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ABSTRACT 

TRANSFORMATION OF WHEAT STARCH DURING BAKING AND STORAGE OF 

BREAD 

Ielizaveta Poloz Advisor: 

University of Guelph, 2018 Dmitriy V Soldatov 

A complex approach to study starch behavior in bread-like systems was utilized. The 

physical state of starch was monitored during the making and storage of bread from a variety of 

flours. Chemical composition of the flours was evaluated using traditional and new methods. 

A number of instrumental techniques, including less conventional techniques and never 

previously used combinations, were utilized. The main methods included: viscometry (micro 

visco-amylo-graph) to study pasting properties; differential scanning calorimetry to evaluate the 

sol-gel transition of starch; thermogravimetric analysis to study the thermal decomposition of 

flours; powder X-ray diffraction to evaluate crystallinity and retrogradation of starch within the 

flours and the bread samples. 

The relationship between the measured properties and the parameters of the flours, such as 

their nature, origin, chemical composition, storage time and storage temperature, has been 

evaluated and is discussed. A new analytical method to test the flour composition has been 

proposed.  
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1.1  Food flours 

Cereals are the fundamental component of the human diet all over the world. It is a 

substantial source of energy, dietary protein, carbohydrates, E and B vitamins, iron, trace minerals, 

and fiber1. 

Wheat and rice are the most widely used cereals for human consumption. More than six 

hundred megatons of wheat are on average consumed every year2. Over 70% of grown wheat is 

intended for food use (baked goods, food gels, food fillers, etc.). Only maize is produced in higher 

volume, but it is not directly used for human consumption1,3. 

1.1.1 Crop and flour classifications 

1.1.1.1 Crop classifications 

The most common and convenient classification is based on the crop usagea. Thus, the crops 

are separated into ten groups (agronomic classification)4: 

1. Cereal or grain crops: wheat, oats, barley, rye, rice, maize, sorghum, proso millet. 

Buckwheat and quinoa are used as a grain but are not cereals.  

2. Legumes: peanuts, field beans, peas, soybeans, various beans and lentils. 

3. Forage crops: crops utilized as feed for animals; include grasses, legumes, crucifers. 

4. Root crops: sugar beets, carrots, turnips, rutabagas, sweet potatoes, cassava. 

5. Fiber crops: cotton, flax, ramie, kenaf, hemp. 

6. Tuber crops: potato and the Jerusalem artichoke. 

7. Sugar crops: sugar beets, sugarcane, sorghum, corn. 

                                                 
a Some species may fall into multiple groups because they have multiple applications. 
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8. Drug crops: tobacco, mint, wormseed, pyrethrum. 

9. Oil crops: flax, soybeans, peanuts, sunflower, sesame, rapeseed, corn, cottonseed. 

10. Rubber crops: guayule. 

Other crop classifications also exist. For example, crop plants may be classified based 

on morphological similarity of plant parts. 

1.1.1.2 Wheat flour classifications in bread baking technology 

There are three sets of terms used to describe wheat flours: 

1) The terms “hard” and “soft” refer to the physical hardness of the kernel (the seed 

and hard husk of cereal). 

2) The term “red” refers to the presence of reddish pigment in the outer layer of the 

wheat kernel, while term “white” refers to the absence of such pigment. 

3) The terms “winter” and “spring” refer to the planting season. Winter wheat requires 

temperatures below 0ºC to form the heads and is consequently planted in autumn and harvested in 

summer. The spring wheat does not require low temperature for the heads to form and is 

consequently planted in spring and harvested in the late summer or early autumn. 

In the bread making, the terms durum and club wheat are also used. Durum wheat does 

not require vernalization (heads formation induced by low temperature) and is much harder than 

common hard wheat. Club wheat is always soft and has a low protein content. There are a large 

number of genetically different varieties of wheat within each class5. 

1.1.2 Food flour composition 

Flours milled from different crops vary in their composition. Typical compositions of some 

flours are presented in Table 1.1. Starch is usually the main component of flour. In the white wheat 
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flour, for example, its content is about 70%6. The second largest component is protein. The 

moisture content of the flour may vary depending on the storage conditions. Dietary fiber amounts 

vary for different flours. For example, wheat and rice flours are low in fiber, while oat and barley 

are known as fiber rich cereal flours. Flours also contain vitamins and minerals (Zn, Fe, Se) in 

small amounts7. 

Table 1.1 Typical flour compositions (g/100g). 

Flour type Water Protein Carbohydrates Lipids Dietary Fiber 
Ash 

   Starch NSPb  Insoluble Soluble 

Wheat8 13.3 11.7 75.8 3.5 1.4 - 0.6 

Maize9 7.8 9.98 76.32 3 1.7 1.2 

Rice10, 11 12.14 7.56 78 1 0.2 0.93 

Brown Rice12 14 7.3 64.3 2.2 0.8 1.4 

Quinoa13 7.8 15.6 58.1 2.7 4.6 7.7 1.2 2.3 

Arrowroot14–17 11.9 
0.15 – 

0.6 
73.5 – 84.2 

0.17 – 

0.84 
8.7 5.0 

0.28 – 

0.58 

Oat18 11.0 10.3 68.2 - 6.9 4.4 1.2 

Barley 

(hulless)19, 20 

8.4 – 

12.9 
14.1 63.4 2.9 3.1 13.8 2.8 

1.1.2.1 Carbohydrates 

Starch and non-starch polysaccharides form a large fraction of wheat kernel21. 

Carbohydrates make up about 65-75% of the mature wheat grain22. Starch is a polysaccharide 

consisting of two polymers, amylose and amylopectin. Amylose is a linear α-glucan 

polysaccharide, while amylopectin is a branched α-glucan (see section 1.2.2). The amylose to 

amylopectin ratio varies among different starches. Wheat starch typically contains 25–28% of 

amylose and 72–75% of amylopectin21. 

                                                 
b Non-starch polysaccharides. 
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The main usage of starch in food industry is to make baked products. Starch is also used as 

a food thickener, gelling agent or stabilizer23. Nonetheless, starch materials are common as 

constituents of copolymers, adhesives, pharmaceutical binders, etc. 

1.1.2.2 Proteins 

Proteins constitute from 8 to 20% of the total dry matter content in the mature wheat 

grains24. The most common amino acids in wheat proteins are proline, arginine, leucine, glycine, 

glutamine, phenylalanine, serine, and aspartic acids. The chemical components of cereals, and in 

particular proteins, are not evenly distributed in the grain. As a consequence, approximately 45% 

of the grain proteins are lost during the production of the flour1,21,25.  

Cereal proteins can be classified by their chemical composition as well as biological 

characteristics (such as function and location within the grain). For instance, cereal proteins are 

classified as prolamins because they have a high amount of proline. They can be further divided 

into prolamins with low and high molecular weight, or into S-poor and S-rich prolamines26. 

However, the most commonly used classification is based on protein solubility, as proposed 

by T. Osborne. According to this classification, wheat proteins are divided into four fractions7,27: 

1. Albumins are proteins soluble in water. 

2. Globulins are proteins insoluble in water, soluble in dilute NaCl solutions, and insoluble at 

high NaCl concentrations. 

3. Gliadins are proteins soluble in 70% ethyl alcohol aqueous solution.  

4. Glutenins are proteins soluble in dilute acid or sodium hydroxide solutions. 

Gliadins and glutenins are storage proteins that constitute the largest fraction of the wheat 

grain (from 75 to 85% of the dry matter content). Chemically, gliadins and glutenins are rich in 
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asparagine, glutamine, arginine and proline, but very low in lysine, tryptophan and methionine24. 

While ω-gliadins have high proportions of glutamine, proline and phenylalanine residues, they are 

low in sulphur-containing amino acids26. Gliadins and glutenins are essential for the dough 

formation as they help to retain gas contributing to the porous structure of the baked products. 

By their functionality, the proteins are divided into non-gluten proteins (15-20% of total 

wheat protein) and gluten proteins. The latter have a major role in the bread making process27. 

1.1.2.3 Lipids 

Lipids are a minor constituent of the wheat flour. By their chemical and biochemical 

parameters, wheat lipids are divided into two groups28: 

 “Simple lipids” are compounds with two types of structural moietyc. Among them 

are wax esters, steryl esters, glycerol esters and fatty acids. 

 “Complex lipids” are compounds with more than two types of structural moiety. 

This group includes phospholipids and glycolipids. 

The lipids in the wheat flour are subdivided into starch lipids, free and bound non-starch 

lipids and starch surface lipids based on the solubility in selective extraction conditions and their 

location in the wheat flour27,28. Lipids interact with starch and gluten proteins and play an important 

role in foam cell stabilization during the baking process. This affects the crumb structure and 

crumb firming that consequently affect the bread volume. Due to a low content of the lipids in 

wheat flours, supplementary shortenings are added to the dough during baking21.  

                                                 
c Structural moiety of the lipid is a structural part of the molecule that can be also found in other compounds. For 

instance, beeswax CH3(CH2)24CO2 – (CH2)29CH3 includes two moieties, where CH3(CH2)24CO2 – is the first structural 

part and (CH2)29CH3 is the second structural part. 
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1.1.2.4 Dietary fiber 

Dietary fiber is defined as lignin and the polysaccharide components of plants which are 

indigestible by enzymes in the human body. They are two categories of the dietary fiber:  

1. Soluble in water; includes pectic substances and hydrocolloids. 

2. Insoluble in water; includes cellulose, hemicellulose and lignin. 

The amount of dietary fiber in the white wheat flour reaches 2.7 g/100 g of milled product 

(for 11.2% moisture content), with 1.7 g/100 g of insoluble and 1.0 g/100 g of water-soluble fiber7. 

Consumption of the dietary fiber has a beneficial health effect. Many studies have shown 

that diets with higher fiber content decrease the risk of heart diseases and type 2 diabetes29. 

Compared to commercial white breads, the amount of dietary fiber in the whole wheat bread is 

much higher8. To enrich bread with dietary fiber, the wheat bran as well as barley, oat, rye, and 

rice brans are commonly added30.  
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1.2 Starch 

1.2.1 Occurrence in plants 

Starch is a product of photosynthesis. It is the most abundant carbohydrate in plants where 

it is produced for energy storage. It is accumulated in fruits, seeds, leaves, stems and roots. As a 

major fraction of cereal grain, starch comprises 86-89% of the grain endosperm31,32. 

In plants, starch is found in the form of semicrystalline granules, the morphology, 

composition, shape and size of which strongly depend on the plant (Table 1.2). 

Table 1.2 Shape and size of starch granules of different biological origins. 

