 

significant; therefore, a two-way ANOVA test on main effect can be interpreted, where screen 

size and DDGS concentration are significant. The main effects indicated that either smaller 

screen size or larger DDGS concentrations lead to better water resistance of the particleboards. 

Table 24. Factor information on two-way ANOVA for 24-hour percentage change in volume.  

Factor Levels Values 

Screen Size 2 120, 250 

DDGS Concentration 3 10, 25, 50 

 

Table 25. A two-way ANOVA for 24-hour percentage change in volume. 

Source DF SS MS F P 

Screen Size 1 507.09 507.09 18.31 0 

DDGS Concentration 2 2934.23 1467.11 52.96 0 

Screen Size*DDGS Concentration 2 5.71 2.86 0.1 0.903 

Error 18 498.6 27.7   

Total 23 3945.64    

S 5.2631 R-sq 87.36% 
R-sq 

(adj) 
83.85% 
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Figure 40. Interaction plot of screen size and DDGS concentration for 24-hour percentage 

change in volume. 

 

Blend was not included in a two-way ANOVA model; therefore, a separate ANOVA 

model was run on blend followed by post hoc Tukey test to determine whether the means are 

significantly different. The Tukey test revealed that 12.8 M acetic acid is significantly different 

than other blends in Table 26, and this implies that the addition of wax into particleboards lead to 

a better water resistance property compared to without wax. Overall, 12.8 M acetic acid and 10 

wt. % wax blend outperformed the control combinations of 12 wt. % phenol formaldehyde and 

10 wt. % wax.   
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Table 26. Tukey pairwise comparison showing the influence of blend on the 24-hour percentage 

change in volume. 

Blend N Mean Grouping 

12.0 wt.% phenol formaldehyde and 10.0 wt.% wax 4 47.55 A  

12.0 wt.% Phenol formaldehyde 4 45.82 A  

8.0 M sodium hydroxide and 10.0 wt.% wax 8 45.06 A  

12.8 M acetic acid 24 39.95 A  

12.8 M acetic acid and 10.0 wt.% wax 8 20.59  B 

Means that do not share a letter are significantly different. 

 

5.3.2.4. 24-hour percentage change in mass test 

The 24-hour percentage change in mass of each particleboard was measured and is 

summarized in Figure 41, where low percentage change in mass is desired.  

 

Figure 41. 24-hour percentage change in mass of particleboards. 

 

The factor information displays the specific screen sizes and DDGS concentrations that 

were performed using a two-way ANOVA model, as shown in Table 27. The interaction effect in 



 

66 

the two-way ANOVA model is not significant in Table 28, and this is supported by the parallel 

profiles in Figure 42; thus, the interaction effect can be ignored. Since the interaction effect is not 

significant; therefore, a two-way ANOVA test on main effect can be interpreted, where screen 

size and DDGS concentration are significant. The main effects indicated that either smaller 

screen size or larger DDGS concentrations lead to better water resistance of the particleboards. 

Table 27. Factor information on two-way ANOVA for 24-hour percentage change in mass. 

Factor Levels Values 

Screen Size 2 120, 250 

DDGS Concentration 3 10, 25, 50 

 

Table 28. A two-way ANOVA for 24-hour percentage change in mass. 

Source DF SS MS F P 

Screen Size 1 2743.9 2743.93 11.43 0.003 

DDGS Concentration 2 5322.9 2661.44 11.09 0.001 

Screen Size*DDGS 

Concentration 
2 184 92.01 0.38 0.687 

Error 18 4320 240   

Total 23 12570.9    

S 15.492 R-sq 65.63% 
R-sq 

(adj) 
56.09% 
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`  

Figure 42. Interaction plot of screen size and DDGS concentration for 24-hour percentage 

change in mass. 

 

Since blend was not included in a two-way ANOVA model; thus, a separate ANOVA 

model was run on blend followed by post hoc Tukey test to determine whether the means are 

significantly different. The Tukey test revealed that 12.8 M acetic acid and 10 wt. % wax is 

significantly different than 8.0 M sodium hydroxide and 10 wt. % wax in Table 29, and this 

implies that 12.8 M acetic acid and 10 wt. % wax is more water resistant compared to 8.0 M 

sodium hydroxide and 10 wt. % wax. 
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Table 29. Tukey pairwise comparison showing the influence of blend on the 24-hour percentage 

change in mass. 

Blend N Mean Grouping 

8.0 M sodium hydroxide and 10.0 wt.% wax 8 100.24 A  

12.0 wt.% phenol formaldehyde 4 95.66 A B 

12.0 wt.% phenol formaldehyde and 10.0 wt.% wax 4 92.3 A B 

12.8 M acetic acid 24 83.92 A B 

12.8 M acetic acid and 10.0 wt.% wax 8 60.76  B 

Means that do not share a letter are significantly different. 

