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ABSTRACT 

Development of Natural Binders Based on Agricultural By-Products to be 
Applied in the Landscaping Industry 

 
 
Yikai Ren                                                                                      Advisors: Dr. H. Douglas Goff  
University of Guelph, 2017                                                                            & Dr. Steve W. Cui 
 
	
An alkaline extraction method was applied to extract polysaccharides from agricultural by-

products: wheat bran (WB), corn fiber (CF), and okara, in order to substitute psyllium in novel 

binders. Physicochemical and molecular characterizations indicated WB had better gelling 

potentials than CF and okara, with a higher molecular weight (MW), higher intrinsic viscosities 

(IV), and better viscoelastic properties. Results from extrusion process showed WB extrudates had 

a great increase (more than 100%) in soluble dietary fiber (SDF) content, as well as higher apparent 

viscosities and MW after extrusion, especially for alkaline-pretreated samples. A rainfall 

simulation test (RST) approach was applied to evaluate the rainfall-erosion resistance capability 

of modified binders and compare them to psyllium-based formulas. Fly ash addition (2%) could 

greatly reduce the solid loss (SL) in RST. WB and modified WB samples did show much better 

SL results than CF and okara, although they did not achieve the level of psyllium-based binders. 

Yellow mustard gum (YMG) was also tested in RST and exhibited excellent binding potentials, 

which had similar SL results to the control and was even better with fly ash added.  
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 Chapter 1 Introduction   

	
1.1 Background 

Psyllium polysaccharides are from the seed husk of plant Plantago genus, which are mainly 

distributed in the temperate regions over the world. Psyllium has strong gelling properties when it 

is dissolved in aqueous solutions, which enable it to be widely applied in the food and medical 

fields such as gelling additives and laxatives, etc. (Cui, 2000). Currently, a novel landscape binding 

material product has been developed using psyllium instead of chemical-based binders. With a 

small amount of psyllium (1.82%, w/w) (Guo et al., 2010), sand aggregates can be interconnected 

firmly and thus used to fill the gaps between paving stones. Compared to traditional chemical 

binding products, this application reduces dust, resists erosion, and heals cracks caused by frost 

heaving automatically (Guo et al., 2009). What is more important, this natural binding product is 

non-toxic, environmentally friendly, and biodegradable. All these qualities provide this product 

with great potential for applications in certain environmentally sensitive locations like cottage 

areas near rivers and lakes (Guo et al., 2009). 

However, psyllium grows in temperate areas and is mostly imported from India. Due to 

high demands and unstable supply, psyllium cannot be applied to a large-scale production of novel 

binding materials at an acceptable price. Therefore, it is critical to find an appropriate and 

affordable substitute within Canada that can replace psyllium in the binder formula.  

Domestic agricultural by-products, including soybean residues (okara), wheat bran, and 

corn fiber, usually have low utilization values, as well as low prices. Most of them are used for 

animal feed, fertilizers, or even just disposed to landfills. However, most of these by-products are 

unexplored for their potential gelling properties, which is critical for use as binding materials. 
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According to previous research, these agricultural by-products are rich in fiber and contain a large 

percentage of hemicellulose (Cui et al., 1998; Doner & Hicks, 1997; Mateos-Aparicio et al., 2010).  

Some methods were reported to extract hemicellulose from these fiber-rich materials. For example, 

an alkaline hydrogen peroxide method was used by Maes and Delcour (2001) to extract non-starch 

polysaccharides from wheat bran. Dilute alkaline solutions with hydrogen peroxide help to remove 

lignin from lignocellulosic materials.  

Through some basic modification or extraction methods, binding abilities of these 

agricultural by-products could be greatly improved. If so, with stable supplies and low prices, they 

could be a good substitute for psyllium. Based on this hypothesis, a scientific design of testing 

procedures is required to study their molecular characteristics and critical gelling abilities, in order 

to be applied in the novel binder materials. 

 

1.2 Hypothesis and objectives 

As agricultural by-products, wheat bran, corn fiber, and okara are all fiber-rich materials 

that exhibit potential gelling capabilities. The hypothesis is that under proper modification or 

extraction methods, gelling capabilities of these by-product materials or extracts could be 

significantly enhanced and thus they could be used as substitutes for psyllium in binding products.  

To promote the sustainable application and comprehensive utilization of Canadian 

agricultural by-products, the overall objective is to develop psyllium alternatives from these by-

products to be applied in the landscaping industry. The specific objectives include: 

1). To characterize the extracted polysaccharides from agricultural by-products.  

2). To develop modification methods to enhance the gelling capabilities of selected agricultural 

by-products. 



	 3	

3). To apply modified materials in sand aggregates and compare them with psyllium-based 

aggregates via rainfall simulation tests.  

 

1.3 Literature review 

1.3.1 Polysaccharide gels and applications 

1.3.1.1 Polysaccharides 

Carbohydrates are one of the most diverse classes of organic compounds in nature.They 

contain only carbon (C), hydrogen (H), and oxygen (O) in the molecules.  According to their 

chemical structures (or degree of polymerization), carbohydrates can be classified into three main 

groups: mono- and disaccharides (low molecular weight), oligosaccharides (medium molecular 

weight), and polysaccharides (high molecular weight) (Izydorczyk, 2005).  

Polysaccharides are condensation polymers which come from the polymerization of 

monosaccharides via glycosidic linkages. Based on the number of monomer types present, 

polysaccharides can be divided into two genres, homopolysaccharides and heteropolysaccharides. 

Homopolysaccharides consist of only one type of monosaccharide unit, such as cellulose made up 

of glucose monomers with β-(1→4)-Glc linkages (Izydorczyk, 2005). Heteropolysaccharides 

consist of two or more types of monosaccharide units, such as pectins, which are a complex group 

of structural heteropolysaccharides and can be found in most higher plant cell walls (Izydorczyk, 

Cui & Wang, 2005; Lopes da Silva & Rao, 2006). 

Polysaccharides can also be classified based on their origins, as shown in Table 1.1. 

Seaweeds, higher plants, microbial, and animal are the four main origins of polysaccharides 

occurring in nature.  
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Table 1.1 Classification of polysaccharides by origins (Based on Izydorczyk, 2005). 

Origins Polysaccharide name 

Seaweeds Carrageenans, alginates, etc. 

Higher plants Pectins, arabinoxylans, arabinogalactans, β-glucans, 

glucuronoxylans, cellulose, arabic gum, guar gum, etc. 

Microbial Xanthan gum, gellan, welan, dextran, pullulan, etc. 

Animal Glycogen, glycosaminoglycans, chitosan, chitin, etc. 

	
 

1.3.1.2 Polysaccharide gels 

Polysaccharides exhibit great diversities in their physical properties, such as solubility, 

gelling capability, flow behavior, and interfacial properties etc. Differences of these features are 

based on the monosaccharide composition, chain patterns, linkage types, and degree of 

polymerization (DP) (Izydorczyk, Cui, & Wang, 2005). Due to the diversity of those features that 

polysaccharides exhibit in solutions, polysaccharide gels are widely applied in food and non-food 

industries as stabilizers, thickening and gelling agents, encapsulating agents, etc. Gelling potentials 

of polysaccharides play an important role in these industrial applications. 

Polysaccharide gels are prepared in aqueous solutions or dispersions. They can form a 

cross-linked three-dimensional polymer gel network via covalent or non-covalent bonds. Different 

polysaccharides have different requirements or conditions for gelation, including temperature, pH 

value, addition of cations, etc. (Wang & Cui, 2005). An optimal temperature and pH, as well as 

cations could help increase the intermolecular interactions and decrease intramolecular 

interactions. Common intermolecular interactions that could assist formation of gel networks 

include hydrogen bonds, van der Waals attractions, ionic or ion-dipole bonds, and hydrophobic 

bonds. However, in order to form a stable gel network, there is a minimum number of cross 
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linkages required to overcome the entropy effect (Wang & Cui, 2005). Linkages involved in gel 

structure are called junction zones, which include several different models as shown in Figure 1.1.  

 

	

Figure 1.1 Examples of polysaccharide gel junction zone models. (a) egg-box model; (b) 

aggregated double helical model; (c) cation promoted association of double helices model; (d) 

association of extended ribbon-like model (Wang & Cui, 2005). 

 

Many factors could affect the gelation properties of polysaccharides, including structural 

features, concentration and molecular weight (MW), ionic strength, and pH values (Wang & Cui, 

2005). Chemical structures and conformations of polysaccharides are the basic factors that 

determine gelling properties. In order to form gels, polysaccharide chains have to crosslink with 

each other into a stable network. While, the variations in polymer chain structure lead to different 

gelation mechanisms, the concentration of polysaccharides matters because gel formation will not 

occur until the concentration reaches a critical point. In addition, gel strength would increase with 

increasing concentration. A similar effect is observed for molecular weight, where intermolecular 

cross-linkages are stable only when the chain is above a certain length, around 15 to 20 residues 

(Whistler, 1973; Wang & Cui, 2005). Generally, gel strength would increase with increasing MW, 

and become independent when MW reaches a certain point. Some cations like K+ and Ca2+ could 
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also affect the gelation of polysaccharides. As mentioned by Guo et al. (2009), increasing Ca2+ 

concentration could greatly improve the gel strength of psyllium (0.5%, w/v) up to a critical point 

of Ca2+ concentration at 500 mM. 

 

1.3.2 Cellulose and hemicellulose 

1.3.2.1 Cellulose 

 Cellulose is one of the most abundant polysaccharides on the earth (Izydorczyk, Cui, & 

Wang, 2005). It is an important constituent of a plant cell wall, which mainly functions to maintain 

the structure (O’Sullivan, 1997). Cellulose is also present in algae, fungi, and bacteria (O’Sullivan, 

1997). Agricultural by-products such as the bran of rye, wheat, barley, and corn stalks also contain 

a high percentage of cellulose (Izydorczyk, Cui, & Wang, 2005). Cellulose constitutes around 4-

20% of the primary cell wall and can take up to 40% dry weight of the secondary cell wall (Delmer 

& Amor, 1995).  

 Cellulose is a homopolysaccharide which is composed of (1,4)-linked β-D-glucopyranose 

chains as shown in Figure 1.2 (Izydorczyk, Cui, & Wang, 2005). It has a degree of polymerization 

(DP) from 500 to 14,000 (Somerville, 2006). Each cellulose microfibril is made up of roughly 36 

chains, which are capable of being interlinked via hydrogen bonds (Somerville, 2006). Low-

molecular-weight fraction (~500 DP) could be chains at the surface of cellulose microfibrils, while 

high-molecular-weight fraction (2000-4000 DP) could be chains in the interior (Brett, 2000). 
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Figure 1.2 Basic structure of cellulose (Izydorczyk, Cui, & Wang, 2005). 

 

1.3.2.2 Hemicellulose 

Hemicellulose is another important constituent of plant cell walls, which can be up to one 

third of cell wall mass (Scheller & Ulvskov, 2010). Unlike cellulose, hemicellulose is 

heterogeneous and mainly contains D-xylans, D-mannans, D-xyloglucans, and D-galactans in the 

backbone chain (Izydorczyk, Cui, & Wang, 2005). These polysaccharides are usually bonded to 

cellulose and lignins via entanglements, or covalent/non-covalent bonds in plant cell walls. 

Xyloglucans, arabinoxylans, β-glucans, and galactomannans are four main typical hemicelluloses, 

which can be found in most agricultural products (Cui, 2000; Chesson, 2006). 