Source Granule Shape Granule Size (µm) 

Cereals: 

Wheat 33, 34  Lenticular, spherical 2-10(s), 15-35(l) 

Rice 33, 35 Polygonal, irregular 3-8 

Maize 33,36, 37 Spherical, polyhedral 2-13 

Quinoa 38, 39, 40 Polygonal 0.5-3.9 

Legumes: 

Lentil bean 35 Ellipsoid 8-34 

Tubers and roots: 

Arrowroot 14 Round, oval 8.6–42.0 

Potato 35, 41 Round, oval 12-75, 12-37 

 

In the wheat grain, starch is found in granules that are of two types in size and shape: small 

round (2-10 μm) and large lenticular (20-35 μm) granules42,43 (Fig 1.1a). The size is usually 

expressed as a range or as an average of the length of the longest axis6. The lenticular granules are 

formed during the first 15 days after pollination. The small granules appear later and represent 

about 88% of the total number of granules7. Under polarized light, the starch granules show 

birefringence in the form of two intersecting bonds – “Maltese cross” (Fig 1.1b). This suggests a 

high degree of molecular ordering42. The presence of granular rings (alternating light and dark 

rings) in the starch granule was first studied using light microscopy44 (Fig 1.1c).  
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Figure 1.1 Potato starch granules observed by (a) scanning electron microscopy reveals 

different particles sizes and shapes, (b) polarized light optical microscopy shows birefringence 

(Maltese cross) of starch granules, (c) scanning confocal light microscopy demonstrates 

granular rings. Scale bars: 20 μm. Adapted with permission from ref. 44. Copyright 2015 

Springer. 

1.2.2 Chemical composition and molecular structure  

Starch is a polysaccharide with two major macromolecular components: amylopectin and 

amylose. Amylopectin, the major component of starch granule, is a (1 →4)-linked α-glucan with 

an α-(1 →6) branch point and the degree of polymerization in the range of 3 − 30 thousand 

glucose residues. Amylose is a mostly linear (1 →4)-linked α-glucan with the degree of 

polymerization in the range of 5 − 60  hundred glucose residues (Fig 1.2)21,27,32. On the molecular 

level, amylopectin from different natural sources may differ in the length distribution measured 

for debranched amylopectin chains45.  

In most starches the amylose content is 20-30%45. The amount of amylose is characteristic 

of the botanical origin of the plant. Apparent amylose content for starches from different plants 

(determined by iodine binding) is specified in Table 1.3. It was reported that higher amylose 

content is correlated with higher gelatinization temperatures46.  
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Figure 1.2 Structure of (a) glucose units, (b) amylose and (c) amylopectin in starch. 

Adapted with permission from ref. 47. Copyright 2010 John Wiley and Sons. 

Table 1.3 Apparent amylose content in different starch types. 

Plant type Apparent amylose, % 

Rice (long-grain)46 27.2 

Arrowroot48 22.8 

Wheat48,49 20.4 

Potato48 28.2 

Maize (waxy)48,49 0.37 

Pea49 33.9 

1.2.3 Starch crystallinity and solid state structure in the granule 

Native starch is a semicrystalline material. Granular rings in the starch granules correspond 

to the semicrystalline shells separated by amorphous layers. The granular rings, also called 

“growth rings”, are 200-600 nm thick44. On a smaller scale, the semicrystalline shell includes the 

crystalline and amorphous lamellae with a repeat distance of 9–10 nm (Fig 1.3). Amylose is 

believed to exist mostly in the amorphous state in the granules while amylopectin branches 

contribute to the crystalline part. The fact that granular rings exist in both waxy starches (100% 

amylopectin) and amylose-containing starches evidence that both amylose and amylopectin 

contribute to the amorphous layers of the granule50.  
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Figure 1.3 A schematic representation of amorphous and crystalline regions in the starch 

granule. Adapted from ref. 6. 

1.2.3.1 Amylopectin 

The side chains in amylopectin chains were originally suggested to be arranged as clusters 

where the short side chains are the clustered chains, whereas the long main chains interconnect the 

clusters. According to this so-called cluster model (Fig 1.4a), the double helices (formed of the 

short chains that crystallize) are arranged side-by-side, whereas the long chain penetrates two or 

several such units. Alternatively, the building block backbone concept (Fig 1.4b) introduces the 

long chains as a backbone present within each amorphous lamella and the molecules are layered 

on top of each other50. 
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Figure 1.4 Amylopectin molecules forming the alternating crystalline and amorphous lamellae 

in the starch granule according to (a) the cluster model and (b) the building block backbone 

model. (Red cylinders symbolize double helices. Short chains have their non-reducing ends 

toward the granule surface. Imaginary planes indicate the border between repeat units.)  

Adapted with permission  from ref. 50. Copyright 2015 Springer. 

1.2.3.2 Amylose 

Naturally occurring amylose is usually found, as a component of starch, in an amorphous 

state51. Once separated from amylopectin, amylose can crystallize in A- and B-forms, both 

containing water in the crystal structure. Synchrotron microdiffraction experiments facilitated the 

refinement of the solid state structure (Fig 1.5)52 and unit cell for the in-vitro synthesized A-

amylose crystals53. The crystal structure of the A-type amylose has a six-fold left-handed double 

helical conformation with pitches of 2.08 nm44. Double helixes of A-amylose are packed in the B2 

space group monoclinic unit cell (a = 2.124 nm, b = 1.172 nm, c = 1.069 nm, γ = 123.5o) with 

water molecules between the helixes53. Double helixes of B-amylose are packed in P61 space group 

hexagonal unit cell (a = b =1.85 nm, c = 1.04 nm, γ = 120o) with water molecules between the 

helixes50,54. The solid state structure of the A-type amylose crystals is the same as for the native 

Granule surface Granule surface 
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starch crystallites44. The crystal structure of the B-type amylose allows it to accommodate more 

water per unit cell than in A-type crystals54. 

 

Figure 1.5 Projections on the (ab) and (ac) planes of the crystal structure determined from the 

synchrotron X-ray diffraction data for A-amylose single crystals. 

(   ) Indicates water molecule; hydrogen bonds are shown as broken lines. 

Adapted with permission from ref. 52. Copyright 2005 American Chemical Society. 

1.2.3.2.1 Amylose inclusion compounds 

In presence of appropriate molecules such as iodine, linear alcohols, lipids or flavor 

compounds, amylose can form inclusion complexes55,56. In these complexes amylose acts as host, 

while the other molecules act as the guest included in cavity space formed by the amylose 

molecule. The cavity space is created inside the helix formed by the amylose molecules, with the 

size of the helix and the cavity determined by the number of glucose residues per turn57. 

Structurally, this form of amylose is known as the V-type allomorph58. The crystal structure of 

amylose with long-chain fatty acids is only slightly different in its unit cell dimensions from those 
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formed with alcohol and iodine59. Differential scanning calorimetry studies of the amylose 

complexes show an endotherm during the heating cycle and an exotherm for the cooling cycles 

that proves that the complex formation is a reversible process60,61. 

1.2.3.3 Starch allomorphs 

Starch crystallizes in different crystalline forms called allomorphs. They correspond to the 

forms of crystalline amylose (see section 1.2.3.2). The formation of different allomorphs depends 

on the botanical source: A-allomorph is typical for cereal starches; B-allomorph is typical for 

potato, amylo-maize and canna starches; C-allomorph is typical for pulses, tapioca, arrowroot and 

sago62. The A-type allomorph is more typical for cereal grains grown in warm and dry conditions12. 

The C allomorph is a mixture of A- and B-type crystallites in the same granule50. The V-type is 

only found for amylose helical complexes after starch gelatinization followed by lipid 

complexation6, for example, during extrusion63. Each allomorph type has a characteristic X-ray 

diffraction pattern (Fig 1.6).  

 

Figure 1.6 X-Ray diffraction patterns of the starch allomorphs. Reprinted with 

permission from ref. 6. Copyright 2005 Taylor & Francis group.  
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1.2.4 Physical and chemical transformations of starch 

1.2.4.1 Starch gelatinization 

The order–disorder phase transition caused by heating of the starch granules in water is 

called gelatinization64. During gelatinization the crystalline structure of starch and three-

dimensional architecture of the granule change to a disordered state65. Gelatinization of starch is 

accompanied by the swelling of the granules, loss of birefringence and molecular solubilization65. 

Gelatinized and partially soluble starch is referred to as pasted. A starch paste can vary from a 

system with only partially soluble starch to a system with a high amount of soluble starch42. Unlike 

other gelatinized systems such as gelatin or agar, starch does not dissociate into the solution66. 

The cooled starch paste forms a gel42. In colloid chemistry, a gel by definition is a substance 

with a continuous liquid phase enclosed in a continuous solid skeleton67. 

Annealing is a process that occurs when a material is temperature treated but prevented 

from reaching its melting temperature. Modest molecular reorganization is permitted and structure 

with a lower free energy will form. Annealed starches have narrower gelatinization temperature 

ranges, increased peak max temperatures, and increased enthalpies of the solid-gel transition68. 

1.2.4.1.1 Starch gelatinization in the dough 

In the flour dough the starch granules are incorporated into the protein matrix. This system 

changes upon water and mixing treatment. The change occurring in the flour dough starts with the 

protein unfolding and the starch granules swelling due to hydration. After a newly arranged protein 

matrix is formed, the depolymerization69 and modification in the gluten microstructure occur. Then 

the starch granules rearrange, and free water is released. When the optimum mixing time is 

reached, some bubbles of air will be incorporated in the flour dough70.  
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Figure 1.7 Schematic explanation of gelatinization / retrogradation process in the flour dough. 

 

During the heating of the starch-water system, the amylose is leached out from the granule 

structure as the granules swell. The weakened starch granules eventually rupture causing some 

amylopectin release from the dispersed starch matrix, which is associated with a reduction in 

viscosity1. Only residual granule structure fragments (that are largely composed of amylopectin) 

are left (Fig 1.7). These changes alter the rheological properties of the system71. During the cooling 

phase the leached amylose is prompted to recrystallize (fast retrogradation)1. 

The enthalpy of gelatinization for different starches is reported to have the following order: 

normal starch ~ waxy starch > high-amylose starch64. There is a correlation between gelatinization 

temperature and the length distribution measured for debranched amylopectin chains. Increased 

number of amylopectin chains with the degree of polymerization (DP) <12 causes a decrease in 

the gelatinization temperature, while increased number of amylopectin chains with DP≥12-16 

causes an increase in the gelatinization temperature72. For instance, the modification of maize 

starch towards higher amylose content and longer external chain length of amylopectin results in 

starch that is resistant to digestion and gelatinization73.  
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1.2.4.2 Starch retrogradation 

The process opposite to gelatinization that occurs in time is called retrogradation (Fig 1.7). 

Staling of the bread is associated not only with movement of the moisture from the crumb to the 

crust that increases crumb firmness, but also with retrogradation. 

Retrogradation is a process of partial crystallization of the starch in the gelatinized system. 

It is a thermo-reversible, recrystallization process that involves the both starch components. The 

first stage (fast stage) occurs on the first day and involves crystallization of amylose. During the 

second stage (main stage), the ordered structure forms within the amylopectin molecules8. There 

are three consecutive steps during amylopectin crystallization: nucleation, propagation, and 

maturation74. 

