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Abstract 
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       Dr. Jayne Bock 

 

 

 

The systematic evaluation of ultrafiltration membranes by composition and molecular 
weight cutoff (MWCO) was performed to evaluate their effectiveness in dewatering 
effluent from a wheat wet milling process. A polyethersulfone (PES) membrane with the 
largest MWCO of all the high protein retention membranes evaluated, 100 kDa, was 
found to retain greater than 99% of the soluble protein. The permeate flux was constant 
with all membranes tested, demonstrating that the gel layer was the determining factor 
for permeate flux. A method for semi-quantitatively determining the amount of the 
three types of alpha amylase inhibitors in wheat wet milling effluent was developed, 
based on salting out of the proteins followed by SDS-PAGE analysis with a native PAGE 
verification. Some fractionation of the alpha amylase inhibitor proteins was 
demonstrated using certain membranes under standard conditions, indicating that 
alpha amylase inhibitor fractionation and purification processes can potentially be 
developed using membrane filtration, thus adding value to what is currently a waste 
effluent stream. 
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Chapter 1 Introduction 

Wheat starch and gluten are ingredients that are readily available and found in many 

foods. In the food industry, wheat starch is commonly used as a thickener, binding 

agent, filler for spices and as a desiccant in sugar or salt. Wheat gluten is commonly 

used to increase the protein content in flour, especially flour used to make bread. It is 

also used in meats and meat analogs and in cereal manufacturing. Industrially, wheat 

starch is used as a sizing agent for fine paper, as an adhesive, or as a binder for gypsum 

wallboard. Non-food uses for gluten include animal feed, aquaculture and adhesives. 

Wheat starch and gluten are manufactured commercially using a large-scale wet milling 

process (Maningat, 1999). Both components are separated from flour through the use 

of water and mechanical processing. However, about 10% of the flour is lost in the 

effluent (Oomah, 1988, Fane 1975). This effluent is usually treated and sent to municipal 

water treatment plants (Saranovic, 2011). The cost of processing the effluent can be 

high and can create environmental issues. Municipalities can limit both the amount of 

liquid waste that they can process, and the amount of solids in the liquid waste, causing 

the manufacturer to look at ways to further process or reuse the effluent or 

components of the effluent. 

The characterization of wheat flour wet milling effluent showed that starch, reducing 

sugars, pentosans, proteins and ash are the main components (Harris, 1986). The starch 

is mainly damaged or soluble starch. The pentosans can have some value, as they are 
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used as a thickening agent and are a source of fiber which can reduce post-prandial 

glycemic response (EFSA, 2011). The proteins consist largely of soluble proteins. 

Soluble wheat proteins contain a high percentage of alpha amylase inhibitors (Dupont, 

2011). Recent research has shown that alpha amylase inhibitors in wheat have health 

benefits in humans, especially those with diabetes (Aiso, 2007; Kodama, 2005). For 

example, it was shown that wheat alpha amylase inhibitors lower the glycemic index of 

people who ingest them before or during a meal, which in the long term can improve 

the health of diabetic individuals. 

Therefore, alpha amylase inhibitors could potentially have a high market value. Due to 

their solubility, these inhibitors are likely present in the effluent produced by 

commercial wheat starch and gluten plants. The extraction of these inhibitors from the 

effluent would both give value to this waste stream and reduce the amount of effluent 

waste produced by the manufacturing facility.  

The major issue for recovering the soluble proteins from wheat flour effluent is the 

proportion of water in the effluent, which has a typical soluble solids content of around 

0.8% - 1.6% (Harris, 1986). Thus, a considerable amount of water would have to be 

removed or evaporated to concentrate the solids. Ultrafiltration has been shown to be 

cost effective at removing water compared to evaporation (Saranovic, 2011; Fane, 

1977). It is also highly effective at separating ash (salts) from protein. However, 

ultrafiltration is prone to fouling of the membranes, which can greatly reduce flux 

(Saranovic, 2011; Harris, 1986). 
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There are 3 main classes of alpha amylase inhibitors: tetrameric, dimeric and 

monomeric (Dupont, 2011). The dimeric inhibitor has been found to be most effective at 

inhibiting alpha amylase in the human digestive tract (Aiso, 2007). Little has been 

published on quantifying types of alpha amylase inhibitors, so a test method is needed 

to determine the amount of each type of inhibitor in a test sample. 

This research is presented in three chapters. In Chapter 4, dewatering of wheat flour 

effluent through a systematic evaluation of membranes of varying polymer type and 

pore size for flux and protein retention was investigated. The ideal membrane would 

maximize both flux and protein retention, in particular, dimeric alpha amylase inhibitor 

retention. In Chapter 5, a laboratory method to isolate proteins from the rest of the 

solubles in a fraction of soluble wheat was developed, and the relative quantities of the 

three types of alpha amylase inhibitors in this fraction were evaluated. In Chapter 6, the 

protein fractionation of the membranes with a protein retention of less than 100% was 

quantified to determine which membranes can effectively isolate the desired proteins. 
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Chapter 2 Literature Review 

2.1 Flour Wet Milling 

2.1.1 Types of commercial flour wet mills 

Wheat starch and wheat gluten are separated from flour commercially using a large-

scale wet milling process. The wet milling process used for extracting starch from corn 

could be used to extract starch from wheat, but the quality of the wheat gluten would 

suffer, due to poor functionality (Cornell, 1998); therefore, processing has to be tailored 

specifically for wheat. Several industrial processes are available to separate wheat 

starch from gluten. Kemph (1989) lists fifteen different processes, many of which are 

not used commercially. The commercial processes in use today are Modified Martin, 

Hydrocyclone, Alfa-Laval/Raisio and Tricanter (Maningat, 1999) (Table 2.1). 

The conversion of flour to starches and proteins is accomplished through a wet process 

which involves many stages. The first stage involves dry-milling the wheat to separate 

the bran and germ from the endosperm, which is ground into flour (Maningat, 2009). 

Water is added to the flour and mixed with a continuous mixer to produce either dough 

or batter. 
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Table 2.1: Summary of commercial types of flour wet mills 

 
Large granule starch (LGS), small granule starch (SGS) 

 

 

Process Type First Separation Gluten Maturation 
wrt 1st separation

Second Separation

Modified Martin dough Gluten from LGS/SGS w/ screens before  LGS from SGS w/ centrifuge
Hydrocyclon dough LGS from Gluten/SGS w/ hydrocyclons before Gluten from SGS w/ screens
Alfa-Laval/Raisio batter LGS from Gluten/SGS w/ centrifuge after Gluten from SGS w/ screens
Tricanter batter LGS from Gluten/SGS w/ centrifuge during Gluten from SGS w/ screens
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The Martin process was developed over 170 years ago (Maningat, 2009). In the Modified 

Martin process, flour and water are mixed to develop a dough, and the dough is allowed to 

mature in order for the gluten to form (Maningat, 2009; Sayaslan, 2004; Cornell, 1998). 

Maturation is the process of resting the dough after mixing to allow the gliadins and glutenins 

in the dough to form gluten. The dough is then diluted with water, where it is mixed and 

screened to separate the starchy water from the gluten, which is then pressed and dried.  The 

starchy water is processed by centrifugation or by a hydrocyclone to separate the large granule 

starch (LGS) and small granule starch (SGS) from the bran and pentosans. 

The Hydrocyclone Process is similar to the Martin Process, but after the maturation stage, the 

dough is diluted and sent through static hydrocyclones (Maningat, 2009, Verberne, 1978). This 

process separates the LGS from the dough (Barr, 1989). The dough then passes over a screen 

with excess water to remove SGS and water, and the formed gluten is then collected from the 

top of the screens (Barr, 1989). The gluten is dewatered and dried, and the starches are sent to 

a separate drier. 

The Alfa-Laval/Rasio process differs by the addition of a higher proportion of water, which 

creates a batter. The first separation is accomplished using centrifugation before the gluten 

matures (Maningat, 2009; Sayaslan, 2004), where the LGS is separated from the batter. The 

batter is then left to mature and subsequently passed over screens with excess water to 

separate the SGS from the gluten. 
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The Tricanter process uses a tricanter centrifuge to separate the starch from the gluten 

(Maningat, 2009; Zwisterloot, 1989). The dough is formed and matured and passed through a 

homogenizer before centrifugation. The centrifuge separates the dough into three parts: LGS, 

SGS with gluten, and effluent.  The gluten is then separated from the SGS by screening. 

All of these different processes share the goal of separating starch and gluten from the rest of 

the wheat in an efficient manner. In recent years, more focus has been given to minimizing 

energy consumption, water usage, and effluent, which are the most costly parts of the process 

after raw materials. Cleaning and reusing a portion of the water from the effluent would be a 

cost savings, and environmental benefit, and recovery of a value added product from the 

effluent would improve the efficiency of the wet milling process. 

2.1.2 Streams 

The two main co-products of economic interest from commercial wet flour milling are starch 

and gluten (Cornell, 1998). Depending on the focus of the manufacturer, one or the other may 

be considered a byproduct. For example, if starch fermentation into ethanol is the main 

purpose of the plant, then the starch is of importance, and the gluten is considered a 

byproduct. 

Wheat starch and gluten are important ingredients in the food industry. Wheat starch has 

unique properties that typically cannot be replicated by other starches outside members of the 

triticeae – barley, rye and triticale (Morrison, 1989). Wheat starch has good binding and setting 

properties. Wheat gluten is distinctive for its strength and extensible properties and its unique 

ability to entrap gas which makes it a critical component in most leavened baked goods 

(Pomeranz, 1971). 
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In addition to starch and gluten, flour wet-milling manufacturing facilities have other streams 

that are part of the process. These include the bran, pentosan, SGS and effluent streams 

(Delcour, 2010; Maningat, 2009) (Figure 2.1). Typically, these streams (with the exception of the 

effluent) are combined and sold as feed, industrial starch for the construction industry, or 

converted into ethanol. However, there is potential for valuable components to be extracted 

from these streams as well. The fractionation of flour into components is typically gluten, LGS, 

SGS and effluent at 14%, 58%, 18% and 10%, respectively (Kempf, 1989; Knight 1984). 

 

Figure 2.1 Streams from a wheat flour wet mill with typical percentages 

2.1.3 Effluent 

In commercial flour wet-milling processes, it was found that the amount of the original flour 

components ending up in the effluent ranges from 8 – 11% (Delcour, 2010; Oomah, 1988; Fane 

1977). This effluent is either sent directly to municipal sewage facilities, or treated through a 

digester where it is converted into methane gas, dry sludge, and a cleaner effluent with lower 
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biochemical oxygen demand (BOD). The treated effluent is then sent to a municipal waste 

system (Pidgeon, 2006).  

Wet-milled flour effluent contains varying levels of starch, protein and salts. The traditional goal 

of optimizing a wheat starch and gluten plant process is to ensure that very little or no gluten or 

starch end up in the effluent, as this would decrease the efficiency of recovery of these primary 

co-products. By definition, the only soluble proteins found in effluent are wheat albumin and 

wheat globulin, since these proteins are soluble in water and salt solutions respectively. 

(Osborne, 1909). However, in practice, some gliadins are soluble (Wong, 2004), and effluent can 

also contain unrecovered prolamins. 

In the flour wet milling process, the amount of effluent produced used per unit of flour is 

directly related to the amount of fresh water used. Over the past few decades, plant design has 

been improved to reduce the amount of water needed and increase the amount of water 

recycling, which in turn reduces the total volume of effluent produced (Van der Borght, 2005; 

Maningat, 1999; Verberne, 1978). Most of this reduction would be in water volume, since the 

decreased amount of water would contain higher concentrations of solubles. 

2.2 Membrane filtration 

2.2.1 General Membrane Filtration 

Membrane filtration for waste water treatment has several advantages over other separation 

and dewatering systems. The energy saved by using membrane filtration is high for food use 

and wastewater treatment (Martin, 2000), estimated at 40 – 55% when compared to distillation 

and evaporation. In membrane filtration, no heat is used, which is a benefit when dealing with 
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thermally sensitive materials, such as starch or proteins. Other separation methods may include 

solvent or salt extractions, which can cause denaturation of the final product, an undesirable 

outcome which is avoided when making use of membrane filtration. These advantages make 

the use of membrane filtration technology a good alternative when selecting a process for 

dewatering and recovery of products from solutions. The disadvantages of membrane filtration 

are high capital costs, maintenance costs for cleaning and replacing membranes, and 

membrane fouling, which can significantly reduce the rate of filtration (Goosen, 2005). A slower 

filtration rate would require larger membrane surface area, which would involve higher capital 

costs and space requirements. 

Several categories of membrane filtration exist including microfiltration (MF), ultrafiltration 

(UF), nanofiltration (NF), and reverse osmosis (RO) (Table 2.2). The categories are based on the 

size of the product to be retained and there is some overlap between the categories. Generally, 

as the particle size decreases, so does the pore size. Consequently, this requires application of 

higher pressure to force the solution through the membrane. MF is mainly used to remove 

particulates from a solution, NF and RO are used for removing solutes from solutions, and UF 

can be used for both.  
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Table 2.2 Types of membrane filtration 

 

Process Separation Size Range Pressure Used Materials Separated
Microfiltration 0.1 µm - 10 µm 1 - 50 psi small particles, bacteria
Ultrafiltration 1 nm - 0.2 µm 10 - 100 psi Proteins, colloids, macromolecules
Nanofiltration 0.5 nm - 5 nm 40 - 200 psi divalent salts, sugars, organics
Reverse Osmosis 0.1 nm - 1 nm 200 - 300 psi monovalent salts, ionic metals  
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2.2.2 Dead end vs. cross flow 

Two major categories of membrane filtration are dead-end and cross-flow (Kumar, 

2007) (Figure 2.2). Dead-end filtration occurs when a feed solution is sent to a filtration 

unit where the only exit is through the membrane as permeate. The main drawback in 

this setup is that the portion of the solids that does not go through the membrane ends 

up as a gel or a cake on the membrane (Cheryan, 1998). Cross flow filtration, also called 

tangential flow filtration (TFF), which incorporates a flow going across the membrane, 

and minimizes the buildup of any cakes or gel layers. The majority of the solution is 

passed across the membrane and recycled back into the solution tank, and only a 

fraction of the solution permeates the membrane. 

  
 

a. Dead-end filtration b. Cross-flow filtration 

Figure 2.2 Dead-end and cross-flow filtration 

As mentioned above, the drawback for dead-end filtration is that the rejected portion 

forms a gel layer or cake, which increases with thickness over time, thus resulting in a 

flux decrease over time. In cross-flow filtration, however, the flow tends to wash the 

Membrane

P
e
r

m
e
a
t
e

Feed Retentate
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cake and reduce the build-up on the membrane. The retentate is usually returned to the 

feed for further concentration. The advantage of cross-flow filtration is that the flux 

tends to be higher than in dead-end filtration, due to the reduced cake or gel layer. 

In the laboratory, a combination of the two is a stirred cell. A stirred cell utilizes dead-

end filtration, but the feed is continuously agitated, which reduces cake formation 

(Cheryan, 1998). Stirred cells are not normally scalable for commercial use, but work 

effectively in the lab for research on the effect of different membranes on solute 

retention. While the retention of solutes by membranes using stirred cells is comparable 

to commercial cross-flow filtration, the flux and fouling of the membrane generally are 

not, so lab-based cross-flow filtration systems are superior to stirred cells for these 

studies. 

2.2.3 Membrane forms 

Three common types of membrane forms are flat sheet membranes, tubular 

membranes and hollow fiber membranes (Singh, 2009). Flat sheet membranes resemble 

paper and are available in precut sheets or rolls. Tubular membranes are porous tubes 

with a diameter normally ranging from 1.25 to 2.5 cm and lengths from 0.6 to 6.4 m 

(Cheryan, 1998). The feed is pumped inside the tube, and the permeate flows out from 

the outer surface. Hollow fibers are very narrow tubes, with a diameter of about 1 mm. 

The feed can either be outside the tube, with the permeate collected from the center, 

or it can go into the tube, with the permeate flowing out the sides. Generally, these 

membrane forms are used in modules. 
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2.2.4 Membrane modules 

For commercial production, three common types of modules are used: spiral wound 

membrane modules, tubular membrane modules and hollow fiber membrane modules. 

Spiral wound membrane modules use flat sheet membranes. The membrane is folded in 

the middle to form an envelope, and then wound up to fit in a cylinder (Figure 2.3). 

Spacers are inserted to give the feed room to travel across the membrane surface. The 

feed is pumped into the side of the module where it contacts the surface of the 

membrane and the portion that passes through the membrane is collected as permeate 

from the center of the module, with the rest of the retentate collected off the side 

(Cheryan, 1998). The advantages to spiral wound membrane modules are high surface 

area, low manufacturing costs, and ease of unit replacement. A disadvantage of spiral 

wound membranes is the tendency to plug up with suspended solids. Pearce (2007) 

states that spiral tubes require prefiltration up to 5 µm or less (as opposed to hollow 

fiber feeds which can take up to 150 µm); however, this can be increased by increasing 

the size of the spacer. In addition, cleaning can be problematic, as not many modules or 

systems are designed for backflushing (Pearce, 2007), which is the process of reversing 

the flow in the module to clean the membrane. This can be resolved by either 

prefiltering, or using larger spacers in the spiral wound module. The use of larger 

spacers would decrease the amount of blockage by suspended solids, but would also 

decrease the membrane density of the module. A decrease in module density would 

require more modules for the same filtration area, requiring higher capital costs and 

more space in the filtration facility. 
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Figure 2.3 Spiral wound membrane (adapted from Singh, 2009) 

Tubular membrane modules are units of multiple tubular membranes in a tube. The 

feed stream is pumped into the middle and the retentate is collected out the other end, 

while the permeate is collected from the shell of the tube. These modules are used 

when a turbulent flow is advantageous, such as a feed with high solids or a high 

viscosity. Tubular membrane modules have the advantage of low fouling, ease of 

cleaning, and ability to handle suspended solids and/or viscous fluids. The disadvantages 

are high capital costs, low packing density and high dead volume. The dead volume is 

the amount of solution contained in the module. 
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Figure 2.4 Tubular membrane (adapted from Singh, 2009) 

Hollow fiber modules contain bundles of hollow fibers (Figure 2.5). The hollow fibers are 

small in diameter, so this bundling allows a high surface area and also high pressure 

when tightly held in modules. Additional advantages include low dead volume and the 

ability to clean by back-flushing. Since the fibers have small openings of about 0.1mm, 

they tend to foul with suspended solids. Another disadvantage is the fragility of the 

fibers, which can be damaged with improper handling or inconsistent operating 

parameters. 