Xyloglucans have linear backbones similar to cellulose linked by (1,4) β-D-glucopyranoses. 

Arabinoxylans are present in many cereal products like wheat, barley, rye, etc. They are composed 

of β-D-xylopyranoses by (1,4) linkages, which could have various side branches and attachments. 

β-D-glucans are present in cereals, grass species, and some lichens. Galactomannans including 

locust bean, guar, and tara gums can be found in many plants like Ceratonia siliqua and Cyamopsis 
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tetragonolobu. It has a (1,4) linked β-D-mannose backbone chain, but is substituted with α-D-

galactopyranose side units at O-6 (Izydorczyk, Cui, & Wang, 2005). 

  All the hemicelluloses mentioned above can form gels in aqueous solutions at appropriate 

conditions, which are widely applied in food and nonfood industries as thickening, gelling, or 

stabilizing agents. For example, in aqueous solutions, arabinoxylans can form gels with a random 

coil structure and have a high viscosity (Cui et al., 1999; Izydorczyk, Cui, & Wang, 2005). 

 

1.3.3 Psyllium gel and its novel applications  

 Psyllium polysaccharide originates from the seed husks of plants of the Plantogo genus, 

which has more than 200 species mainly distributed in the temperate regions over the world (Cui, 

2000). It can form high-viscosity mucilage dispersions when mixing with water. Due to its 

excellent gelling properties, psyllium gum has been applied both in medical applications and food 

industries (Eherer et al., 1993; Mariotti et al., 2009). Psyllium husk has been a popular laxative 

agent in pharmaceutical field for over 30 years, since psyllium will absorb water and cause 

“bulking” in human intestines (Madaus and Gorler, 1985). Besides, in food industry, psyllium 

would be added to incease fiber contents in some high-fiber food products (Colliopoulos, 1991). 

It can also act as the gelling or thickening agents in some food products, such as additives in gluten-

free doughs (Mariotti et al., 2009; Zandonadi, Botelho, & Araújo, 2009). 

 Chemical analysis has shown that psyllium husk contains 84.98% total carbohydrate, 4.07% 

total ash, 0.94% protein, 6.83% moisture, and 2.62% soluble ash (Guo et al., 2008). Methylation 

analysis and partial acidic hydrolysis showed that psyllium gum is mainly composed of highly 

branched acidic arabinoxylans (Tomoda, Yokoi, & Ishikawa, 1981). According to monosaccharide 
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analysis, xylose (56.72%), arabinose (21.96%), galactose (3.76%), rhamnose (1.50%), glucose 

(0.64%), and mannose (0.40%) are mainly included (Guo et al., 2008). 

 Recently, psyllium has been used in a novel binding products for pavement stones in the 

landscape industry due to its strong gelling properties. This product was developed by Envirobond 

Products Corporation (Toronto, ON) in 2010 and its commercial name is Envirosand. In contrast 

to the old chemical binders, psyllium-based novel binders are non-toxic and environment-friendly. 

They have already been applied in many environmentally sensitive locations such as those cottage 

areas near rivers and lakes. Envirosand contains 1.82% (w/w) psyllium, 1.05% (w/w) hydrated 

lime, 0.55% (w/w) soda ash, as well as 84.58% (w/w) fine sands for the main components. During 

use, an additional 12% (w/w) water is added to the Envirosand and mixed thoroughly. Then, the 

mixture of aggregates is loaded into the gaps between the paving stones. Owing to psyllium’s 

excellent binding capability, joint sands would be locked firmly in the mixture, which connect 

pavement stones as an integral system. Based on the experimental results, Envirosand products 

show great rainfall permeability as well as erosion resistance. Besides, with naturally elevated pH, 

it also resists weed growth.  

 According to Guo et al. (2008), the gelling behavior of psyllium gel originates from its 

fibrillar gel structure and is greatly influenced by the presence of calcium ions (Ca2+). Cryo-SEM 

and Cryo-TEM were used to analyze the microstructure of psyllium gel. Both SEM and TEM 

images showed that psyllium gel was formed by fine strands in a filamentous network. With 

addition of Ca2+, the gel strands turned into aggregates and became particulate. Increasing the Ca2+ 

concentration also led to a higher density of gel aggregates, providing a stronger gel network. In 

rheological tests of psyllium gel, elastic modulus G’ increased with increasing Ca2+ concentration, 

which indicated a better gelling capability. Also, with addition of Ca2+, psyllium gel showed more 
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resistance to temperature changes (Guo et al., 2008). Rheological measurements demonstrated 

consistent results in accordance with the observations by SEM/TEM. Thus, Guo’s findings 

provided strong theoretical support for the addition of hydrated lime in the psyllium-based 

Envirosand products.  

Guo et al. (2010) also used Response Surface Methodology (RSM) to optimize the formula 

of Envirosand, which includes psyllium, soda ash, hydrated lime, and sands. Psyllium 

concentration, Ca2+ concentration, and pH were mentioned by Guo et al. (2010) as having a 

potentially significant influence on the final binding properties. Two parameters, elastic modulus 

G’ and critical strain S, were used to evaluate the binding capacity of psyllium gel. Statistical 

analysis results demonstrated that under conditions of 1.22%(w/w) psyllium concentration, [Ca2+] 

at 1.235 mol/L and pH 7.27, psyllium gel had the optimum gelling performance. The 

corresponding binder formula was determined based on this result, which contains 1.82% (w/w) 

psyllium husk powder, 1.05% (w/w) hydrated lime, and 0.55% (w/w) soda ash.  

 

1.3.4 Agricultural by-products and utilizations 

1.3.4.1 Wheat bran 

 Wheat is one of the crops that is most commonly consumed by humans. In Canada, 

wheat is mainly produced in western provinces like Manitoba and Saskatchewan, and to a lesser 

extent in the east (southern Ontario) (Popper, Schäfer, & Freund, 2006). Triticum aestivum vulgare 

and Triticum turgidum durum are the two main wheat species grown (Stevenson et al., 2012). 

Wheat bran refers to the exterior coating fraction of the wheat kernel. It is a major agricultural by-

product from the conventional milling of wheat grains. Bran part is about 10-15% (w/w) of a kernel. 

It is composed of several layers, which from the inside out are the aleurone layer, hyaline layer, 
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testa, inner pericarp, and outer pericarp, as shown in Figure 1.3 (Anson et al., 2012). The milling 

of wheat grains aims to separate the endosperm from the bran layers and embryo, which produces 

wheat bran as a by-product (Stevenson et al., 2012). 

	

Figure 1.3 Structure of wheat bran constitutive layers (Anson et al., 2012). 

 

Wheat bran is a rich source of dietary fiber and 46% belongs to non-starch polysaccharide 

(NSP). These NSPs mainly include arabinoxylan, cellulose and β-glucan, which have an 

approximate percentage of 70%, 24%, and 6% respectively (Maes and Delcour, 2002). There are 

also low levels of glucomannan, arabinogalactan, and xyloglucan from aleurone, endosperm, and 

pericarp tissues (Maes and Delcour, 2002). The amount and types of fiber in wheat bran are shown 

in Table 1.2 (Vitaglione, Napolitano, & Fogliano, 2008). Wheat bran also contains abundant 

bioactive (phenolic) compounds, such as phytic acid, ferulic acid, alkylresorcinols, Vitamin E, 

betaine, choline, etc. (see Table 1.3), which provide antioxidant and anti-inflammatory properties 

(Anson et al., 2012; Kim et al., 2006).  
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Table 1.2 Fiber content of wheat and wheat bran (Vitaglione, Napolitano, & Fogliano, 2008). 

 TDF (g/100g) IDF (g/100g) SDF (g/100g) 

Wheat grain 11.6-17.0 10.2-14.7 1.4-2.3 

Wheat bran 36.5-52.4 35.0-48.4 1.5-4.0 

Note: TDF = total dietary fiber; IDF = insoluble dietary fiber; SDF = soluble dietary fiber. 

 

Table 1.3 Contents of bioactive compounds contained in wheat bran (Anson et al., 2012). 

Bioactive Contents (mg/100g WB) 

Phytic acid 2180-5220 

Ferulic acid 500-1500 

Alkylresorcinols 220-400 

Vitamin E 1.4 

Betaine 1000-1300 

Choline 47-100 

 

Arabinoxylan is the primary construction material of the cell walls of wheat bran. It is 

composed of a (1,4)-linked-β-D-xylose backbone chain with arabinose side chains attached at 2,3 

positions (Cui, 2000). Certain oxidizing agents like hydrogen peroxide would promote the gelation 

of arabinoxylan through oxidative gelation (Durham, 1925; Izydorczyk, Biliaderis, &Bushuk, 

1990). The aromatic nucleus from ferulic acid would form diferulic acid bridges esterified to the 

arabinoxylan chains under the influence of oxidizing agents. Molecular weight increases with such 

covalent cross-linkages, which would be reflected by viscosity increase (Izydorczyk Biliaderis, & 

Bushuk, 1990).  

(1,3) (1,4)-β-D-glucans are also cell wall polysaccharides contained in wheat bran, which 

usually come from the endosperm and aleurone cells. They are linear and unbranched 

polysaccharides composed of β-D-glucose (Li, Cui, & Kakuda, 2006). β-glucans show shear 
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thinning behavior at low concentrations. They will form gels when the concentration increases to 

a certain level. Molecular weight and structural properties are the two main factors that affect 

gelling properties of β-glucan (Lazaridou et al., 2003; Lazaridou & Biliaderis, 2004). Li et al. 

(2006) extracted a high purity wheat β-D-glucan (91.58%) from wheat bran via alkali extraction 

and multi-precipitation with ammonium sulphate. It was reported that the gelation rate of wheat β-

D-glucan increased with the decrease of molecular weight, because it is easier for smaller β-D-

glucan molecules to form junction zones and gel network due to the high mobility and structural 

regularity (Li, Cui, & Kakuda, 2006). This is different from most polysaccharide gels, which have 

easier gelation occurring with higher molecular weight (Wang & Cui, 2005). 

According to Cui et al. (2000), non-starch polysaccharides (NSP) extracted from wheat 

bran exhibited thermally reversible gelling properties. Arabinoxylans (77%) and β-D-glucans (23%) 

are the two main polysaccharides contained. Experiments found isolated arabinoxylans from NSP 

can form gels at 2.0% (w/w) concentration, while isolated β-D-glucans cannot. Results showed 

arabinoxylans were mainly responsible for the gelling properties of wheat bran NSP, and β-D-

glucan could assist the gelation through association interactions with the arabinoxylans (Cui et al., 

1998; Cui et al., 1999; Cui, Wood, & Wang, 2000). 

As a major agro-industrial by-product, wheat bran is traditionally and widely used in 

animal feeding (Heuzé et al., 2015). However, as a rich source of dietary fiber and bioactive 

compounds, more and more research has been carried out on food and non-food industrial 

applications (Anson et al., 2011). For example, wheat bran is applied as a food additive to increase 

the fiber content (Elleuch, 2011). Also, wheat bran can be used to produce ethanol/biofuels after 

hydrolysis (Palmarola-Adrados et al., 2005). Since wheat bran contains a large percentage of 

hemicellulose, it has great gelling potential and could be utilized for this purpose as well.  
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1.3.4.2 Corn fiber 

Corn fiber (CF) is mainly composed of the hull and pericarp of kernels. It is a by-product 

from corn wet-milling industry and is widely available in corn-producing countries like United 

States (Doner et al., 1998). The main usage of CF so far is animal feed. Primary compositions of 

CF include the outer kernel covering or pericarp, sometimes with 10-25% adherent starch (Gáspár, 

Kálmán, & Réczey, 2007). It is a heterogeneous mixture of carbohydrate polymers and lignin.  