Retrogradation is the only molecular scale physical change occurring during the staling75. 

The effect of storage temperature on the retrogradation rate was investigated. It was shown that at            

-18ºC only growth of already existing crystallites may occur, so retrogradation is slow. In contrast, 

storage at 4ºC and 25ºC leads to the formation of new crystallites. For the studied conditions, the 

highest crystallization rate was reported at 4ºC76. The chain length distribution of amylopectin 

defined by the species genotype may influence retrogradation behavior77. In particular, 

retrogradation kinetics could be related to the amylopectin chain length78. On the other hand, the 

presence of amylose – fatty acid complexes may inhibit the retrogradation process79.  
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1.2.4.3 Starch decomposition 

Thermal treatment of starch reveals two major stages of its mass loss. Near 100ºC starch 

loses adsorbed water80; chemical decomposition occurs at ~300ºC leaving ~20% of solid residue81. 

The chemical decomposition effect is a result of the starch pyrolysis. The main products of 

decomposition are water, CO2 and CO82. Less abundant products are methane and formaldehyde80. 

In a study on the corn starches, a correlation between the amylopectin content and the 

decomposition temperature was reported. Starches with higher amylopectin content exhibited 

higher decomposition temperature81. 
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1.3 Research goals and objectives 

1.3.1 Research goals 

The mastery of bread making has been known since the ancient times. It may appear 

surprising that the bread making process has barely changed over the course of human history. 

Modern bread making methods, like in the ancient times, rely more on empirical knowledge 

accumulated over centuries rather than on deep scientific understanding of the baking process. 

This seems to be in contrast with overall progress in other branches of science and technology. 

Indeed, the molecular level solid state structure of the flour, and physicochemical transformations 

occurring during bread making and storage are only partially understood, in spite of the overall 

potential impact this knowledge could have on the industrial production of bread. As outlined in 

this chapter, the flour and its transformations present a very complex subject that requires 

sophisticated equipment and advanced expertise not always available in an industrial lab. 

The studies described in this thesis started as part of an industrial collaboration project 

between Canada Bread (Grupo Bimbo), Bunge North America and the University of Guelph (Food 

Science and Chemistry Departments). The project entitled “Optimizing bakery performance: 

Developing new flour quality protocols for commercial bread making” was supported by a 

MITACS Accelerate Cluster Internship grant for one year. The industries’ interest in our part of 

the project conducted at the Chemistry Department was on exploring new techniques less common 

in food science, such as the characterization of the flour / dough / bread system and in-situ 

monitoring of baking process using thermal analysis and X-ray diffraction methods. The studies 

then were continued for another year with the focus on the most promising directions identified in 

the first year: the retrogradation study and development of a new method for flour analysis. 

Overall research goals of this thesis project are formulated as follows: 
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1) Obtaining better understanding of the starch transformations that occur during 

bread making and storage. Obtaining better understanding of how these transformations are 

affected by the nature, origin and storage history of the flour. 

2) Exploring new approaches to the analysis of flours. Developing alternative 

methods of flour composition analysis. Developing new protocols for monitoring of physical and 

chemical transformations in flour during bread making and storage. 

1.3.2 Project objectives 

The preliminary stage. The utilized flours were analyzed for their composition to set a 

reference point. A methodology for application of utilized techniques taking into account the 

specificity of analyzed materials was developed. The best procedure and calculation methods were 

selected or developed for MVAG, DCS and TGA analyses and PXRD measurements in various 

settings. 

The main stage included studies along the two directions: 

1) investigating physical transformations of starch during bread making and storage; 

2) developing a new analytical method for flour analysis. 

The first part included the determination of gelatinization parameters (MVAG and DSC) 

and the analysis of crystalline properties of wheat flours, dough and bread during baking and 

storage (PXRD). The prospects of the above techniques to distinguish wheat flours were assessed 

and the results obtained by the different methods were related to the composition and other 

properties of the flours. 

The first part also involved the retrogradation studies where PXRD tests were conducted 

over the time to monitor the staling of bread samples and to extract possible dependences on the 
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flour parameters. Experiments on the five base flours and two standard industrial flours were 

conducted. Bread samples were baked and analysed during the first year of storage for the five 

base flours and second year of storage for the two standard industrial flours. The measurements 

were repeated after additional year of storage. The corresponding conclusions were derived. 

The second part utilized the TGA technique as an analytical tool with a potential to yield 

multiple characteristics of the flour. These characteristics included not only decomposition 

temperatures, but also moisture and ash content, approximate content of starch and protein, and 

amylose to amylopectin ratio. The interpretation of the TGA data required additional research 

which included the analysis in different gas atmospheres (air and nitrogen), and the analysis of 

separated starch and flour dough. Values obtained by the TGA analysis were compared with values 

obtained by standard methods to evaluate the suitability of the TGA procedure.  
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2.1 Materials 

A variety of wheat and non-wheat flours were used in this study. The flour specifications 

are described in Table 2.1.  

Table 2.1 Flours used in the project. 

 
Model flours used in 

the study 

Wheat flour types  
Hardness of 

kernel 
Planting season 

Presence of 

pigment 

Crop 

year 
Hard Soft Winter Spring Red White 

Base flours 

H1_CWRS 

(CANADIAN WESTERN 

RED SPRING) 

2016 

   
   

H2_HRS (U.S. HARD 

RED SPRING) 
   

   

H3_HWR (U.S. HARD 

WINTER RED) 
  

  
  

H4_MHRW (MEXICAN 

HARD RED WINTER) 
  

  
  

S_SRW (SOFT RED 

WINTER) 
 

   
  

Standard 

industrial 

flours 

H_ind (STRONG 

BAKERS UNTREATED 

FLOUR) 
2015 

   
   

S_ind (PASTRY FLOUR)       

 WHEAT A 2017       

WHEAT B 
2016 

  d d 
  

WHEAT C   d d 
  

Non-wheat flours 

CORN 

N/Ae N/A 

QUINOA 

BROWN RICE 

WHITE RICE 

ARROWROOT 

                                                 
d Unknown. 
e Presumably 2017-year crops. Purchased from Bulk Barn Foods Limited. The age of these flours was not important 

for the TGA study they were used. 
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The five base flours (H1-H4, S) and the two standard industrial flours (H_ind and S_ind) 

were used for retrogradation studies. Non-wheat flours such as corn, quinoa, arrowroot, white and 

brown rice were used only for TG analysis. The flours varied in the crop year and planting season.  

2.2 Instrumentation and techniques 

2.2.1 Baking procedure 

The baking of bread samples was performed in the Food Science Department, University 

of Guelph. The baking procedure was developed from the AACCI standard method1.  

Bread baking formula: flour (200 g), sucrose (12 g), salt (3 g), yeast (10.6 g), shortening 

(6 g), distilled water ~ 63 g per 100 g of flour (adjusted to the water absorption value for each flour 

sample, see Table 2.2). 

Table 2.2 Water absorption values for selected flours. 

 H1 H2 H3 H4 S H_ind S_ind 

Water absorption 

(at 500 BUf), %g 
67.5 63.5 61.8 63.6 57.4 65.6 59.6 

The dough was mixed with a Kitchen Aid mixer with a hook at speed 2 for 2 min; then the 

sides of the bowl were scraped; then mixed at speed 2 for another 2 min; then the sides of the bowl 

were scraped again; then mixed at speed 1 for 1 min. 

Proofing took 52 min with the first punch in 14 min and the second punch after 39 min 

(with a dough division) at 30ºC and 85% humidity. Bread was baked at 215ºC for 24 min. Cooled 

                                                 
f Brabender units.  
g
 Water absorption is a flour characteristic. It was measured with a Farinograph E device (Brabender, Duisburg, 

Germany) according to the AACCI method18. In this method, water is added to the flour sample with shearing until 

viscosity of the dough system stops growing and reaches its maximum development. Water absorption values at 500 

BU were measured with two replicates. Experiments were performed by J. Kang at the Department of Food Science, 

University of Guelph. 
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and sliced bread was stored at room temperature in sealed polyethylene bags. 

2.2.2 Moisture and crude protein analysis 

Moisture and crude protein analyses were performed in the Food Science Department, 

University of Guelph. 

The moisture content was measured according to an AACCI standard method2. A flour 

sample of ~1 g was analyzed by an Ohaus rapid moisture analyzer at 180˚C within 2 minutes run 

with three replicates. 

The protein content was measured according to an AACCI standard method3. A flour 

sample of ~0.2 mg was analyzed in automated Dumas analysis system (LECO Instrument, 

Mississauga, ON, Canada). EDTA was used for standardization. Nitrogen values were converted 

to protein by N × 5.7 factor for wheat flours and by N × 6.25 for non-wheat flours. Then, the 

protein content was corrected to 14% moisture base. 

Various conversion coefficients may be used to determine crude protein content in different 

flour types4.  Therefore, it is critical to consider the used factors when comparing results reported 

in different studies. 

2.2.3 Powder X-ray diffraction measurements 

2.2.3.1 Introduction 

Powder X-ray Diffraction (PXRD) is a characterization technique used to extract 

information on the solid state structure of a material. It is frequently used for qualitative 

identification of crystalline phases of compounds, for instance in mineral analysis5,6. 

With this method, the intensity of scattered X-rays is measured as a function of the Bragg 

angle (2θ)7. If the crystal is described as a set of crystal planes, then the X-rays will be scattered 
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at a reflection angle equal to the angle of incidence. The reflected beam from two adjacent planes 

would be in-phase only when the Bragg’s law equation is satisfied:  

𝑛𝜆 = 2𝑑 sin 𝜃 

where 

n = 1, 2, 3…; 

λ – is the wavelength of the X-ray source; 

d – is the distance between adjacent planes; 

θ – is the Bragg’s angle.  

The geometrical illustration of the Braggs’ law is shown in Fig 2.1. 

 
Figure 2.1 Geometrical illustration of the Bragg’s law. 

Starch and flours are complex materials that yield a characteristic PXRD pattern with broad 

peaks. The peaks on our PXRD pattern for the five base wheat flours corresponded to a simulated 

pattern for crystalline A-amylose (Fig 2.2). This correspondence illustrates that starch is the only 

source of crystallinity in the flour. 

The PXRD pattern for A-amylose crystals at room temperate was generated from reported 

data8 using “Mercury” Software (Cambridge Crystallographic Data Centre). Additional generated 

data are reported in Table 5.1.  
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Figure 2.2 a) PXRD pattern of flour (our data) vs calculated pattern for A-amylose with 

assigned Miller indices and unit cell parameters. b) The double helix of amylose in the crystal. 

Powder X-ray diffraction measurements of bread and flour samples were conducted using 

a PANalytical Empyrean X-ray powder diffractometer equipped with Cu X-ray source (λ=1.5418 

Å). The samples were placed on a flat holder 2 mm deep. 