 

5.3.3. Linear expansion results 

The percentage change in length of each particleboard was measured and is summarized 

in Figure 43, where low percentage change in length is desired. When comparing the linear 

expansion results to the ANSI A208.1 standard, all formulations do not fulfill the standard 

requirement except for acetic acid treated particleboards at 120 microns screen size and 10 wt. % 

DDGS concentration. It should be noted that no linear expansion value was provided in the 

standard for medium-density particleboards at grade M-0, thus the most common required linear 

expansion percentage was used and that being no greater than 0.4%.   
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Figure 43. Mean interval plot with interval bars of percentage change in length of particleboards. 

 

The factor information displays the specific blends, screen sizes, and DDGS 

concentrations performed using a three-way ANOVA model, as shown in Table 30. The three-

way interaction between blend, screen size, and DDGS concentration is significant, as shown in 

Table 31. However, all the other interaction effects in the three-way ANOVA model are not 

significant, and these are supported by both the weak interactions and parallel profiles in Figure 

44. Since the interaction effect is not significant; therefore, the ANOVA test on main effects 

indicated that screen size and blend are significant and either smaller screen size of 120 microns 

or 12.8 M acetic acid treatment displays good dimensional stability. 

Table 30. Factor information for the three-way ANOVA. 

Factor Levels Values 

Blend 2 12.8 M acetic acid, 8.0 M sodium hydroxide 

Screen Size 2 120, 250 

DDGS Concentration 3 10, 25, 50 
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Table 31. A three-way ANOVA for percentage change in length. 

Source DF SS MS F P 

Blend 1 47.938 47.938 568.76 0 

Screen Size 1 0.43 0.43 5.1 0.03 

DDGS Concentration 2 0.5132 0.2566 3.04 0.06 

Blend*DDGS Screen Size 1 0.2067 0.2067 2.45 0.126 

Blend*DDGS Concentration 2 0.0823 0.0411 0.49 0.618 

Screen Size*DDGS Concentration 2 0.5098 0.2549 3.02 0.061 

Blend*Screen Size*DDGS 

Concentration 
2 0.7105 0.3552 4.21 0.023 

Error 36 3.0342 0.0843   

Total 47 53.4247    

S 0.29032 R-sq 94.32% 
R-sq 

(adj) 
92.59% 

 

 

Figure 44. Interaction plot of blend, screen size, and DDGS concentration for percentage change 

in length. 
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Some of the blends were not included in the three-way ANOVA model; therefore, a 

separate ANOVA model was run on blend followed by post hoc Tukey test to determine whether 

the means are significantly different. The Tukey test revealed that combinations of 8.0 M sodium 

hydroxide and 10 wt. % wax are significantly different than other blends in Table 32, which 

means that 8 M sodium hydroxide and 10 wt. % wax combinations performed poorly in 

dimensional stability compared to the other blends.  

Table 32. Tukey pairwise comparison showing the influence of blend on the percentage change 

in length. 

Blend N Mean Grouping 

8 M sodium hydroxide 24 2.5475 A     

8 M sodium hydroxide and 10 wt.% wax 8 2.161   B   

12.88 M acetic acid and 10 wt.% wax 8 0.6173     C 

12.88 M acetic acid 24 0.5488     C 

12 wt.% phenol formaldehyde 4 0.51797     C 

12 wt.% phenol formaldehyde and 10 wt.% wax 4 0.5032     C 

Means that do not share a letter are significantly different. 

 

5.3.4. Static bending results 

Static being tests were conducted to determine the flexural properties of the 

particleboards, specifically on the modulus of rupture and modulus of elasticity.  

5.3.4.1. Modulus of rupture 

The modulus of rupture of each particleboard was measured and is summarized in Figure 

45, where high modulus of rupture is desired. When comparing the modulus of rupture results to 

the ANSI A208.1-2009 standard, all formulations do not fulfill the standard’s requirement of 7.6 

MPa.  
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Figure 45. Modulus of rupture of particleboards. 

 

The factor information displays the specific blends, screen sizes, and DDGS 

concentrations performed using a three-way ANOVA model, as shown in Table 33. The 

blend*DDGS concentration interaction is significant in Table 34, and this is supported by the 

intersecting lines in first row and third column in Figure 46. These intersecting lines indicate that 

the 10 wt. % DDGS concentration samples are superior to the 25 wt. % and 50 wt. % for sodium 

hydroxide blends, while 12.8 M acetic acid blend shows an increasing trend from 10 wt. % to 25 

wt. % DDGS concentration samples than a decreasing trend from 25 wt. % to 50 wt. %. The 

decrease in flexural strength may be attributed to DDGS aggregates forming at higher DDGS 

concentrations. Moreover, the low r2 value of 38.68% in Table 34 may be attributed to the 

DDGS aggregates that resulted in some variation in modulus of rupture.   
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Table 33. Factor information for the three-way ANOVA. 