Corn fiber contains approximately 40-48% hemicellulose, 20-22% cellulose, and 9-23% 

remaining starch along with 10-13% protein, 3-4% uronic acid, 2-3% oil and ~2% ash (Hespell, 

1998). Monosaccharide compositions of alkaline extracted corn fiber gum (CFG) are 31.6-36.3% 

arabinose, 56.6-58.1% xylose, 6.6-8.6% galactose, and 0.5-1.6% glucose (Hespell, 1998), which 

prove that arabinoxylan is the main hemicellulose contained in CFG.  

Alkaline hydrogen peroxide extraction has been used in many previous procedures to 

extract CFG. Doner and Hicks (1997) used CF, NaOH solution (2M) and H2O2 (30%) at a 1: 25: 

0.25 (w/v/w) ratio, with pH adjusted to 11.5. Mixed solutions were held at 60 °C for 2 hours to 

obtain an optimum yield rate of 51.3% (dry, starch-free basis). Alkaline peroxide treatment was 

also applied by Gaspar et al. (2005) to extract CFG after the enzymatic removal of starch. 51.6% 

yield rate could be achieved at proper conditions (2.5% NaOH, 0.6% H2O2, 120 °C, 120 min). CF: 

NaOH: H2O2 ratio used was 1:16:0.33 (w/v/v). Fractionation details are shown in Figure 1.4. 

Molecular weight of CFG could change significantly under different extraction conditions. For 

example, MW of NaOH-extracted CFG was 394000, while MW of Ca(OH)2-extracted CFG was 

only 278000. It showed that extreme alkaline conditions could assist the release of higher 

molecular species of Hemicellulose B (Doner et al., 1998).  
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CFG has a relatively small molecular weight (Cui, 2000). Viscosity of CFG resembles 

karaya gum, which shows a sharp increase with increasing concentration. Increase of temperature 

leads to a linear decrease of viscosity of CFG. Some salts show influences on viscosity of CFG. 

For example, viscosity of 10% CFG solution would have a large increase when adding 0.125% 

sodium tetraborate, while both viscosities of 5% and 10% CFG solutions were not significantly 

affected in 0.1M NaCl and CaCl2 solutions (Doner et al., 1998; Whistler, 1993).  

	

Figure 1.4 Fractionation steps of corn fiber. Retrieved from Gáspár et al. (2005). 

 

1.3.4.3 Okara 

 Okara (soybean residues) is a fiber-rich by-product from tofu or soy milk production 

processes, which is mainly cell wall materials of soybean cotyledons (Mateos-Aparicio et al., 

2010). It contains approximately 15-30% protein, 8-10% fat, 45-55% dietary fiber, 3.5-5 % low 
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molecular weight carbohydrates, and 3-4% ash. A typical fiber composition profile of okara is 

shown in Table 1.4 (Li, Qiao, & Lu, 2012).  

 

Table 1.4 Fiber compositions of okara. (g/100g dry matter) (Li, Qiao, & Lu, 2012).  

TDF IDF SDF 

52.8- 58.1 40.2- 43.6 12.6- 14.6 

 

Chemical analysis demonstrates the sugar composition of water-soluble soybean 

polysaccharides: 41.5% galactose, 23.4% uronic acid, 21.4% arabinose, along with some minor 

amounts of 5.6% xylose, 3.5% fructose, 2.5% rhamnose, and 2.1% glucose (Furuta & Maeda, 

1999). Rheological analysis found water-soluble okara polysaccharides exhibit Newtonian flow 

behavior at low concentration (10% w/w) and shear thinning behavior at higher concentration (20% 

w/w). Addition of salts (NaCl, CaCl2, and KCl) has few effects on the viscosity of these solutions. 

However, low pH and high temperature can lead to a significant decrease of viscosity, which 

indicates the degradation of polymers (Furuta & Maeda, 1999; Cui, 2000). 

According to Mateos-Aparicio et al. (2010), sequential isolation and extraction of 

polysaccharides from okara was conducted by alkaline treatment. Previous research also explored 

various methods that could be applied to increase the SDF content of okara, including chemical or 

enzymatic treatment, high pressure/temperature extrusion, and microorganism fermentation etc. 

(Li et al., 2012) For example, an 150% increase in SDF content of okara could be achieved via 

extrusion under high shear and high temperature conditions (Rinaldi, Ng, & Bennink, 2000).  

Since okara is rich in dietary fiber, it has been utilized in many fields other than animal 

feed or fertilizers. Okara is used in the development of a commercialized soy-based snack food 
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and bread making as well, which could help improve the nutritional quality of products and reduce 

environmental wastes (Katayama & Wilson, 2008; Wickramarathna & Arampath, 2003). 

 

1.3.4.4 Yellow mustard mucilage (YMM) 

Mustards have been consumed by human as condiments for more than 2000 years (Cui, 

2000). Canada is one of the largest producer of mustard seeds in the world. The prairie climate in 

western Canada provides an ideal environment for the growth of mustard (AAFC, 2015). Mustard 

seeds contain 23-30% protein, 29-36% fixed oil, 12-18% carbohydrates and some minor 

constituents including minerals, phytin, essential oil, etc. Mustard bran contains much less protein 

and oil, but more dietary fibers (15%) (Cui & Eskin, 1998). 

Yellow mustard bran is a by-product in the production of mustard flour. YMG or mucilage 

can be extracted with water from whole mustard seeds (yield ~5%) or bran (yield 15-25%) as well 

(Cui et al., 2006). YMM can be easily extracted from bran in a 3-step process: (1) bran defatting 

with a mixture of hexane, ethanol and water; (2) water extracting (1:20 ratio) and centrifugation; 

(3) ethanol precipitation and drying (Weber, Taillie, & Stauffer, 1974; Vose, 1974). Temperature 

and pH value have great influences on the yield rate and rheological properties of extracted gum. 

By using Response Surface Methodology, extraction conditions are optimized: temperature 50-

55 °C, pH 8.5-9.5, water/solid ratio 50-55, and extraction time 2-2.5 hour (Cui et al., 2001). 

Two fractions could be separated from YMM, water-soluble (55.6%) and water-insoluble 

(38.8%) (Cui, Eskin, & Biliaderis, 1993). Water-soluble fraction is a heterogeneous mixture of 

neutral (47%) and acidic (53%) polysaccharide fractions. The neutral fraction mainly contains 

(1,4)-linked β-D-glucose residues (Izydorcryzk, Cui, & Wang, 2005). Studies showed 1,4-linked 

β-D-glucan was the main component responsible for the shear thinning behavior of YMM. It shared 
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a similar backbone structure with xanthan gum, which made them have similar rheological 

properties (Cui et al., 2006). Acidic polysaccharide fractions are pectic-like and composed of 

disaccharide backbone repeating unit: →2)-α-L-Rhamp-(1→4)-α-D-GalpA-(1→. 

Oligosaccharides are attached to the 2-linked α-L-rhamnose residue at 4 position (Cui et al., 2006).  

  Aqueous solutions of YMM show distinct shear thinning behavior at low concentrations 

(0.3- 2.0%, 22 °C), which is similar to the rheological behavior of xanthan gum (Cui, Eskin, & 

Biliaderis, 1994). It can form weak gel structures even at 0.1% (w/v) concentration. Stronger gel 

structures would form at higher concentrations with increased junction zones, which could be 

attributed to the stiff conformation of polymer chains (Wu et al., 2009). pH of solution and 

presence of NaCl could affect the viscosity of soluble mucilage. Apparent viscosity would be 

lowest in the pH range of 4-7. Also, apparent viscosity would increase with the increase of NaCl 

concentration (within range 0-3 M) (Cui, Eskin, & Biliaderis, 1993).  

Synergistic interactions were found between YMM and galactomannans, which means 

mixture of YMM and galactomannans would form a much stronger gel. The highest synergistic 

effect could be reached when YM mucilage mixed with locust bean gum (LBG) at 9:1 ratio (Cui 

et al., 1995; Cui et al, 2006). Water soluble fractions of YMM are responsible for the synergistic 

interactions. Two explanations were proposed for the synergistic interactions. One pertains to the 

formation of junction zones by cooperative intermolecular bindings. The other has proposed a 

mutual exclusion mechanism, which refers to the mutual exclusion of each component from 

another polymer domain (Morris, 1990; Cui et al., 2006).  

 



	 19	

1.3.5 Fly Ash 

 Fly ash is a by-product produced during the combustion process of pulverized coal in 

industry furnaces (usually those power plants which burn coals to generate electrical power). Large 

quantities of fly ash and bottom ash are produced during the coal combustion process, and fly ash 

is collected via mechanical or electrostatic methods. Fly ash is a solid, fine-grained substance 

usually in grey or black color. It is usually composed of large percentage of SiO2, Al2O3, and Fe2O3, 

which varies depending on the different types of coal burnt. It also contains some other oxides 

such as CaO, MgO, MnO, TiO2, SO3, etc. (Wesche, 2004). 

 Fly ash is able to react with Ca(OH)2 at room temperature and generates pozzolanic 

properties. SiO2 and Al2O3 in amorphous forms also contribute to the pozzolanic activity (Wesche, 

2004). In chemical terms, pozzolanic properties refer to the pozzolanic reaction between calcium 

hydroxide [Ca(OH)2] and silicic acid (H4SiO4) as shown below. Pozzolanic reaction is a long-term 

reaction which produces strong cementation matrix finally (Massazza, 1998). Aluminate can also 

involve in the reactions and form calcium aluminate silicate (gehlenite) hydrate (Massazza, 1998).  

   Ca(OH)2 + H4SiO4 → CaH2SiO4·2 H2O 

  Fly ash can be divided into two categories based on its origins. Class F fly ash is 

produced by combustion of anthracite or bituminous coal and has pozzolanic properties. While 

Class C fly ash is usually produced by combustion of lignite or sub-bituminous coal and has a 

higher lime content. Thus, it also has some cementitious properties besides pozzolanic properties 

due to the high Ca(OH)2 content (Wesche, 2004).  

 Due to these properties, proper addition of fly ash in the formula of aggregate sand could 

assist to enhance the overall strength and reduce the solid loss during rainfall. 
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 Chapter 2 Extraction, fractionation and physicochemical characterization of 

polysaccharides from wheat bran, corn fiber, and okara.  

 

2.1 Introduction 

Wheat bran refers to the exterior coating fraction of the wheat kernel, which is a major by-

product from the conventional milling of wheat grains. Corn fiber is a by-product from corn wet-

milling industry. Okara (soybean residues) refers to the by-product from tofu or soy milk 

production. All these fiber-rich agricultural by-products are mostly used for animal feed or 

fertilizers, which have low utilization value as well as a low price.  

Previous research showed these fiber-rich materials contain a large percentage of 

hemicelluloses. For example, the total dietary fiber of wheat bran is around 36.5-52.4% (Vitaglione, 

Napolitano, & Fogliano, 2008). Corn fiber contains about 35% hemicellulose and 18% cellulose 

(Gáspár, Kálmán, & Réczey, 2007). Okara contains about 45-55% total dietary fiber (Li, Qiao, & 

Lu, 2012). Many researchers have devoted considerable attention to extracting and characterizing 

the polysaccharides from these by-products. Alkaline extraction has been a main method used to 

extract non-starch polysaccharides since alkali can help break down lignin fractions holding the 

fibers together (Maes & Delcour, 2001). 