Two methods of bread sample preparation were used:  

a) a sample was prepared from the bread crumb; 

b) a dry sample was prepared from the bread crumb (~3 g) dried at 35 ºC in a ventilation 

oven for one hour and ground in a mortar. 

(a) 

(b) 
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The PXRD data for flours and the first series of bread samples (made from the five base 

flours; half year of storage at room temperature; for retrogradation tests) were treated without any 

corrections. The consecutive bread sample data were normalized by the sample mass and intensity 

of the signal from a copper standard (see Fig 5.1 and Tables 5.2-5.5). 

2.2.3.2 Crystallinity calculations 

The degree of crystallinity was calculated with the use of the equation9: 

𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 =
𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑎𝑟𝑒𝑎

𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎
 100% 

The data analysis used to determine the crystalline and total areas were performed in 

graphing software “OriginPro” (OriginLab, Northampton, MA). In the software the crystalline 

area is defined by baseline fitting procedure (Fig 2.3) and the crystalline and total areas are 

calculated by integration. 

 

Figure 2.3 Measuring crystallinity: peaks and baseline fitting 
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The crystallinity value is sensitive to the calculation method. Thus, the value could vary 

depending on the 2θ angle range used for the analysis and the baseline fitting procedure. For 

instance, the crystallinity of wheat starch was reported as ~26% for soft flour and ~24% for hard 

flour for the 4-40˚ 2θ range10. At the same time, for the 6−50˚ 2θ range, the degree of crystallinity 

of wheat starch was reported as 20%11. 

2.2.3.3 Variable temperature powder X-ray diffraction measurements 

The variable temperature PXRD measurements were conducted on a capillary stage in 

closed polyimide capillary (Cole-Parmer polyimide tubing, ID 1.46 mm, wall thickness 0.05 mm) 

with flour dough as a sample. Ideally, the temperature regime should correspond to the temperature 

profile in the bread crumb during baking12: 4 min at 30ºC, then temperature is increased during 4 

min and held on the <100˚C level until the end of the in-situ baking (for actual regime used see 

section 3.2.3.2). 

Due to the fact that the loss of crystallinity is associated with the gelatinization of the starch, 

this method can evaluate the completeness of the gelatinization process as time and temperature 

change during the experiment. The application of this method could be extended, for instance, to 

the development of starch based composite materials and biopolymers.  

2.2.3.4 Retrogradation study 

For retrogradation study the bread samples were stored at room temperature in sealed 

polyethylene bags. The measurements of sample crystallinity were conducted during 30 days’ 

period. The resulting data are reported as the dependence of crystallinity on the time of storage. 
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2.2.4 Thermal analysis 

Thermal analysis is the measurement of certain characteristic physical and/or chemical 

properties of a material as a function of time and/or temperature5. 

2.2.4.1 Viscosity measurements 

The Micro Visco-Amylo-Graph (MVAG) is a device used to monitor viscosity properties 

of a sample as a function of temperature and time. It is routinely used in food science to evaluate 

the gelatinization and pasting properties of starches in cereal flours. The measured parameters are 

the pasting temperature, peak viscosity, breakdown, setback and final (cold paste) viscosity. Here, 

the pasting temperature is the temperature indicating an initial increase in viscosity; the peak 

viscosity is the maximum viscosity during the heating cycle; the breakdown is the peak viscosity 

minus the final viscosity at 95 ºC; the setback is the final viscosity at 50 ºC minus the peak viscosity 

(Fig 2.4)13. 

The viscosity measurements were performed in the Food Science Department, University 

of Guelph. The data were collected on an MVAG (Brabender OHG, Duisburg, Germany) and 

analyzed using the “Viscograph Data Correlation” software. 

 The change in the viscosity was observed as a sample slurry (15 g flour in 100 ml of water) 

was heated during the stirring. The amount of added water was corrected to 14% moisture content 

base. The temperature profile for the MVAG was 30ºC – 95ºC – 50ºC at 6ºC/min with a 5 min 

hold at 95ºC and 2 min hold at 50ºC. The experiment was replicated three times for each flour.  
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Figure 2.4 Schematic representation of MVAG parameters obtained from the measurement. 

Adapted from ref. 14. 

2.2.4.2 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) measures the change in mass of a sample as a function 

of temperature and/or time. The method was used to determine the ash content in the flour and the 

mass change of the main effect of flour decomposition on the TGA thermogram. 

 TGA experiments were performed on a TA Instruments Q5000-IR analyzer. The data 

collection was controlled by the “Q Advantage” software. The data were analyzed using either 

“TA Universal Analysis” or “TRIOS” software. 

Analysis in 100 μl high temperature platinum pan. Each flour sample with a mass of ~30 

mg in a 100 μl high temperature platinum pan was analyzed in the range of 35-600ºC at 5ºC/min 

heating rate under N2 purge gas flow of 25 ml/min. Then the sample was heated under air flow of 

25 ml/min at the constant temperature of 600ºC for 40 min to determine the ash content. 
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Additionally, separate analyses were performed either under air or nitrogen to clarify the 

decomposition pathways. 

Analysis in 250 μl high volume ceramic pan. Flour samples of ~130 mg in a 250 μl high 

volume ceramic pan were analyzed in the range of 35-600˚C at 5˚C/min heating rate under N2 

purge gas flow of 25 ml/min. Then the sample was heated under air flow of 25 ml/min at the 

constant temperature of 600˚C for 2 hours to determine the ash content. For the analysis of flours 

with low protein content the sample size was adjusted.  Flours with higher carbohydrates/sugar 

content tend to create a foam during decomposition15.  So, sample size was reduced to ~50-70 mg 

for soft and corn flours and ~35 mg for rice and arrowroot flours. Additionally, separate analyses 

were performed either under air or nitrogen to clarify the decomposition pathways. 

The blank experiments were carried out for both types of pans (see Figs 5.2 and 5.3).  Due 

to a change in density of gas with increasing temperature15, the mass increase for the high volume 

ceramic pan was significantly higher and the buoyancy correction was applied. In the case of the 

platinum 100 μl pan, the mass gain was less than 0.02% of the sample size and it was neglected. 

2.2.4.3 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) is monitoring the change in enthalpy of a sample 

as a function of temperature or time. This technique is useful for the determination of some thermal 

events as, for example, melting, decomposition or crystal structure change5. Gelatinization of 

starch is an endothermic process and the DSC thermogram of starch shows a strong, but broad, 

signal associated with the solid-gel phase transition. Several parameters can be extracted from the 

DSC data: the maximum temperature of gelatinization, the onset and end temperatures of the 

process and the enthalpy of gelatinization. Figure 2.5 shows a sample DSC curve (in this case for 
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H4 flour sample) with an indication of parameters mentioned above.  

 
Figure 2.5 DSC of H4 flour with a description of parameters obtained from the analysis. 

Tonset, Tmax and Tend are the onset, maximum and end temperatures of the gelatinization process; 

the integrated area of the peak corresponds to the enthalpy of gelatinization. 

DSC experiments were performed on a TA Instruments Q2000 DSC analyzer; the same 

software as for the TGA experiments was used. The flour samples (~6 mg) in a 1:2 ratio with 

distilled water were sealed in 60 μm large volume stainless steel pans with O-rings (Perkin Elmer) 

and equilibrated for 3 hours16. In the preliminary stage, the experiments were carried out in the 5-

140ºC range with three heating cycles at different heating rates of 2, 5 and 10ºC/min and two 

cooling cycles with a rate of 20ºC/min under nitrogen flow of 25 ml/min. For the reported results, 

the scanning of the samples was carried out in the 5-110ºC range with one heating cycle at a rate 

of 2ºC/min and one cooling cycle with a rate of 20ºC/min under nitrogen flow of 25 ml/min. The 

enthalpy of gelatinization (ΔH) was extracted by integrating the area of the peak on the 

thermograms (Fig 2.5). 
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The instrument was calibrated for temperature and cell constant using water (MP 0˚C; 

ΔH=6.01 kJ/mol; 333.65 J/g) (see Fig 5.4) as a reference material. The calibration was verified by 

running melting point standards: indium (MP 156.60˚C; ΔH=3.291 kJ/mol), stearic acid (MP 

69.3˚C; ΔH=61.2 kJ/mol) and benzophenone (MP α-form 47.9 - 48.5˚C; ΔH=18.19 kJ/mol) (see 

Fig 5.5). 

 

2.3 Statistical analysis 

For variable 𝑥 with an average value of �̅� for 𝑛 experiments, the following values17 were 

used to report the data: 

• Standard error of the mean SEM = √
∑(𝑥−�̅�)2

𝑛(𝑛−1)
 ; 

• Standard deviation of the sampleh S = √
∑(𝑥−�̅�)2

(𝑛−1)
 ; 

• Standard deviation of the population σ = √
∑(𝑥−�̅�)2

𝑛
 ; 

• Confidence interval μ = 
𝑡 × 𝑆

√𝑛
, where Student’s t-value = 4.303 for n=3 at 95% 

probability level.  

                                                 
h Also called standard error of a single measurement 
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3.1 Flour composition analysis 

To obtain a valid reference point, the flours were analyzed for moisture and protein. Due to 

the fact that lipid and dietary fiber amounts are relatively small in wheat flours, the starch content 

can be estimated from known protein content for a flour at 14% moisture base. This approximation 

reduces the composition analysis to only two parameters, protein and moisture contents. 

Table 3.1 Experimentally determined moisture (actual) and protein (corrected for 14% moisture 

base) contents for the studied flours. 

 Moisture, % SD Protein, % SD 

H1 13.08 0.07 13.25 0.02 

H2 13.43 0.07 12.61 0.01 

H3 13.61 0.01 11.06 0.01 

H4 11.21 0.02 10.56 0.01 

S 11.99 0.04 8.71 0.02 

S_ind 10.91 0.22 7.63 0.01 

H_ind 10.71 0.17 12.56 0.02 

Wheat A 14.38 0.14 11.12 0.07 

Wheat B 12.06 0.11 12.11 0.04 

Wheat C 11.84 0.11 7.77 0.05 

Corn 12.72 0.34 4.98 0.02 

Quinoa 9.56 0.09 11.97 0.10 

Brown Rice 10.61 0.08 7.90 0.16 

White Rice 11.07 0.14 6.93 0.05 

Arrowroot 11.73 0.23 0.22 0.04 

The experimental data are presented in Table 3.1. The analyses were done with three 

replicates, or with two replicates in some cases for protein analysis (for full data see Table 5.6). 

The flours moisture was in the range of 9.56 – 14.38%. Moisture content strongly depends 



45 

 

on storage conditions and may change dramatically from day to day. To account for these changes, 

all values for flour composition are recalculated to the 14% moisture base.  