16 
 



 

 

Figure 2.5 Hollow fiber membrane system (from Singh, 2009) 

2.2.5 Membrane Molecular Weight Cutoff  

UF membranes are classified by molecular weight cut-off (MWCO) which is a measure of 

membrane pore dimensions and correlates to solute exclusion size. This value refers to 

the approximate molecular weight of a globular solute that is 90% retained by the 

membrane. However, many factors are involved in a solute traversing through a pore, 

such as shape, van der Waal’s and electrostatic forces, hydrostatic interactions, solute-

solute interactions and solute membrane interactions. Many membrane manufacturers 

determine MWCO using dextrans or polyethylene glycols rather than proteins (Cheryan, 

1998). 

2.2.6 Membrane types 

There are several classes of membranes including polymeric and ceramic. Ceramic 

membranes are made from inorganic material, such as carbon, zirconia, titania (TiO2) or 

stainless steel composites (Cheryan, 1998). They are durable and thermally stable. 

Polymeric membranes are more popular commercially, due to their lower cost and 
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variability of parameters, such as charge, hydrophobicity, and pore size, density, and 

distribution (Pearce, 2007). 

Common polymeric membranes are cellulose acetate (CA), polysulfone (PS), 

polyethersulfone (PES), polyvinylidene fluoride (PVDF), polypropylene (PP) polyethylene 

(PE) and polyacrylonitrile (PAN). CA membranes are hydrophilic, while the others are 

generally hydrophobic. These materials can be blended with additives to make them 

more hydrophilic. Since PP and PE are difficult to modify, membranes from these 

materials remain hydrophobic. In order of hydrophobicity, from least to most, the 

membranes can be ranked as: CA, PES, PAN, PVDF/PS, PE/PP (Pearce, 2007). Rield 

(1998) ranked a smaller set of membranes in the order PES, PVDF, PS.   

Membranes that are hydrophilic (i.e. low hydrophobicity) or possess a negative charge 

are used to minimize protein adsorption (Golander, 1988). Thus, hydrophobicity is an 

important factor when processing proteins, as protein adsorption on the membrane 

surface will alter the membrane’s properties. Increased protein adsorption on a 

membrane, particularly adsorption near or in a membrane pore, will cause a decrease in 

flux and can result in an increase in protein retention. 

 PS, PES and PVDF membranes are the dominant polymers of choice for the water 

industry (Pearce, 2007), and popular in other industrial applications as well (Mansouri, 

2010). These membranes are commonly manufactured by phase separation methods 

and would be classified as anisotropic (asymmetrical), organic polymer membranes 

(Ulbricht, 2006). The interaction between the membrane’s surface and the components 
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of the solution has an important effect on membrane fouling (Nady, 2011). In the 

ultrafiltration of protein containing solutions, fouling occurs due to protein adsorption, 

denaturation and aggregation at the membrane-solution interface (Nady, 2011). The 

fouling layer morphology has a significant impact on membrane fouling, due to steric 

hindrances and the osmotic effect of hydrated polymer branches (Ulbricht, 2006; Kim, 

1988) due to a high concentration of protein at the membrane surface. CA membranes 

have the disadvantage of being biodegradable, susceptible to hydrolysis and having 

poor tolerance to caustic cleaning solutions, so their use in industrial applications is 

limited. 

2.2.6.1 Polysulfone and polyethersulfone membranes 

PS and PES polymers are characterized by repeating diphenyl sulfone groups (Figure 

2.6). These groups have both resonating electrons between adjacent aromatic groups 

and strong steric hindrances against rotation, which imparts strength and rigidity, as 

well as heat and pH stability to these polymers (Rao, 1999). PS has two repeating units, 

a diphenyl sulfone group and a polycarbonate-like unit. The polycarbonate unit is 

hydrophobic, which makes PS inherently more hydrophobic than PES. 

Membranes of these poly(arylsulfone) polymers are known for their wide temperature 

limits, broad pH tolerances, good chlorine resistance, ease of fabrication, wide range of 

pore sizes and good chemical resistance to aliphatic hydrocarbons (Zhao, 2013; Dizman, 

2013) . The disadvantages of these membranes are their low pressure limits (typically 

100 psi) and hydrophobicity (Cheryan, 1998). 
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PS membranes are synthesized by polymerizing dichlorodiphenyl sulfone with bisphenol 

A whereas PES is synthesized by polymerizing dichlorodiphynyl sulfone with 

dihydroxydiphenyl sulfone (Abe, 2011). PES membranes would not be at risk for 

bisphenol A leaching (Yamasaki, 2001). In addition, PES has a higher ratio of sulfone 

groups to molecular weight, resulting in higher heat resistance, mechanical resistance 

and hydrophilicity than PS membranes (Abe, 2011).  
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Figure 2.6 Polysulfone and polyethersulphone 

2.2.6.2 Polyvinylidene Flouride 

Polyvinylidene fluoride (PVDF) (Figure 2.7) membranes are also commonly utilized for 

commercial applications. PVDF is a thermoplastic fluoropolymer with strong resistance 

to pH and temperature. It has better resistance to chlorine than the polysulphone family 

(Cheryan, 1998). The surface energy of this polymer is low, and therefore it is inherently 

hydrophobic.  
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All of the membranes discussed, PS, PES and PVDF, are naturally hydrophobic. 

Membrane manufacturers include proprietary additives to increase hydrophilicity 

(Manasouri, 2010, Pearce, 2007), which allows better wetting and higher flux when 

water is used as a solvent. 
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Figure 2.7 Polyvinylidene fluoride 

2.2.7 Membrane Surface Morphology 

 Surface morphology can affect selectivity and flux (Bowen, 2002). Atomic force 

microscopy (AFM) has shown that PES membranes have a smooth surface (Bowen, 

1996). Riedl (1998) compared the surfaces of the PS, PES and PVDF membranes that 

were used in their experiments and found that the PS membrane had a smooth surface 

while the PVDF and PES had more interpore roughness. They attributed the smooth 

surface to a more dense gel layer; this dense layer resulted in greater membrane 

resistance and therefore less flux than a rough membrane. Bowen (2002) proposed 

models of pores which suggest that pore entrance shape can greatly affect filtration 

viscosity, with rounded pore entrances  having greater velocity and ‘spiked’ pore 

entrances having the greatest repulsive electrostatic forces. 

2.2.8 Membrane flux and retention 

Many factors affect the flux and solute selectivity of a membrane, starting with the 

physical characteristics of the membrane itself. The pore size determines selectivity, and 
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the porosity (pore size x pore density) determines the pure water flux. The composition 

of the feed solution is also important. Suspended solids will form cakes or other 

blockages which can decrease flux and increase retention. When proteins are in the 

solution, protein-membrane and protein-protein interactions can also affect flux and 

retention (Ingham, 1980). Protein-membrane interactions are determined by the types 

of proteins, the type of membrane material, and the charge of the membrane. 

Membrane surface roughness (Riedl, 1998) and pore type (Bowen, 2002) also play a 

role. 

The four major operating parameters that affect flux are pressure, feed concentration, 

temperature and turbulence in the feed channel (Cheryan, 1998). In simple models, flux 

is directly proportional to pressure. Flux generally decreases exponentially with 

increasing feed concentration. Higher temperatures generally lead to higher flux. This 

excludes the effect of the gel layer, the precipitation of salts and solutes, or the 

gelatinization of starch at higher temperatures (Cheryan, 1998). Turbulence in the feed 

channel generally sweeps away accumulated solute and gel layers, thus increasing flux. 

2.2.8.1 Pore blocking 

Pore blocking is a critical factor determining membrane resistance and has a great 

impact on the overall flux of the system. Classical blocking filtration laws can describe 

four distinctive mechanisms: complete blocking, standard blocking, intermediate 

blocking and cake filtration (Iritani, 2013; Guo, 2012) (Figure 2.8). These mechanisms are 

used for modeling. Complete blocking occurs when a particle is larger than the 

membrane pore and completely obstructs it. Standard blocking occurs when a particle 
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that is much smaller than the membrane pore enters and adheres to the sides of the 

pore, thereby restricting the cross-sectional area of the pore. Standard blocking can 

lower the flux of a membrane and increase its resistance, as well as altering the 

retention coefficient of the membrane, and/or the selective filtration of a multi-

component solution (Nakatsuka, 1992). Intermediate blocking is when the particle is 

larger than the pore, but does not obstruct it completely. Cake filtration is the buildup of 

particles on the membrane surface. Cake filtration is generally the result of suspended 

solids, and is not considered true membrane fouling (Pearce, 2007), because of its 

susceptibility to washing away with an increase in feed flow. 

  

a. Complete blocking (external fouling) b. Standard blocking (internal fouling) 

  

c. Intermediate blocking (external fouling) d. Cake formation (not true fouling) 

Figure 2.8 Pore blocking models. Adapted from Iritani, 2013 
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Cake filtration can often be reduced by increasing the flow of a cross-flow filtration 

process, as the higher flow tends to wash away the cake. Complete blocking and 

intermediate blocking may also be reduced by increasing the flow. These three forms of 

blocking can also be reduced by membrane washing, which makes them part of the 

reversible fouling layer. Standard blocking is more difficult to wash, due to its nature of 

residing within the pores of the membrane. The fraction that is not removed by washing 

is considered to be part of the irreversible gel layer. 

Pore blocking can also be classified as external fouling or internal fouling. The naming 

convention is evident, as complete blocking and intermediate blocking are considered to 

be external fouling, and standard blocking is considered to be internal fouling. This is 

strongly related to reversible and irreversible fouling. 

2.2.8.2 Reversible and irreversible gel formation 

Gel formation, which is critical to the flux and therefore the economic viability of using 

membrane filtration to separate protein from effluent, can be divided into two 

categories: reversible and irreversible gel formation.  Reversible gel formation can be 

reduced or eliminated by flow, pulsating pressure, or membrane washing, while 

irreversible gel formation can only be removed by replacing the membrane or chemical 

cleaning. Rajabzadeh (2010) considered surface fouling that could be removed by water 

as reversible fouling, and fouling that occurred on the membrane surface or inside the 

pores and is chemically attached as irreversible fouling. The cost of replacing the 

membrane is generally much higher than washing the membrane. The options for 

24 
 



 

dealing with these two types of gel formation are completely different, so there is a 

great advantage in segregating fouling into these two categories. 

2.2.8.3 Flux and isoelectric point 

Protein solutes at a pH above their isoelectric point will have a net negative charge, and 

they will have a net positive charge when they are in a solution below their isoelectric 

point. Proteins tend to have a neutral net charge when at their isoelectric point, leading 

to a decrease in the Coulombic repulsion of the proteins as the pH approaches the 

isoelectric point.  

Flux during membrane filtration of most proteins is lower when the solution pH is 

around the isoelectric point, due to the lack of electrostatic repulsion between the 

molecules (She, 2009; Palecek, 1994). Lack of electrostatic repulsion causes aggrigation, 

which can greatly increase apparent molecular weight, and render the protein unable to 

pass through the membrane pores. However, the inverse happens with some dairy 

wastewater, as calcium phosphate precipitation with the protein occurs at pH higher 

than the isoelectric point (Gong, 2012). 

The electrostatic attraction and van der Waal’s forces between the protein and the 

membrane change with pH, due to the change in the charge of the protein. Teng (2006) 

measured the zeta potential of a PS and PVDF membrane and observed that they had a 

negative charge which increased with increasing pH. This result indicated that there 

would be a greater protein-membrane attractive force when the protein had a more 

positive charge than it had when it was at a pH above its isoelectric point. The repulsive 
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force between the membrane and the protein would be strongest when the pH is above 

the isoelectric point of the protein. Thus, pH and the isoelectric point of the proteins 

could play a major role in the filtration of protein products. In addition, high ionic 

strength can shield ionic interactions (Cheryan, 1998). Therefore, these electrostatic 

forces would be decreased as the ionic strength of the solution increases. 

2.2.8.4 Protein fractionation with membrane filtration 

Membrane ultrafiltration has been used extensively for the removal of water and salts 

from proteins, but using ultrafiltration for selective protein fractionation of protein 

mixtures has proved to be complicated and mostly unsuccessful. This can be explained 

by the broad pore size distribution of membranes, the effect of the gel layer on overall 

protein filtration, protein adsorption within the pores, formation of protein scale on the 

membrane and protein-protein interactions in the solution or on the membrane 

(Saksena, 1994; Nakatsuka, 1992; Ingham, 1980). Protein-protein interactions are 

reversible interactions between different proteins, which can act to lower the effective 

sieving coefficients (increase the retention coefficient) of the constituent proteins 

(Ingham, 1980). 

A historical rule of thumb has been that a 10 fold difference in molecular weight must 

exist for efficient protein fractionation (Cherkasov, 1996; Saksena, 1994). However, 

there has been limited success in separating even simple binary mixtures of proteins. 

Proteins of similar molecular weight, but different pI have been be separated by 

controlling the pH and ionic strength in a buffer solution, with careful selection of 

membranes and other parameters (Saksena, 1994). Sorci (2013) reported success in 
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fractionating a mixture of two proteins with similar molecular weight and isoelectric 

point, by using a multidimensional approach involving optimization of membrane charge 

and density with precise control of pH, ionic strength and transmembrane pressure to 

reduce the membrane fouling, which would interfere with the separation of the 

proteins.  

Selective filtration of two proteins, hemoglobin and BSA, has been achieved by the 

adjustment of solvent pH to increase the retention of one protein while allowing the 

other to pass though the membrane (van Eijndhoven, 1995). In this case, in a low ionic 

strength solution, the hemoglobin protein at its isoelectric point (pH 7) passed through 

the PES membrane while BSA, which had a similar molecular weight as that of 

hemoglobin, but possesses a different pI (4.7), is repelled by the membrane as it carries 

a negative charge. 

These results demonstrate that protein fractionation is possible with ultrafiltration, but 

requires specialized membranes and careful control of pH and ionic strength, which, in 

the lab, involves the use of buffers and real-time adjustments to these buffers, and 

commercially, would require the use of acids or bases to carefully control pH. It also 

involves minimizing the gel formation, which in principle would be beneficial for 

maximizing flux, but in reality probably involves more dilutions, and thus commercially, 

these processes would be prohibitively expensive. 

2.2.9 Membrane storage, handling and conditioning 

Proper storage, handling and conditioning of membranes is vital to obtain consistent 

results. Membranes are usually available in a wet or dry form. The wet form has a 
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preservative to prevent microbial growth and spoilage. The dry form contains a 

humectant embedded in the membrane to keep it from drying out. Regardless of the 

format, the membrane must be conditioned before use. While it is always 

recommended to follow the manufacturer’s instructions, in most cases, membrane 

preparation consists of rinsing off the preservatives and humectants before use (Synder, 

2014). 

It is of utmost importance to avoid having the membrane dry out, particularly after the 

humectants have been washed out, as this typically will cause the pores to collapse, 

which greatly reduces the flux of the membrane (Synder, 2014). 

Compaction is another factor which affects membranes. If pressure is suddenly 

increased without proper wetting of the membrane, the pores can collapse (Persson, 

1995), changing the profile of the membrane and reducing its flux. While some 

membranes are more prone to compaction than others, it is recommended to fully wet 

the membrane before increasing the transmembrane pressure (TMP) significantly. TMP 

should be increased gradually until the targeted pressure is reached to minimize 

compaction. 

2.2.10 Equations and modeling of membrane flux 

The general equation used to model membrane flux is (Richardson, 2007): 

 𝐽𝐽 =
𝛥𝛥𝑃𝑃 −  ∆𝜋𝜋
𝑅𝑅𝑡𝑡 · 𝜇𝜇

 

 

(Equation 2.1) 
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where 𝐽𝐽 is membrane flux (m/s), Δ𝑃𝑃 is pressure differential across the membrane (Pa), 

∆𝜋𝜋 is the difference in osmotic pressure across the membrane (Pa), Rt  is total 

membrane resistance, including the gel layer (m-1), and µ is the solution viscosity (Pa·s). 

The total membrane resistance can be calculated as a resistance in series model (Choi, 

2005): 

 𝑅𝑅𝑡𝑡 =  𝑅𝑅𝑚𝑚 + 𝑅𝑅𝑐𝑐𝑐𝑐 + 𝑅𝑅𝑟𝑟 + 𝑅𝑅𝑖𝑖   (Equation 2.2) 

where 𝑅𝑅𝑚𝑚 is the membrane resistance (m-1), 𝑅𝑅𝑐𝑐𝑐𝑐 is the resistance due to concentration 

polarization layer (m-1), 𝑅𝑅𝑟𝑟 is the reversible gel layer resistance (m-1) and 𝑅𝑅𝑖𝑖 is the 

irreversible gel layer resistance (m-1). 