Factor Levels Values 

Blend 2 12.8 M acetic acid, 8.0 M sodium hydroxide 

Screen Size 2 120, 250 

DDGS Concentration 3 10, 25, 50 

 

Table 34. A three-way ANOVA for modulus of rupture. 

Source DF SS MS F P 

Blend 1 0.012 0.0125 0 0.944 

Screen Size 1 0.957 0.95671 0.38 0.54 

DDGS Concentration 2 19.361 9.68061 3.87 0.03 

Blend*Screen Size 1 0.211 0.21085 0.08 0.773 

Blend*DDGS Concentration 2 16.605 8.30254 3.32 0.048 

Screen Size*DDGS Concentration 2 3.572 1.78606 0.71 0.497 

Blend*Screen Size*DDGS 

Concentration 
2 16.109 8.05431 3.22 0.052 

Error 36 90.095 2.50265   

Total 47 146.922    

S 1.58198 R-sq 38.68% 
R-sq 

(adj) 
19.94% 
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Figure 46. Interaction plot of blend, screen size, and DDGS concentration for modulus of 

rupture. 

 

Some of the blends were not included in the three-way ANOVA model; therefore, a 

separate ANOVA model was run on blend-only followed by a post hoc Tukey test to determine 

whether the means were significantly different. The addition of 10 wt. % wax to both 12.8 M 

acetic acid and 8.0 M sodium hydroxide is significantly different from those blends without wax, 

as shown in Table 35. Furthermore, the means of the flexural strengths of these different blends 

deteriorated with the addition of wax. 
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Table 35. Tukey pairwise comparison showing the influence of blend on the modulus of rupture. 

Blend N Mean Grouping 

12.0 wt.% phenol formaldehyde 4 6.721 A   

12.8 M acetic acid 24 4.782 A   

8.0 M sodium hydroxide 24 4.75 A   

12.0 wt.% phenol formaldehyde and 10.0 wt.% wax 4 4.011 A B 

12.8 M acetic acid and 10.0 wt.% wax 8 2.503   B 

8.0 M sodium hydroxide and 10.0 wt.% wax 8 1.881   B 

Means that do not share a letter are significantly different. 

 

5.3.4.2. Modulus of elasticity 

The modulus of elasticity of each particleboard was measured and is summarized as in 

Figure 47, where high modulus of elasticity is desired. When comparing the modulus of 

elasticity results to the ANSI A208.1-2009 standard, all formulations do not fulfill the standard 

requirement of 1380 MPa except for sodium hydroxide treated particleboards at 250 microns 

screen size and 10 wt. % DDGS concentration. 
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Figure 47. Modulus of elasticity of particleboards. 

 

The factor information displays the specific blends, screen sizes, and DDGS 

concentrations performed using a three-way ANOVA model, as shown in Table 36. The three-

way interaction between blend, screen size, and DDGS concentration was significant, as shown 

in Table 37. However, all the other interaction effects in the three-way ANOVA model were not 

significant, and the interaction plot in Figure 48 can be ignored.  

Table 36. Factor information for the three-way ANOVA. 

Factor Levels Values 

Blend 2 12.8 M acetic acid, 8.0 M sodium hydroxide 

Screen Size 2 120, 250 

DDGS Concentration 3 10, 25, 50 
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Table 37. A three-way ANOVA for modulus of elasticity.  

Source DF SS MS F P 

Blend 1 753885 753885 8.11 0.007 

Screen Size 1 50360 50360 0.54 0.466 

DDGS Concentration 2 346628 173314 1.87 0.17 

Blend*Screen Size 1 82819 82819 0.89 0.351 

Blend*DDGS Concentration 2 418327 209163 2.25 0.12 

Screen Size*DDGS Concentration 2 42778 21389 0.23 0.796 

Blend*Screen Size*DDGS 

Concentration 
2 1073931 536965 5.78 0.007 

Error 36 3345435 92929   

Total 47 6114162    

S 304.842 R-sq 45.28% 
R-sq 

(adj) 
28.57% 

 

 

Figure 48. Interaction plot of blend, screen size, and DDGS concentration for modulus of 

elasticity. 
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Since the interaction effects are not significant; therefore, a three-way ANOVA test on 

main effects can be interpreted, where blend is significant. Thus, a separate ANOVA model was 

run on blend only followed by post hoc Tukey test to determine whether the means are 

significantly different. The Tukey test revealed that the addition of 10 wt. % wax to 8.0 M 

sodium hydroxide is significantly different from not adding wax. Adding wax into the 

particleboards can lead to deterioration in stiffness, as shown in Table 38. 

Table 38. Tukey pairwise comparison showing the influence of blend on the modulus of 

elasticity. 