The protein content of the studied hard wheat flours varied within 10.56 – 12.56%. For soft 

wheat flours the values were significantly lower, 7.63 – 8.71%. The protein contents of non-wheat 

flours decreased in the order quinoa > brown rice > white rice > corn > arrowroot. None of the 

flours have shown unexpected results as the obtained values were within ranges established in the 

past1–10. 

3.2 Physical properties of flours 

3.2.1 Pasting parameters  

The MVAG (micro visco-amilo-graph) analysis for the five base flours was repeated three 

times for each flour sample. The difference between different flours was found to be larger than 

variations for the same flour (Figs 3.1 and 3.2). 

MVAG screening of the five base flours showed that the maximum viscosity is decreasing 

consistently in the sequence: H2 > H3 > H1 > H4 > S; the gelatinization temperature is increasing 

in the sequence: H3 < H2 < H4 < H1 < S in the range of 62.1 – 63.2 ºC, with the standard error of 

measurement for the temperature value of 0.2 – 0.8 ºC (Fig 3.2). 

The numerical MVAG data are listed in Table 3.2, including the pasting temperature, 

maximum and final viscosity, and break down and setback viscosity values.
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Figure 3.1 Graphical representation of MVAG results for Soft (S) flour with three replicates. A: Beginning of gelatinization; B 

gelatinization maximum; C: viscosity at the end of the heating phase; D: viscosity at the beginning of the cooling phase; E: viscosity 

at the end of the cooling phase. The solid circles are “anchor points” measured for the most critical viscosity values that define the 

pasting properties of a flour. The curves represent viscosity change and are based on the data obtained for the “anchor points”.  

Soft 1

A

B

C

E
Soft 2

D

Soft 3

Temperature Profile

0

20

40

60

80

100

120

0

50

100

150

200

250

300

350

400

0 5 10 15 20 25 30

T
em

p
er

at
u
re

, 
o
 C

V
is

co
si

ty
, 
B

U

Time, min

Soft 1

Soft 2

Soft 3

Temp 1

Temp 2

Temp 3



47 

 

 

Figure 3.2 Graphical representation of MVAG results for the five base flours. An average curve of three replicated runs is shown for 

each flour. The curves represent viscosity change and are based on the data obtained for the “anchor points” shown on the graph as 

solid circles (see Fig 3.1).
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Table 3.2 Selected data from the MVAG analysis for the five base flours. 

 Pasting 

temperature 

(SEM)i 

Maximum 

viscosity 
Breakdown 

Final 

viscosity 
Setback 

H1 Time, min 5.23 10.18  26.33  

 

Visc., BUj 11 354 132 555 333 

μk 0 14 13 39 35 

Temp., ºC 63.1 (0.2) 91.0  46.5  

H2 Time, min 5.23 10.03  26.33  

 

 

Visc., BU 12 447 136 740 430 

μ 1 15 6 14 3 

Temp., ºC 62.7 (0.5) 91.5  46.2  

H3 

 

Time, min 5.30 10.17  26.33  

Visc., BU 11 425 131 727 433 

 
μ 1 32 18 33 16 

Temp., ºC 62.1 (0.8) 91.6  46.0  

H4 Time, min 5.24 10.24  26.33  

 

 

 

Visc., BU 11 303 100 532 329 

μ 1 30 31 36 21 

Temp., ºC 62.9 (0.7) 91.7  46.4  

S Time, min 5.57 9.80  26.33  

 

 

Visc., BU 11 257 123 36 231 

μ 0 5 2 8 4 

Temp., ºC 63.2 (0.1) 88.1    

  

                                                 
i SEM is the standard error of the mean. 
j BU is the Brabender unit. 
k μ is the confidence interval at 95% probability level. 



49 

 

3.2.2 Gelatinization parameters 

The Differential Scanning Calorimetry (DSC) studies showed that among hard base flours, 

spring flours gelatinize in a shorter range with a slightly higher onset temperature than winter 

flours (Fig 3.3). Soft base flour also gelatinizes in a short temperature range with a high onset 

temperature. This result could be related to a smaller starch granule size of the spring flours and 

soft flour. From scanning electron microscopy datal, it is also known that H1 and H2 spring flours 

have more damaged starch granules and a tighter protein matrix, and no protein on the starch 

granule surface. This can explain a slightly higher onset temperature of gelatinization. The 

numerical data from the DSC analysis of the five base flours are listed in Table 3.3. 

 

Figure 3.3 Gelatinization transition temperatures for the five base flours. Bars illustrate 

temperature ranges of gelatinization. 

DSC runs of the standard industrial flours showed the following results (see Fig 3.4 and 

Table 3.4). Gelatinization of the soft standard industrial flour occurs in a narrower range than for 

the hard standard industrial flour. This may result from more small size particles present in the soft 

flour. The enthalpy of gelatinization for soft standard industrial flour (2.92 J/g) was significantly 

                                                 
l The data were obtained by J. Kang (Food Science Department, University of Guelph) within a collaboration project. 
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higher than for the hard standard industrial flour (2.18 J/g). 

Table 3.3 Gelatinization parameters from DSC runs for the five base flours. 

Flour Tonset, ºC Tmax, ºC Tend, ºC ∆H, J/g 

H1_CWRS 56.37 64.23 71.27 2.14 

H2_HRS 56.72 64.30 71.97 2.48 

H3_HWR 52.99 62.63 70.10 2.48 

H4_MHRW 54.14 62.51 68.99 2.29 

S_SRW 56.75 63.71 70.34 2.56 

μm 0.26 0.29 0.28 0.29 

Table 3.4 Gelatinization parameters from DSC runs for the standard industrial flours. 

Flour Tonset, ºC Tmax, ºC Tend, ºC ∆H, J/g 

H_ind 55.36 62.48 69.69 2.18 

S_ind 55.52 61.47 67.32 2.92 

μm 0.35 0.40 0.37 0.40 

 

Figure 3.4 Gelatinization transition temperatures for the two standard industrial flours. Bars 

illustrate temperature ranges of gelatinization.  

                                                 
m μ is the confidence interval at 95% probability level. 
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The results for the standard industrial flours were in line with gelatinization parameters of 

the base flours. As the hard standard industrial flour is a spring flour, it gelatinized in a shorter 

range like the base spring flours.  

The experimental error shows that there is no significant difference between the measured 

parameters for some of the flours. Due to this fact, the DSC analysis does not appear to be a reliable 

tool to distinguish flours from the same natural source (within wheat flours in this case). 

3.2.3 Powder X-ray diffraction studies 

In this study powder X-ray diffraction was used to perform quantitative analysis (to 

determine flour crystallinity) and to complete retrogradation study. Additionally, the prospects of 

powder X-ray diffraction to study changes in flour and starch rich samples were evaluated. 

3.2.3.1 Preliminary experiments 

Starch was confirmed to be the only source of crystallinity in the studied wheat flours as 

their PXRD patterns corresponded to a simulated pattern for the crystalline A-amylose11 (see 

section 2.2.3.1). 

Crystallinity values for the five base flours were calculated on 4-70º 2θ range and are 

reported in Table 3.5. 

There was no significant difference in the crystallinity values for the five base flours. The 

values vary in the 11-12% range. As the starch content within the analyzed wheat flours did not 

vary significantly, the result is not surprising. A good correlation between the starch content and 

crystallinity value is expected when different types of flours are compared, like rice vs corn. In 

that case, the difference in the flour crystallinity could be used as a proof of a difference in their 

composition. 
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Table 3.5 Crystallinity from PXRD for the five base flours. 

Flour Starch contentn, % Crystallinity, % (SEMo) 

H1 72.1 10.9 (0.4) 

H2 72.9 11.8 (0.2) 

H3 74.4 10.6 (0.3) 

H4 74.8 10.6 (0.5) 

S 76.8 11.0 (0.6) 

The evaluation of fresh and gelatinized flour dough was performed in different 

experimental settings (Fig 3.5). The PXRD experiments showed that crystallinity is lost due to the 

gelatinization of starch granules during baking. Because of the small sample size, the dough 

completely dried by the end of the baking time for the both experimental setups. Consequently, 

baked samples were not able to retrograde. In the absence of water, neither A- nor B-type 

crystallites can form as both contain molecules of water in their crystal structure11,12.  

                                                 
n The starch content was approximated from the protein and ash content of the flours (Table 3.9). 
o SEM (standard error off the mean) was calculated for three repeated calculations of the starch crystallinity (see Table 

5.7). 
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Figure 3.5 PXRD of H3 dough baked in oven a) in a polyimide capillary; b) on a flat stage 

holder. Baking time was 18 min for the sample in the capillary and 20 min for the sample in the 

flat stage holder. 
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after baking 

before baking 
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3.2.3.2 In-situ PXRD measurements 

The variable temperature PXRD measurements were conducted on a capillary stage in a 

closed polyimide capillary with a flour dough as a sample. Due to the fact that the loss of 

crystallinity is associated with the gelatinization of the starch, this PXRD method makes it possible 

to monitor the degree of gelatinization as the time and temperature change during the experiment 

(Fig 3.6).  

  

Figure 3.6 Evolution of PXRD patterns of an in-situ baked dough sample in a polyimide 

capillary on spinning stage. Heating/measuring procedure included scan at 20ºC – curve (1), 1st 

heating 20-100ºC (15 min), then scan at 100ºC (6 min) – curve (2); 2nd heating 100-200ºC (15 

min), then scan at 200ºC (6 min) – curve (3); cooling 200-20ºC (30 min), then scan. The overall 

heating time was 72 min. The scans were also repeated in 16 hours and on day 3 and day 8 of 

storage in the sealed capillary. 

Preliminary baking experiments showed that gelatinization of a flour sample is associated 

not only with the loss of crystalline peaks13 but also with the growth of the amorphous halo peak 

centered around 17-20˚ 2θ angle (see Figs 3.5 and 3.6 and Table 5.8). It was also noted that the 

amorphous halo region on the PXRD patterns changes in time during the storage of the gelatinized 

(2) at 100ºC 

(1) at 20ºC  

(3) at 200ºC 



55 

 

samples. The significant growth of the amorphous area may also be related to the excessive drying 

of the sample. After these preliminary experiments, the procedure for crystallinity determination 

was revised (for retrogradation studies the procedure is described in the next section). 

Variable temperature in-situ PXRD measurement is a potential tool for analysis of starch 

containing samples to determine the degree of gelatinization on different heating stages. This may 

be helpful, for instance, in the development of starch containing composite materials. However, 

the in-situ procedure used in this work should be modified in future experiments to avoid excessive 

drying of the samples (the preferred conditions are described in section 2.2.3.3). 
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3.2.3.3 Retrogradation study 

Retrogradation tests were conducted to monitor the staling of bread samples during the 

storage. 

First stage 

Initially, bread samples baked from the five base flours stored at room temperature for half 

a year were monitored for crystallinity changes for a 30 days period (Tables 5.9 and 5.10). No 

further analysis was possible due to excessive formation of mold after 15-20th day of storage at the 

room temperature. 