In ultrafiltration, the osmotic pressure across the membrane is small, due to the higher 

molecular weight (MW) of the solute. This can be seen by Van’t Hoff’s equation: 

 𝜋𝜋 =
𝑐𝑐𝑅𝑅𝑐𝑐
𝑀𝑀

 (Equation 2.3) 

where 𝜋𝜋 = osmotic pressure (Pa), M = molecular weight (g/mol), c is solute 

concentration (kg/m3), T is absolute temperature (K) and R is the gas constant at 8.314 

(J/mol·K). During ultrafiltration, the membrane resistance due to the concentration 

polarization layer is generally included in the gel layer resistance, since the higher MW 

of the retained solute causes a gel layer to form rather than a soluble concentrated 

layer as happens with lower MW solutes retained by processes like reverse osmosis. The 

equation can then be rewritten as: 
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 𝐽𝐽 =
𝛥𝛥𝑃𝑃

(𝑅𝑅𝑚𝑚 + 𝑅𝑅𝑟𝑟 + 𝑅𝑅𝑖𝑖)𝜇𝜇
 (Equation 2.4) 

Keeping viscosity and pressure constant, the flux (𝐽𝐽) is inversely proportional to the total 

flux resistance. The membrane resistance (𝑅𝑅𝑚𝑚) itself can be measured by using water as 

a reference. Reversible gel layer resistance can be removed by flushing with deionized 

water (Rajabzadeh, 2010), which makes quantification straight-forward and allows the 

calculation of irreversible gel resistance by difference. Quantification of the reversible 

gel layer is important for studying the economics of membrane filtration maintenance in 

a commercial setting, since the reversible resistance can be reduced or removed by 

membrane washing, whereas the irreversible membrane resistance can only be 

overcome by replacement of the membrane, backflushing, where possible, or chemical 

washing, which can significantly increase costs. 

The separation efficiency of the membrane to solutes can be experimentally quantified 

by the retention factor of the membrane (Singh, 2009): 

 
𝑅𝑅𝑓𝑓 =  

(𝑐𝑐𝑖𝑖 −  𝑐𝑐𝑐𝑐)
𝑐𝑐𝑖𝑖

 
(Equation 2.5) 

 

where 𝑅𝑅𝑓𝑓 =  retention factor,  𝑐𝑐𝑖𝑖 is the concentration of the solute feed and 𝑐𝑐𝑐𝑐 is the 

concentration of the permeate. A retention factor of 1 occurs when all of the solute is 

retained by the membrane, whereas a retention factor of 0 occurs when all of the solute 

passes through the membrane. When removing water, salts and smaller molecules from 
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protein, the target would be to have a high protein retention factor and a much lower 

total solids retention factor.    

2.2.11 Membrane filtration for dewatering wheat effluent 

There is limited research/knowledge available within the context of 

isolating/separating/concentrating fractions from the waste stream of a flour wet-

milling facility. Several studies have been conducted regarding membrane filtration to 

reduce or clean up the effluent of such a facility (Saranovic, 2011; Rauch, 2002; Witt, 

1988; Harris, 1986; Fane, 1977; Meuser, 1976). However, these studies focus more on 

cleaning the effluent or optimizing short-term flux rather than recovering the protein in 

the effluent or studying long-term reversible and irreversible membrane fouling which 

would affect the ability to commercialize such a process. 

Wheat gluten proteins (glutenin and gliadin) are the main storage proteins of wheat 

endosperm and are insoluble in water or dilute salt solutions. Albumin and globulin are 

soluble in water or dilute salt solutions and the rest of the gluten wheat proteins have 

variable solubility. The soluble proteins are prevalent in wheat effluent. These proteins 

include alpha amylase inhibitors, protease inhibitors, high molecular weight (HMW) 

albumins, puroindolines, lipid transfer proteins, purothionins, triticins, and enzymes 

(Jones, 2006; Yadav, 2011; Singh, 2001). Soluble wheat proteins have a MW ranging 

from 10,000 to 150,000 Da (Singh, 2001). Graveland (1982) found that wheat albumin 

had a MW of < 15,000 Da, and wheat globulins ranged from 10,000 to 98,000 Da.  Gupta 

(1991) documented high molecular weight (HMW) albumin with molecular weights of 

65, 63 and 60 kDa. 
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The molecular weights of the soluble proteins in wheat are in the ultrafiltration range. 

Theoretically, a membrane could be used to separate the albumin from the other larger 

components, and a less porous membrane could retain the albumin and/or globulin but 

allow the salts to pass, allowing for simultaneous desalination and dewatering of the 

product. A membrane in the middle of the range could theoretically concentrate a 

significant amount of albumin or globulin from the rest of the soluble protein. 

The economic viability of such a process is important, so critical factors to study are the 

reversible and irreversible fouling and their effect on membrane flux. 

2.2.11.1 Membrane filtration of effluent 

Witt (1988) performed an economic comparison on the removal of effluent from a 

wheat starch and gluten plant. Anaerobic waste treatment was found to be the optimal 

method, when compared to other methods, including filtration or ultrafiltration. 

However, only disposal was investigated in this analysis and the recovery of components 

and the potential economic value of these components were not considered. 

Furthermore, membrane technology has improved over the past twenty years since that 

study was conducted, and so efficiencies could be improved at the present time. 

Saranovic (2011) recently examined the efficiency of microfiltration using a 200 nm pore 

size membrane to reduce the solid content in wheat starch wastewater. The goal of this 

study was solely to reduce the solids of the wastewater, not to recover any of the 

material. The effectiveness of pressure, flow rate and use of a static mixer were studied. 

The results demonstrated that the static mixer allowed a two to three fold increase in 

32 
 



 

flux rate with less pressure than without the static mixer. The static mixer would 

increase turbulence in the feed channel. 

Rausch (2002) reviewed the use of membranes in starch processing, including wheat, 

corn, and potato starches. Two factors were found to be crucial in the implementation 

of membranes in starch processing: the process must be economical, and the quality of 

the products should be better than other conventional methods. The study suggests 

that some membrane filtrations can be profitable, but each application must be 

investigated separately. The second point is stressed for the separation of proteins using 

membranes, and it was stated that further detailed work is required to study specific 

examples. Also mentioned was the need for studies on the long-term operation and 

maintenance costs of using membranes. This implies that the range of new membrane 

technologies available needs to be evaluated, as well as the operational and practical 

aspects of making value added products from the waste stream. 

2.2.11.2 Ultrafiltration of effluent 

Studies have been conducted on ultrafiltration of wet-milling effluent, but again, most 

of the work focuses on cleaning the effluent, or recovering a crude, dried effluent and 

comparing it to gluten.  Little work has been done on filtration which can economically 

extract proteins from the effluent, or the factors which effect effluent flux. 

Ultrafiltration of wheat starch effluent was investigated in 1976 by Meuser, who 

demonstrated that there was potential for the reduction of water pollution and 

recovery of solids using ultrafiltration and reverse osmosis. The effect of the 
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temperature and TMP on flux and membrane life was studied. The membranes had a 

short life and low flux, due to fouling. The study showed that an increase in temperature 

and pressure increased flux, but decreased membrane life. 

A decade later, Harris (1986) also studied ultrafiltration of wheat starch effluent. His 

work concentrated on the gel layer that formed on the membrane, and demonstrated 

that using hemicellulase to solubilize the water-holding arabinoxyans would improve the 

flux. This work showed that pretreatment can improve flux rates, and that different 

pretreatments, such as centrifugation or precipitation can improve the overall flux rate. 

However, the question is still open as to whether the arabinoxylans themselves have 

any added value or if they are just a confounding factor. No work was done identifying 

the effect of the reversible and irreversible fouling layer. 

Fane (1977) investigated the impact of ultrafiltration and spray drying of wheat effluent 

streams. The soluble protein and residual starch in this stream were recovered and 

applications were suggested. However, there was no attempt to isolate the soluble 

protein fractions which could have added value. Instead, the protein was used as a 

gluten extender, and found to be able to substitute gluten at 7.5% without loss in bread 

volume. The membranes used had molecular weight cutoffs ranging from 20,000 to 

120,000 Da, but had similar flux, with the flux being more dependent on the flow rate 

than molecular weight cutoff. The membranes used were classified as cellulose acetate 

and noncellulosic which is indicative of the membranes available at the time. 
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Wheat flour solubles were obtained by ultrafiltration and spray-drying of a gluten-wheat 

starch plant effluent by Oomah (1988; 1987). These solubles could be used as animal 

feed, but higher market value of the solubles was required to make the process 

commercially viable. The functionality of these solubles was studied in cakes, cookies 

and comminuted meat systems but found to be ineffective in these applications when 

partially substituted for flour or egg whites. Again, no attempt was made to isolate the 

protein from the effluent, and few details about the ultrafiltration process were 

discussed aside from the molecular weight cutoff of 50,000 – 100,000 Da being used. 

Likewise, there was no analysis of membrane fouling. 

2.3 Wheat Albumin 

2.3.1 Health Aspects 

Wheat albumin has been shown to have inhibitory effects on human pancreatic and 

salivary amylases. In studies by Aiso (2007) and Kodama (2005), human consumption of 

wheat albumin showed that it had a significant inhibitory effect on postprandial blood 

glucose increase, with greater inhibitory effect in subjects with higher fasting blood 

glucose. Kodama found that the effect was significant at 500 mg wheat albumin for a 

560 kcal test meal. Aiso (2007) used 125 mg of a fraction of wheat albumin, called 0.19 

wheat albumin, which has been shown to have greater alpha amylase inhibition 

(Choudhury, 1996) with a 700 kcal test meal. After 8 and 12 weeks, test subjects that 

were fed wheat albumin showed a significant reduction in mean hemoglobin (HbA1c) 

level especially in those with higher baseline levels. The test subjects who were above 

7% HbA1c obtained a group mean HbA1c level of 6.88% after the 12 week test. The U.S. 
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National Institutes of Health states that people with Type-2 diabetes can reduce the risk 

of diabetes complications by maintaining their HbA1C levels below 7%. HbA1c levels are 

a good indicator of glucose control over several weeks, with a higher number indicating 

poorer control.  This correlates with in vitro work which showed alpha amylase 

inhibition by these proteins. 

These studies demonstrate that wheat albumin has the potential to be a valuable 

ingredient in the regulation of carbohydrate metabolism, especially in diabetics and pre-

diabetics, and that a supplement might confer long-term benefits after several weeks of 

use. Specific proteins in the wheat albumin fraction have been tested in human studies, 

mainly the 0.19 wheat albumin, which is a wheat dimer alpha amylase inhibitor (WDAI). 

The recovery of such a valuable material from a waste stream of a flour processing plant 

would help with environmental issues and give value to a waste stream. The 

identification of the different types of alpha amylase inhibitors recovered would be 

important to ensure that the recovery methods maximized the recovery of the 0.19 

wheat albumin or any other specific protein that could have value. 

2.3.2 Types of wheat albumin 

Proteomic analysis has shown over 400 differential protein spots in soluble wheat 

protein analysis (Dong, 2012; Dupont, 2011; Gao, 2009). When fractionated, over 4% of 

the total protein of flour from common wheat (Butte 86) contained alpha amylase and 

protease inhibitors (Dupont, 2011). The majority of the albumin have enzyme inhibition 

properties, primarily alpha amylase inhibitors (Petrucci, 1974). Other types of soluble 

proteins include beta amylase, enzymes for seed/plant metabolism, puroindolines 
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(Morris, 2002), and storage proteins. High molecular weight (HMW) albumins are 

albumins that are covalently bound to the glutenin matrix (Peruffo, 1996). These are 

mostly water soluble enzymes (Gupta 1991), such as beta-amylases. 

2.3.2.1 Alpha amylase inhibitiors 

Two classes of wheat alpha amylase inhibitors can be defined: those that inhibit 

exogenous alpha amylases, especially those from insects, human salivary and human 

pancreatic alpha amylase; or those that inhibit endogenous alpha amylase. The vast 

majority are exogenous alpha amylase inhibitors, which constitute 3.2% of the protein in 

wheat versus 0.17% endogenous alpha amylase inhibitors (Dupont, 2011). Exogenous 

alpha amylase inhibitors do not inhibit cereal enzymes. 

The exogenous alpha amylase inhibitors exist in three forms: monomers, designated 

wheat monomeric alpha amylase inhibitor (WMAI), dimers, designated wheat dimeric 

alpha amylase inhibitor (WDAI), and tetramers, designated wheat tetrameric alpha 

amylase inhibitor (WTAI). The monomers of each of these forms are unique to that 

form. The tetramers and dimers will convert to their monomeric forms reversibly when 

exposed to sodium dodecyl sulphate (SDS), and will convert permanently when exposed 

to a reducing agent, such as 2-mercaptoethanol (O’Connor, 1981). O’Connor (1981) 

demonstrated that when inhibitors were dissociated into subunits and then allowed to 

reassociate, the major protein formed on reassociation corresponded to the original 

protein. The endogenous alpha amylase inhibitor class is called wheat amylase subtilisin 

inhibitor (WASI). 
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Alpha amylase inhibition has been of particular interest in current years, due to the 

potential benefits with regards to management of diabetes. First studied in the ‘40s 

(Kneen, 1943), renewed interest occurred in the late 60s. Silano (1969) isolated a 

fraction of wheat albumin from common wheat (Triticum aestivum, a hexaploid wheat) 

that was not found in durum wheat (T. durum, a tetraploid wheat). This albumin fraction 

was found to have a native gel electrophoretic mobility of 0.19 compared to 

Bromophenol Blue. The molecular weight of this albumin was calculated at 20,200 Da 

based on amino acid or 23,800 Da calculated from centrifugal studies (Sodini, 1970). 

Cantagalli (1970) isolated wheat albumin from whole wheat flour and identified the 

different types of albumin by their electrophoretic mobilities on polyacrylamide discs in 

glycerine-Tris medium (based on Bromophenol Blue taken as 1). The types of albumin 

that were purified were called 0.28, 0.34 and 0.39 albumin (with molecular weights of 

17,700, 18,200 and 18,900 Da respectively). This nomenclature for albumin types is still 

in use today. Silano (1973) added 0.19 and 0.48 albumin, and separated 0.34 albumin 

into 0.32 and 0.35. The 0.28, 0.32, 0.35, 0.39 and 0.48 albumins were shown to belong 

to a family of closely related proteins (referred to as the 0.28 family) and stood apart 

from 0.19 albumin, especially in the action towards human salivary and chick pancreatic 

α-amylase, where 0.19 albumin was shown to be much more inhibiting. The 0.28 family 

of albumins, 0.28, 0.32, 0.35, 0.39 and 0.48 albumins had molecular weights calculated 

as 13,300, 14,600, 14,100, 13,000, and 13,400 Da respectively, all in the same range. 

The 0.19 albumin was found to have molecular weight of 12,500 Da in dissociating 

solvents and Fish (1969) showed the molecular weight to be almost twice as high 
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(19,300 Da) in a non-dissociating solvent. Deponte (1976) found the 0.19 albumin to be 

a homodimer with molecular weight of 24,000 Da, but which dissociates into two 

identical proteins of 12,000 Da. 

Deponte (1976) used gel filtration to fractionate wheat albumin and found three groups 

whose molecular weights were 60,000, 24,000, and 12,000 Da. When incubated with 

SDS detergent and reducing agent (β-mercaptoethanol) the proteins from the two 

higher molecular weights dissociated into mostly 12,000 Da monomers. This dissociation 

is reversible when only SDS is used, but irreversible when a reducing agent is used 

(O’Connor, 1980; Deponte, 1976). This is especially prevalent in reduced SDS PAGE since 

most of the albumin will be present in a band at 12,000 Da, as Choudhury (1996) 

showed when all nine of the fractions of albumin isolated had only SDS-PAGE bands of 

12.4 kDa. 

The alpha amylase inhibitors were historically named after their native gel 

electrophoretic mobility compared to Bromophenol Blue. The WMIA group include 0.28, 

0.32, 0.35, 0.39, 0.48 albumin, and the WDAI group include 0.19, 0.21, 0.27, 0.30, 0.36, 

0.38, 0.40, 0.48, 0.52, 0.53, 0.54 albumin.  Recent studies show that most of these 

proteins are very similar, with only 0.19, 0.53 and 0.28 being very distinct. Currently, 

alpha amylase inhibitors from wheat are classified as monomeric inhibitors (WMAI) at 

12 kDa, homodimeric inhibitors (WDAI) at 24 kDa and heterotetrameric inhibitors 

(WTAI) at 60 kDa (Altenbach, 2011).  
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2.3.2.2 WMAI 

Dupont (2011) found only one type of WMAI in spring wheat Triticum aestivum cultivar 

‘Butte 86’ flour. This protein, P01083 (PRF:223520), was found to have two distinct 

spots on a 2 dimensional electrophoresis, with two different isoelectric points. The 

WMAI has 123 amino acids with a predicted MW of 13,342 Da and predicted pI of 6.2. If 

the signal peptide is included, the protein contains 153 amino acids with a MW of 

16,800 Da (Uniprot – Universal Protein resource database). Actual isoelectric points of 

the two reduced spots were around 5.7 and 5.2. The WMAI accounted for 0.5% of the 

total wheat protein of Butte 86 wheat flour. 

Altenbach (2011) documented two WMAI proteins in Butte 86, one with 121 amino 

acids at MW of 13,155 Da and pI of 6.19 and another with MW of 13,056 Da and pI of 

5.37.  

2.3.2.3 WDAI 

WDAIs exist as homodimers. They are sometimes referred to as 0.19-class proteins and 

have a molecular weight around 24 kDa. 

A scan of the UniProt database showed 28 different types of WDAI, 27 with unique 

amino acid sequences. They generally contained 124 or 144 amino acids (with signal 

peptide). The amino acid sequences were generally similar, with most only having a few 

amino acids different from the others. 

Dupont (2011) observed three types of WDAI in seven spots using two-dimentional SDS-

PAGE. The three types were alpha amylase inhibitor 0.19 (SwissProt:P01085), 0.19 
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inhibitor Q5MD68([GenBank:AAV91972])(identified as 0.53 type by DuPont) and 0.53 

type inhibitor TC11_338524. The WDAI accounted for 1.0% of the total flour protein in 

wheat. 

Alpha amylase inhibitor 0.19 (P01085) has 124 amino acids and a predicted MW of 

13,337 Da and pI of 6.7. Alpha amylase inhibitor 0.19 (Q5MD68) also has 124 amino 

acids with a MWof 13,191 and pI of 5.2, differing from (P01085) by a single amino acid. 

Alpha amylase inhibitor 0.52 has 124 amino acids with a molecular weight of 13,239 and 

a pI of 5.7. 