Blend N Mean Grouping 

8.0 M sodium hydroxide 24 1226.3 A   

12.8 M acetic acid 24 975.7 A B 

12.0 wt.% phenol formaldehyde 4 937.3 A B 

12.0 wt.% phenol formaldehyde and 10.0 wt.% wax 4 913 A B 

8.0 M sodium hydroxide and 10.0 wt.% wax 8 640   B 

12.8 M acetic acid and 10.0 wt.% wax 8 630   B 

Means that do not share a letter are significantly different. 

 

5.3.5. Internal bond results  

The internal bond result shows the cohesive strength of each particleboard and is 

summarized in Figure 49, where high internal bond strength is desired. When comparing the 

internal bond results to the ANSI A208.1-2009 standard, all the formulations met the standard 

requirement of 0.31 MPa.  
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Figure 49. Internal bond strength of particleboards. 

 

The factor information displays the specific blends, screen sizes, and DDGS 

concentrations that were performed using a three-way ANOVA model, as shown in Table 39. 

The ANOVA test on a three-way interaction between blend, screen size, and DDGS 

concentration is significant in Table 40. Moreover, the screen size*DDGS concentration and 

blend*DDGS concentration interactions are also significant, and these are supported by the 

strong interaction effects of screen size*DDGS concentration and blend*DDGS concentration in 

Figure 50. The strong interaction between blend*DDGS concentration is due to the diverging 

lines at 50 wt. % DDGS concentration in row one and column three, while the interaction 

between screen size*DDGS concentration is due to the intercepting lines in row two and column 

three. The internal bond strengths of acetic acid treatment at 50 wt. % DDGS concentration are 

superior to those at 10 wt. % and 25 wt. %, while 8.0 M sodium hydroxide treatment shows that 

10 wt. % and 25 wt. % DDGS concentrations were superior than 50 wt. %. Higher 
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concentrations of DDGS can lead to higher internal bond strengths, but the non-uniformity of 

DDGS aggregates at 50 wt. % DDGS concentration of 8 M sodium hydroxide treatment may 

impede strong bonding between wood flour and DDGS. 

Table 39. Factor information for the ANOVA. 

Factor Levels Values 

Blend 2 12.8 M acetic acid, 8.0 M sodium hydroxide 

Screen Size 2 120, 250 

DDGS Concentration 3 10, 25, 50 

 

Table 40. A three-way ANOVA for internal bond strength. 

Source DF SS MS F P 

Blend 1 0.08083 0.080834 1.6 0.214 

Screen Size 1 0.00439 0.004388 0.09 0.77 

DDGS Concentration 2 0.50885 0.254423 5.03 0.012 

Blend*Screen Size 1 0.0338 0.033798 0.67 0.419 

Blend*DDGS Concentration 2 1.04695 0.523475 10.34 0 

Screen Size*DDGS Concentration 2 0.40711 0.203554 4.02 0.027 

Blend*Screen Size*DDGS 

Concentration 
2 0.41834 0.209172 4.13 0.024 

Error 36 1.82173 0.050604   

Total 47 4.322    

S 0.224953 R-sq 57.85% 
R-sq 

(adj) 
44.97% 
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Figure 50. Interaction plot of blend, screen size, and DDGS concentration for internal bond 

strength. 

 

Some of the blends were not included in the three-way ANOVA model; therefore, a 

separate ANOVA model was run on blend followed by post hoc Tukey test to see whether the 

means are significantly different. The results show that all blends are not significantly different 

from each other in Table 41.  

Table 41. Tukey pairwise comparison showing the influence of blend on the internal bond 

strength. 

Blend N Mean Grouping 

12 wt. % phenol formaldehyde 4 1.0553 A 

12.8 M acetic acid 24 0.8402 A 

8.0 M sodium hydroxide 24 0.7581 A 

12.8 M acetic acid and 10 wt. %wax 8 0.74 A 

8 M sodium hydroxide and wax 8 0.6151 A 

Phenol formaldehyde and wax 4 0.5657 A 

Means that do not share a letter are significantly different. 
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5.3.6. Screw withdrawal results  

The screw withdrawal load of each particleboard was measured and is summarized in 

Figure 51, where high load is desired. When comparing the screw withdrawal results to the 

ANSI A208.1 standard, all formulations do not fulfill the standard requirement of 800 N. It 

should be noted that no screw withdrawal value was provided in the standard for medium-density 

particleboards at grade M-0, thus the higher grade of M-S was used.  

 

Figure 51. Screw withdrawal load of particleboards. 

 

The factor information displays the specific blends, screen sizes, and DDGS 

concentrations performed using a three-way ANOVA model, as shown in Table 42. The three-

way interaction between blend, screen size, and DDGS concentration is significant in Table 43. 