From the five base flours only H2 reached its retrogradation maximum (a plateau on the 

curve, Figs 3.7 and 3.8). Although the H4 flour had the smallest crystallinity value, the H4 flour 

bread retrograded to the highest level. Other flours as of the 30th day have retrograded to nearly 

the same level (9.1- 9.9%). 

The standard industrial flours stored in a freezer for two years and taken for the comparison 

reached their retrogradation maximum in a much shorter time frame (Fig 3.9, Table 5.11). So, the 

history of the flour (age, storage conditions) may be more important for the retrogradation rate 

than the type of the flour. This makes retrogradation tests an excellent tool to monitor and study 

the effect of production and storage conditions of the flour on the quality of bread. 

At this stage the retrogradation studies were decided to be repeated for the five base flours 

after an additional year of storage at room temperature and in a freezer to test the above hypothesis.
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Figure 3.7 Retrogradation data for the samples baked from the five base flours stored at room temperature for half a year 

(calculated on 4-70˚ 2θ range). The data points are connected with a straight line to guide the eye. 
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Figure 3.8 Retrogradation data for the samples baked from the five base flours stored at room temperature for half a year (calculated 

on 5-30o 2θ range). The data points are connected with a straight line to guide the eye.
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Figure 3.9 Retrogradation data for the samples baked from the two standard industrial flours stored in a freezer at -30˚C for two 

years (calculated on 5-30o 2θ range). The data points are connected with a straight line to guide the eye.
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Variation in crystallinity measurements 

The determination of crystallinity on the different 2θ ranges showed different values but 

similar trends (Figs 3.8 and 3.9). The difference in the staling rates is more evident for the smaller 

range. Therefore, the determination of crystallinity on the 5-30˚ 2θ range which includes all 

significant crystalline peaks of starch appears to be preferable for starch rich products. 

Different sample preparation techniques led to similar results in crystallinity determination. 

The observed difference in the patterns (Fig 3.10) was only due to the difference in backgrounds 

that are subtracted during calculations. The drying of the sample helps to keep the sample mass at 

the same level. However, with normalization of the sample by mass, drying is not necessary. 

 

Figure 3.10 The difference in PXRD patterns of dried and non-dried samples prepared from 

bread crumb baked from industrial standard flour.  
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Second stage 

After an additional year of storage under different conditions (one set of flours was stored 

at room temperature and second set of flours was stored in a freezer) the retrogradation study was 

repeated for the five base and two standard industrial flours. All calculations were performed only 

on the 5-30º 2θ range for non-dried samples. 

Two bread sets were compared for difference in the retrogradation rate. The first set was 

baked from the flours stored at room temperature for two years (Fig 3.11, Table 5.12). The second 

was baked from the flours stored in a freezer at -30˚C for two years (Fig 3.12, Table 5.13). Breads 

were baked following the same procedure. To confirm the difference in the retrogradation rate, the 

statistical analysis was performed.
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Figure 3.11 Retrogradation data for the samples of bread baked from the base flours stored at room temperature for 2 years. The 

data points are connected with a straight line to guide the eye. 
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Figure 3.12 Retrogradation data for the samples of bread baked from the base flours stored for two years in a freezer at -30˚C. The 

data points are connected with a straight line to guide the eye. 
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Figure 3.13 Retrogradation of the bread baked from the two standard industrial flours stored for 

three years in a freezer at -30˚C. The data points are connected with a straight line to guide the 

eye. 

The retrogradation for the two standard industrial flours stored in a freezer at -30˚C for 

three years (Fig 3.13, Table 5.14) showed a similar behavior as on the second year of storage. In 
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performed for linear component of the polynomial curves at 90% significance level. Statistical 

analyses showed a significant difference between the base flours stored at room temperature and 

in a freezer at -30˚C for the H2, H3 and S flours (the probability that the difference was due to 

random factor only is 6.2, 1.2 and 1.0% respectively). 

In order to further interpret the data and extract useful information, the following 

assumptions were made, and limitations were taken into account. 

Assumptions: 

1) The increase in crystallinity over time is due to partial crystallization of 

starch only, and the process is essentially the same for all the bread samples. 

2) The retrogradation rate is maximal at the beginning and must go to a plateau 

at infinite time. 

3) The final crystallinity (plateau) should be the same for the same bread and 

should be equal to the crystallinity of the corresponding unbaked flour. 

4) The derivative of the crystallinity vs time function is never negative, that is 

the crystallinity value of a sample can only either increase or remain constant over time. This 

assumption does not exclude the presence of more than a single retrogradation process in the 

sample. Due to a limited number of points, it was decided to represent the whole process as only 

two distinct sub-processes. From Figures 3.11 and 3.12 the retrogradation rate was much faster 

during the first three days, followed by a slower rate in the rest of the measurements period. 

Therefore, it was assumed there are two distinct sub-processes, one being predominant in the first 

three days, and another after this period. 

Limitations: 

1) Due to the limited number of data points and relatively large experimental 
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error, a polynomial fit may not adequately reflect the nature and parameters of the process. 

Therefore, linear approximations were used on selected regions of the curves instead. 

2) Bread baked from some flours may not reach retrogradation maximum in 

the 30 days period. The analysis of the sample after 20 days of storage is complicated due to the 

formation of mold in a high amount and cannot be extended over 30 days. 

With the above considerations, each curve was separated into two regions: fast 

retrogradation (days 0-3) and slow retrogradation (days 5-30). The curves were fitted with linear 

equations separately for the two regions. One-tailed t-test was performed for the slope at 95% 

significance level (Table 3.6). 

Table 3.6 Retrogradation rates of bread samples baked from the five base flours stored for 2 

years. Retrogradation rates are obtained as slopes from a linear fit for the fast and slow 

retrogradation regions. 

Storage 

conditions 

 

Flour type 

Room temperature Freezer at -30˚C 

Retrogradation rate, %/day 

(Standard error of the slope) 

Fast region of 0-3 days range (based on 3 data points) 

H1 2.17 (0.20) 2.25 (0.70) 

H2 1.90 (1.23) 3.13 (1.01) 

H3 2.31 (0.67) 1.59 (0.49) 

H4 2.25 (0.68) 1.72 (1.26) 

S 3.26 (0.43) 2.30 (0.53) 

Slow region of 3-30 days range (based on 7 data points) 

H1 0.30 (0.04) 0.23 (0.01) 

H2 0.27 (0.06) 0.36 (0.02) 

H3 0.19 (0.02) 0.18 (0.03) 

H4 0.26 (0.05) 0.33 (0.06) 

S 0.19 (0.02) 0.21 (0.03) 

The statistical analyses of retrogradation rates for the base flours stored at room 
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temperature and in a freezer at -30˚C showed a difference in some cases. For the slow 

retrogradation region, H1, H2 and H4 flours showed a significant difference for retrogradation 

rates between the sets of flours stored at room temperature and in the freezer (the probability that 

the difference was due to random factors only is 0.8, 1.1 and 4.6%, respectively). For the fast 

retrogradation region, only S flour showed a significant difference (the probability that the 

difference was due to random factors only is 4.7%). To improve the fitting model, it would be 

beneficial to provide more than three data points for the 0-3 days period. 

Overall, retrogradation rate for the fast region was 9.7 times higher than the retrogradation 

rate for the slow region within the bread samples baked from the flours stored at room temperature; 

and retrogradation rate for the fast region was 8.3 times higher than the retrogradation rate for the 

slow region within the bread samples baked from the flours stored in a freezer at -30˚C. 

Therefore the history of the flour, such as its age and storage conditions, appears to affect 

the retrogradation rate more than other factors. 

Retrogradation tests appear to be an excellent tool to monitor and study the effect of 

production and/or storage conditions on the quality of bread and staling behavior. Potentially, the 

evaluation of the effect of additives that inhibit staling could be conducted using the PXRD 

analysis. The studies could be extended to retrogradation behavior of non-wheat flours. Finally, 

the dependence on humidity and the formation of a particular starch allomorph type could be 

studied for retrograding starch samples. 
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3.3 Developing a new analytical method for flour analysis 

Preliminary screening of the flour samples with thermogravimetric analysis (TGA) revealed 

a potential application of TGA as a convenient and fast analytical technique that could yield 

multiple parameters useful for the flour analysis. The parameters may include not only the 

decomposition temperatures, but also the moisture and ash content, approximate amounts of starch 

and protein, and the amylose to amylopectin ratio. 

The main focus of further studies was to determine the ash content and to extract 

information from the main effect of flour decomposition during heating. The main effect occurs in 

each sample at around 250-330ºC (Figs 3.14 and 3.16). The ash content was determined as the 

mass of the residue after isothermal heating at 600ºC in an air atmosphere at the end of the TGA 

experiment. 

3.3.1 Ash content determination 

Three methods of ash content determination were compared: AACCI standard method14, 

TGA analysis in the platinum 100 μl pan, and TGA analysis in the 250 μl high volume ceramic 

pan. The comparison of results of the TGA method with the platinum 100 μL pan and the standard 

method showed a good agreement although the precision of the TGA method was lower and 

insufficient to clearly see differences between the flours (Table 3.7). Therefore, attempts to 

improve the TGA procedure were made. Various modifications were tried, including those in the 

sample preparation, experimental procedure, and treatment of the experimental data. Eventually, 

a new method was developed with the 250 μL high volume ceramic pans, as described in the 

section 2.2.4.2. 

The comparison of the TGA method with the 250 μL high volume ceramic pan and standard 
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method (Table 3.7) shows a high correlation (95%) between the methods. Thus, the TGA and 

AACCI methods can be used interchangeably. In the standard AACCI method, the sample is held 

at least for 5 hours in the oven to reach a stable mass of the residue. The duration of the TGA 

experiment was ~4 hours for the TGA run in the platinum 100 μl pan and ~5 hours for the TGA 

run in the 250 μl high volume ceramic pan. The main advantages of TGA are its simplicity and 

automaticity. The standard method involves repeated movement of the sample between balances, 

desiccator and furnace that could be a source of systematic error. In TGA this type of error is 

eliminated but there are other sources of error due to a small sample size. 

Table 3.7 Comparison of ash content values obtained by the TGA and the standard AACCI 

methods (all values are normalized to 14% moisture base). 

  Ash content (%) 

Flour 
TGA (100 μL Pt pan) 

(SD for 2 replicates) 

AACCI method 

(SD for 3 replicates)  

TGA (250 μL ceramic pan) 

(SD for 2 replicates) 

H1 0.79 (0.07) 0.62 (0.006) 0.69 (0.01) 

H2 0.73 (0.10) 0.54 (0.014) 0.59 (0.05) 

H3 0.36 (0.03) 0.55 (0.013) 0.59 (0.04) 

H4 0.94 (0.02) 0.69 (0.013) 0.89 (0.03) 

S 0.72 (0.01) 0.56 (0.011) 0.68 (0.00) 

 Correlation: 95% 

The standard deviations of the TGA mass measurement were determined from two 

independent runs for each flour. To account for the change in density of gas with increasing 

temperature, a buoyancy correction should be applied15. A blank experiment was performed (Fig 

5.2), and the mass increase was subtracted from the data for the 250 μl high volume ceramic pan 

experiments. In case of the platinum 100 μl pan (Fig 5.3), the effect was less than 0.02% of the 

sample mass and the change was neglected. Finally, the data were normalized to 14% moisture 
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content to account for different degree of moisture in the tested samples. 