However, few researchers have investigated the gelling and binding properties of 

polysaccharides extracted from these agricultural by-products. In order to substitute psyllium as 

novel binders, gelling and binding capabilities could be the most important factors that matter in 

the binder applications. Thus, via rheological measurements and basic molecular analysis of these 

extracted fibers, we could better understand the binding mechanisms. Also, by comparing them 
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with each other, we can find out the most potentially viable material that could be selected for 

further modifications.  

 

 

2.2 Materials and methods 

2.2.1 Materials 

Wheat bran powder was provided by Hayhoe Mills Ltd. (Woodbridge, ON, Canada). Corn 

fiber was provided by Ingredion Canada Corporation (Mississauga, ON, Canada). Okara was 

provided by Wan Chong Tofu Products Ltd. (Etobicoke, ON, Canada).  

 

2.2.2 Sieve analysis 

Wheat bran and corn fiber were separated using a sieve shaker (W.S. Tyler, OH, USA) as 

shown in Figure 2.1. The sieve shaker has one pan and seven sieves stacked from bottom to top, 

which are pan (37 µm), size #200 (75 µm), size #100 (150 µm), size #50 (300 µm), size #30 (600 

µm), size #16 (1180 µm), size #8 (2360 µm), size #4 (4750 µm). Fractions collected were on top 

of these sieves. The weight of each sample tested was 100 g. The coarse mode of sieve shaker was 

used and shaking time for each batch was 10 min. Particles of 4 different size fractions were 

collected, which were #30 (600 µm), #50 (300 µm), #100 (150 µm), and #200 (75 µm). All 

measurements were repeated three times.  
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Figure 2.1 Sieve shaker (W.S. Tyler, OH, USA) used for particle size separation. 

 

 

2.2.3 Extraction  

Polysaccharide extraction method was modified from Ebringerová & Heinze (2000), as 

shown in Figure 2.2. Alkaline solutions could partially delignify agricultural residues and release 

most of the hemicellulose contained inside (Maes and Delcour, 2001; Gould, 1985). Wheat bran 

(size#50) powders were mixed with NaOH solutions at 1:20 ratio. Concentration of NaOH solution 

used was 1M. Mixed suspension was kept stirred by a magnetic stirrer for 3 hours at room 

temperature. Then, the suspension was placed in a centrifuge (Sorvall LYNX 4000, Thermo Fisher 

Scientific, Waltham, MA, USA) at 6000 rpm (4274 g force) for 10 min to obtain the supernatant. 

Supernatants were neutralized to pH 7.0 with 1M HCl and then placed in dialysis membrane tube 

bags (6-8 kD, Spectrum, Inc.) to remove Na+ and Cl-. After 48-hour dialysis, suspensions were 

placed in aluminum pans and freeze-dried to obtain the wheat bran fiber. Steps were same for corn 

fiber and okara to extract the water-soluble fiber.  
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Figure 2.2 Polysaccharides extraction procedures.  

 

2.2.4 Rheology analysis 

All rheological measurements were conducted on an ARES Rheometer (TA Instruments, 

New Castle, DE, USA) with a cone and plate geometry (4° cone angle, 50 mm diameter, and 0.047 

mm gap). Samples were prepared by dissolving by-product materials into NaOH solutions (1M) 

at 1:20 (m/v) ratio, with constant stirring for 3 hours under room temperature. After alkaline 

treatment, samples were centrifuged at 6000 rpm (4274 g force) for 10 min. Supernatants were 

obtained and used for steady flow and dynamic rheological tests. The temperature used was 20 °C. 

Each sample was measured in duplicate. 

 

2.2.5 High performance size exclusion chromatography (HPSEC) 

Extracted fibers were dissolved in deionized water at a concentration of 2 mg/mL. 

Solutions were injected through a 0.25 µm filter before being characterized by High Performance 
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Size Exclusion Chromatography (HPSEC, Shimadzu Scientific Instrument Inc., Columbia, USA). 

HPSEC module includes a refractive index (RI) detector, a differential pressure (DP) viscometer, 

an Ultraviolet (UV) detector (Vescotek 2600), a right angle laser light scattering detector (RALLS) 

and a low angle laser light scattering detector (LALLS) (Viscotek TDA 305). The eluent used was 

0.1 M NaNO3 with 0.05% (w/w) NaN3 at a flow rate of 0.6 mL/min. Sodium azide (NaN3) was 

added to prevent algae growth in the eluent (Held, 2014). The columns and detectors were 

maintained at 40 °C.  Data were analyzed using OmniSEC 4.6.1 software.   

 

2.2.6 Monosaccharides analysis 

Monosaccharide composition analysis followed procedures used in Cui et al. (2000). 

Freeze dried fiber samples (around 2mg) were hydrolyzed in 1 mL 1 M sulfuric acid at 100 °C for 

2 hours, then diluted 20 times with Milli-Q water. Diluted samples were filtered through a 0.45 

µm filter and analyzed on a high performance anion exchange chromatography system equipped 

with a pulse amperometric detector (HPAEC-PAD, Dionex-5500, Dionex Corporation, CA, USA). 

Alkaline eluent of 100-300 mM NaOH at a gradient ratio was used to wash the monosaccharides 

off a CarboPac PA1 (250 × 4mm I.D.) column at a flow rate of 1.0 mL/min. 600 mM NaOH 

solution was used as post-column eluent at a flow rate of 0.5 mL/min. Six monosaccharides 

(arabinose, rhamnose, galactose, glucose, xylose and mannose) were selected as standards.  

 

2.2.7 FTIR  

Freeze-dried extracted fractions of each sample were analyzed on a Golden Gate Diamond 

single reflectance attenuated total reflectance (ATR) cell in a FTS 7000 FT-IR spectrometer, 

equipped with a DTGS detector (Digilab Inc., Randolph, MA, USA). The spectra of each sample 
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was obtained at the absorbance from 4000 to 600 cm−1 (mid infrared region) at a resolution of 4 

cm−1 with 128 co-added scans. 

 

 

2.3 Results and discussion 

2.3.1 Sieve analysis results 

Sieve analysis aims to separate samples into fractions based on their distribution by particle 

size. Since components of each size part may vary greatly, they exhibit different rheological 

properties and thus gelling properties as well. It could help to provide better testing samples with 

uniform size and component distributions.  

Particle size distributions of each material are summarized in Table 2.1. Psyllium powders 

are mainly composed of size #50 (300 µm) and #100 (150 µm) particles, which take 74.95% of 

total. Wheat bran samples are mainly composed of size #30 (600 µm) and #50 (300 µm) particles 

instead, which take 83.3% of total. Corn fiber has a more even distribution of size #30 (600 µm), 

#50 (300 µm) and #100 (150 µm) particles, which take 27.08%, 30.93%, and 25.93% each. 

According to this distribution results, size #30 (600 µm), #50 (300 µm), and #100 (150 µm) 

particles were selected as testing samples and analyzed respectively. Okara sample was not tested 

in sieve analysis because fresh wet okara was freeze dried first to prevent from spoiling. Then, 

freeze-dried okara was grounded into powders of even size (#50, 300 µm) before characterizations 

and measurements.  
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Table 2.1 Particle size distributions of psyllium, wheat bran, and corn fiber (% by weight). 

US Sieve # Micron (µm) Psyllium (%) Wheat bran (%) Corn fiber (%) 

4 4750 0.10±0.06a 0.00 0.00 

8 2360 0.30±0.06 0.62±0.31 0.06±0.03 

16 1180 1.08±0.06 1.91±0.29 7.27±0.26 

30 600 9.46±1.36 38.70±2.85 27.08±0.47 

50 300 27.82±1.28 44.60±3.71 30.93±0.20 

100 150 47.13±3.02 13.97±1.24 25.93±0.70 

200 75 14.11±3.03 0.20±0.00 8.74±0.43 

Pan 37 0.00 0.00 0.00 
a Data are expressed as “Mean ± SD”, n = 3. 

 

2.3.2 Molecular characterization results 

Molecular distribution profiles were obtained using OmniSEC 4.6.1 software via High 

Performance Size Exclusion Chromatography (HPSEC) method. According to Table 2.2, Mn and 

Mw of wheat bran were 700 kDa and 1447 kDa respectively, which is the highest among three 

extracted fibers. Besides, both IV and Rg values of wheat bran were much higher than corn fiber 

and okara. The polydispersity index (Mw/Mn) values of wheat bran and okara were 2.07 and 2.16, 

larger than that of corn fiber (1.56). This indicates wheat bran and okara have a wider distribution 

in molecular sizes. Obviously, high IV and Rg values of wheat bran can be attributed to its high 

molecular weights. Also, molecular weight analysis results match well with the fact that wheat 

bran alkaline suspensions were much thicker and more viscous than those of corn fiber and okara.  
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Table 2.2 Molecular characterizations of extracted polysaccharides. 

Fibers Mna (kDa) Mwb (kDa) Mw/Mn IVc (dL/g) Rgd (Flory-Fox) (nm) 

Wheat bran 700 1447 2.07 2.338 45.421 

Corn fiber 193 301 1.56 0.814 18.807 

Okara 354 762 2.16 1.000 26.488 
a Mn = number average molecular weight; b Mw = weight average molecular weight; c IV = intrinsic 
viscosity; d Rg = radius of gyration. 
 

 

2.3.3 Rheological analysis 

Figure 2.3 shows the dynamic rheological measurements of alkaline-treated WB particles 

of four sizes. Both G’ (storage modulus) and G” (loss modulus) increased with frequency. For WB 

particles of size #50, #100, and #200, G’ was higher than G”; while for size #30, G” was slightly 

higher than G’ and became closer with increased frequency. This indicated that for size #50, #100, 

and #200 WB particles, alkaline-treated solution showed good gelling properties. This result 

matches with previous research. According to Cui et al. (1999), 2.0% alkaline extracted wheat bran 

non-starch polysaccharide (NSP) solution can form gel at 4 °C and the gelation was thermally 

reversible. Gel network was based on non-covalent chain linkages (Cui et al., 1999). Extracted 

NSP contained about 77% arabinoxylan and 23% β-D-glucan, and arabinoxylan mainly contributed 

to the gelling property of NSP (Cui et al., 1999; Cui et al., 2000). Also, β-D-glucan could assist the 

gelation through association interactions with the arabinoxylans (Cui et al., 2000). 
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Figure 2.3 Dynamic rheological measurements of WB (size #30, #50, #100, #200). 

 

 

Figure 2.4 shows that all CF particles had a larger G” value than G’, which mean alkaline-

treated CF solutions showed no gel properties. Although monosaccharide analysis results show 

CFG mainly contains arabinoxylan (Yadav et al., 2008), weak gel properties were not exhibited in 

the experiment. Possible reasons could be that alkaline extraction method of CF was not at its 

optimum conditions, which led to low yield of arabinoxylans from CF cell walls.  
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Figure 2.4 Dynamic rheological measurements of CF (size #30, #50, #100, #200). 

 

 

Alkaline-treated okara solutions have a similar result, with G” higher than G’ as shown in 

Figure 2.5, which means okara solutions do not form gels. One possible reason could be the same 

as for CF that the extraction method was not optimum for okara. Another reason could be the poor 

solubility of galactomannans (Wu et al., 2009), which led to low concentration of galactomannans 

in okara extracted supernatants.  
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Figure 2.5 Dynamic rheological measurements of okara. 