Dong (2012) also found two 0.19 type WDAI proteins in the elite Chinese wheat cultivar 

Xiaoyan 6, one with a theoretical MW of 13,328 and pI of 6.63 and the other with a 

theoretical MW of 13,186 and pI of 6.5. 

2.3.2.4 WTAI 

WTAIs are heterotetrameric proteins, which are referred to as CM proteins because of 

their solubility in chloroform/methanol (Carbonero, 1999). They are generally comprised 

of one CM1 or CM2 monomer with one CM16 or CM17 monomer and two CM3 

monomers (Gomez 1989). 

Dupont (2011) and Altenbach (2011) found 6 types of WTAI protein monomers in Butte 

86 wheat: WTAI-CM16, WTAI-CM17, WTAI-CM1, WTAI-CM2, and two types of WTAI-

CM3 [SwissProt:P17314 and RS_UWI_15430]. The WTAI spots accounted for 1.7% of the 

total flour protein. Predicted MWs and pIs are listed in Table 2.3. 
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Table 2.3 Properties of WTAI monomers derived from Dupont (2011) and Altenbach 
(2011) 

 

2.3.2.5 WASI 

WASI protein is an inhibitor of endogenous alpha amylase. Dupont (2011) found one 

type of protein [SwissProt:P16347], with a molecular weight (MW) of 19,633 and a 

predicted pI of 6.8. Altenbach (2011) found two types of proteins, one which matched 

Dupont’s and a second with an estimated MW of 19,690 and pI of 6.77. 

2.3.3 Inhibition of different types of amylase on the different alpha amylase 
inhibitor families 

Numerous studies have been conducted on the various fractions of wheat albumin 

regarding their inhibition of alpha amylase and their relative effectiveness against 

various types of alpha amylase has been measured. The groups of alpha amylase studied 

were human salivary and pancreatic alpha amylase, various insect alpha amylases, and 

endogenous wheat alpha amylase. 

Kodama (2005) found that 80% of wheat albumin alpha amylase inhibition activity on 

human salivary and pancreatic alpha amylase was from the 0.19 albumin. The 0.19 

inhibitor has 5 and 50 times more inhibitor activity against salivary and pancreatic 

amylases, respectively, than the 0.53 inhibitor (Maeda, 1983). Gutierrez (1993) noted 

that the tetrameric proteins were superior in inhibition to the dimeric proteins, which 

WTAI Monomer MW pI
CM1 13096 6.7
CM2 13034 6.2
CM3 [P17314] 15832 6.7
CM3 RS_UWI_15430 15916 6.7
CM 16 13437 5
CM 17 13502 4.9
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were in turn more effective than the monomeric wheat alpha amylase inhibitors when 

tested against insect alpha amylase. Granum (1978) found 0.28 albumin to have little 

inhibitory effect on human alpha amylases. 

2.4 Summary 

All types of wet flour milling create effluent and wastewater, and environmental and 

regulatory pressures have made it advantageous to reduce water usage by improved 

recycling and to reduce the solids in the effluent. Membrane technology is continuously 

improving, leading to more efficient membranes available for dewatering and recovery 

of the solids from effluent. Membrane gel layer formation and pore blocking are known 

mechanisms that affect the flux of the process. However, the parameters of membrane 

filtration on wet flour milling effluent using modern membranes have yet to be 

optimized. 

Recent work in using soluble wheat proteins, especially the alpha amylase inhibitors, as 

a way to improve health by decreasing postprandial blood sugar increases the value of 

soluble wheat proteins, both monetarily and as a benefit to society. The gaps in 

knowledge are the parameters needed for membrane filtration of wheat flour effluent 

in regards to protein retention, alpha amylase inhibitor fractionation and flux due to 

fouling. Also lacking is a simple test for identifying the soluble wheat proteins, especially 

the different types of alpha amylase inhibitors. 
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Chapter 3 Objectives 

This thesis aims to understand and optimize the dewatering of wheat flour wet mill 

effluent and to recover the proteins which are known to inhibit alpha amylase. More 

specifically: 

1. To study the impact of UF membrane material type and molecular weight cut-off 

(MWCO) on the dewatering of wheat wet milling effluent with respect to 

permeate flux and protein retention. 

2. To develop a method for quantifying the types of alpha amylase inhibitor 

proteins in a sample. 

3. To investigate the effect of membrane type and MWCO on the fractionation of 

alpha amylase inhibitors. 

To the best of our knowledge, this is the first time that a systematic study on a wide 

range of modern UF membranes has been performed to dewater and extract alpha 

amylase inhibitors from wheat flour wet milling effluent. Most studies have been carried 

out with one or two membranes, and with a single or binary mixture of proteins. 

Current methods of determining the amount of different alpha amylase inhibitors in 

wheat are semi-quantitative, and involve two-dimensional SDS PAGE and mass 

spectrometry to identify the proteins (Dupont, 2011). Also, to the best of our 

knowledge, there has been no research in using membranes to separate the different 

types of wheat alpha amylase inhibitors. 
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It is  hypothesized that: 

1. Flux and protein retention change when wheat flour effluent is membrane 

filtered with membranes made from different material type and MWCO. 

2. A quantitative or semi-quantitative method can be developed that can 

distinguish between the types of wheat alpha amylase inhibitors, which can be 

performed rapidly (for example 10 tests in a day), and cost-effectively (for 

example, less than US$100 per test). 

3. It is possible to fractionate alpha amylase proteins with membranes operated 

under standard conditions of neutral pH, low ionic strength, room temperature, 

and a standard UF transmembrane pressure of 50 psi. 

The first hypothesis will lead to the optimization of membrane type for the dewatering 

operation. The time and cost parameters for the second hypothesis are for facilitating 

lab testing for processes which involve wheat alpha amylase inhibitors. The third 

hypothesis will demonstrate whether there is promise in pursuing the 

commercialization of fractionating wheat alpha amylase inhibitors by membranes 

filtration, or whether more specific research is needed with respect to the process 

conditions. 
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Chapter 4  Evaluation of ultrafiltration membranes for soluble 

protein concentration of wheat flour effluent 

4.1 Introduction 

The dewatering of wheat flour effluent by evaporation remains uneconomical due to 

the high energy requirement to concentrate solutions containing low solid content, as 

the typical solids content of effluent is approximately 1%. The use of membrane 

filtration is an alternative, low energy method to concentrate dilute solutions (Harris 

1986; Fane 1977; Meuser, 1976). Studies in the past have used a variety of membranes, 

but to date there has been no systematic evaluation of membranes by type and pore 

size appropriate for wheat flour effluent. 

The composition of wheat flour wet milling effluent can vary depending on the 

processing plant, processing conditions and raw material flour or wheat used. The 

percentage of solids is dependent on the amount of water used and the efficiency of 

recycling of the water in the process. Characterization of wheat flour effluent can 

determine the amount of water to remove, the potential amount of recoverable solids, 

as well as identifying the components which could potentially cause problems with 

recovery via membrane filtration. 

Membrane filtration is an efficient way to dewater solutions that are low in solid 

content. Critical parameters for filtration, such as flux and retention, vary with solution 

composition and depend on a combination of process conditions and membrane type. 

Process conditions that impact filtration performance include: temperature, cross flow 
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velocity, pH, solution viscosity and transmembrane pressure (TMP). Membranes can be 

composed of a variety of different materials and are classified according to their 

molecular weight cut-off (MWCO) which indicates the nominal pore size of the 

membrane. Types of membrane filtration include microfiltration, ultrafiltration, 

nanofiltration and reverse osmosis. 

While membrane resistance is an important factor in defining the flux of the system, the 

gel layer formation on the membrane is as important if not more important in this 

determination (Harris, 1986). Measurement of the gel layer resistance and determining 

whether pre-filtration processes can decrease the effect of the gel layer are important in 

determining the overall flux and therefore, the productivity of a membrane filtration 

process. 

In a commercial process, membrane maintenance is an integral part of the overall cost. 

An important part of membrane maintenance is cleaning. The washing process removes 

the reversible gel layer, which returns the flux to a value closer to the original flux. The 

irreversible gel layer remains on the membrane after cleaning and permanently fouls 

the membrane. Therefore, it is important to determine the relative resistances of the 

reversible and irreversible gel layers in order to estimate membrane lifetime. 

In this study, several membrane materials were evaluated for protein retention of a 

wheat albumin solution, and several membrane pore sizes were tested for each 

membrane. The membrane materials tested were: polysulphone (PS), 

polyethersulphone (PES) and polyvinylidene fluoride (PVDF). These membranes were 
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selected due to their robust nature and commercial availability. The molecular weight 

cut-offs ranged from 4,000 to 150,000 Da which encompasses the molecular weight 

range of soluble proteins in wheat (Wong, 2004). Process conditions of temperature, 

solution viscosity, flow and TMP were kept constant so that the flux and retention 

would be influenced only by the membrane type and pore size. Initial studies used 

stirred cells to determine the feasibility of membrane filtration. Crossflow filtration was 

then used to more accurately represent a commercial process. 

4.2 Materials and Methods 

4.2.1 Soluble wheat flour solution 

For preliminary analysis and characterization of the soluble wheat flour solution to be 

used for membrane filtration, effluent from a commercial wheat flour wet mill was 

used. Samples of plant effluent were collected from a wheat flour wet mill process after 

the final step of processing, before being sent to effluent treatment. The processing 

plant is food-grade and the sampling point was within the food-grade area. Beyond the 

sampling point, the effluent gets mixed with wash water and other non-food-grade 

water. 

For the laboratory membrane filtration experiments, a wheat albumin solution was 

made fresh daily in the lab from commercially milled Canada Western Red Spring 

(CWRS) hard wheat flour. A 10 kg sample was taken at the beginning of the study to 

ensure the raw material was the same for every run. The flour was added to deionized 

water, while mixing with a motorized impeller, to make a 10 wt% solution. The solution 
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was mixed for one hour at room temperature (22°C). The solution was centrifuged at 

2000 g for 20 minutes and the supernatant filtered through a Whatman #5 filter paper 

under vacuum. 

4.2.2 Stirred Cells 

Amicon 50 mL stirred cells (EMD Millipore, Darmstadt, Germany) were used for the 

feasibility study section of this research (Figure 4.1). A 44.5 mm circle was cut from a flat 

sheet membrane and soaked in deionized water for 15 minutes. The water-saturated 

membrane was then inserted into the stirred cell, and the bottom unit was assembled. 

The wheat albumin solution was then loaded into the stirred cell, the cell top was 

assembled and placed in a stand and the whole assembly was then placed on a 

magnetic stirrer. Stirring was set at a rate such that a vortex was created, but not to a 

point where the bottom of the vortex reached the membrane surface. Air pressure was 

applied from an inline air compressor, regulated at 50 psi and filtered to remove oil and 

particulates. The permeate was collected in a vial. 
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Figure 4.1 Stirred cell laboratory setup 

4.2.3 Flat Plate Ultrafiltration 

For ultrafiltration, a lab-scale cross-flow filtration process was set up using a flat sheet 

membrane (Figure 4.2). The apparatus was set up in batch mode. A peristaltic pump 

delivered the feed solution to the membrane, with the retentate recycling back to the 

feed tank. The permeate was collected on a balance, and the weight was recorded every 

five seconds to calculate the flux. The pump consisted of a Masterflex L/S Digital Drive 

(100 rpm maximum speed), equipped with a Masterflex L/S High performance pump 

head and Masterflex L/S 24HP PharMed BPT tubing (Cole Parmer, Toronto, Canada). 

50 
 



 

 

 

Figure 4.2 a. Flat sheet ultrafiltration lab setup    b. Inside of flat sheet membrane 
holder  

All tests started with a new membrane (diameter = 11 cm, area = 0.0095 m2), which was 

rinsed and soaked in deionized water for 15 minutes prior to use. At the beginning of 

each run the pressure was held at 10 psi until permeate was observed, then the 

operating pressure was increased to 50 psi (345 kPa). The crossflow rate was set at 120 

ml/min.  
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The permeate was collected in a beaker placed on a balance (Model GF-300, A&D 

Engineering, San Jose, CA), connected to a computer to log the weight of the permeate 

as a function of time using A&D ReWeight V1.0 software. Data was collected at 5 second 

intervals, and the results were compiled with Microsoft® Excel® (Redmond, WA) 

spreadsheet software. 

The flux was calculated by plotting, every five seconds, a moving average of the weight 

of permeate over a one minute period. To reduce noise, a moving average of nine of 

these data points was used to smoothen the line. The graph was visually interpreted to 

determine the grams of permeate collected over a minute (g/min) at the end of the 

filtration; this value was then converted to liters per square meter per hour (LMH) by 

multiplying by 6.32, with membrane area of 0.0095 m2 and permeate density of 1. 

 

 60𝑚𝑚𝑚𝑚𝑛𝑛ℎ𝑟𝑟 ∗ 1 𝑚𝑚𝑚𝑚/𝑔𝑔

1000𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 0.0095 𝑚𝑚2
= 6.32 

𝑚𝑚𝑚𝑚𝑛𝑛 ∗ 𝑚𝑚
ℎ𝑟𝑟 ∗ 𝑔𝑔 ∗ 𝑚𝑚2 

 

(Equation 4.1)  

 

Deionized water was first run through the system to measure the initial membrane flux 

resistance. Albumin solution (300 ml) was used as the feed material, and it was 

continuously pumped through the membrane filtration unit, with the retentate recycling 

to the feed solution, until 100 ml of permeate was obtained. The solution remained at 

room temperature (22°C). The amount of protein in the original sample, retentate and 
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permeate were measured spectrophotometrically using a protein assay kit (Coomassie 

Plus - Bradford Protein Assay, Fisher Scientific, Ottawa, ON). 

The measurement of irreversible fouling was performed after 100 ml of permeate was 

collected. The system was drained and then flushed with 15 liters of water with no 

recycle, after which it was drained again. Water was then run through the system 

without recycling and the flux was again calculated to measure irreversible membrane 

fouling. 

4.2.3.1 Membranes 

The PES membranes used were Sepro PES 900 with 20 kDa pore size (Sepro Membranes, 

Oceanside, CA), Synder PES 100 with 100 kDa pore size (Synder Filtration, Vacaville, CA) 

and Nadir UP 150 with 150 kDa pore size (Microdyn-Nadir GmbH, Wiesbaden, 

Germany). The PS membranes used were Sepro PS35 with 20 kDa pore size and Nadir 

US100 with 100 kDa pore size. The PVDF membranes used were Sepro PVDF 4 with 

4 kDa pore size and Sepro PVDF 400B with 100 kDa pore size. These membranes are 

commercially available and represent a wide range of membrane composition and 

MWCO. 

4.2.3.2 Enzymes 

The enzyme preparation used to reduce the gel layer was Shearzyme® Plus 

(Novozymes® Inc, Bagsvaerd, Denmark). This enzyme solution contains endo-1,4 

xylanase and cellulase, as well as some betaglucanase activity. The combination of these 
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enzymes is effective in depolymerizing and solubilizing arabinoxylans, greatly decreasing 

their water holding and gelling capacity. 

4.2.3.3 Protein Determination 

The total amount of protein in the effluent was measured with a Leco® Nitrogen/Protein 

Analyzer (LECO Corporation, St. Joseph, MI). The nitrogen value was then converted to 

protein with a multiplication factor dependent on the sample source. A factor of 5.7 was 

used for wheat proteins (Khan, 2009) and this value should be acceptable for wheat 

albumin and globulin since the reduced amount of glutamine is lower than wheat 

protein, but the increased amount of arginine corrects for this. 

The amount of protein in the membrane filtration solutions was measured by a 

Coomassie (Bradford) protein assay kit. An aliquot of 50 µl of analyte was mixed with 1.5 

ml of Coomassie reagent at room temperature and allowed to react for 10 minutes 

before analyzing spectrophotometrically at 590 nm. Absorbance compared to a bovine 

serum albumin (BSA) calibration curve was used to calculate protein content.  

4.2.3.4 Proximate analysis of remaining components 

The total amount of starch was determined by AOAC 996.11/AACC Method 76.13. Ash 

was determined with AOAC 923.03 using a muffle furnace at 550°C. Lipids were 

determined with method AOAC 996.06. Moisture (% solids) was measured by forced-air 

oven drying at 105°C until a stable weight was reached. Non-starch carbohydrate was 

determined by difference after accounting for moisture, ash, lipids, protein and starch. 
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4.3 Results and Discussion 

4.3.1 Characterization of Effluent 

Samples of effluent were collected from a wheat flour wet mill process at steady state, 

after the final step of processing, before being sent to effluent treatment. Two samples 

were analyzed from flour from two different crop seasons and the mean quantity of 

dissolved and suspended solids was found to be 1.8%. The mean values of the 

components are listed in Table 4.1. Values are listed as ‘Typical’ since variation is known 

to occur due to changing processing conditions or crop season. 

Table 4.1 Typical components in wheat flour effluent 

 

Effluent from flour wet milling may change in composition, depending on the 

production rate, raw material flour and processing conditions (personal discussion with 

mill managers). The process is optimized by reducing the amount of solids in the 

effluent, which is accomplished by extracting as much starch and gluten from the 

process as economically feasible. Inspection of two wet flour mills showed that 

centrifugation was used to reduce the suspended solids of the effluent and efficiency of 

solids removal decreases when the flow exceeds optimal levels or when run for periods 

Component Weight %

Water 98.2                 

Non-starch carbohydrates 0.77                 

Starch 0.48                 

Protein 0.36                 

Ash 0.11                 

Lipids 0.08                 
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of time without maintenance. Centrifuge efficiency decreases over time, therefore 

maintenance, primarily cleaning, must be performed on a regular basis. Centrifuges are 

cleaned individually, and while one is being cleaned, the others, usually 3 to 4 in an 

array, increase the volume of effluent which they process, thus lowering their efficiency. 

This can lead to variation in suspended solids content over a single day. 