After it was concluded that the TGA method using the 250 μL high volume ceramic pan 

worked well for the set of base wheat flours, the analysis was conducted for a new set of flours. 

The new set included both wheat and non-wheat flours. For the analysis of flours with low protein 

content the sample size was adjusted as flours with higher carbohydrate/sugar content tend to 

create a foam during decomposition16.  The buoyancy correction was applied for all TGA data. 

The data were normalized to 14% moisture level. The ash contents determined by the standard 

AACCI method (Table 5.15) and the new developed TGA procedure are listed in Table 3.8. 

Table 3.8 Comparison of ash content values obtained by TGA and the standard method (values 

are corrected to 14% moisture base). 

 Ash content (%) 

Flour 
Sample mass 

(for TGA runs, mg) 

AACCI method 

(SD for 3 replicates) 

TGA (250 μL ceramic pan) 

(SD for 2 replicates) 

H_ind ~120 0.64 (0.02) 0.64 (0.04) 

Wheat A ~120 0.45 (0.00) 0.47 (0.01) 

Wheat B ~120 0.52 (0.01) 0.49 (0.05) 

Quinoa ~120 2.30 (0.01) 2.08 (0.00) 

S_ind ~65 0.47 (0.00) 0.40 (0.03) 

Wheat C ~50 0.45 (0.03) 0.42 (0.02) 

Corn ~50 0.52 (0.04) 0.49 (0.03) 

White Rice ~35 0.38 (0.01) 0.40 (0.00) 

Brown Rice ~35 0.75 (0.06) 0.81 (0.03) 

Arrowroot ~35 0.17 (0.02) 0.13 (0.03) 

 Correlation: 99% 

The new data also showed an excellent correlation between the two methods implying that 

the developed TGA procedure can replace the standard AACCI method for a wide range of flours. 
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The new TGA method for ash content determination works as well for the wheat flours as for non-

wheat flour variety. Even after the sample size was dramatically reduced for flours with low protein 

content, the method yielded reliable data correlating well with the standard AACCI method. In 

conclusion, our studies suggest that the newly developed TGA procedure is an excellent alternative 

to the standard AACCI method of ash determination for a wide range of flours. 

3.3.2 The main effect of flour decomposition 

3.3.2.1 Preliminary experimental screening 

Flour is a complex, multicomponent system. It is possible that multiple processes occur 

simultaneously on thermal decomposition of a flour sample. This overlap tremendously 

complicates interpretation of the TGA data. 

By the chemical composition, starch is a very uniform material consisting of two polymers 

made up of the same monomeric species. In contrast, protein is a complex mixture of polymers of 

different composition, degree of polymerization, and four levels of biomolecular structure. Flour 

proteins have different amino acids composition17 and differ in their properties such as solubility18. 

The presence of compositionally and structurally different components will cause a great number 

of TGA-sensitive events occurring in a wide range of temperatures. In other words, protein is 

expected to show much more complicated decomposition behavior.  

To investigate which flour component is responsible for the main effect (250-330˚C), TGA 

measurement of a flour was compared with those for starch and protein isolated from the same 

flour dough. The analyses of ~30 mg samples were carried out in the range of 35-800ºC at the 

5ºC/min heating rate under the N2 purge gas flow of 25 ml/min (the thermograms are shown in Fig 

3.14).  
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Figure 3.14 The TGA curves of separated starch, dough protein and initial flour under N2 purge 

gas. 

The thermograms clearly indicate that the main effect (250-330˚C) of decomposition is 

mostly due to thermal decomposition of starch. At the same time, in the range of 330-400˚C both 

protein and starch decompositions contribute to the mass loss effect. Wheat gluten decomposition 

was reported to happen around 162ºC19. In our experiment conducted in the N2 atmosphere, we did 

not observed any decomposition near this temperature. As the mass loss of starch and protein occur 

in approximately the same range of temperatures, the deconvolution of these decomposition events 

is complicated. 

Nevertheless, the following conclusions can be made based on the above experiments: 

1) The main effect of decomposition in the region of 250-330˚C is mostly due to 
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thermal decomposition of starch. 

2) The mass loss in the 250-330˚C temperature range may correlate with the amount 

of starch in the sample. 

3.3.2.2 Amylose and amylopectin decomposition 

Studies reported in the literature show that thermal degradation of amylose and 

amylopectin happen independently (Fig 3.15)20. In particular, the onset temperature of the thermal 

decomposition is slightly higher for amylopectin in comparison to amylose. 

The decomposition of amylopectin is deeper in terms of the mass loss above 300˚C. With 

the assumption that flours with higher amylopectin content decompose with a larger mass loss, it 

is possible to distinguish the contributions of the starch polymers to the decomposition pattern. 

The TGA data collected for flour samples were examined for the residue amount at 600˚C 

before the isothermal step (see Fig 3.16). From the evaluated data we can conclude that the amylose 

content of the flours is increasing in the following sequence: H_ind < Wheat A ~ Wheat B < H1 < 

Quinoa ~ White Rice ~ S ~Wheat C ~ H2 < H3 ~ H4 < S_ind < Corn < Arrowroot. Additional 

analysis of flour samples for amylose/amylopectin content is required to verify the reliability of 

the amylose/amylopectin ratio determination based on the assumption that flours with higher 

amylopectin content decompose with a larger mass loss. The values for amylose content reported 

in the literature do not help as they vary significantly not only between the flours of different 

natural source but also within the same flour type. For example, amylose content in wheat flours 

was reported as 20.4, 26.3, and 37.5% for the high-amylose wheat flour21–23. For the rice flours the 

amylose content was reported as 25.6 and 27.2%24,25. 

The possibility to identify flours with higher amylose content among a set of different 
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flours from their TGA thermograms would give a valuable add-in to the TGA method.  

 

Figure 3.15 Thermal decomposition of amylose and amylopectin from potato in N2 atmosphere. 

Reprinted with permission from ref. 20. Copyright 2008 Elsevier. 
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3.3.2.3 The main effect of flour decomposition: calculations 

As shown in section 3.3.2.1, the main effect of flour decomposition observed in TGA 

experiments in the 250-330˚C range is caused by two processes occurring in parallel. As it can be 

seen from Fig 3.14, the processes are the decomposition of starch and protein. Although the two 

events overlap, the mass loss from starch is a greater and much more “square” effect which occurs 

in a very narrow range due to the compositional and structural uniformity of starch. In contrast, 

the mass loss of protein is smaller and very gradual, resulting from a continuum of decomposition 

reactions in a wider temperature range. 

The described differences of the two effects are better seen on the derivative curve of the 

TGA thermogram (Fig 3.16). The derivative shows a strong sharp peak on top of a weaker, flatter 

peak. 

In an attempt to extract the starch content from the TGA thermograms, two assumptions 

were made: 

1. The decomposition of starch and protein are two parallel processes independent of 

each other. 

2. The sharp effect is caused predominantly by the decomposition of starch. 

Based on these assumptions and the known starch content for the five base flours (Table 

3.9), a number of calculation procedures have been tried, of which the best is described below. 

The onset and offset points were determined for the sharp peak on the derivative of the 

mass change function. In the case of the soft flour (Fig 3.16), the onset temperature was 253.35ºC 

and the offset temperature was 331.92ºC. These define the starting point (point A) and the ending 

point (point B) for the starch decomposition event. The corresponding weight of the sample in 

point A was 86.51%, and the weight in point B was 37.01%. The difference (A-B) corresponds to 
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the mass loss for the starch thermal decomposition effect. 

Table 3.9 Flour composition (%) approximated from the protein content. 

Flour Starch Proteinp Ashp Moisture 

H1 72.13 13.25 0.62 14 

H2 72.85 12.61 0.54 14 

H3 74.39 11.06 0.55 14 

H4 74.75 10.56 0.69 14 

S 76.73 8.71 0.56 14 

Complete data for the five base flours, with two replicates for each flour run in the platinum 

100 μl pan, are listed in Table 3.10. The standard deviations of the mass measurement from the 

two different runs for each flour were determined. The systematic error of the method was less 

than 0.02% of the sample size (± 0.005315 mg as measured for a blank run with an empty pan) 

on the used temperature range. The five base flours were also analyzed in the 250 μl high volume 

ceramic pan (see data in Table 5.16). 

                                                 
p The data were obtained by a standard AACCI method by J. Kang (Food Science Department, University of Guelph) 

within a collaboration project. 
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Figure 3.16 TGA of the soft flour S (green line) and its derivative (blue line). 

A: Starting point of the predominantly starch decomposition; B: ending point of the “starch effect”. Moisture content is defined as the 

mass loss before 200˚C. Ash content is the mass of the residue at the end of the full run.
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Table 3.10 TGA data for the five base flours run in the platinum 100 μl pan describing the mass 

loss due to predominantly starch decomposition. 

Flour A, % B, % (A-B), % Average (A-B), % SD 

H1 
86.31 36.96 49.35 

48.44 1.29 
86.50 38.97 47.53 

H2 
85.51 38.00 47.51 

48.33 1.16 
85.98 36.83 49.15 

H3 
86.12 34.99 51.13 

51.52 0.54 
86.63 34.73 51.90 

H4 
85.65 35.68 49.97 

49.50 0.66 
86.26 37.23 49.03 

S 
86.58 37.39 49.19 

49.35 0.22 
86.51 37.01 49.50 

The extracted mass loss values are close among the five base flours as the differences are 

within or barely beyond the experimental error. To correlate the mass loss for the starch thermal 

decomposition to the content of starch in the flour, the corresponding coefficient was determined 

from independent composition analysis data (Table 3.9). 

As a result, the starch content in the flour could be approximated from the TGA data using 

the following equations: 

Starch content (%) = 1.56 × NMC14  × Average(A-B) 

or 

Starch content (%) = 2.06 × NMC14  × Average(A-B)  

where 

NMC14 is a normalization coefficient for 14 % moisture content base;  

NMC14 = 86/(100-MCactual), where MCactual is the moisture content determined from the same 

TGA experiment, defined as the mass loss occurring before 200˚C. 

1.48 is the coefficient (Kst) used to determine the amount of starch in the flour from TGA 

measurements in the platinum 100 μl pan. 

2.06 – is the coefficient (Kst) used to determine the amount of starch in the flour from TGA 
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measurements in the 250 μl high volume ceramic pan. 