 

For control, a 5% psyllium alkaline solution was also tested for dynamic rheological 

measurements. Compared with WB particles, G’ of psyllium was much higher than G” (Figure 

2.6). WB #50 particles showed the most similar result as the psyllium control, although psyllium 

had a higher G’ value. This indicated that WB had the potential to replace psyllium in the binder 

formula more so than CF and okara. This is also in accordance with the HPSEC results.  

 

		 	

Figure 2.6 Dynamic rheological measurements of WB #50 particles compare with psyllium. 
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2.3.4 Monosaccharides analysis 

	
Alkaline-extracted fibers were used for monosaccharide analysis by High Performance 

Anion Exchange Chromatography (HPAEC). Results are shown in Table 2.3. Fibers from size #50 

particles of WB and CF were selected. Four main monosaccharides were detected in extracted WB, 

CF, and okara fibers, which were arabinose, galactose, glucose, and xylose. WB contained 42.77% 

(w/w) arabinose, 37.89% (w/w) xylose, 16.51% (w/w) glucose, and 2.82% (w/w) galactose, while 

CF contained 39.45% (w/w) arabinose, 50.27% (w/w) xylose, 7.77% (w/w) galactose, and 2.51% 

(w/w) glucose. In contrast to WB and CF, okara fibers had a composition of 38.44% (w/w) 

arabinose, 55.79% (w/w) galactose, 3.67% (w/w) glucose, and 2.10% (w/w) xylose. According to 

the results, arabinose and xylose composed the main percentage in WB and CF fibers, which is 

similar to monosaccharide compositions of psyllium (Guo et al., 2008). WB and CF had very 

similar monosaccharide compositions, while okara was much different with a higher galactose 

content. This is because okara polysaccharides mainly contain galactan, arabinan, 

arabinogalactann, xylogalacturonan, cellulose etc. (Li et al., 2012), while the main non-starch 

polysaccharides (NSP) contained in WB is glucuronoarabinoxylans (about 70% of NSP), cellulose, 

and (1-3),(1-4)-β -D-glucan (Maes & Delcour, 2001). Also, arabinoxylan is the main hemicellulose 

contained in CF and psyllium (Doner, Johnston, & Singh, 2001; Edwards et al., 2003; Guo et al., 

2008). This explains the high percentages of arabinose and xylose contained in WB, CF, and 

psyllium.  
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Table 2.3 Monosaccharide compositions of WB, CF, Okara, and psyllium.  

Sample WB (% w/w) CF (% w/w) Okara (% w/w) Psyllium (% w/w) 

(Guo et al., 2008) 

Monosaccharides     

Rhamnose - a - - 1.50 

Arabinose 42.77 39.45 38.44 21.96 

Galactose 2.82 7.77 55.79 3.76 

Glucose 16.51 2.51 3.67 0.64 

Xylose 37.89 50.27 2.10 56.72 

Mannose - - - 0.40 
a Trace amount or not detected.  

 

2.3.5 FTIR analysis 

Extracted wheat bran, corn fiber and okara fractions were analyzed by Fourier Transform 

infrared spectroscopy (FT-IR). Spectra are shown in Figure 2.7 and Figure 2.8. The distinctive 

absorption band in the 1200-800 cm-1 region could be used to identify the polysaccharide structures 

and compositions (Kacurakova et al., 2000), while the absorption band between 1700-1200 cm-1 

mainly belongs to protein vibrations. Difference of protein content was observed between okara 

(30.59%) and WB (15.92%)/ CF (19.90%), as shown in Table 2.4. Figure 2.7 shows that the protein 

absorption region of okara also exhibited significant differences from that of corn fiber and wheat 

bran. Okara fractions have five obvious absorption peaks at 1640 cm-1, 1520 cm-1, 1440 cm-1, 1390 

cm-1, and 1230 cm-1, which belong to amide I, amide II, and amide III vibrations of protein 

backbone. The okara sample has another sharp absorption at 3280 cm-1, which represents the NH 

stretching vibrations of amide A band (Barth, 2007). Absorption at 1740 cm-1 of okara sample was 

also distinct and indicates a strong carbonyl band, which could be from branched chain 

hemicellulose (Pandey, 1999). 
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Overall, absorption peaks of wheat bran and corn fiber in the polysaccharide region 

between 1200-800 cm-1 are similar, which means they have similar polysaccharide components. 

However, the okara sample exhibits great differences in this region. This also proves okara 

fractions contain different polysaccharide profiles from those of WB and CF, which is in 

accordance with the results of monosaccharides analysis. In addition, Figure 2.8 shows three 

different size fractions of WB have similar spectra in polysaccharide region. Difference appears 

in WB #30 fraction at ~2100 cm-1, which represents the presence of cis double bonds (Downey, 

McIntyre, & Davies, 2002).   

 

Table 2.4 Protein content of extracted fractions of WB, CF, and okara. 

Sample WB CF Okara 

Protein content 

(%, w/w) 

15.92 ± 1.66 a 19.90 ± 0.43 30.59 ± 2.16 

a Data are expressed as “Mean ± SD”, n = 3. 

	

Figure 2.7 FT-IR spectra of extracted WB, CF, and okara fractions. 
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Figure 2.8 FT-IR spectra of extracted wheat bran fractions from different size particles. 

 

2.4 Conclusions 

Different size particles of WB and CF showed different rheological properties. Alkaline 

dissolved WB solutions showed the best gelling properties among the three types of fibers, which 

also resembled the results of the psyllium control sample. HPSEC results also demonstrated that 

WB had higher molecular weight than CF and okara, as well as a higher intrinsic viscosity. 

Monosaccharide analysis results indicated that WB and CF had similar monosaccharide 

compositions, while okara had a much different one. FT-IR spectra also proved the 

monosaccharide analysis results. In addition, okara had a different protein profile from WB and 

CF. Overall, WB #50 particles had the best gelling properties and potentials to substitute psyllium 

in the novel binders. Thus, wheat bran was selected for rainfall simulation testing and further 

modifications (extrusion) in order to gain better binding capabilities.  
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 Chapter 3 Physicochemical properties of wheat bran before and after extrusion 

 

3.1 Introduction 

Based on the extraction and characterization analysis in the previous chapter, wheat bran 

exhibited the best gelling properties among three potential materials. However, during the rainfall 

simulation test (to be discussed in Chapter 4), formulas with wheat bran addition still could not 

match the Organic-lock formula in the target of solid loss. In order to improve the gelling capability 

of wheat bran and to be applied as psyllium substitute in binder formulas, extrusion was used to 

further modify the binding and gelling properties of wheat bran. According to Ralet et al. (1990), 

water solubility and soluble dietary fiber content of wheat bran both increased greatly after 

extrusion. Extrusion was also applied as a thermo-mechanical pretreatment to produce 

lignocellulosic ethanol from wheat bran. Alkaline pretreatment before extrusion was applied. It 

was reported that extrusion can lead to a higher reducing sugar yield (Lamsal et al., 2010). Based 

on the results of previous research, extrusion was employed to improve the hemicellulose content 

of wheat bran, which aimed to further modify the binding properties. Since hemicellulose is 

usually entangled or bonded to cellulose and lignin in plant cell wall, it can hardly be extracted or 

released (Izydorczyk, Cui, & Wang, 2005). In order to obtain better performance, cellulase and 

alkaline pretreatments were applied before extrusion. Cellulase could assist to break down cell 

wall and cellulose contained in WB, while alkaline treatments have delignification functions.   
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3.2 Materials and Methods 

3.2.1 Materials 

 Wheat bran used was provided by Hayhoe Mills Ltd. (Woodbridge, ON, Canada). 

Cellulase (from Aspergillus niger, powder, off-white, ~0.8 U/mg) used was purchased from 

Sigma-Aldrich, Inc. (Oakville, ON, Canada) 

 

3.2.2 Extrusion 

Wheat bran samples (size #50) went through two pretreatments before extrusion, which 

were alkaline treatment (0.5M and 1M NaOH spray respectively) and cellulase treatment. For 

alkaline pretreatment, WB samples were mixed with NaOH solutions at a 1:1 (m/v) ratio, with 

constant stirring by a table stand mixer (Hobart Corporation, Troy, OH, USA) for 1 hour at room 

temperature. For cellulase pretreatment, 0.25% cellulase solution of pH 5.0 was prepared and 

sprayed over WB samples at a 1:1 (v/m) ratio, with constant stirring by the same mixer as above 

for 1 hour at room temperature. Then, cellulase pretreated samples were placed in an incubator at 

37 °C for 48 hours. All pretreated samples were dried at 100 °C for 6 hours in an oven and ground 

into small even particles before extrusion.  

Pretreated samples and an untreated sample as control were sent to Dr. Thava Vasanthan’s 

lab (University of Alberta, Edmonton, Alberta, Canada) for extrusion processing. A laboratory 

scale twin-screw extruder (Plasti-corder Digi-system, PL 2200, Brabender Instruments Inc., South 

Hackensack, NJ) was used. All samples were extruded under 3 different temperature ranges (60-

80-100-120 °C, 80-100-120-140 °C, 100-120-140-160 °C) at 40% moisture content and 100 rpm 

screw speed. Extrudates were milled into fine and uniform particles with a ball mill (PM100, 
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Retsch, Inc., Newtown, PA, USA) at 400 rpm for 4 min before further characterizations and rainfall 

simulation tests.  

 

3.2.3 Rheological test 

Rheological measurements of wheat bran extrudates were conducted on an ARES 

Rheometer (TA Instruments, New Castle, DE, USA) with a cone and plate geometry (4° cone 

angle, 50 mm diameter, and 0.047 mm gap). 1 g of each sample was dissolved in 30 mL water and 

stirred for 24 hours at 60 °C. Mixture suspensions were centrifuged at 6000 rpm (4274 g force) for 

10 min. Water-extracted supernatants were used for steady flow and dynamic rheological tests. 

The temperature used was 4 °C. Each sample was measured in duplicate. 

 

3.2.4 Dietary fiber determination 

Extrudate samples (80-140 °C range) were selected to conduct dietary fiber determination 

tests. Total, soluble, and insoluble dietary fiber contents of each sample were determined using a 

Megazyme total dietary fiber test kit (Megazyme International Ireland Ltd., Ireland), based on 

AOAC Method 991.43 and AACC Method 32-07. Protein content of samples was determined 

using NA2100 Nitrogen and Protein Analyzer (Thermo Quest, Milan, Italy) with a conversion 

factor of 6.25. Ash content was determined based on AOAC method 930.05. 

 

3.2.5 HPSEC  

1g of each sample was dissolved in 30 mL deionized water at 60 °C and stirred for 24 hours. 

1 mL water-extracted part of each sample was obtained and diluted 5 times. Diluted samples were 

filtered through a 0.20 µm filter and analyzed by HPSEC modules as described in Chapter 2.  
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3.2.6 Scanning Electron Microscopy (SEM) 

Wheat bran extrudate samples were milled into powders of uniform particle sizes with a 

ball mill (PM100, Retsch, Inc., Newtown, PA, USA) at 400 rpm for 4 minutes. Milled samples 

were first sputter-coated with a gold coating layer under vacuum by a sputter coater (Anatech 

Hummer VII, Alexandra, VA, USA), then fixed samples were observed and photographed under 

a scanning electron microscope (SEM) (Hitachi S-570, Tokyo, Japan) at several scales.  

 

3.3 Results and discussion 

3.3.1 Extrusion 

After extrusion, as shown in Figure 3.1, WB samples were transformed into thin noodle-

like shapes with a dark brown color, but stiff and fragile. In order for further study, extrudate 

samples were ball-milled into fine and uniform powders around sieve size #50, which is same as 

the original WB particle size before extrusion. 