This analysis shows that 20% of the solids is protein. If a wet mill loses 10% of its raw 

material to effluent and 20% of the effluent solids are protein, then 2% of the total flour 

is lost as protein in the effluent. This correlates well to a plant using a flour at 10% 

protein and the flour having soluble, non-gluten proteins of 20%. 

The non-starch carbohydrates consist of polysaccharides that would not convert into 

glucose using amyloglucosidase and alpha amylase, including arabinoxylans, other 

hemicelluloses and cellulose which are found in the wheat cell walls. The ash is a 

combination of natural minerals in the wheat, primarily from the bran and germ 

fractions (Khan, 2009) and salts added in the process, such as sodium chloride to 

promote aggregation of gluten and sodium carbonate for neutralization. Lipids are 

naturally present in the wheat (Khan, 2009). 

When suspended solids of the effluent were removed by centrifugation (2000 g for 20 

minutes) followed by filtration with Whatman #5 filter paper, the solids content 

dropped to 1.2%. The majority of the suspended solids removal was accomplished 

during the centrifugation step, as there was no visible residue on the filter paper. The 

supernatant was cloudy, even after filtration, so a portion was filtered a second time 
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with a 0.45 µm nylon membrane, resulting in a clear solution, light brown in color. The 

solids content of the 0.45 µm filtrate was analyzed, and a Student’s t-test showed no 

significant difference compared to the solution before 0.45 µm filtration, indicating that 

the cloudiness was caused by a very small amount of material. 

The major component of the suspended solids was starch at 45%, while the non-starch 

carbohydrates comprised of 45% of the dissolved solids (Table 4.2). There was 

significantly more protein in the dissolved solids than in the suspended solids. Ash 

content was much greater in the dissolved solids, due to the contribution of soluble 

salts and dissolved minerals. Sodium chloride is often added in wheat flour wet milling, 

and city water used in the process, which contains dissolved minerals contributing to 

the ash content (Van der Borght, 2005). Removing the suspended solids is a way to 

increase protein, while decreasing starch. 

Table 4.2 Typical components for wheat starch effluent, dissolved solids and 
suspended solids 

 

   

Components Dissolved Solids Weight 
% (d.b.)

Suspended Solids 
Weight % (d.b.)

Non-starch carbohydrates 45 32

Starch 21 46

Protein 22 13

Ash 9 1

Lipids 3 8
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4.3.2 Initial membrane selection – Stirred Cells 

Wheat flour effluent was processed using a series of membranes on a stirred cell to 

evaluate the type of filtration needed, whether microfiltration or ultrafiltration. After 

microfiltration with the 0.45 µm CE membrane, little difference was observed in the 

protein content of the permeate versus the original effluent. However, a dramatic 

decrease in protein concentration occurred when ultrafiltration membranes were used. 

Pressure had to be increased to 50 psi, which is typical for ultrafiltration. Almost no 

protein was detected in the permeate by the Coomassie method after filtration using a 

PES membrane with a cutoff of 100 kDa. This demonstrated that ultrafiltration was 

appropriate, and the further experimental filtrations were performed with an 11 cm 

circular flat plate filtration system, using cross-flow filtration. 

4.3.3 Flat Plate Filtration 

Laboratory filtration was switched to flat plate filtration from stirred cell filtration, since 

flat plate is a cross-flow filtration and would better approximate conditions found in a 

commercial process, and generate quantitative results.  

4.3.3.1 Soluble wheat solution 

The use of commercial plant effluent as a starting feed would not be reproducible, due 

to the variation of commercial effluent on a daily basis, and the microbial susceptibility 

of the effluent, therefore, a laboratory made equivalent of the soluble wheat solution, 

freshly prepared each day, was used. After drying in a forced-air oven at 105°C, the 

concentration of solids in this soluble wheat solution was determined to be 0.71 ± 0.03 

wt% (n=25, error based on one standard deviation), which was less than the typical 
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value of 1.2% found in actual plant effluent. The higher solid content of the plant 

effluent was due to the lower water content and the higher temperature of production 

(30°C – 40°C) used in the commercial process.   

The soluble wheat solution was processed with the flat plate filtration unit. The solution 

was not buffered, but the solution remained at around pH 6.0, with a range of pH from 

5.9 to 6.2. The final pH of the permeate and retentate, collected after 2 - 5 hours of 

filtration, ranged from 5.9 to 6.3 indicating that pH did not vary much by filtration. 

4.3.3.2 Protein retention 

Protein retention (Equation 2.5) results for the various membranes are presented in 

Table 4.3. Six replicates were performed for the PES 100 kDa membrane, and two 

replicates for the others. The errors are calculated as one standard deviation. A 

Student’s t-test (unpaired, two-tailed) showed that the PVDF 4 kDa membrane at 96% 

retention was significantly different than the 99%+ membranes at p < 0.05.  

Table 4.3 Protein retention (%) of wheat albumin solution with various membranes 

 
na = not applicable: membranes were not available for testing, results are replicates of experiments; mean ± standard deviation. 

MWCO
(Daltons) PS PES PVDF

4 000 na na 96 ± 1

20 000 99+ ± 2 99+ ± 1 na

100 000 86 ± 2 99+ ± 1 84 ± 5

150 000 na 87 ± 3 na

Membrane Type
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The PVDF membranes did not achieve protein retention of over 96% regardless of the 

MWCO. However, the PS and PES did achieve over 99% retention at 20 kDa MWCO, and 

the PES achieved over 99% protein retention even at 100 kDa MWCO. These results 

indicate that the PES and PS membranes are better at retaining wheat albumin proteins 

than the PVDF membrane, and that PES may be superior to PS. While PES, PS and PVDF 

membranes are natively hydrophobic to some extent, the membrane material is 

normally blended with additives which make them more hydrophilic in order to increase 

membrane flux. This would impact not only the flux but potentially the protein retention 

of a membrane. 

The PVDF membranes are the most hydrophobic, while the PES membranes are the 

most hydrophilic. This may explain the higher protein retention of the PES membranes, 

as the membrane repels the hydrophobic portions of the protein. The PES membranes 

tend to bind proteins more than PVDF membranes, which would explain more pore 

blocking and more protein retention with the PES membrane. 

Protein concentration was measured using the Bradford method, which uses Coomassie 

reagent and measures the protein content spectrophotometrically. The absorption 

value is then compared to a calibration curve made with a standard protein, in this case, 

bovine serum albumin (BSA). During the calculations of protein retention, it was 

observed that in the membranes with the highest amount of protein retention, the 

absorbance values of the permeate were less than the water blank, thus giving protein 

retention values of greater than 100%. This may be due to salts, as well as soluble starch 

and arabinoxylans in the permeate. Since most components that interfere with the 
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Bradford method increase absorbance values (Bradford, 1976), the effect of these 

components is likely to precipitate the Coomassie dye faster than the water blank, 

which would give the lower absorbance values. Light scattering due to these colloidal 

particles, which imparted a slightly cloudy appearance to the feed, may have 

contributed to slightly higher spectrophotometric readings for the feed versus the clear 

permeate.  

Samples of the permeate were run on SDS PAGE to determine whether there was any 

protein in the sample, but no bands were detected by Coomassie staining. However, 

when the permeate was freeze-dried, and reconstituted with less water, there was 

sufficient protein to see bands using SDS PAGE. This indicates that while protein 

retention was above 99%, it was not 100%, thus the value of 99%+ was used. 

4.3.3.3 Flux 

The flux of the soluble wheat solution permeates were analyzed by flat-plate 

membranes by filtering until 100 g of permeate was collected. For most membranes, 

this took 2 – 4 hours and the flux plateaued around this time. The flux of the albumin 

solution after 100g of permeate was collected is shown in Table 4.4. Regardless of 

membrane type and MWCO, the flux was relatively constant at 3 – 4 liters per square 

meter per hour (LMH). This indicates that the gel layer contributes much more to the 

flux than the membrane itself, consistent with the work of Harris (1986) who reported 

that the gel layer resistance was the dominant resistance when membranes were used 

to dewater starch effluent. Although Harris used tubular membranes rather than the flat 

plate membranes used in this study, the gel layer effect is similar. 
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Table 4.4 Water flux and effluent permeate flux of wheat albumin with various 
membranes 

 
1 Plateau of effluent permeate flux after 100ml of permeate 

For measurement of effluent flux, four replicates were performed for the PES 100 kDa 

membrane, and two for the other membranes. The errors are calculated as one 

standard deviation. A Student’s t-test (unpaired, two-tailed) was run on each of the 

effluent fluxes to compare with the PES 100 kDa membrane, and there was no 

significant difference between them at p < 0.05. The water flux was performed three 

times for the PES 100 kDa membrane and twice from the other membranes. The errors 

were calculated as one standard deviation. As expected, water flux increases as MWCO 

increases. 

Figure 4.3 shows that the initial flux from various membranes varies widely, from 10 to 

65 LMH. This is a range of 650% difference from highest to lowest. However, after 4 

minutes, the range in flux is much narrower, between 12 and 18 LMH, with only a 50% 

Membrane Type MWCO Water Flux Effluent Flux1

(Daltons) (l · m-2h-1) (l · m-2h-1)

PS 20,000 98 ± 9 3.0 ± 0.2

100,000 520 ± 90 3.7 ± 0.3

PES 20,000 57 ± 5 3.6 ± 0.1

100,000 220 ± 20 3.4 ± 0.2

150,000 1260 ± 110 3.8 ± 0.3

PVDF 4,000 49 ± 4 3.4 ± 0.2

100,000 670 ± 60 3.8 ± 0.6
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difference between the highest and lowest values. Upon examination of the full flux 

data, in Figure 4.4, it can be seen that the flux of all of the membranes plateaus at 

between 3 and 4 LMH. This is a strong indicator that the gel formation is the main factor 

in determining the flux. 

 

Figure 4.3 Effluent flux with various membranes, first 5 minutes 
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Figure 4.4 Effluent flux with various membranes, after first five minute 

The soluble wheat solution not only contains proteins, but other soluble components, 

such as soluble starch, arabinoxylans and beta-glucans. These components would also 

contribute to gel formation and pore blocking. Water soluble arabinoxylans form very 

viscous solutions (deMan, 1999), likely contributing to the gel layer. Wheat beta glucans 

also form gels at high concentrations, and increasing in the gelation rate with a decrease 

in molecular size (Li, 2005), which could suggest pore blocking from lower molecular 

weight beta-glucan. Comino (2014) found that in wheat, beta-glucans are 3.5 times less 

prevalent than water soluble arabinoxylans. This indicates that arabinoxylans would 

contribute more to the gel layer than beta-glucans. 

Teng (2006) used ultrafiltration with a solution of BSA and lysozyme, and found higher 

flux and lower retention with PS membrane than with PVDF membrane. The 
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membranes were found to have a negative zeta potential, and thus will repel negatively 

charged proteins that are in solution at a pH above their isoelectric point and attract 

proteins that are in solution with a pH below their isoelectric point. This could explain 

the high retention coefficient of the proteins compared to the MWCO of the 

membranes. Membranes with MWCO as high as 100 kDa were measured as having 

protein retention as high as 99%. The molecular weights of the alpha amylase inhibitors 

are 12 kDa, 24 kDa and 60 kDa, and certain lipid transfer proteins are 6 kDa. Based on 

molecular weight alone, these proteins should passed through the membrane. This is 

because protein retention is not solely based on size, but also on shape and it 

interactions (both protein-protein and protein-membrane). In addition, the gel layer 

contributes to the retention rate as well as to the flux. 

When soluble wheat protein was analyzed for isoelectric point, the proteins covered the 

entire range analyzed, from 4.5 to 9.0. Most of the isoelectric points were in the middle 

of the range, from 6 to 7, the second largest group was in the acidic range, and only a 

few proteins had isoelectric points higher in the higher pH range of 8-9. The proteins 

with low isoelectric points would carry a negative charge, which would be 

electrostatically repelled by the negatively charged membrane. The proteins at their 

isoelectric point would have no net charge and therefore the protein-protein 

electrostatic repulsive force would not be present as it would for proteins that are on 

either side of their isoelectric points. This could lead to aggregation or other protein-

protein attraction, thus giving the protein a much larger apparent size. The proteins with 

isoelectric points higher than the neutral solution would be positively charged, and 
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therefore would be electrostatically attracted to the negatively charged membrane. This 

could result in pore blocking and increase the retention of proteins while decreasing the 

flux of the membrane. 

4.3.3.4 Membrane resistance 

Resistance values were calculated for each membrane when run with deionized water 

and when run with effluent.  As can be seen in Table 4.5, the gel layer resistance is 

between 14 and 275 times greater than the membrane resistance, indicating that the 

gel layer is the major contributor to the flux resistance of the system.  

Table 4.5 Membrane and gel layer resistance, reversible and irreversible resistance 

 

Irreversible resistance was measured by running the membranes with 15 liters of 

deionized water to remove the reversible gel layer, and then measuring the flux. 

Membrane resistance was then calculated by rearranging Equation 2.3 to: 

 

 (𝑅𝑅𝑚𝑚 + 𝑅𝑅𝑟𝑟 + 𝑅𝑅𝑖𝑖) =
∆𝑃𝑃
𝐽𝐽 ∗  µ

 (Equation 4.2) 

 

Membrane Resistance Gel Layer Resistance Membrane Resistance Membrane Resistance
Membrane Type MWCO Water (Rm) (Rr + Ri)  Reversible (Rr)  Irreversible (Ri)

(Daltons) ( x 1011 m-1) ( x 1011 m-1) ( x 1011 m-1) ( x 1011 m-1)

PS 20,000 130 ± 10 4100 ± 370 3030 ± 470 940 ± 90

100,000 22 ± 2 3300 ± 360 3080 ± 380 200 ± 20

PES 20,000 220 ± 20 3500 ± 140 2890 ± 200 390 ± 40

100,000 43 ± 4 3600 ± 150 3200 ± 180 360 ± 30

150,000 12 ± 1 3300 ± 360 3190 ± 370 100 ± 10

PVDF 4,000 250 ± 20 3600 ± 220 2790 ± 290 560 ± 50

100,000 18 ± 2 3300 ± 730 3180 ± 740 100 ± 10
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∆P is at 50 psi, or 344,738 Pa, µ is viscosity of the solution, which is very dilute and the 

same as water at 0.001 Pa·s, and 𝐽𝐽 is the flux in m/s.  Flux in LMH can be converted to 

m/s by dividing by both 1000 l/m3 and 3600 s/hr.  The total membrane resistance, 

(𝑅𝑅𝑚𝑚 + 𝑅𝑅𝑟𝑟 + 𝑅𝑅𝑖𝑖), is calculated from the effluent flux (Table 4.4), the initial membrane 

resistance (𝑅𝑅𝑚𝑚) is calculated from the water flux (Table 4.4) and the irreversible 

resistance (𝑅𝑅𝑖𝑖) was calculated from the flux from the used membrane after washing 

with deionized water. The reversible membrane resistance (𝑅𝑅𝑟𝑟) is calculated from the 

difference. These results are presented in Table 4.5.  

The flux from the washed membranes was measured three times for the PES 100 kDa 

membrane. Two tests were performed for each of the other membranes, and the error 

for all of the runs were calculated as one standard deviation. The value of the reversible 

resistance was calculated by difference, (𝑅𝑅𝑟𝑟 = 𝑅𝑅𝑡𝑡 − 𝑅𝑅𝑚𝑚 − 𝑅𝑅𝑖𝑖), so the errors were added. 

The highest irreversible resistances were observed using the membrane with the 

smallest MWCO indicating that irreversible pore blocking may be an issue with smaller 

pore sizes. Standard pore blocking is typically harder to wash out than other types of 

blocking which form the gel layers (Iritani, 2013). This indicates that steric effects could 

be contributing more than electrostatic forces, since electrostatic forces would not vary 

with pore size, but with membrane type. Back-flushing may be an option to increase the 

flux further when standard pore blocking occurs. 

The lowest irreversible resistance was found with the largest MWCO membranes. This 

indicates that membranes with large pore sizes are easier to clean, likely due to less 
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physical contact between the particles and the membrane media. A narrower pore 

would be more difficult to clean than a wider pore, given the same particle size trapped 

in the pore. In some cases, reversible gel layers can be transformed into irreversible 

fouling layers (Chen 2007), and this would be more prominent with narrower pores. The 

reversible gel layer resistances are similar in magnitude, ranging from 2.1 x 1014 m-1 to 

3.2 x 1014 m-1. This is further evidence of a similar gel layer regardless of the type of 

membrane used.  

4.3.3.5 Pretreatment 

Two methods of pretreatment were evaluated to increase flux. The use of an enzyme 

preparation to hydrolyze the soluble carbohydrates (arabinoxylans) in the effluent was 

investigated to estimate the contribution of this component to the ultrafiltration flux. 

The second method investigated was prefiltration by MF to determine whether 

suspended solids were contributing to membrane resistance. 

4.3.3.6 Xylanase to increase flux 

Arabinoxylans have been shown to contribute to the flux-reducing gel layer of wheat 

effluent (Harris, 1986), so the effect of a xylanase was investigated. When 300 ml of 

albumin solution was pretreated with 10 µl of Novozyme® Shearzyme® Plus enzyme 

solution for one hour at room temperature (22°C) at pH 6.0, the flux of the filtration 

increased two fold, from 3 LMH to 6 LMH (Fig. 4.5). This demonstrates that 

arabinoxylans contribute significantly to the gel layer and hinder the filtration rate. The 

use of a xylanase did not affect the protein retention of the PES 100 kDa membrane 

tested, which remained at 99+%. 
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Figure 4.5 Pretreatment of effluent on flux 

The drawback to using enzymes to pretreat the effluent is that the enzymes will be 

retained on the membrane with the other proteins that are to be recovered. SDS-PAGE 

of the arabinoxylanase indicated that it had a molecular weight of 65 kDa, which is 

within the range of molecular weights of the soluble wheat proteins. The final product 

will thus contain the unwanted enzyme, not only contaminating the product, but also 

requiring a denaturing step to eliminate enzymatic activity. 