Moreover, blend*DDGS concentration interaction is significant, and this is supported by the 

intercepting lines in Figure 52. The screw withdrawal strengths of 8.0 M sodium hydroxide 

treatment at 10 wt. % DDGS concentration are superior to those at 25 wt. % and 50 wt. %, while 
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12.8 M acetic acid samples show an increasing trend from 10 wt. % to 25 wt. % DDGS 

concentration than a decreasing trend from 25 wt. % to 50 wt. %. Higher concentrations of 

DDGS lead to poor screw withdrawal strengths, and this may be attributed the DDGS aggregates 

formed at higher DDGS concentrations. Moreover, the main effect being significant is screen 

size, which shows that smaller screen size leads to better screw withdrawal resistance of the 

particleboards.  

Table 42. Factor information on three-way ANOVA for screw withdrawal. 

Factor Levels Values 

Blend 2 12.8 M acetic acid, 8.0 M sodium hydroxide 

Screen Size 2 120, 250 

DDGS Concentration 3 10, 25, 50 

 

Table 43. A three-way ANOVA for screw withdrawal. 

Source DF SS MS F P 

Blend 1 7 6.8 0 0.963 

Screen Size 1 23330 23330.2 7.66 0.009 

DDGS Concentration 2 76239 38119.7 12.51 0.000 

Blend*Screen Size 1 10718 10717.9 3.52 0.069 

Blend*DDGS Concentration 2 55673 27836.3 9.14 0.001 

Screen Size*DDGS Concentration 2 7887 3943.6 1.29 0.286 

Blend*Screen Size*DDGS 

Concentration 

2 48803 24401.7 8.01 0.001 

Error 36 109669 3046.4     

Total 47 332327       

S 55.1939 R-sq 67.00% 
R-sq 

(adj) 
56.92% 
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Figure 52. Interaction plot of blend, screen size, and DDGS concentration for screw withdrawal. 

 

Some of the blends were not included in the three-way ANOVA model; therefore, a 

separate one-way ANOVA model was tested on blend followed by post hoc Tukey test to see 

whether the means are significantly different. 8.0 M sodium hydroxide and 10 wt. % wax was 

not significantly different than 12.8 M acetic acid and 10 wt. % wax, as shown in Table 44. 

Moreover, 12 wt. % phenol formaldehyde shows better screw withdrawal strength as compared 

to the other blends, and this means that other blends are inferior to the control boards.  
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Table 44. Tukey pairwise comparison showing the influence of blend on the screw withdrawal. 

Blend N Mean Grouping 

12.0 wt. % phenol formaldehyde 4 794.4 A     

12.0 wt. % phenol formaldehyde and 10.0 wt. % wax 4 409.6   B   

8.0 M sodium hydroxide 24 352.9   B   

12.8 M acetic acid 24 352.2   B   

12.8 M acetic acid and 10.0 wt. % wax 8 285.5   B C 

8.0 M sodium hydroxide and 10.0 wt. % wax 8 224.5     C 

Means that do not share a letter are significantly different. 

 

5.3.7. Hardness test results  

The hardness of each particleboard was measured and is summarized in Figure 53, where 

high hardness value is desired. When comparing the hardness results to the ANSI A208.1-2009 

standard, some sodium hydroxide formulations do not fulfill the standard requirement of 2225 N. 

It should be noted that no hardness value was provided in the standard for medium-density 

particleboards at grade M-0, thus the higher grade of M-3 was used. 
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Figure 53. Hardness of particleboards. 

 

The factor information displays the specific blends, screen sizes, and DDGS 

concentrations that were performed using a three-way ANOVA model, as shown in Table 45. 

The three-way interaction between blend, screen size, and DDGS concentration is not 

significant, as shown in Table 46. Moreover, the interaction effects are not significant, and these 

was supported by both the weak interactions and parallel profiles in Figure 54. Since the 

interaction effect is not significant; therefore, the ANOVA test on main effect can be interpreted, 

where DDGS concentration and blend are significant. Thus, DDGS concentration can be 

interpreted as higher DDGS concentrations lead to lower hardness, and this statement is true for 

both blends. One possibility is that wood flour has higher ability to resist deformation than 

DDGS particles.   
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Table 45. Factor information on three-way ANOVA for hardness. 

Factor Levels Values 

Blend 2 12.8 M acetic acid, 8.0 M sodium hydroxide 

Screen Size 2 120, 250 

DDGS Concentration 3 10, 25, 50 

 

Table 46. A three-way ANOVA for hardness. 

Source DF SS MS F P 

Blend 1 8555347 8555347 4.55 0.036 

Screen Size 1 492641 492641 0.26 0.610 

DDGS Concentration 2 332270746 166135373 88.32 0.000 

Blend*Screen Size 1 36862 36862 0.02 0.889 

Blend*DDGS Concentration 2 2465652 1232826 0.66 0.522 

Screen Size*DDGS 

Concentration 
2 1901682 950841 0.51 0.605 

Blend*Screen Size*DDGS 

Concentration 
2 620929 310465 0.17 0.848 

Error 84 158005542 1881018   

Total 95 504349401    

S 1371.5 R-sq 68.67% 
R-sq 

(adj) 
64.57% 
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Figure 54. Interaction plot of blend, screen size, and DDGS concentration for hardness. 