	

Figure 3.1 Wheat bran extrudates. 

 



	 39	

3.3.2 Rheological test results 

According to Figure 3.2, untreated wheat bran samples have an evident increase in apparent 

viscosity after extrusion, for all three extrusion temperature ranges. Temperature range 2 (T2, 80-

100-120-140 °C) had a higher apparent viscosity than that of T3, and T1. This is because the 

soluble dietary fiber content of WB increased after extrusion, according to results of dietary fiber 

determination.  

However, with cellulase pretreatments, wheat bran extrudate samples show slightly lower 

apparent viscosity values after extrusion (Figure 3.3). This could be caused by over-treatment of 

cellulase, which may break down the cellulose-hemicellulose entangled network and reduce the 

overall molecular weight. Also, temperature of extrusion here did not show any significant 

influences on apparent viscosities.  

For alkaline pretreatments, both 0.5M (WB-E-A1) and 1M NaOH (WB-E-A2) pretreated 

samples exhibit a significant increase in apparent viscosity after extrusion, especially for WB-E-

A2 samples (Figure 3.4 and Figure 3.5). This is because in many previous research, alkaline 

treatment has been proved to have delignification functions and can break down cell wall and 

release more hemicelluloses (Cui et al., 1999; Maes & Delcour, 2001).  For WB-E-A1 samples, 

apparent viscosities of three extrusion temperature ranges are quite close, while for WB-E-A2 

samples, apparent viscosity of T2 is a bit higher than that of T1 and T3.  

Based on the results from Figure 3.2 to Figure 3.5, temperature did not show any 

regularities in affecting the apparent viscosities of extrudates. Slight variations could be attributed 

to the uneven mixing of WB samples during the pretreatment stage.  

In Figure 3.6, a comparison is conducted between different samples (T2 selected). 

Obviously, WB-E-A2 has the highest apparent viscosity than that of WB-E-A1, and then WB-E, 
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WB, and finally WB-E-C.  This indicates that extrusion processing could be useful to increase the 

binding capabilities of WB, and alkaline pretreatment can greatly enhance the performance during 

the extrusion. However, cellulase pretreatment did not reach expectations, which showed negative 

effects on the rheological properties after extrusion.  

 

	

Figure 3.2 Apparent viscosities of untreated WB extrudate samples. WB = untreated wheat bran; 

WB-E = WB extrudates; extrusion temperature range: T1 = 60-120 °C; T2 = 80-140 °C; T3 = 

100-160 °C. 
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Figure 3.3 Apparent viscosities of cellulase pretreated WB extrudate samples. WB = untreated 

wheat bran; WB-E-C = cellulase pretreated WB extrudates; extrusion temperature range: T1 = 

60-120 °C; T2 = 80-140 °C; T3 = 100-160 °C. 

 

	

Figure 3.4 Apparent viscosities of 0.5M NaOH pretreated WB extrudate samples. WB = 

untreated wheat bran; WB-E-A1 = 0.5M NaOH pretreated WB extrudates; extrusion temperature 

range: T1 = 60-120 °C; T2 = 80-140 °C; T3 = 100-160 °C. 
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Figure 3.5 Apparent viscosities of 1M NaOH pretreated WB extrudate samples. WB = untreated 

wheat bran; WB-E-A2 = 1M NaOH pretreated WB extrudates; extrusion temperature range: T1 

= 60-120 °C; T2 = 80-140 °C; T3 = 100-160 °C. 

	

Figure 3.6 Apparent viscosities of WB extrudate samples by different pretreatments. WB = 

untreated wheat bran; extrusion temperature range: T1 = 60-120 °C; T2 = 80-140 °C; T3 = 100-

160 °C. 
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3.3.3 Dietary fiber determination results 

	
Total dietary fiber (TDF), insoluble dietary fiber (IDF) and soluble dietary fiber (SDF) 

contents of extrudate samples were determined using Megazyme Total Dietary Fiber Assay Kit 

(Megazyme International Ireland Ltd., Ireland). As shown in Table 3.1, SDF content of all WB 

samples increased after extrusion.  SDF content of WB-E-A2 (1M NaOH pretreated) sample had 

a much larger increase than any other samples. TDF content of all samples increased slightly after 

extrusion except the WB-E-A2 sample, which remained almost same. This is because severe 

pretreatment conditions may cause the fragmentation of part of dietary fibers, which therefore did 

not precipitate during the analysis (Ralet et al., 1990). Also, for WB-E-A2 sample, IDF dropped a 

lot and SDF increased a lot with TDF almost unchanged, which indicated almost 1/4 of IDF was 

transformed into SDF after extrusion.  

Results above are in accordance with previous research. According to Ralet et al. (1990), 

soluble fiber of WB was largely increased after extrusion and a significant redistribution of 

insoluble to soluble fiber was also observed. These values were correlated to the specific 

mechanical energy during the extrusion (Ralet et al., 1990). Monosaccharide analysis showed 

xylose, glucose, and arabinose were mainly solubilized after extrusion (Brillouet et al., 1988; Ralet 

et al., 1990), which indicated solubility of arabinoxylans may increase after extrusion. 
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Table 3.1 Dietary fiber profile of WB before and after extrusion. 

Samples TDF (%) SDF (%) IDF (%) 

WB a 38.29  2.25 36.03 

WB-E b 42.51 4.62 37.89 

WB-E-C c 39.24 3.58 35.67 

WB-E-A1 d 40.93 5.28 35.65 

WB-E-A2 e 38.73 10.94 27.79 
a Untreated WB. b WB extrudates. c Cellulased pretreated WB extrudates. d 0.5M NaOH pretreated 
WB extrudates. e 1.0M NaOH pretreated WB extrudates.  
 

3.3.4 HPSEC results  

 Based on the molecular weight (MW) obtained (Table 3.2), untreated WB sample has a 

Mw of 209 kDA, which is similar to 352 kDa reported by Zhou et al. (2010).  All wheat bran 

samples have a large increase (more than 10 times) in Mw and Mn after extrusion except cellulase 

pretreated samples (WB-E-C). Few papers reported the increase of MW after extrusion process. 

Recombination effects of cell wall molecule network during the high-pressure and high-

temperature extrusion could be possible explanations, since Ralet et al. (1990) reported that water-

holding properties of WB improved after extrusion. On the other hand, WB-E-C samples showed 

decreased Mn and Mw values in T1 and T2 samples.  T3 sample had an abnormal increased Mn 

and Mw, which could be caused by uneven mixing during the pretreatment stage and could be 

ignored. This indicated cellulase may break down the cellulose-hemicellulose network of large 

MW, producing fractions of much smaller MW. Mw/Mn also decreased in WB-E-C samples, 

which indicated polydispersity of molecules decreased as well after cellulase pretreatment. All 

samples showed larger intrinsic viscosity values after extrusion. This could be caused by increased 

MW as well as increased soluble dietary fiber content after extrusion, as per results from dietary 

fiber determinations.  
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Refractive index figures also exhibited direct evidence that MW were increased after 

extrusion. In Figure 3.7., we can find at retention volume 14.5 mL, all extrudate samples had a 

higher refractive index than untreated samples (except cellulase processed), among which 1M 

NaOH pretreated samples had a highest peak.  

Based on results shown in Table 3.2, MW distribution of different samples do not show 

any regularities under three temperatures (T1, T2, T3). Therefore, temperature had few influences 

on the MW distribution during the extrusion process. However, there are still some variations of 

MW under different temperature can be observed. This could be caused by uneven mixing of wheat 

bran and alkalis or cellulase enzymes during the pretreatment stage. Specific mechanic energy 

during the extrusion may influence MW more than temperatures (Ralet et al., 1990).  

	

Figure 3.7 Molecular weight distribution of water-extracts from WB and WB extrudates.  

T1 (40-100 °C) for all extrudate samples. 
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Table 3.2 Molecular characterizations of water-extracts from extrudate samples.  

WB: untreated WB;  
WB-E: extrudates with non-pretreatments;  
WB-E-C: WB extrudates with cellulase pretreatments;  
WB-E-A1: WB extrudates with 0.5M NaOH pretreatments;  
WB-E-A2: WB extrudates with 1M NaOH pretreatments; 
T1 = 60-120 °C; T2 = 80-140 °C; T3 = 100-160 °C. 
 
 

Sample WB WB-E- 

T1 

WB-E- 

T2 

WB-E-

T3 

WB-E- 

C-T1 

WB-E-

C-T2 

WB-E-

C-T3 

WB-E-

A1-T1 

WB-E- 

A1-T2 

WB-E-

A1-T3 

WB-E-

A2-T1 

WB-E-

A2-T2 

WB-E-

A2-T3 

Mn (KDa) 51.5 816.4 1067 1097 18.4 48.1 1537 836.4 852.1 1192 722.9 985.7 866.2 

Mw (KDa) 209.1 3544 4628 3713 24.4 73.1 3956 3702 3473 4972 2532 4129 3869 

Mw/Mn 4.06 4.34 4.34 3.39 1.32 1.52 2.57 4.42 4.08 4.17 3.50 4.19 4.47 

IV (dL/g) 0.268 0.754 0.525 0.598 0.989 0.931 0.257 1.570 1.712 1.406 0.816 0.853 0.836 

Rg (Flory-

Fox) (nm) 

10.272 38.724 37.16 36.479 9.059 7.471 29.848 49.967 50.805 53.602 34.629 40.189 36.740 
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3.3.5 SEM results 

Ball-milled WB extrudate samples were observed via Scanning Electron Microscopy 

(SEM) to compare morphological changes before and after extrusion. Figure 3.8 shows the 

morphology of WB #50 particles before and after extrusion at two scales (30 µm and 5 µm). WB 

particle structure was found to be more firm after extrusion cooking, although some micropores 

emerged on the surface after extrusion. These micropores also appeared in other WB extrudates 

with pretreatments (Figure 3.9). This could be caused by the expelling of moisture vapor under 

breakdown and recombination impacts during the high-temperature and high-pressure extrusion 

conditions.  

According to Aoe et al. (1989), SEM observations showed extruded WB had thinner cell 

walls and rougher surfaces than those of the raw WB materials, and excessively extruded WB 

exhibited more obvious changes. Release of soluble hemicellulose fractions from cell wall could 

be possible reasons (Aoe et al., 1989). This can also be proven in the dietary fiber determination, 

which showed SDF of WB greatly increased after extrusion. However, cell wall structures of raw 

WB and WB extrudates were not observed in the experiment. This could be caused by different 

sample pretreatments before SEM observation. In other literature, bran samples were prepared as 

acetone suspensions first, then the samples would wait until the acetone evaporated before gold 

sputter-coating. Acetone also had a function of dehydration here (Aoe et al., 1989; Yu et al., 2009; 

Zhang, Bai, & Zhang, 2011). 

For WB with two different pretreatments, alkaline pretreated extrudates tend to be 

compressed and firm (Figure 3.9-A, B), while cellulase pretreated extrudates seem to have a loose 

and unconsolidated structure (Figure 3.9-C). This could be caused by partial breakdown of the 

cellulose network under cellulase pretreatment. In addition, surface of alkaline pretreated extrudate 
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samples seemed to be more smooth and flat than other samples. Extrusion barrel temperatures also 

had an influence on structures (Figure 3.10). It can be observed that higher temperature led to a 

more consolidated and firm structure after extrusion. Lower moisture content of WB extrudate 

products under high temperatures could be possible explanations.  