4.3.3.7 Microfiltration pretreatment to increase flux 

Another type of pretreatment studied was microfiltration. The albumin solution was 

prefiltered with an 800 kDa PVDF membrane. While the microfiltration flux did not 
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reach a full plateau, the test ended with the flux around 4 LMH. It was observed that the 

initial protein retention for this membrane was around 55%, while the final few drops of 

the run had a protein retention of 80%, indicating that the gel layer or cake had a higher 

protein retention than the microfiltration membrane. 

Microfiltration pretreatment increased the flux from 3 LMH to 6 LMH. This 

demonstrated that the pretreatment resulted in a smaller gel layer which 

correspondingly higher permeability. While microfiltration pretreatment does increase 

the ultrafiltration flux to 6 LMH, the microfiltration step has a flux of 4 LMH, so the 

improvement in overall flux would only be 1 LMH and not double the flux.  

4.4 Conclusion 

This work demonstrated that PES and PS UF membranes have desirable soluble wheat 

protein retention properties. The largest membrane pore size to give over 99% 

retention was PES with a pore size of 100 kDa, suggesting that this membrane could be 

used as a standard for future testing. When PVDF membranes, and PS and PES 

membranes with large pore sizes were used, there was some protein present in the 

permeate after a flux plateau was reached. A comparison of the protein composition in 

the permeate to the original protein composition would be interesting, because 

differences would indicate that the membranes could be capable of protein 

fractionation, likely in a separate fractionation/isolation stage.  Soluble wheat protein 

contain many types of protein, so protein fractionation by ultrafiltration could facilitate 

concentration and isolation of these proteins. From a practical point of view, alpha 
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amylase inhibitors would be a valuable part of the effluent, so there would be value in 

studying the alpha amylase inhibition activity of these fractions. 

The flux plateaux for the membrane filtrations were all very similar, between 3 and 4 

LMH, regardless of the membrane. This demonstrated that the gel layer was responsible 

for the majority of the flux resistance. The gel layer was found to be between 64% and 

97% reversible, and the reversible membrane resistance was similar for all the 

membranes. It would be interesting to analyze the properties of this layer if it was 

isolated on a coarse membrane so that the flux and protein retention could be 

measured. The fact that the amount of protein in the permeate decreased over time 

when a MF membrane was used is a strong indicator that the gel layer contributes to 

protein retention. 

The gel layer must be addressed in order to increase flux.  The use of a xylanase on the 

effluent has shown that it can improve flux significantly, up to double the original flux, 

without changing the protein retention. Pre-filtering the albumin with a microfiltration 

membrane also increased flux, but the microfiltration flux ended up being less than the 

ultrafiltration flux after treatment. A combination of these two methods may speed up 

the overall process. Increasing the feed flow would also have a positive effect on flux, so 

this parameter would be of interest during a pilot-plant scale-up. The composition of the 

retentate of the MF would be of interest, due to the large decrease of flux generated by 

the small amount of solids present. 
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While flux and protein retention were studied in this chapter, the measurement of alpha 

amylase inhibitors was not. This is due to a lack of a simple test method to determine 

the relative amounts of the different types of alpha amylase before and after a filtration 

or fractionation process. The development of such a test would greatly facilitate 

research into recovery of wheat protein alpha amylase inhibitors, and will be covered in 

Chapter 5. 
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Chapter 5  Soluble Wheat Protein Isolation, Fractionation and 

Analysis 

5.1 Introduction 

There are three classes of wheat exogenous alpha-amylase inhibitors: wheat monomeric 

alpha-amylase inhibitors (WMAI), wheat dimetric alpha-amylase inhibitors (WDAI) and 

wheat tetrameric alpha-amylase inhibitors (WTAI). The isolation and characterization of 

these alpha amylase inhibitors and other soluble proteins in wheat albumin have been 

studied throughout the years, but quantifying these proteins has been less common.  

Simple methods to isolate and to evaluate the types of soluble wheat protein, in 

particular the types of alpha-amylase inhibitors, in a sample would facilitate studies in 

this area, especially when evaluating processes for commercial soluble wheat protein 

extraction. This chapter will investigate methods for isolating alpha-amylase inhibitors 

for analysis, and methods for evaluating the relative amounts of the three classes of 

alpha-amylase inhibitors, WTAI, WDAI and WMAI. 

Albumins from wheat for laboratory characterization have been extracted and isolated 

in many ways. The first step generally involves solubilizing the soluble portion of wheat 

flour in water or a buffer solution, centrifugation to remove non-solubles, followed by 

the precipitation of the crude albumin. It is the precipitation step, which isolates the 

protein from the rest of the solubles and from the solution, which is of interest in this 

study. 
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Different types of precipitation studied include precipitation by ammonium sulfate 

(Gomez, 1989, Deponte, 1976; Silano, 1975, 1969; Petrucci, 1974; Auricchie, 1974; 

Cantagalli, 1971, Sodini, 1970; Ewart, 1969), precipitation by alcohol (Maeda, 1985; 

O’Donnell, 1976) and precipitation by alginate (Oneda, 2004; Choudhury, 1996). When 

ammonium sulfate was used, the concentrations of salts used to precipitate the albumin 

differed. An early study by Pence (1953) suggested that a concentration of 0.4 M 

ammonium sulfate could be used to precipitate and remove what he suggested was 

soluble gliadins, due to the high amides in this fraction. The ammonium sulfate level was 

then increased to 1.74M, which was the point where most of the albumin was 

precipitated, while keeping most of the water soluble arabinoxylans in solution. This 

0.4 M – 1.74 M range to precipitate albumin was used by Sodini (1970) and Silano 

(1969), while a slightly wider range of 0.4 M – 1.8 M was used by Petrucci (1974), Silano 

(1975), Deponte (1976). The range of 0 M – 2.0 M was used by Ewart (1969) and Gomez 

(1989). While these ranges are quite similar, a significantly different range of 0.93 M – 

1.33 M was used by Cantagalli (1971), Silano (1973) and Auriccchie (1974). 

In the papers above, very little discussion is forwarded about using precipitation for 

protein fractionation. Since salt precipitation is an excellent way to fractionate proteins 

(Englard, 1990), a study was designed to fractionate soluble wheat proteins using the 

different levels of salt used in the literature cited above. Both Native and SDS PAGE of 

the fractions would be used to try to determine the amount of WMAI, WDAI and WTAI 

in the fractions. 
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In addition to salt precipitation, HPLC has been used to fractionate wheat protein 

albumins to isolate certain fractions such as WMAI, WDAI or WTAI. Both anion exchange 

and size exclusion have been used by Petrucci (1974), Ewart (1969), Deponte (1976), 

Gomez (1989), Oneda (2004) and Choudhury (1996). With the advances in columns in 

recent years, using size exclusion may be a rapid analytical technique for quantifying the 

amount of each protein type in a sample. The molecular weights of WTAI, WDAI and 

WMAI are approximately 60 kDa, 24 kDa and 12 kDa, respectively.  Size exclusion can be 

an accurate method to quantify proteins of different molecular weights, and the wide 

variety of buffer solutions that can be used makes size exclusion a method of interest 

for quantitative measurements of these alpha-amylase inhibitors.  

Electrophoresis has also been used to identify soluble proteins in wheat. Earlier work 

used native page, using relative electrophoretic mobility in relation to bromophenol 

blue (BPB). The traditional names for the types of WDAI and WMAI are based on these 

electrophoretic mobilities, with WDAI being classed as ‘0.19-type’ albumins (Sodini, 

1970) and WMAI being classed as ‘0.28-type’ albumins (Cantagalli, 1971) due to the 

relative electrophoretic mobility of the most prevalent protein fraction of each class. In 

addition to 0.19-type albumins, WDAI would later include 0.52, 0.36 and 0.38 type 

albumins, based on their native page electrophoretic mobility. In addition to 0.28-type 

albumins, WMAI would later include 0.32, 0.34, 0.39 and 0.48, all based on their native 

PAGE electrophoretic mobility relative to BPB. While this method would be useful in 

identifying the different types of alpha amylase inhibitors, techniques in native PAGE 

have improved from the use of tubes to the use of gel plates. Some modifications to the 
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interpretation of the bands may be required, however, when using modern methods. In 

addition, native PAGE has not been used extensively to identify WTAI. This is likely due 

to the lack of resolution due to the complexity of WTAI. 

Two-dimensional SDS PAGE has been used to identify proteins in wheat (Dupont, 2011, 

Wong, 2004). The molecular weights of WTAI, WDAI and WMAI are significantly 

different, but when reacted with SDS detergent, they all convert to their monomeric 

form, which is approximately 12 kDa. This makes quantification of these alpha-amylase 

inhibitors by SDS PAGE more complicated, as the bands from these inhibitors are all in 

the same region. 

In this study, increasing concentrations of ammonium sulfate is used to fractionate 

soluble wheat protein, and SDS-PAGE and native-PAGE are used to determine if these 

methods can be used to quantify the relative amounts of WTAI, WDAI and WMAI in the 

fractions. Gel chromatography is also examined to determine if it can be used to 

quantify the relative amounts of alpha-amylase inhibitors in wheat. 

5.2 Materials and Methods 

Canada Western Red Spring (CWRS) hard wheat was used from the 2013 crop. This 

wheat was commercially milled into flour. The refined flour was used, unbleached and 

without additives or enrichments. 

5.2.1 Salting out 

100 g of CWRS flour was mixed into 400ml deionized water and mixed for one hour at 

room temperature (22°C). The solution was centrifuged at 2000 g for 20 minutes. The 
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supernatant was filtered through Whatman #5 filter paper. Solids were measured in 

duplicate at 1.44% ±0.01. The 305 g of solution was then evaporated down to 78 g using 

a Rotovap at 40°C, which brought the solids up to 5.48% ± 0.03 (in duplicate). This 

solution was then centrifuged at 2000 g for 20 minutes. 

10 ml of supernatant was filtered using a Phenomemex® (Phenomenex Inc., Torrance, 

CA) Phenex® 0.45 µm disposable 15 mm nylon membrane syringe filter using a luer lock 

10 ml syringe straight into a 15 ml disposable centrifuge tube. The volume was 

measured and the amount of ammonium sulfate salt to be added was calculated based 

on the concentration desired, starting concentration and volume according to the 

following equation: 

 

 
𝑀𝑀 =

moles of salt
liters of solution

=
s + 𝑆𝑆a

132.14
(s + 𝑆𝑆a)(0.54) + 𝑤𝑤

1000

 
 

Equation 5.1 

 
Where  𝑆𝑆a= salt to be added (g) 
 𝑠𝑠 = salt already in system (g) 
 𝑤𝑤= water in system (mL) 
 𝑀𝑀 = desired molarity 
 Density of salt = 0.54 ml/g 
 Molecular weight of salt = 132.14 g/mol 
 
 

Then rearrange to solve for 𝑆𝑆a:  

 

 
𝑆𝑆a =

1000𝑠𝑠 − (132.14)𝑤𝑤𝑀𝑀 − (132.14)(0.54)𝑠𝑠𝑀𝑀
(132.14)(0.54)𝑀𝑀− 1000

 
Equation 5.2 
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Once the desired amount of salt was added, the tube was capped and then shaken until 

the salt was dissolved. The tube was then placed on a hand-shaker for 15 minutes, then 

centrifuged for 10 minutes at 2000 g and decanted. The precipitate was washed twice 

with 5 mL of a solution of salt with the same concentration as the separation. The 

solution was shaken by hand for one minute, placed on the hand shaker for 10 minutes, 

then centrifuged for 10 minutes at 2000 g and decanted. After the two washings, 1 mL 

of deionized water was added to the precipitate and then the solution was dialyzed for 

approximately 18 hours using a 3 kDa membrane and several water changes.  The 

solutions were then used as-is, or freeze-dried for later use. 

5.2.2 SDS PAGE 

SDS-PAGE was done based on the Laemmli procedure (Laemmli, 1970), but using 

commercial, precast gels and premade buffers from Life Technologies (Waltham, MA) 

(Figure 5.1). The Novex® NuPAGE® SDS-PAGE Bis-Tris pre-cast gel system was used to 

perform the SDS-PAGE. The 10 well, 1 mm thick 12% Bis-Tris precast polyacrylamide gels 

were used on an XCell SureLock® Mini-Cell. The running buffer was NuPAGE® MES SDS 

Running Buffer (20x). The composition of this buffer (1x) was 50 mM MES, 50 mM Tris 

Base, 0.1% SDS, 1 mM EDTA at pH 7.3. Protein samples were diluted to a protein 

concentration of 1mg/ml with the concentration of protein measured 

spectrophotometrically by the Bradford method, using a Coomassie protein Assay 

Reagent from Thermo Scientific (Pierce Biotechnology, Rockford, IL). Electrophoresis 

samples were prepared by adding 20 µl of protein sample to 7 µl of NuPAGE® LDS 
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sample buffer (4x) and 3 µL of 500 mM dithiothreitol (DTT) (NuPAGE® sample reducing 

agent (10x)). The composition of the NuPage LDS sample buffer at 1x is 141 mM Tris 

base, 2% LDS, 10% glycerol, 0.51 mM EDTA, 0.22 mM SERVA Blue G, 0.174 mM phenol 

red at pH 8.5. The samples were heated up to 70°C for 10 minutes and allowed to cool 

to room temperature before adding 10 µl to the gel. 10 µL of prestained protein 

standard was used, either SeeBlue® Plus2 standard and/or Novex® Sharp pre-stained 

protein standard. The gel was run for 35 minutes with a constant voltage of 200 V. The 

gels were then stained with Coomassie Blue or with silver stain.  

 

Figure 5.1 SDS PAGE and native PAGE equipment 

5.2.3 Native PAGE 

Native PAGE was done based on the Laemmli procedure, but using commercial, precast 

gels and premade buffers from Life Technologies. Novex® 8% Tris-Glycine Mini Protein 

Gels, 1.0 mm, 10 well was run on an XCell SureLock® Mini platform (Figure 5.1). The 

running buffer was Tris-Glycine Native running buffer. Protein samples were diluted to a 
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protein concentration of 1 mg/ml with the concentration of protein measured 

spectrophotometrically, using a Coomassie protein Assay Reagent from Thermo 

Scientific. 20 µl of protein sample was added to 20 µl of Tris-Glycine Native sample 

buffer (2x). A 10 µl aliquot was added to each lane. 10 µL of prestained protein standard 

was used, either SeeBlue® Plus2 standard and/or Novex® Sharp pre-stained protein 

standard. The electrophoresis was run for 70 minutes at 125 V. The gels were then 

stained with Coomassie Blue or silver stain. 

5.2.4 Size Exclusion HPLC 

Size exclusion was done with a Phenomenex Yarra 3 µ SEC-2000 column, 300 x 7.8 mm 

(Phenomenex Inc, Torrence, CA). A matching guard column was used to protect the 

column. The pump used was a Shimadzu LC-10AT with a Shimadzu SPD-10A UV-Vis 

detector (Shimadzu, Kyoto, Japan). A Phenomenex degasser (model DG-4400) was used 

before the pump and the column was kept at a constant temperature with a 

Phenomenex Thermasphere TS-130 temperature controller. Data was logged with a 

Shimadzu CR501 recorder. An ISCO retriever II was used as a sample collector when 

samples from multiple runs were collected. 

The buffer used was either 50 mM sodium phosphate dibasic with no sodium chloride, 

adjusted to pH 6.9 with concentrated phosphoric acid, or 50 mM sodium phosphate 

dibasic with 300 mM sodium chloride, also adjusted to pH 6.9. Freeze-dried samples 

were diluted in the buffer, filtered with a 0.45 µm nylon filter, and approximately 80 µl 

was injected into a 20 µl injector port. The pump was set at 1 ml/minute and the UV/Vis 

detector was set for 280 nm. The column temperature was set to 30°C.  
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Standards run were Protein Standard Mix 15 – 600 kDa (Product code 69385) which 

includes thyroglobulin bovine, γ-globulins from bovine blood, chicken egg albumin, 

ribonuclease A and p-aminobenzoic acid (pABA), IgG from bovine serum (Product code 

I5506), and Cytochrome C from equine heart (Product code C7150), all from Sigma-

Aldrich Canada Inc. (Toronto, ON).  

5.3 Results and Discussion 

5.3.1 Protein fractionation by salting out with ammonium sulfate 

The proteins were salted out at 0.4 M, 0.93 M, 1.33 M, 1.74 M, 1.8 M and 2 M 

ammonium sulfate concentration, and the solubles at 2 M were also retained. The 

samples were then run on SDS-PAGE and native PAGE. WTAI was mostly precipitated at 

0.93 M, WDAI was mostly precipitated at 1.33 M and WMAI was mostly precipitated at 

1.74 M. These results will be discussed in greater detail in the following sections. 

5.3.2 SDS-PAGE analysis of fractionation by salt 

WDAI and WTAI both dissociate to their monomeric structure when exposed to SDS 

(Warchalewski, 1987; Deponte, 1976). This makes their identification by SDS PAGE more 

difficult, as all of the monomers have a molecular weight around 12 kDa. The works of 

Dupont (2011) and Wong (2004) indicate that there are differences in the apparent 

molecular weight of the monomers under SDS PAGE. WMAI have bands at 11 kDa and 

13 kDA, WDAI has a single band at 13 kDa, and WTAI has bands at 13 kDa and 16 kDa 

(Table 4.1).  
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Table 5.1 SDS PAGE bands of wheat alpha-amylase inhibitors 

 

Visual inspection of the SDS PAGE gel (Figure 5.1) shows that the WTAI is most prevalent 

in the protein fraction precipitated with 0.93 M ammonium sulfate (Lane 2), with some 

present at 0.4 M (Lane 1). The WDAI is most prevalent in the solution precipitated at 

1.33 M ammonium sulfate, with some on the neighboring lanes. The WMAI is mostly 

precipitated with 1.74 M ammonium sulfate, with some present in the neighboring 

lanes. 