 

Since some of the blends were not included in the three-way ANOVA model, a separate 

one-way ANOVA model was tested on blend followed by post hoc Tukey test to determine 

whether the means are significantly different. The Tukey test revealed that 12 wt. % phenol 

formaldehyde is significantly different from all the other blends, while the addition of wax to 

both 12.8 M acetic acid and 8.0 M sodium hydroxide reduced the hardness load significantly, as 

shown in Table 47. 
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Table 47. Tukey pairwise comparison showing the influence of blend on the hardness. 

Blend N Mean Grouping 

12 wt. % phenol formaldehyde 8 7587 A       

12.8 M acetic acid 48 5368   B     

8.0 M sodium hydroxide 48 4771   B     

12.0 wt. % phenol formaldehyde and 10.0 wt. % wax 8 4329   B C   

12.8 M acetic acid and 10.0 wt. % wax 16 2277     C D 

8.0 M sodium hydroxide and 10.0 wt. % wax 16 1590       D 

Means that do not share a letter are significantly different. 

 

5.3.8. Discussion on deviation among mechanical testing 

The deviation in results from the mechanical testing might be attributed to three different 

factors; the DDGS agglomerates, density variation across the board, and differential heat 

distribution across the mold.  

First, the visible agglomerates formed for acetic acid treated DDGS at 50 wt. % in Figure 

55, while sodium hydroxide treated DDGS at DDGS concentrations of 25 wt. % and 50 wt. % in 

Figure 56. These agglomerates led to non-uniform dispersion of DDGS particles in the wood 

flour matrix that resulted in both lower mechanical properties of the particleboards and 

variability of the results.  
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Figure 55. 12.8 M acetic acid treated DDGS composite at various blends.   

 

Figure 56. 8.0 M sodium hydroxide treated DDGS composite at various blends. 
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Figure 57 displays the selected cut out patterns from the preferred formulation to study 

the impact of density on the internal bond strength of the particleboard and the variation of 

density across the components of the particleboard.  

 

Figure 57. Cut out patterns of the preferred formulation to study (a) the impact of density on the 

internal bond strength of the particleboard, (b) the variation of density across the vertical 

component of the particleboard, and (c) the variation of density across the horizontal component 

of the particleboard. 

 

The correlation between the internal bond strength and the density is determined by the r2 

value. The r2 value of 0.84 shown in Figure 58 indicates a good fit model, which implies that the 

particleboard internal bond strength increases with density. This increasing trend correlated to 

the previous study reported for formaldehyde resin manufactured boards [69]. Since this is a 

good fit model, equation (33) may give a reasonable estimate to predict the internal bond 

strength value based of any given density.  

 𝑦 = 0.0018𝑥 − 1.0292 (33) 

   

where y is the internal bond strength in MPa and x is the density in kg/m3.  
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Figure 58. The impact of density on the internal bond strength of the particleboard. 

 

Second, Figure 59 and Figure 60 imply that the density around the center of the panel is 

denser than the edges, which corresponds to a similar study [57]. The denser center might be 

attributed to the uneven distribution of load in the hot press, and the load may concentrate mostly 

around the center of the platen. Though the individual sections of a particleboard may not meet 

the medium-density requirement, but the aforementioned average densities of the entire 

particleboard fulfilled the medium-density requirement of between 640 and 800 kg/m3 as 

specified by the standard. 
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Figure 59. The variation of density across the vertical component of the particleboard. 

 

 

Figure 60. The variation of density across the horizontal component of the particleboard. 

 

Third, to analyze the temperature distribution of the platen, the hot press was heated with 

the mold at 120 ℃ for at least an hour. Figure 61 shows the temperature distribution of a heated 

platen, where the center region of the platen is much hotter than the edges.  
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Figure 61. Heating temperature distribution of a platen. 

 

The mold was removed from the hot press, and the temperature distribution is shown in 

Figure 62. The thermal image of the mold shows that the upper half of the mold is much hotter 

than the bottom half of the mold. This is because the upper half of the mold has a higher mass 

that allow it to store more heat energy and stay at a higher temperature over time, while the 

lower mass of the bottom half of the mold cools quickly. The differential temperature within 

both the upper half mold and bottom half mold might be due to uneven distribution of heat in the 

platen of the hot press that resulted in some cooler regions. The variation in temperature may 

impede the proper curing and binding process between the DDGS particles and the wood flour, 

and this variation may have resulted in non-uniform mechanical properties across the panel.  
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Figure 62. Heating temperature distribution of the bottom half (left) and upper half (right) of a 

mold.  