	

Figure 3.8 SEM images of raw WB and extrudates. A1: Raw WB #50 particles at 30µm scale; 
A2: Raw WB #50 particles at 5.0µm scale; B1: WB extrudates with non-pretreatments at 30µm 

scale; B2: WB extrudates with non-pretreatments at 5.0µm scale. 
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Figure 3.9 SEM images of WB extrudates. A1: 0.5M NaOH-pretreated extrudates at 30µm 
scale; A2: 0.5M NaOH-pretreated extrudates at 5.0µm scale; B1: 1M NaOH-pretreated 

extrudates at 30µm scale; B2: 1M NaOH-pretreated extrudates at 5.0µm scale; C1: cellulase-
pretreated extrudates at 30µm scale; C2: cellulase-pretreated extrudates at 5.0µm scale. 
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Figure 3.10 SEM images of WB extrudates (0.5M NaOH pretreated) at different extrusion 

temperatures.  

 

3.4 Conclusions 

Extrusion processing could greatly increase the SDF content of WB, especially for 1M 

NaOH pretreated samples. Also, alkaline pretreated samples had a substantial increase in apparent 

viscosity after extrusion. MW and intrinsic viscosity also increased after extrusion for un-

pretreated and alkaline pretreated sample. However, for cellulase pretreated samples, apparent 

viscosity and MW decreased after extrusion compared with untreated samples, since cellulase 

might have depolymerized the cellulose network. Overall, extrusion showed positive effects on 

the increase of SDF content, MW, apparent viscosity and intrinsic viscosity. Alkaline pretreatment 

of WB samples showed a better result after extrusion, compared with non-pretreated samples. On 

the other hand, cellulase pretreatment of WB samples was unsuccessful, which would decrease 

MW and apparent viscosities after extrusion.  
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 Chapter 4 Rainfall simulation test of different binder formulations  

 

4.1 Introduction 

In real life, binding aggregates would be loaded into the gaps between the paving stones in 

order to keep the joint sands and stones firmly locked and connected. In this application, natural 

binders (WB, corn fiber, okara and their extracts) would mix with soda ash, hydrated lime, and 

sands to act as the binding aggregates. However, a scientific testing method needed to be developed 

to determine whether these agricultural by-products performed well as the binding materials. As 

rainfall could be the main factor that causes the loss and undermining of binding aggregates in real 

life, solid loss under rainfall should be considered as the most important factor during the 

development of new substitute materials. In order to test the erosion resistance ability of the new 

binding materials, rainfall was simulated by rainfall simulator equipment. Thus, the main objective 

of rainfall simulation test was to evaluate the rainfall erosion resistance capability of a new binder 

formula and whether this formula is good enough to compare with the psyllium-based binding 

aggregates.  

 

4.2 Materials and Methodologies 

4.2.1 Materials 

 Wheat bran powder was provided by Hayhoe Mills Ltd. (Woodbridge, ON, Canada). Corn 

fiber was provided by Ingredion Canada Corporation (Mississauga, ON, Canada). Okara was 

provided by Wan Chong Tofu Products Ltd. (Etobicoke, ON, Canada). Yellow mustard seeds were 

provided by G.S. Dunn Ltd. (Hamilton, ON, Canada). YMG was extracted and provided by Ms. 

Cathy Wang from Guelph Research and Development Centre (GRDC), Agriculture and Agri-Food 
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Canada (AAFC). Psyllium, hydrated lime, soda ash, fly ash, aggregate sands, and Envirosand were 

provided by Envirobond Products Corporation (Toronto, ON, Canada). Soda ash and hydrated 

lime were in powder form and white in color. Sands used were in uniform particle size and light-

brown in color.  

 

 

4.2.2 Rainfall simulator 

 The rainfall simulator (Figure 4.1) was built by the physics workshop, Department of 

Physics, University of Guelph. It contains five main parts, which include a motor-driven water 

tank (90cm × 40cm × 15cm), a reservoir, an angle-adjustable platform, two pumps and an electric 

control panel. During the work status, two pumps transfer the water from the reservoir up to the 

mobile tank. With evenly distributed holes on the tank bottom, water falls down in a certain 

velocity (about 42,000 mm per hour) to the sample channels on the platform, which simulates the 

rainfall. The height between water tank and platform is about 120cm. A moving speed controller 

and a timer are included in the control panel. The rotary speed controller can adjust the horizontal 

moving speed of the mobile water tank from Speed level 1 to 10. Speed level 4 was used in rainfall 

simulation test. The timer can modify the raining time. 2-hour rainfall time was set for each test.  
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Figure 4.1 Rainfall simulator working schemes. 

 

4.2.3 Rainfall simulation test  

The rainfall simulation experiment contains three parts: sample preparation, rainfall 

simulation test, and solid loss calculation.  

 
Sample preparation: 

Different components were weighed and mixed evenly into sand aggregates in a metal 

container following specified formulas. 1 kg mixed aggregates were prepared for 8 channels 

(1.27cm × 1.59cm × 30.45cm) as a batch, as shown in Figure 4.2. After thorough mixing, sand 

aggregates were hand-loaded into the 8 aluminum alloy channels to the height around 1 cm higher 

than the surface of channel container. Then the channel container was placed under a hydraulic 

press to have sand aggregates loaded firmly. Hydraulic press was applied to ensure the same press 

force (4.5 metric tons) for each sample batch. Extra sand was carefully scraped from the channels 
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after pressing to make sure the aggregate surface appeared polished. Lastly, sample channels were 

placed in a 30 °C incubator for 24 hours before conducting rainfall simulation tests.  

	

Figure 4.2 A typical channel and the channel container. 
 

 
Rainfall simulation test: 

Before rainfall simulation, all sample channels were weighed and recorded. Then, they 

were set on the platform under the simulated rainfall for 2 hours. Mobile tank was set to Speed 

level 4 on the rotary speed controller. There was an 8° inclination angle for the platform, which 

was controlled for each batch. After the rainfall, all channels were placed in the oven at 100 °C 

drying for 5 hours before being weighed and recorded again. Water in the tank would be drained 

and refilled and washed-away sands would be cleaned after every test, which aims to reduce system 

errors.  

For each test, there was one batch of Organic-lock formula samples prepared and tested 

with other modified formulas. Organic-lock sample served as control in the test, which used 

formula of 1.82% psyllium, 1.05% hydrated lime, 0.55% soda ash, 84.58% sand and 12% water.  
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Solid loss (SL) calculation: 

Solid loss (SL) of each channel equals the weight difference before and after rainfall 

simulation divided by the total solid weight before rainfall simulation, as shown below.  

SL % = (W Before rainfall – W After rainfall) / (W Before rainfall – W Empty channel) × 100% 

For each batch, 6 channels out of 8 were selected to calculate SL. This is because 2 

channels on the side usually have less pressure during the hydraulic press stage than that of 

channels inside, which may lead to higher SL of the 2 side channels. Thus, SL data of 2 side 

channels was removed to reduce errors. 

	

Figure 4.3 Rainfall simulation test procedures. 

 

4.2.4 Yellow mustard gum (YMG) extraction 

Occasionally, YMG was also tested as binders in the rainfall simulation test. YMG was 

extracted and provided by Ms. Cathy Wang from Guelph Research and Development Centre 

(GRDC), Agriculture and Agri-Food Canada (AAFC). Yellow mustard seeds were mixed with 
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water at 1:6 (m/v) ratio and kept stirred overnight at room temperature. Solutions were filtered 

through a gauze to remove seeds. Filtered mucilage was precipitated by alcohol at 1:1 ratio (v/v). 

Then, alcohol mixtures went through centrifugation at 6000 rpm (4274 g force) for 10 min to 

obtain the precipitated gum. Precipitated gum was dissolved in deionized water at 60 °C. Gum 

solutions were freeze-dried to obtain the final YMG product.  

 

4.3 Results 

4.3.1 Consistency test  

Before conducting tests of new aggregate formulations, a consistency test was required for 

the rainfall simulator in order to ensure there were no significant differences between different 

testing batches. This factor is crucial for the comparison of different sample formulas tested in 

different batches. Only with acceptable errors between batches can we determine the binding 

capability of a new material. Consistency testing used an Organic-lock formulation, which 

contained 1.82% psyllium, 1.05% hydrated lime, 0.55% soda ash, as well as 84.58% sand and 12% 

water. 3 batches of samples were prepared on 3 different dates.  Each batch had 3 groups of 8 

channels each, which gave 24 channels for one batch. 24 channels were evenly placed on the 

platform during the rainfall simulation. Solid loss data of 2 side channels in each group was 

removed to reduce errors. Consistency test results are summarized in Table 4.1. 

ANOVA Tukey’s multiple comparison test was conducted by GraphPad Prism 6 Software. 

Results showed for three groups conducted in one batch, there is no significant differences between 

groups (p<0.05). Also, for 3 different batches conducted at 3 different times, no significant 

difference was observed (p<0.05). This indicated that rainfall simulation test could provide 

repeatable data at different times and thus results from different batches could be compared.  
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Table 4.1 Consistency test results of rainfall simulator. 

Batch Group Solid Loss (%) 

(Mean ± SD, n =6) 

Solid Loss (%)- Overall  

(Mean ± SD, n = 18) 

 

Day 1 

A 14.70 ± 1.91  

14.12 ± 1.50  B 13.78 ± 1.54 

C 13.96 ± 1.12 

 

Day 2 

A 16.43 ± 1.78  

16.28 ± 1.60 B 15.53 ± 1.18 

C 17.25 ± 1.63 

 

Day 3 

A 14.77 ± 2.56  

15.97 ± 2.68 B 17.17 ± 2.11 

C 15.99 ± 3.14 

 

4.3.2 Whean bran, corn fiber and okara preliminary test.  

In preliminary rainfall simulation tests, psyllium was entirely replaced by wheat bran, corn 

fiber, and okara with soda ash and hydrated lime contents unchanged. Results showed okara and 

corn fiber aggregates were almost completely washed away from channels (Table 4.2). However, 

compared with corn fiber and okara, wheat bran exhibited a much better solid loss result (39.35%), 

although still higher than that of control group (Organic-lock, 14.95%). Statistical analysis showed 

all three by-product formulas had a significant difference in SL compared with control group. Also, 

wheat bran formula showed significant difference with corn fiber and okara formulas.  

Preliminary test results indicate wheat bran has the potential to replace psyllium as binders, 

which is coordinated with previous rheological and molecular test results. However, modifications 

of wheat bran are still required to obtain a better solid loss result. Based on rheological, molecular, 
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and preliminary rainfall simulation results, wheat bran was selected as the main testing material 

rather than corn fiber and okara in later rainfall simulation tests. 

 

Table 4.2 Rainfall simulation results with different fiber replacements. 

Sample Adding percentage (%) Solid Loss (%) 

Wheat bran 2.0 39.35 ± 8.35 a 

Corn fiber 2.0 98.86 ± 1.60 b 

Okara 2.0 98.18 ± 1.82 b 

Control  - 14.95 ± 1.76 c 
a, b, c No significant difference (p< 0.05) between samples sharing identical superscript letters. 
 

 

4.3.3 Influences of fly ash addition in aggregate formulas  

As a by-product from coal combustion, fly ash was added to psyllium based aggregate 

formula. According to Wesche (2004), fly ash could react with Ca(OH)2 and generate pozzolanic 

properties (described in Chapter 1), which is similar to a cement matrix. Psyllium, hydrated lime, 

and soda ash percentage remained same, which were 1.82%, 1.05%, and 0.55% respectively. 