α-amylase inhibitor 16 kDa 13 kDa 11kDa
WTAI (tetramer) x xx
WDAI (diamer) xxx

WMAI (monomer) x xx

Intensity of Band
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Figure 5.2 SDS PAGE of precipitated albumins at increasing salt concentrations 
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Figure 5.3 Analysis of the bands of the SDS PAGE of wheat albumin precipitated at 
increasing concentrations of ammonium sulfate 

To try to quantify the relative amounts of alpha-amylase inhibitors in the effluent 

fractions, the intensity of the bands in Figure 5.2 were analyzed using ImageJ software 

(National Institutes of Health, Bethesda, MD). The area of the bands at 11 kDa, 13 kDa 

and 16 kDa was calculated for the crude albumin, 0.93 M salt precipitation, 1.33 M salt 
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precipitation and 1.74 M salt precipitation. The proteins were salted out in triplicate, 

and the SDS PAGEs were analyzed. The percentage of the areas is presented in Table 

5.2, showing that the 0.93 M precipitation was highest in WTAI, 1.33 M was highest in 

WDAI and 1.74 M was highest in WMAI. The tetramer, which has the highest molecular 

weight (~60 kDa), precipitates with the lowest concentration of salt. The dimer 

(~24 kDa) precipitates at the intermediate salt concentration (1.33 M), and the 

monomer, with the lowest molecular weight (~12 kDa), precipitates at the highest salt 

concentration. This is consistent with the general rule that higher molecular weight 

proteins will precipitate at lower concentrations of salts than lower molecular weight 

proteins, given that the protein charge properties and hydrophobicity are similar. This 

would be due to the surface charge density of the tetramer being lower, because of the 

lower relative surface charge density of a tetramer versus a dimer or monomer. 

Table 5.2: Estimating the relative amount of WTAI, WDAI and WMAI using SDS PAGE 

 
These are estimates from the area under a curve, as the peaks overlap. Three replicates, error is one standard deviation. 

The other bands in the crude albumin were compared to the 2D SDS-PAGEs run by 

Dupont (2011) and Wong (2004).  Dupont evaluated the entire endosperm of wheat, 

while Wong evaluated only the albumin and globulin fractions. Dupont analyzed the 

protein spots by digestion followed by tandem mass spectrometry analysis of the 

peptides. Wong also used tandem mass spectrometry. 

Salt Concentration 16 kDa 13 kDa 11kDa
0.93 M 34 ± 2 64 ± 3.5 2 ± 1
1.33 M 6 ± 1 73 ± 3 21 ± 4
1.74 M 2 ± 1 39 ± 3 60 ± 4

Crude Albumin 17 ± 3 62 ± 3 21 ± 3

Intensity of Band (%)
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The heavy band at 58 kDa was present but unanalyzed in the soluble proteins from 

Wong, but correlated to the spots 476 and 477 of Dupont’s work, which were identified 

as ω-gliadins (Appendix A.1, A.2). Similarly, unidentified spots from Wong at 50 kDa 

correlated to spots 135 and 391 of Dupont and were also identified as ω-gliadins. Wong 

identified the majority of the intense spots around 40 kDa to 45 kDa (22, 26, 29, 30, and 

33) as γ-gliadins. The intense spots around 26 kDa and 28 kDa (69, 70 and 72) were 

identified as γ-thionon. The intense spot at 22 kDa (79a) was identified as globulin. The 

spot at the lowest molecular weight, spot 119 at 6 kDa, was identified as lipid transfer 

protein. The lowest MW spot found by Dumont is 295 at 9 kDa, which is also a lipid 

transfer protein. 

5.3.3 Native PAGE analysis of fractionation by salt 

When wheat albumins were investigated in the ‘70s, native PAGE was used to classify 

the albumins. The albumins which were the most prominent on the native gels were the 

monomer and the dimer. The dimer was found to have 0.19 times the electrophoretic 

migration of BPB, and the monomer was found to have 0.28 the electrophoretic 

migration of BPB. Using updated methods and a commercially available native PAGE kit, 

the salted out albumin samples that were previously analyzed by SDS-PAGE were run on 

native PAGE (Figure 5.4).  
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Figure 5.4 Native PAGE of wheat albumin precipitated at increasing concentrations of 
ammonium sulfate 
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Relative migration of the bands, with actual measured migration labeled and commonly used values from the literature in brackets. 

Figure 5.5 Detailed look at native PAGE of wheat albumin precipitated at increasing 
concentrations of ammonium sulfate 

Correlating relative electrophoretic migration from work done in the ‘70s to work done 

in this research required a manipulation in the calculated starting point of the migration. 

Determining the electrophoretic migration requires measurement from the start of the 

separation layer to the band in question and comparing it to the start of the separation 
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layer to the band for BPB. This requires an accurate measurement of the start of the 

separation layer. For the precast gels used in this study, the separation layer is not 

accurately measured, and the manufacturer states that it is “approximately 8 – 9 mm 

from the top of the gel”. In addition, equipment used in the ‘70s was quite different 

from current equipment. Earlier work was done with gel columns, while precast gel 

plates were used in this research (Figure 5.6). The gel used by O’Donell (1976) was 3% 

spacer gel and 7.5% acrylamide separating gel in 5 mm tubes, while this research used 

4% spacer gel and 8% separating gel on a 1 mm flat gel. 

                     
Early native PAGE equipment, the results of which are still evident today in the naming conventions for alpha-amylase inhibitors (i.e. 
0.19-type and 0.28-type alpha-amylase inhibitors) taken from Davis (1964)            

Figure 5.6 Native Gel Electrophoresis, 1960s 

Due to the differences in procedure, the determination of the start of the measured 

migration was done by using the published values of the two most prominent bands, the 

0.19 band and the 0.28 band. The start line was adjusted for the best fit, so the 0.19 

band was measured at 0.20 electrophoretic migration, and the 0.28 band was measured 

at 0.27 electrophoretic migration. When this line was used at the theoretical start of the 

gel, the other bands also corresponded to the literature values found with wheat 
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albumin. This was a way to account for both the stacking layer, and the difference in 

technology when switching from gel tubes to plates. 

Evaluation of the lanes on the native PAGE (Figure 5.4) show that the majority of the 

protein precipitated at 1.33 M is 0.19 dimer, and the majority of alpha-amylase inhibitor 

precipitated at 1.74 M is 0.28. The protein at 0.64 migration at this concentration is an 

ω-gliadin and will be discussed later. Closer evaluation of the fraction precipitated at 

1.33 M shows not only the 0.19 dimer, but also 0.36, 0.38 and 0.52 proteins, which have 

all been found to be dimers (Silano, 1987). The 0.28 monomer is also present in this 

fraction. Evaluation of the fraction precipitated at 1.74 M shows not only the 0.28 

monomer, but also 0.34, 0.39 and 0.48 proteins, which have also all been found to be 

monomers (Silano, 1978). 

Evaluation of the protein fraction precipitated at 0.93 M salt, which the SDS-PAGE 

indicated was a tetramer, shows some 0.19 dimer, some 0.28 monomer, and also bands 

at 0.38 (dimer), 0.48 (monomer) and 0.56. However, the band is very broad, and 

unresolved, from 0.19 to 0.56, indicating that there is an interaction between several of 

the protein fractions. This may indicate why research in the ‘70s on alpha amylase 

inhibition seemed to neglect the tetramers, as they were difficult to separate with 

native PAGE. This is likely due to the numerous monomers (CM1, CM2, CM3, CM16, 

CM17) and different possible configurations of the tetramers, in both tertiary and 

quaternary structures, while the dimer is a homodimer, with many fewer possible 

configurations. 
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Instead of developing a starting line for each gel when run, a standard can be used for 

0.19 and 0.28 bands. A commercially available pre-stained standard (Novex SeeBlue 

Plus2 by Life Technologies) contains proteins with molecular weights that correspond to 

these albumin fractions. Myosin corresponds to 0.19 albumin, and phosphorylase 

corresponds to 0.28 albumin. Other standards in this ladder include BSA at 0.44 

migration, and glutamic dehydrogenase at 0.67. 

5.3.4 Fractionation by Gel Chromatography 

Crude wheat albumin was analyzed by analytical gel chromatography. A Yarra SEC-2000 

column by Phenomenex was used. The resin was silica with a pore size of 14.5 nm and a 

particle size of 3 µm. This is the smallest commercially available particle size, which 

should lead to high resolution peaks. A preparatory column is commercially available, 

but the particle size is 5 µm, so the analytical column was chosen due to its anticipated 

superior resolution. 

The solvent used was 50 mM phosphate and 300 mM sodium chloride. These were 

similar to the conditions used by Oneda (2004), and recommended by the column 

manufacturer, as the sodium chloride prevents the protein from chemically binding with 

the column media. A solvent of just 50 mM phosphate without any sodium chloride was 

also run, and the results were very similar to the original solvent. 

Molecular weight standards were run to correlate run time with molecular weight. The 

results are shown in Table 5.3. A plot of these values, in minutes versus log of MW gave 

a linear correlation with R2 = 0.9966. This indicated that the tetramers should elute at 
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8.02 minutes, the dimer at 8.98 minutes and the monomer at 9.71 minutes, assuming 

MW of 60000, 24000 and 12000 respectively. 

Table 5.3: Elution time of standards 

 
Minutes to elute the sample. Four replicates of the IgG and Cytochrome C and six replicates for the others, error is one standard 
deviation. 

 

Figure 5.7 Gel chromatography fractionation of wheat albumin 

When gel chromatography of soluble wheat proteins was performed, six groups of 

peaks were resolved (Figure 5.7).  The peaks did not correlate well with the predicted 

values based on the calibration standards and the known molecular weights of the alpha 

Sample MW minutes
Thyroglobulin bovine 670000 5.56 ± 0.02
IgG from bovine serum 160000 7.01 ± 0.02
γ-globulins from bovine blood 150000 6.97 ± 0.04
Chicken egg albumin 44300 8.20 ± 0.04
Ribonuclease A 13700 9.69 ± 0.06
Cytochrome C 12384 9.69 ± 0.07
P-aminobenzoic acid (pABA) 137 11.72 ± 0.06
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amylase inhibitors (Table 5.3). Analysis of the peaks was done by native PAGE (Figure 

5.8) and SDS PAGE (Figure 5.10). An analytical column was used instead of a preparatory 

column, so 12 runs were performed to collect enough sample for analysis. Silver staining 

was used, as Coomassie Blue staining did not have the required sensitivity to display 

most of the bands, due to the small sample size. 

 

First and last lanes are MW ladders 

Figure 5.8 Native PAGE of Size Exclusion Peaks 
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Figure 5.9 Detailed look at native PAGE of Size Exclusion Peaks 

Analysis of the native PAGE (Figure 5.8) shows some clear bands; however, they are 

weak due to the low concentration of protein in these samples, even with the 

concentration of 12 runs by freeze drying. Analysis of the native page at the myosin 

standard level does not clearly show any significant 0.19 albumin; however, there is a 

small amount measured in peak 6. The 0.28 albumin is present in peaks 6 and 4. Peak 3 
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has a band around 0.34, which was also seen precipitating at 1.74 M salt, which 

indicates a monomer. However, the top of the lane is darker than the rest, which is 

similar to the broad band typical with tetramers. The only significant band at peak 4 is 

the 0.28 monomer. Peak 5 is too dilute to detect any protein. Peak 6 contains 0.28 

monomer, a small amount of 0.19 dimer, and a band around 0.38, which could be 0.38 

dimer or 0.39 monomer.  

Analysis of the SDS PAGE (Figure 5.10) indicates that the monomer is indeed in peak 6, 

due to a band at 11 kDa. The tetramer is in peaks 3 and 4, due to the band at 14 kDa. 

The dimer may be in peaks 3, 4, 5 and 6, due to the band at 12 kDa, but this also may be 

due to the monomer or tetramer being present in these bands. A band on the native 

PAGE at 0.19 would support the presence of dimers, but the concentrations are too low 

to detect all of the proteins. The monomer is present in peak 6. 
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SDS-PAGE of size exclusion peaks, first and last are MW ladders, units in kDa. 

Figure 5.10 SDS PAGE of Size Exclusion Peaks 
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Figure 5.11 Detailed look at SDS PAGE of Size Exclusion Peaks 

Peak 2 is the strongest peak using a 280 nm detector. This showed a strong band on the 

SDS PAGE at 58 kDa, and some banding at 38 kDa, 17 kDa and 16 kDa. The native PAGE 

showed a broad band at 0.64 times the electrophoretic migration of BPB. By comparing 

the SDS PAGE and native PAGE bands to the protein fractionation by ammonium sulfate, 

it can be seen that  this protein was precipitated with ammonium sulfate mainly at 
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1.78 M (along with the monomer) and also at 1.33 M, with the dimer. As mentioned in 

section 5.3.2, this protein is likely a ω-gliadin. The bands at 38 kDa, 17 kDa and 16 kDa 

are less prominent. While the 38 kDa band cannot be linked back to spots found by 

either Dupont or Wong, the 17 kDa and 16 kDa bands may be CM3 protein from the 

WTAI. It is of interest that the bands were well defined, as WTAI proteins have been 

found to form one band at 16 kDa. This may be due to fewer WTAI types of protein in 

this fraction. 

5.4 Conclusion 

The salting out of wheat alpha-amylase inhibitors using ammonium sulfate is effective in 

changing the ratios of the three types of alpha amylase inhibitors in a solution. The 

majority of WTAI is precipitated between 0.4 M and 0.93 M, the majority of WDAI is 

precipitated between 0.93 M and 1.33 M, and the majority of WMAI is precipitated 

between 1.33 M and 1.74M ammonium sulfate. If all three alpha-amylase inhibitors are 

to be quantified, then a salt range of 0.4 M to 1.74 M should be used. 

Identifying the different alpha-amylase inhibitors in a mixture is possible using a 

combination of SDS PAGE and native PAGE for verification. While it may not be possible 

to quantify precisely the amounts of each inhibitor using these two methods, due to the 

overlap in some of the bands, measuring the relative amount of each of these inhibitors 

can be done by comparing the intensity of the bands from each specific inhibitor. In 

particular, WMAI has a band corresponding to a phosphorylase standard in native PAGE 

and bands at 11 kDa and 13 kDa using SDS PAGE, WDAI has a band corresponding to a 
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myosin standard in native PAGE and a band a 13 kDa using SDS PAGE, and WTAI has 

more of a wide, undefined band from the myosin standard all the way to the glutamic 

dehydrogenase standard using native PAGE, and bands at 13 kDa and 16 kDa using SDS-

PAGE. 

Size exclusion was used to fractionate soluble wheat proteins. With the conditions 

studied, it was not possible to directly measure the relative amounts of WTAI, WDAI and 

WMAI in a mixture. There was lack of resolution between the peaks. This was likely due 

to the interaction of the proteins in the solvents used. Since the results were similar 

when either a high salt concentration was used (300 mM NaCl, 50 mM phosphate, 

buffered at pH 6.9) or no salt was used (50 mM phosphate, pH 6.9), future work should 

concentrate on the use of different solvents and different pH ranges. The sample sizes 

were too small to analyze accurately, even though 12 gel chromatography runs were 

concentrated. Once a solvent is identified that can deliver cleaner peaks, a preparative 

column should be used to obtain higher quantities of samples from each peak. Once the 

fractions were identified from the preparative column, they could be correlated back to 

the higher resolution of the analytical column. Although a guard column was used for 

these analysis, the column still required frequent cleaning, which added further 

complications to this method of analysis.  

The results in this chapter demonstrate that a rapid and inexpensive, semi-quantitative 

test to determine the amount of monomeric, dimeric and tetrameric alpha amylase 

inhibitors is possible using SDS-PAGE with a native-PAGE verification step. The intensity 

of the SDS-PAGE bands at 11 kDa, 13 kDa and 16 kDa indicate the relative amounts of 
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monomeric, dimeric and tetrameric inhibitor respectively in soluble wheat protein from 

an experimental wheat wet milling effluent that was purified using ammonium sulfate 

precipitation. This method will assist in evaluation of the effectiveness of other methods 

of soluble wheat protein fractionation.  
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Chapter 6  Soluble Wheat Membrane Fractionation 

6.1 Introduction 

Chapter 4 studied membrane filtration of wheat flour effluent. Ultrafiltration was found 

to be useful for dewatering the effluent and retaining protein, but several of the 

membranes allowed some protein in the permeate. The recovery of alpha-amylase 

inhibitors is a major objective in this study, and these proteins occur in three forms: 

monomeric (WMAI) at 12 kDa, dimeric (WDAI) at 24 kDa and tetrameric (WTAI) at 

60 kDa. The potential for membrane fractionation of these forms of inhibitors was 

proposed, given that the permeability of a solute through an ultrafiltration membrane is 

dependent on its molecular weight. Chapter 5 developed a method for extracting and 

semi-quantitatively measuring the relative amounts of the three forms of alpha amylase 

inhibitors in a sample. The inhibitors are salted out, then analyzed by SDS PAGE with a 

native PAGE verification. The relative intensity of the SDS bands at 11 kDa, 13 kDa and 

16 kDa is an indicator for the relative amount of these inhibitors analyzed. Native PAGE 

is used to confirm these results. 

This section of the study will quantify the amounts of each alpha amylase inhibitor in 

the permeates that contained protein for the membranes analyzed in Chapter 4. This 

will demonstrate differences between the alpha amylase inhibitor levels in the feed and 

in the permeate. WDAIs have displayed positive health benefits, so there is interest in 

extracting them from the effluent. Protein retention is used as a major indicator of 

membrane effectiveness, but a more accurate measure for the recovery of WDAI would 
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be WDAI retention. This study will compare the ratios of WMAI, WDAI and WTAI in the 

feed and in the permeate of systems where membranes had a less than 95% protein 

retention coefficient to determine whether protein fractionation using these 

membranes is possible and to determine the WDAI retention coefficient of these 

membranes. 