 

5.3.9. Discussion on physical and mechanical results 

Based on the physical and mechanical testing, the ideal chemical treatment to 

functionalize DDGS was found to be 12.8 M acetic acid with a favored formulation of DDGS 

concentration at 25 wt. % and a screen size of 120 μm.  

Both the results of the control panel of 12 wt. % phenol formaldehyde and preferred 

formulation met the ANSI A208.1-2009 standard for both internal bond strengths and hardness 

but failed to meet the ANSI standard with the other measured properties, as shown in Table 48. 

The fact that the control panels do not meet the industrial results could be due to the weak 

dispersion of the particles at higher filler concentrations and the difference in manufacturing 

processes. Furthermore, in this study, single-layer boards were produced in contrast with the 

commonly manufactured multi-layer boards in industry with higher mechanical properties. Due 

to the limitation in facilities such as the unavailability of a forming machine, multi-layer panels 

could not be produced in this study.    

Despite these shortcomings, the preferred formulation displayed improvement in linear 

expansion and modulus of elasticity when compared with the properties of the control formula. 
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Though the internal bond strength of the preferred formulation is lower than that of the control 

formula, the results of the preferred formulation show that the internal bond strength exceeded 

the requirements of the ANSI standard; this positive outcome indicates that the acid treated 

DDGS in the preferred formulation has strong potential to be used as a binder to manufacture 

particleboards. To meet the requirements of the ANSI standard, further investigation on both the 

feasibility of using lower filler concentration at 5 and 15 wt. % as well as manufacturing multi-

layer boards may help to overcome the unnecessary formation of agglomerates and improve the 

physical and mechanical properties of the particleboards.  

Table 48. Comparison of the control panel and the preferred formulation to ANSI A208.1-2009 

standard. The bolded and underlined values met the ANSI A208.1-2009 standard.  

Property 
ANSI 

standard 

Control 

panel  

Preferred 

formulation 

Linear expansion (% change) 0.40 0.52 0.43 

Modulus of rupture (MPa) 7.60 6.72 5.48 

Modulus of elasticity (MPa) 1380.00 937.27 1088.80 

Internal bond strength (MPa) 0.31 1.06 0.65 

Screw withdrawal (N) 800.00 794.35 454.48 

Hardness (N) 2225.00 7587.23 6297.87 

 

5.4. Economic analysis 

It is important to assess the economic benefits of using DDGS as a functional material to 

replace synthetic resin in wood particleboards. The costs of materials used in this experiment are 

approximated in Table 49 and may vary based upon the bulk purchase prices. The prices of 

DDGS, wood flour, phenol formaldehyde resin, and wax emulsion were obtained from their 

respective manufacturers, while the prices of glacial acetic acid and sodium hydroxide were 

taken from the discounted rate sold by the Department of Chemistry and Biochemistry at North 
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Dakota State University. From the table, sodium hydroxide, glacial acetic acid, and wax 

emulsion are the costliest materials in this project. 

Table 49. Breakdown of experiment’s raw material cost. 

Component 
Cost per pound 

(USD/lb) 

Cost per kilogram 

(USD/kg) 

DDGS 0.07 0.15 

Wood flour 0.25 0.55 

Glacial acetic acid 4.48 9.87 

Sodium hydroxide 11.34 25.00 

Phenol formaldehyde resin 0.63 1.39 

Wax emulsion 5.07 11.17 

 

Based on these prices, the cost to manufacture a control panel was calculated at $0.78 per 

square foot, as shown in Table 50; this cost is without the use of DDGS filler.  

Table 50. Cost to manufacture a control panel. 

Formulation Ratio 
Component Cost 

(USD) 

100 wt. % wood flour 0.82 0.12 

12 wt. % phenol formaldehyde resin 0.10 0.04 

10 wt. % wax emulsion 0.08 0.24 

Total cost (USD/panel) 0.39 

Total cost (USD/ft2) 0.78 

Total cost (USD/m2) 8.40 

 

The preferred formulation of 25 wt. % DDGS treated with 12.8 M acetic acid was 

selected based on its performance in physical and mechanical testing. The cost to manufacture 

this type of particleboard was calculated at $0.98 per square foot as shown in Table 51. 
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Table 51. Cost to manufacture a preferred formulation of DDGS particleboard.   