Rainfall simulation results (Table 4.3) shows by adding 2-5% (w/w) fly ash, there could be a great 

improvement in reducing solid loss. Statistical analysis showed almost all formulas with fly ash 

had a significant difference from the control. Among them, 2-5% fly ash addition had the lowest 

SL. However, there was no significant difference between 3-5% fly ash formulas. In later tests, in 

order to maintain a better performance as well as a low cost at the same time, 2% of fly ash was 

applied. 
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Table 4.3 Influences of fly ash on aggregate formulas during rainfall simulation. 

Fly Ash Adding Percentage (%) 

(Based on Envirosand formula) 

Solid Loss (%) 

0 (Control) 15.56 ± 1.45 a 

0.25 12.65 ± 0.45 b 

0.50 14.73 ± 1.22 a 

0.75 13.07 ± 0.70 b, c 

1.00 13.43 ± 1.21 c 

2.00 8.91 ± 0.67 d 

3.00 7.28 ± 0.50 e 

4.00 7.36 ± 0.38 e 

5.00 7.95 ± 0.72 e 
a, b, c, d, e No significant difference (p< 0.05) between samples sharing identical superscript letters. 

 

 

According to Table 4.4, addition of 2% fly ash could greatly decrease the usage of psyllium 

in the Envirosand formula. By adding 2% fly ash, the psyllium percentage could be decreased to 

1.10% from 1.82%, with other components remaining unchanged. At the same time, the solid loss 

result (11.72%) was significantly better than the control group (15.16%) on a statistical basis.  

 Both results from Table 4.3 and Table 4.4 exhibited the great positive effects of fly ash on 

the control of solid loss during rainfall simulation tests. With 2% fly ash addition, solid loss of 

Envirosand aggregates could be better controlled.  
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Table 4.4 Addition of fly ash with reduced psyllium percentage in rainfall simulation. 

Psyllium percentage (%)  Fly ash percentage (%) Solid Loss (%) 

0.90 2.00 16.10 ± 1.67 a 

1.10 2.00 11.72 ± 1.46 b 

1.30 2.00 10.10 ± 2.15 b 

1.50 2.00 10.69 ± 0.92 b 

1.82 (Control) 0 15.16 ± 2.68 a 
a, b No significant difference (p< 0.05) between samples sharing identical superscript letters. 

 

Thus, fly ash was also applied to WB formulas as shown in Table 4.5. With increased 

hydrated lime percentage (1.50%) and 3% fly ash addition, solid loss of WB formula could be 

greatly enhanced to 19.96%, although still higher than that of control group at a significant 

difference. Increased hydrated lime addition also decreased the solid loss. However, higher lime 

content may lead to a lighter color and sometimes white staining on the surface of aggregates.   

 
Table 4.5 Influences of fly ash on WB formulas in rainfall simulation. 

WB Percentage 

(%) 

Lime Percentage 

(%) 

Soda ash 

Percentage (%) 

Fly Ash 

Percentage (%) 

Solid Loss (%) 

2.00 1.05 0.55 0 39.35 ± 8.35 a 

2.00 1.50 0.55 0 35.29 ± 10.20 a 

2.00 1.05 0.55 2.00 26.01 ± 4.23 b 

2.00 1.50 0.55 2.00 21.18 ± 3.52 c, d 

2.00 1.05 0.55 3.00 24.65 ± 5.14 c, b 

2.00 1.50 0.55 3.00 19.96 ± 4.18 d 

Control    13.76 ± 1.49 e 
a, b, c, d, e No significant difference (p< 0.05) between samples sharing identical superscript letters. 
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4.3.4 Modified wheat bran 

  Alkaline extracted polysaccharides from wheat bran, corn fiber and okara were tested in 

rainfall simulation (Table 4.6). Each sample was tested with 1.82% addition, with other 

components unchanged. Results showed no improvement of corn fiber and okara, which were still 

washed away from channels. For wheat bran, there was a slight decrease in solid loss (34.32%), 

but it is still much higher than that of the control group. It indicated better binding capabilities of 

WB than that of CF and okara. Since alkaline extraction conditions were controlled for WB, CF 

and okara, extracted WB could have a high hemicellulose content while low for CF and okara. 

Another reason is that WB polysaccharides (mainly arabinoxylan and β-D-glucan) could have 

better gelation properties than CF polysaccharides (mainly arabinoxylan), since β-D-glucan could 

assist the gelation through association interactions with arabinoxylans (Cui et al., 1999; Cui, Wood, 

& Wang, 2000).  

   

Table 4.6 Rainfall simulation results of alkaline extracted fibers. 

Sample Added percentage (%) Solid Loss (%) 

AE WB 1.82 34.32 ± 8.16 a 

AE Corn fiber 1.82 98.21 ± 1.06 b 

AE Okara 1.82 99.10 ± 0.94 b 

Control  15.01 ± 1.57 c 
a, b, c No significant difference (p< 0.05) between samples sharing identical superscript letters. 

 

Wheat bran extrudates were also tested in rainfall simulation tests (Table 4.7). WB-E and 

WB-E-C samples exhibited a higher solid loss result, compared with that (39.35%) of raw wheat 

bran formulas. Cellulase-pretreated sample showed the worst performance, which reached to 98.91% 
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loss. However, WB-E-A1 and WB-E-A2 (alkaline-pretreated) samples showed much lower SL 

results (38.76% and 35.71% respectively) than WB-E samples at a significant difference (p<0.05), 

which is similar to that of raw WB (39.35%). Results indicated direct extrusion had no 

improvements for the SL of WB formulas during rainfall simulations. However, alkaline 

pretreatment showed positive influences on the SL results, which could be reflected in the results 

of dietary fiber contents and rheological properties. Besides, cellulase may break down the 

cellulose network structure and reduce MW according to HPSEC results, which could be possible 

reasons for the failure.  

 

Table 4.7 Rainfall simulation results of WB extrudates. 

Sample Added percentage (%) Solid Loss (%) 

WB-E 1.82 62.87 ± 14.49 a 

WB-E-C 1.82 98.91 ± 0.97 b 

WB-E-A1 1.82 38.76 ± 9.99 c 

WB-E-A2 1.82 35.71 ± 7.65 c 

Control  15.30 ± 1.76 d 
a, b, c, d No significant difference (p< 0.05) between samples sharing identical superscript letters. 

 

4.3.5 Yellow mustard gum as binders 

As a by-product of yellow mustard production, yellow mustard bran is rich in soluble fibers. 

Yellow mustard gum (YMG) could be extracted from the bran, which was described in literature 

review section of Chapter 1.  

Water-extracted and freeze-dried YMG was applied in rainfall simulation tests. It exhibited 

supreme binding capabilities and had a much better solid loss result than wheat bran, corn fiber, 
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and okara. As shown in Table 4.8., formula with 2.00% YMG only had a 12.39% solid loss. With 

2.00% fly ash addition, 1.50% YMG formula could achieve the same or even better performance 

in rainfall simulation than the control group.  

 According to Cui et al. (1993), YM mucilage showed higher viscosity values at alkaline 

conditions. Also, viscosity would increase with addition of NaCl in solution. Since the binder 

formula provides an alkaline environment by hydrated lime, YMG could have increased gel 

strength under such conditions. Based on the excellent performance of YMG in aggregate formula, 

a hypothesis could be formulated that Ca2+ probably has positive effects on the gel strength of 

YMG, similar to the effects of Ca2+ on psyllium gel (Guo et al., 2009).  However, no papers were 

found to report influence of calcium ions (Ca2+) on the gel strength of YMG.  

 

Table 4.8 YMG rainfall simulation results. 

Formula Solid Loss (%) 

YMG (%) Fly ash (%) 

1.00 0 65.37 ± 16.70 a 

1.00 2.00 33.25 ± 0.72 b 

1.50 0 38.74 ± 5.58 b 

1.50 2.00 14.13 ± 0.87 c 

2.00 0 12.39 ± 2.72 c 

2.00 2.00 9.70 ± 1.28 d 

Control  14.37 ± 1.22 c 

 

 

a, b, c, d No significant difference (p< 0.05) between samples sharing identical superscript letters. 
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4.4 Conclusions 

Rainfall simulation tests can be used to evaluate the erosion-resistant capability of different 

binder formulas. Consistency tests revealed that the rainfall simulator could provide reliable data 

to compare results from different batches conducted at different times. WB showed much better 

solid loss results in rainfall simulation tests than CF and okara, which matched the conclusions 

from Chapter 2 that WB had a better gelling and binding capability. With addition of 3% fly ash 

and increased hydrated lime content, solid loss of the WB formulation could be reduced to less 

than 20%. However, WB still could not reach the same solid loss as the control group of psyllium 

binder, which was around 15%. Although extrusion increased the SDF content of WB, WB after 

extrusion exhibited poor SL results than unmodified WB in rainfall simulation test.  

On the other hand, addition of 2% fly ash could greatly reduce the psyllium usage in 

formula (1.82% to 1.10%) by at least 39.6%, which is meaningful to the binder industry by saving 

cost on psyllium. Besides, yellow mustard gum showed excellent binding capability in the rainfall 

simulation, which could achieve the same solid loss as psyllium based binders. This indicated that 

yellow mustard bran could be a potential agricultural by-product to replace psyllium in the binder 

formula. A hypothesis could be formulated that Ca2+ may greatly increase the gel strength of YMG, 

which is similar to the psyllium gel.  Future work could focus on the modification of yellow 

mustard bran instead of using extracted YMG. Also, researches could be conducted on the 

influence of Ca2+ on gel strength of YMG.  
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 Chapter 5 Overall conclusions and future work  

 

Information obtained from the present study has compared the differences of WB, CF, and 

okara in terms of rheological and molecular characters. Via extraction and molecular 

characterizations, WB exhibited much better gelling capabilities and potential than CF and okara. 

Extrusion was applied to WB for further modification. SDF content increased from 2.25% up to 

10.94% with alkaline pretreatment. HPSEC and rheology tests also revealed that molecular weight 

and apparent viscosities greatly increased after extrusion, especially for 1M NaOH pretreated WB 

extrudates. Although WB showed decent binding potentials during the characterization stage, it 

still cannot reach the same solid loss performance as psyllium based binder formula in the rainfall 

simulation tests.  

Water-extracted and freeze-dried YMG showed excellent solid loss results in rainfall 

simulation tests. With 1.50% YMG and 2.00% fly ash, YMG formula could achieve the same or 

even better solid loss result than control group, which could be a potential substitute for psyllium. 

However, water-extraction and freeze-drying could not be largely applied to industrial production 

level due to the low economic efficiency. Future work should focus on the utilization and 

modification of YM bran. YM bran can be obtained directly from mustard industries without any 

extra processing. Thus, YM bran could be an easy-access source with potential to be applied in the 

natural binder formulas. On the other hand, research on the working mechanism of YMG in binder 

formulations could be conducted, to determine the potential influences of Ca2+, pH, etc. Also, due 

to synergistic interactions between YMG and galactomannans (Cui et al., 2006), a small 

percentage of locust bean gum (LBG) or guar gum (GG) addition to the formula could be 

considered to further enhance its gelling and binding properties.  
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Apart from the rainfall erosion, some other factors in real life could also post undermining 

effects on the natural binders, which may potentially decrease the life span of binding materials. 

Possible factors include freeze-thaw cycle in winter seasons, effects of ultraviolet (UV) radiation 

from sunlight, biodegradation effects of soil enzymes, erosion effects of road salts, etc. All these 

factors should be considered and evaluated before the commercial launch of the novel binder 

products. 
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