6.2 Materials and Methods 

Permeates and original feed effluent collected from flat plate ultrafiltration in Chapter 4 

were frozen. The permeates from the membranes with less than 95% retention were 

analyzed. These samples were the permeates from the 100 kDa PS membrane, the 

150 kDa PES membrane and the 100 kDa PVDF membrane. These membranes had a 

protein retention of 86%, 87% and 84% respectively. Also analyzed was the permeate 

from an 800 kDa PVDF membrane (53% protein retention) and the original feed 

solution. 

The frozen samples were thawed and salted out by ammonium sulfate between 0.4 M 

and 1.74 M, as described in Chapter 5. The samples were then dialyzed and the protein 

concentration was measured using Bradford test (Chapter 5). Samples with 

concentrations lower than 750 µg/ml were lyophilized in order to make a solution with a 

protein concentration of 750 µg/ml. SDS PAGE and native PAGE were run under the 

conditions of Chapter 5 using a loading of 5 µg and 3.75 µg respectively. The PAGE were 

analyzed by ImageJ software. The area under the peaks was also measured by ImageJ 
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software by manually drawing lines under the peaks and measuring the number of 

pixels in the area beneath the peak (Chapter 5). 

6.3 Results and Discussion 

A comparison of the SDS PAGE of the permeates from membranes which had less than 

95% protein retention showed that some were similar to the original feed solution, 

while others showed some differences (Figure 6.1). Of interest are the bands at 11 kDa, 

13 kDa and 16 kDa. As reported in Chapter 5, the ratio of these bands is a strong 

indicator for the amount of WMAI, WDAI and WTAI in a solution. The ratio of the bands 

from the SDS PAGE of the permeate of the PVDF membranes (100 kDa and 800 kDa) are 

very similar to the feed. However, the PS 100 kDa and the PES 150 kDa permeates show 

some differences (Table 6.1). This is confirmed by Student’s t-test, which showed no 

significant differences at p > 0.15 for any of the PVDF bands, but significant differences 

of the 16 kDa bands for the PS 100 kDa and PES 150 kDa bands at p > 0.10. When 

comparing the intensity of the bands, the PES 150 kDa ratio is similar to that of the 

1.33 M salted out protein in Chapter 5 (Table 5.2). The ω-gliadin band at 58 kDa is also 

reduced. This indicates that some protein fractionation may be possible with 

membranes. The figures indicate that PES 150 kDa membrane retained approximately 

50% more of the WTAI, and the PS 100 kDa membrane retained about 30% more than 

the feed and any of the membranes that do not demonstrate protein fractionation.  
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Values are in kDa 

Figure 6.1 SDS PAGE of permeate that had a retention coefficient of <95% 
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Table 6.1 Estimating the relative amount of WTAI, WDAI and WMAI in permeate using 
SDS PAGE 

 
 

Since the 1.33 M salted out protein was found to be high in WDAI, the possibility of 

using such a membrane to concentrate the WDAI fraction was raised. However, the 

protein retention of the membrane is 87% (Table 4.3). This would make such a direct 

method inefficient, and the system would have to be adapted in some way to decrease 

the amount of protein retention to make such a process commercially viable. These 

values were determined using the membranes as a primary method of dewatering the 

crude albumin, and would likely change if used at different concentrations and/or 

conditions during a secondary, protein refining stage. 

The native PAGE for these permeates correspond to the findings of the SDS PAGE results 

that no significant alpha amylase inhibitor fractionation took place with the PVDF 

membranes, but some fractionation is possible with the PS 100 kDa and PES 150 kDa 

membranes (Figure 6.2). The bands that are apparent are at 0.19, 0.28, 0.38 and 0.63, 

with a lighter very broad band between 0.19 and 0.63. It was demonstrated in Chapter 4 

that the 0.19 was the predominant dimer and 0.28 was the predominant monomer, and 

Membrane 16 kDa 13 kDa 11 kDa
PS 100 kDa 12 ± 2 66 ± 4 22 ± 4
PES 150 kDa 9 ± 2 73 ± 4 18 ± 3
PVDF 100 kDa 17 ± 3 66 ± 3 17 ± 3
PVDF 800 kDa 17 ± 3 64 ± 4 19 ± 2
Feed 17 ± 3 62 ± 3 21 ± 3

Intensity of Band (%)

105 
 



 

the very broad band was in part due to the tetramer. The ratio of these lines are 

constant, with the PVDF membranes, which indicates that for the membranes tested, 

there was no significant protein fractionation. In addition, the band at 0.63 was 

constant, in relation to the other bands. This band is predominantly from the ω-gliadin, 

which was also not fractionated from the alpha amylase inhibitors by the PVDF 

membranes tested. However, for the PS 100 kDa and PES 150 kDa membrane permeate, 

the 0.63 band is very weak, which implies that ω-gliadin was almost fully retained by the 

membrane. The SDS PAGE indicated that the amount of tetramer in these permeates is 

lower than the feed; the tetramers are represented as a wide band between 0.19 and 

0.63 on the native PAGE, so this is more difficult to read and therefore it is difficult to 

show this on the native PAGE.   
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Values are migration vs. bromophenol blue 

Figure 6.2 Native PAGE of permeate that had a retention coefficient of <95% 
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The molecular weights of the alpha amylase inhibitors are 12 kDa for the WMAI, 24 kDa 

for the WDAI and 60 kDa for the WTAI. The molecular weight for the WTAI is 5 times 

greater than the WMAI, and this difference is sufficient to expect some fractionation. 

The pore sizes of the membranes studied range up to 150 kDa, and even with this pore 

size, the protein retention is at 87% for the PES membrane, while it is 86% and 84% for 

the 100 kDa MWCO of PS and PVDF membranes respectively. Even the PVDF 800 kDa 

membrane had a protein retention of 53%. This indicates that the protein may be 

aggregating or form complexes with other proteins. The effect of the gel layer, which 

includes protein-membrane interactions, also contributes. The fact that the 100 kDa 

PVDF membrane showed no protein fractionation, while the PS 100 kDa and PES 150 

kDa membranes did indicate that the membrane material contributes to this 

fractionation and the gel layer, assumed identical for each of these membranes, would 

have a lesser effect. 

6.3.1 Protein-protein complexes and gel layer 

The number of proteins and their isomers in the soluble fraction of wheat is high, in one 

study 210 protein spots were found and 146 of these spots were identified and 

corresponded to 89 different proteins (Dong, 2012). A review of the UniProt Protein 

Knowledgebase (www.uniprot.org) found 8 WMAIs, 28 WDAIs, and 5 WTAIs. There are 

some duplicates, and not all isoforms are listed, and not all are expected to be in each 

cultivar of wheat, but this illustrates the large number of different proteins in soluble 

wheat. The WDAI are homodiamers, so the number would not increase due to different 
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permutations of monomeric subunits, but the WTAI are heterotetramers, which could 

vastly increase the number of permutations available for the WTAI isoforms. 

With the large variety of proteins in wheat flour effluent, protein-protein interactions 

are very likely. Protein-protein interactions are reversible interactions between either 

two different proteins, or self-association with the same protein, and are expected to 

increase protein retention (Ingham, 1980). These protein-protein interactions become 

more pronounced as solution concentration increases, and this would be the case near 

the surface of the membrane, where the concentration polarization is highest. The 

protein-protein interactions, combined with a high concentration, can force the protein 

solute out of solution, which is how the gel layer forms. This gel layer would be 

considered reversible if it did not have any protein-membrane interactions. Looking at 

the reversible and irreversible resistance of the filtrations in Chapter 4, the majority of 

the gel layer is due to the reversible gel layer. This indicates that protein-protein 

interactions are more prevalent than protein-membrane attraction, and likely have 

more influence in the retention coefficient of the membrane systems studied. 

Also contributing to the gel layer would be soluble carbohydrates which have 

precipitated due to a higher concentration at the gel layer. Soluble arabinoxylans form a 

gel-like structure (BeMiller, 2007), and this could physically block or trap proteins within 

the gel layer. These soluble carbohydrates would be present in soluble wheat effluent. 

The isoelectric points of soluble wheat proteins were analyzed by two-dimensional 

electrophoresis and found to cover the full range analyzed, from pH 4.5 to pH 10 (Wong, 
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2004; Dong, 2012). Most of the soluble proteins were in the neutral or acidic range. This 

wide range of isoelectric points indicates that the proteins would have a wide range of 

charges. Most alpha amylase dimers and monomer, γ-thionin and γ-gliadins have 

neutral isoelectric points, whereas the tetrameric alpha amylase inhibitors and ω-

gliadins tend to have more acidic isoelectric points. The globulin and lipid transfer 

proteins have a basic isoelectric point. The experiments reported here were performed 

at a slightly acidic pH ranging from 5.9 to 6.2. Thus the proteins with a more acidic 

isoelectric point would have a negative charge, the proteins with a neutral isoelectric 

point would have little or no charge and the proteins with the basic isoelectric points 

would have a positive charge. The electrostatic attraction between proteins with 

different charges can cause an attraction between the two proteins. Consequently, the 

proteins at their isoelectric points would not have the electrostatic repulsion that they 

would have if they had the same net charge, so this would also contribute to homo 

protein interactions. More aggregation of the proteins at their isoelectric point may give 

them a larger apparent size and thus would take longer to pass through a membrane, 

increasing its amount in the retentate.  

6.3.2 Protein-membrane interactions 

Protein-membrane interactions can cause standard pore blocking which can lead to a 

higher protein retention coefficient. Standard pore blocking would give a membrane a 

lower apparent MWCO and could explain the observation that some membranes 

rejected over 99% of protein even though the protein was much smaller than the 

MWCO. Protein-membrane interactions are generally irreversible. 
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Two types of protein-membrane interactions are possible, electrostatic and 

hydrophobic-hydrophilic interactions. All of the membrane tested were hydrophobic, 

but with hydrophilic additives. PES membranes tend to be more hydrophilic than PVDF 

and PS membranes (Pearce, 2007), and proteins in water solutions would absorb onto 

the hydrophobic  (sorptive) surfaces, more so with the flexibility of the protein 

(Nakatsuka, 1992). This would indicate a larger protein-membrane attraction with PS 

and PVDF membranes and less attraction to PES membranes. For electrostatic charges, 

membranes generally have a negative zeta potential (Teng, 2006) and soluble wheat 

proteins are mostly negatively charged or neutral in neutral pH solutions, due to the 

majority having isoelectric points at or below neutral pH (Dong, 2011). This indicates 

that there will be an overall electrostatic repulsive force between the protein and the 

membrane. Overall, this is evidence that protein-membrane attractive forces are less 

significant than the protein-protein attractive forces. However, the results of this 

experiment show that membrane type does determine the amount of protein 

fractionation. This would indicate that steric effects due to pore channel shape may 

contribute to the effective MWCO and to the ability of the membrane to fractionate 

soluble wheat protein. 

6.3.3 Protein fractionation mechanism 

It is proposed that with the 100 kDa and 800 kDa PVDF membranes, the pore size, shape 

and charge of the membrane material allow a portion of the protein to travel with the 

permeate flow though the pores. However, with the PS 100 kDa the PES 150 kDa 

membranes, the pore shape and size along with pore blocking preferentially restricted 
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the larger proteins, the WTAI and ω-gliadins, from passing more than it restricted the 

WDAI and WMAI. 

Consequently, it is possible to perform membrane filtration without a gel layer if the flux 

is kept below the system’s critical flux (Howell, 1995). The critical flux is defined as the 

flux below which there is no fouling by colloidal particles (Howell, 1995). The 

experiments performed in this chapter were all performed above the critical flux, which 

is evident from the gel layer formation on the membrane for each experiment. Future 

experiments should investigate the performance of these membranes under conditions 

below the critical flux, to determine whether any protein fractionation occurs. This 

would determine the effect of the gel layer, and thus the protein-protein interactions, 

on the protein fractionation capabilities of the membranes. 

6.4 Conclusion 

A range of ultrafiltration membranes, that varied in material and pore size, where used 

for dewatering soluble wheat effluent, and some membranes displayed protein 

fractionation. The PES 150 kDa membrane displayed about 50% more retention of WTAI 

and the PS 100 kDa membrane displayed about 30% less WTAI retention than did the 

membranes that did not demonstrate protein fractionation. This indicates that total 

protein retention of a membrane is not necessarily equal to its WDAI retention. The 

WDAI retention would be equal or less than the protein retention. While this would not 

be advantageous when selecting a dewatering membrane, it could be beneficial in 

designing a fractionation process. For example, with the PES 150 kDa membrane, the 
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protein retention was found to be 87%, and the permeate contained a higher 

percentage of WDAI than the feed, so the WDAI retention would be lower than 87%, 

making this a less effective membrane if WDAI was the desired end product. However, a 

membrane with a 99% protein retention could be used to dewater, and then a separate 

process using the PES 150 kDa membrane could be used to concentrate the WDAI. 

WDAI confers health benefits and thus better isolation of this protein is advantageous. 

For the PVDF membranes tested, the WDAI retention is equivalent to the protein 

retention, due to the similarity in protein composition of the feed and permeate. 

Studies have been done to fractionate proteins using ultrafiltration, but very specific 

conditions were needed, suggesting that ultrafiltration has potential for further 

refinements of the effluent solids. 

In Chapter 4 it was found that the reversible gel layer was much more significant than 

the irreversible gel layer. From this, it can be inferred that protein-protein interactions 

are more prominent than protein-membrane interactions. In addition, protein-

membrane interactions such as standard pore blocking can explain the high retention 

rate of a protein with a much lower molecular weight than the MWCO of a membrane. 

Further work can be done to analyze the reversible gel layer to determine the protein 

composition of this layer. Tests using acidic and basic buffers would be able to 

determine the effect of electrostatic protein-protein interactions and its effect on 

protein fractionation. Additionally, tests performed with the system running below its 

critical flux would help identify whether the majority of the protein-protein interactions 

are caused by the close proximity of the proteins in the gel layer. 
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Chapter 7  Conclusion 

The objective of this research was to investigate potential protocols for dewatering 

wheat flour wet mill effluent and to study the recovery of soluble proteins from this 

effluent. Prior to the dewatering experiments, the effluent was characterized and found 

to be mostly water, hence the need for efficient water removal to recover solubles. 

Ultrafiltration was found most effective in dewatering the effluent, while still retaining 

most of the protein. Among the membranes studied, PES was the material that 

demonstrated the highest protein retention at large MWCO (100 kDa), which indicated 

that this would be the membrane material with the most potential for future work. 

Despite a wide range in MWCO and membrane material, all the membranes tested had 

similar flux when run with wheat flour wet mill effluent, which demonstrated the impact 

of the gel layer on effluent flux. 

A method to semi-quantitatively estimate the amount of the three different wheat 

alpha amylase inhibitors was successfully developed. This is a rapid, low-cost method 

using SDS-PAGE analysis followed by native PAGE verification, which allowed for the 

analysis of alpha amylase inhibitors in the permeate of the membranes that did not 

have full protein retention. 

The permeates of the membrane filtrations that did not have complete protein 

retention were analyzed for wheat alpha amylase inhibitors, and it was found that the 

ratio of the three inhibitors was unchanged from the ratio in the feed solution for some 

membranes, but the highest molecular weight inhibitor, WTAI, was reduced in others, 
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indicating that UF membrane filtration can fractionate the alpha amylase inhibitor 

proteins under the conditions used. The higher molecular weight ω-gliadin was also 

reduced in the permeate with these membranes.  

This work demonstrated that PES is a membrane material that exhibits good potential 

for pilot plant and commercial scale-up. Furthermore, it was determined that the gel 

layer is the predominant factor influencing effluent flux, and different methods can be 

employed to minimize this gel layer, such as higher turbulence or cross-flow velocity in 

the feed channel. The study of reversible and irreversible membrane resistance showed 

that the majority of the resistance is reversible, which demonstrates good potential for 

a viable scale-up, as the major limit to the flux is a reversible gel layer. In contrast, 

irreversible fouling would have to be resolved by expensive chemical cleaning or 

membrane replacement. 

The development of a method to semi-quantitatively determine the relative amounts of 

each of the three wheat alpha amylase inhibitors provides the research community with 

a tool for further development in this area. This tool is not restricted to membrane 

filtration and protein fractionation, but can be applied to any type of research involving 

wheat. The low cost and rapidity of this test makes it convenient for testing large 

number of samples. 

The discovery that some of the UF membranes tested can fractionate soluble wheat 

proteins is an indication that subsequent fractionation by UF is a possibility if a certain 
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protein purification is required, for example WDAI, which has been found to have health 

benefits. Clearly, more research is needed to explore this phenomenon. 

The membrane filtration study was based on flat-sheet membranes run in the lab. A 

pilot plant arrangement with a spiral wound membrane would better replicate effluent 

flux in a commercial setting, as higher flow rates and membrane surface area would 

likely minimize the gel layer and dramatically increase effluent flux. Protein retention is 

expected to remain similar to lab scale testing (Cheryan, 1998). 

Scale-up to pilot plant and eventually commercial membrane filtration is planned. Pilot 

plant scale-up would consist of a 2” x 12” spiral wound membrane with an area of 0.5 

m2, which would better replicate commercial plant conditions for flux. 

Further evaluation of the gel layer is recommended. This study showed that xylanase is 

effective in increasing flux, due to its effect on arabinoxylans, but the effect of beta 

glucans was not fully investigated. The reduction of the gel layer with higher cross-flow 

would also be relevant, as this would more closely replicate a commercial production on 

a pilot plant scale. 

This study demonstrated that fractionating the alpha amylase inhibitors by salt 

precipitation was possible, so research into other methods of fractionation would be of 

interest. This would be of particular interest if a crude protein-carbohydrate mixture 

was recovered from the commercial membrane filtration of effluent, and commercial 

value could then be increased by refining the product. 
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Overall, this research opened the doors to the recovery of solids from wet flour wet mill 

effluent, and in particular, the recovery of alpha amylase inhibitors from this stream. 
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Appendix A 

 

Figure A.1: 2D SDS PAGE from Dumont, 2011 
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Figure A.2: 2D SDS-PAGE from Wong, 2004 
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