Formulation Ratio 
Component Cost 

(USD) 

25 wt. % DDGS  0.2 0.01 

75 wt. % wood flour 0.6 0.09 

12.8 M acetic acid  0.2 0.39 

Total cost (USD/panel) 0.49 

Total cost (USD/ft2) 0.98 

Total cost (USD/m2) 10.55 

 

Note that these are the prices calculated based on lab scale, but the prices of boards 

manufactured in industrial scale are expected to be significantly cheaper due to economy of 

scale. The cost to manufacture a square foot of control particleboard with phenol formaldehyde 

resin is $0.20 lower than manufacturing a preferred formulation of DDGS particleboard, which is 

about 20.4% lower. The higher cost of this treated DDGS particleboard is because of the high 

cost of acetic acid used to functionalize DDGS, which is costlier than the combined cost of 

phenol formaldehyde resin and wax emulsion. Although cost is more expensive to manufacture 

the preferred formulation, there are hidden savings such as addressing the health and 

environmental issues associated with formaldehyde emissions. Additionally, mechanical 

properties could be traded off by reducing the acidic concentration, hence, lowering the cost of 

manufacturing the treated DDGS particleboard. Moreover, replacing acetic acid with less costly 

acids may be a suitable option, though they need to be tested to evaluate their effects on physical 

and mechanical properties of the particleboard.  
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6. CONCLUSIONS 

This research was conducted to understand whether chemically treated DDGS particles 

can act as natural binder in wood panels and would improve the physical and mechanical 

properties of medium-density particleboards. Overall, this research showed that acid or alkali 

treated DDGS, and incorporation of higher DDGS concentrations led to detrimental mechanical 

properties that mainly resulted from DDGS agglomerates but displayed good moisture resistance 

properties. By evaluating the selected physical and mechanical properties, 12.8 M acetic acid 

was found to be preferred treatment to functionalize DDGS with a favored blend of DDGS 

concentration at 25 wt. % and a screen size of 120 μm, as detailed below. 

Hypothesis 1: The protein of the DDGS can be functionalized either with acetic acid or 

sodium hydroxide as a natural binder in medium-density particleboards.  

Conclusion 1: The chemically treated DDGS samples were analyzed via DSC, FTIR, and 

internal bond strength tests. Both DSC and FTIR results indicated DDGS proteins were 

decoupled through either acetic acid or sodium hydroxide treatment. Moreover, the 

particleboards met the internal bond strength requirement per ANSI A208.1-2009 standard. 

These tests verified that the chemically treated DDGS has a potential to act as a natural binder. 

Hypothesis 2: Higher DDGS concentrations will improve the physical and mechanical 

properties of the particleboards. 

Conclusion 2: The results from physical testing showed that acetic acid treated DDGS at 

higher DDGS concentrations led to lower water absorption of the particleboards than acetic acid 

treated DDGS at lower DDGS concentrations. This is true only for acetic acid treated DDGS, 

while sodium hydroxide treated DDGS failed the water absorption tests, which could be 

potentially due to the lower fat and protein contents. To overcome this failure in the water 
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absorption test, wax was incorporated to the sodium hydroxide treated DDGS formulations. For 

both acetic acid and sodium hydroxide blends, the linear expansion results remained statistically 

non-significant regardless of the DDGS concentration. The reason that 8.0 M sodium hydroxide 

treated DDGS formulations failed is currently unclear and investigating the feasibility of 

lowering the sodium hydroxide concentration may reveal why the proteins and fat in DDGS were 

reduced and degraded. By lowering the sodium hydroxide concentration, it may be possible to 

achieve better water resistance properties of particleboards without the need of wax.  

For mechanical testing, screw withdrawal and static bending tests showed acceptable 

mechanical properties with DDGS concentrations at 10 wt. % for sodium hydroxide treatment, 

while 10 and 25 wt. % for acetic acid treatment. However, detrimental mechanical properties 

appeared with DDGS concentrations at 25 wt. % and 50 wt. % for sodium hydroxide treatment 

as well as at 50 wt. % for acetic acid treatment. The decrease in mechanical properties for screw 

withdrawal and static bending tests were because noticeable agglomerates formed for sodium 

hydroxide treated DDGS at DDGS concentrations of 25 wt. % and 50 wt. %, while these 

agglomerates of acetic acid treated DDGS formed at 50 wt. %. Moreover, hardness results 

displayed that DDGS particles have lower ability to resist deformation than wood flour, while 

both screw withdrawal and modulus of rupture results showed that DDGS aggregates may have 

led to even lower screw withdrawal resistance and lower flexural strength. In contrast to the 

screw withdrawal, static bending, and hardness tests, the results of the internal bond test of acetic 

acid treated DDGS did show an increasing trend in internal bond strength with increasing DDGS 

concentration. 

Hypothesis 3: Smaller DDGS particle size will improve the mechanical properties of the 

particleboards.   
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Conclusion 3: The results of modulus of rupture, modulus of elasticity, internal bond, 

and hardness indicated that smaller DDGS particle size is not statistically significant to bigger 

DDGS particle size, while screw withdrawal results indicated better screw withdrawal resistance 

of particleboards with smaller DDGS particle size. Most of the mechanical results remained 

statistically non-significant regardless of the DDGS particle size because smaller particles may 

have higher potential to agglomerate compared to larger particles. 

In conjunction with the good physico-mechanical properties and the environmental 

benefit of using chemically functionalized corn DDGS in particleboards, these particleboards 

may have potential in many wood-based panel industries to replace harmful synthetic resin with 

bio-based material. 
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