 For more detailed explanation of the coefficient calculation for TGA runs in the both types 

of pans see Tables 5.17 and 5.18. 

 To verify the reliability of the proposed procedure of flour composition analysis from TGA, 

further experiments were conducted with a new set of wheat and non-wheat flours. The collected 

data showed that the procedure is satisfactory for the wheat flours. Unfortunately, the procedure 

did not yield acceptable results for starch/protein contents in a non-wheat flours (see the data in 

Table 5.19). Since the lipids and dietary fiber contents are significantly differ for a non-wheat flour 

in comparison to the wheat flours, the coefficient should be calculated for each specific flour type. 
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4 Conclusions and further research directions 
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4.1 General remarks 

This work utilized a complex approach to the understanding of the starch transformations 

during the baking process and storage of the bread. A diverse set of flour samples and a number 

of instrumental techniques, including less conventional techniques and never previously used 

combinations, were utilized in this study. Five base flours, two standard industrial flours, and 

additionally, three wheat and five non-wheat flours were studied, and some of those were studied 

again after storing under different conditions for different amounts of time. The main methods 

included (i) Micro Visco-Amylo-Graph (MVAG) to study pasting properties; (ii) Differential 

Scanning Calorimetry (DSC) to evaluate the sol-gel transition of starch; (iii) Thermogravimetric 

Analysis (TGA) to study thermal decomposition of the flours; (iv) Powder X-ray Diffraction 

(PXRD) to evaluate crystallinity and retrogradation of starch within the flours and the bread 

samples. PXRD was also used to monitor in-situ the changes in starch during baking and storage 

of the bread.  

The flours of different nature and origin were examined for their chemical composition, 

solid state structure, and physical and chemical properties. The changes in the solid state structure 

of starch within the flours, dough and bread were directly monitored to understand the effect of 

these changes on the physical and sensory properties of the dough and bread. 

It should be noted that many previous studies in the field have been focused on properties 

only, with conclusions about the process occurring on the microlevel being based on speculations 

rather than direct measurements. 

In most studies on the starch transformations, diluted systems of starch were used. The 

starch-water systems used for bakery products have lower water content and may behave 

differently. Even though it is accepted to extrapolate the data from diluted systems to explain starch 
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transformation during bread making, our study demonstrates that the transformations occurring in 

a real baking process can be monitored directly. 

The existing literature that reports crystallinity values does not follow any standard method 

for the determination of crystallinity in the starch containing materials. That is why the reported 

crystallinity values are usually hard to compare. Our study explored various ways to improve the 

consistency of the crystallinity measurements including the introduction of the correction factors, 

changes in the sample preparation method, and application of different calculation procedures. 

The general understanding of the starch transformations developed in this project will be 

useful for the bakery and beyond. Bread making is only one particular example of starch-

containing material application. Due to starch behaviour in water and increased temperature 

environments, starches from different natural sources are also used as polymer composite 

materials, coating agents in paper making, and food thickeners and stabilizers in food products. 

The practical aspect of this project involved the development of a new analytical method 

to determine the flour composition in a single TGA run. Analytical methods, suitable for an 

industrial environment and sufficiently accurate and reliable at the same time, are critical for 

monitoring quality and consistency in the production of bread. 
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4.2 Summary of results and conclusions 

1. Physical transformations of starch during bread making and storage. 

a) Two methods for the determination of gelatinization parameters of flours were 

compared. MVAG and DSC yielded similar results in terms of temperature for the gelatinization. 

MVAG showed a higher sensitivity. The MVAG measurements made it possible to reliably 

distinguish flours by their pasting properties. The DSC measurements, although showing some 

differences among the studied flours, were less characteristic. 

Nevertheless, the two methods complement each other as they detect different kinds of 

responses of flour-water mixtures to thermal treatment. The MVAG method detects changes in the 

mechanical properties of the system, while DSC detects the amount of heat the system absorbs or 

releases. The mechanical response appears to be much stronger in this particular case making 

MVAG more suitable for distinguishing flours from each other as well as for determining basic 

parameters important for baking. At the same time, the DSC results can correlate with size and 

other parameters of the starch granules and the chemical composition of starch. It should be noted 

that DSC can also detect the formation of the starch-lipid complex. 

b) Determination of the crystallinity values showed no significant difference for the 

five base flours. The similar crystallinity values resulted from very similar starch content within 

the analyzed wheat flours. The crystallinity measurements may become useful to evaluate starch 

content when different types of flours are compared, like rice vs corn. In this case, the difference 

in the flour crystallinities should confirm their compositional difference. Therefore, it would be 

beneficial to collect crystallinity values for non-wheat flours to evaluate accuracy and reliability 

of this kind of compositional analysis.  



86 

 

Variable temperature in-situ PXRD measurements showed potential as a tool for analysis 

of starch containing samples to determine the completeness of gelatinization on different heating 

stages. The possibility to monitor step by step changes in the baked sample gives better 

understanding of starch transformations during the baking process. This approach may be extended 

to study or develop starch containing composite materials. 

c) A retrogradation study was conducted to study the staling rate of bread and to 

extract possible dependencies of the process on initial parameters of the flours. The retrogradation 

study results demonstrated that the history of the flour (age and storing conditions) has a significant 

influence on the retrogradation rate. The difference in the type of the flour is less important. 

These studies showed that this retrogradation test is an excellent tool to examine the effect 

of production and storage conditions on the quality of bread. The studies could be extended to 

retrogradation behavior of non-wheat flours. Also, the evaluation of the effect of additives that 

inhibit staling could be conducted using PXRD analysis. Finally, the dependence on humidity and 

the formation of a particular starch allomorph type could be studied for retrograding starch 

samples.  
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2. New analytical method for flour analysis. 

In this part of the project, an attempt was made to develop a potential application of 

thermogravimetric analysis as a fast analytical technique for flours. Ideally, multiple 

characteristics of a flour could be obtained in a single TGA experiment, including information on 

its composition and stability. 

The TGA method was shown to be an excellent automated method for the determination 

of ash content in flour samples. The TGA measurements yielded results that corresponded very 

well to the results obtained by a standard AACCI method. With TGA, samples could be analysed 

in batches which require less operator involvement than the AACCI method. The TGA method 

was shown to be a convenient technique for ash content analysis that is valid for a wide range of 

flours independent of their nature. 

The proposed method for the determination of starch content worked reasonably well for 

wheat flours. Further development of the method is required. The study of flour decomposition in 

an air/oxygen atmosphere could help to separate decomposition events for different components 

of the flour. Additionally, the study of single component systems as amylose, amylopectin, flour 

proteins and specific fractions of flour proteins may help to better understand the flour 

decomposition pattern. The method could be potentially extended to study natural polysaccharide 

samples such as cellulose, glycogen, etc.   
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5. Appendices 

Table 5.1 Room temperature PXRD data generated for A-amylose crystal for selected peaks 

(λ=1.5418 Å). Crystal structure data are fromq. 

hkl 2θ Angle, deg D-Spacing, Å Intensity, a.u. Multiplicity 

101 9.7 9.15 1450 4 

200 10.0 8.86 4555 2 

1�̅�1 11.4 7.77 2173 4 

2�̅�2 22.9 3.88 5478 4 

301 17.2 5.15 16026 4 

4�̅�𝟎 18.7 4.75 24071 2 

400 20.1 4.42 7964 2 

5�̅�𝟏 23.5 3.79 17006 4 

212 23.8 3.74 16443 4 

3�̅�𝟏 24.8 3.59 18192 4 

501 26.6 3.35 7114 4 

4�̅�𝟎 30.5 2.93 32271 2 

511 32.3 2.77 8321 4 

  

                                                 
q Imberty A, Chanzy H, Perez S. The Double-helical Nature of the Crystalline Part of A-starch. J Mol Biol. 1988; 201: 

p. 365-378. 
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Table 5.2 Monitoring the X-ray intensity change with Cu standard during PXRD operation (Fig 

5.1). Height and Net Area were calculated in “X'Pert Data Viewer” software for the peak at 

42.5-44.0o 2θ. Flat Cu sample (back side of a shallow Cu folder for flat stage) was used for 

measurements. Scans were repeated every 7 min (2 min scan + 5 min wait) with the last two 

scans taken in one-hour intervals. Measurements were started immediately after the instrument 

was brought to the working regime with 45/40 kV/mA (beforehand the instrument was kept at 

30/10 kV/mA for at least 20 hours). Scan time was 2 min, 1D mode, at 40-55o 2θ range. 

Time, min Height, counts 
Net Area, 

counts 

Intensity at 43.2o 2θ 

angle, counts 

2 47347.5 6522.9 47394 

7 47487.0 6585.8 47764 

14 47494.1 6530.9 47820 

21 47371.8 6530.3 47708 

27 47460.4 6516.4 47837 

35 47726.4 6589.2 47991 

42 47247.0 6555.5 47548 

49 47295.3 6508.4 47669 

56 47328.5 6542.3 47495 

63 47542.5 6529.8 47925 

70 47305.0 6541.1 47450 

77 47289.2 6554.0 47496 

84 47502.6 6557.6 47760 

91 47662.9 6528.9 47800 

98 47467.6 6533.6 47845 

105 47363.2 6531.2 47621 

165 47535.4 6555.3 47118 

225 47565.9 6542.9 47688 

Minimum 47247.0 6508.4 47118 

Maximum 47726.4 6589.2 47991 

Variation 479.4 80.8 873 

Variation, % 1.00 1.23 1.82 
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Table 5.3 Normalization coefficients for mass and incident beam X-ray intensity in PXRD 

experiments for 30 days period for bread samples baked from two standard industrial flours 

stored two years in a freezer at -30˚C. Standard scan time was 10 min, 1D mode, at 40-55o 2θ 

range. 

Day Sample Mass, mg 

Mass 

Normalization 

Coefficient 

Final 

Normalization 

Coefficient 

Standard 

Intensity, 

a.u. 

Intensity 

Normalization 

Coefficient 

0 

S_ind 1273.2 0.55 0.59 

224821.2 1.07 
H_ind 988.8 0.71 0.76 

S_ind dried 584.1 1.20 1.28 

H_ind dried 538.2 1.30 1.39 

1 

S_ind 1052.0 0.67 0.66 

241802.8 0.99 
H_ind 1101.9 0.64 0.63 

S_ind dried 655.0 1.07 1.06 

H_ind dried 566.4 1.24 1.23 

3 

S_ind 601.7 1.16 1.14 

244233.9 0.98 
H_ind 957.7 0.73 0.72 

S_ind dried 635.1 1.10 1.08 

H_ind dried 605.5 1.16 1.14 

5 

S_ind 608.8 1.15 1.15 

240635.3 1.00 
H_ind 786.5 0.89 0.89 

S_ind dried 641.8 1.09 1.09 

H_ind dried 584.8 1.20 1.19 

10 

S_ind 682.0 1.03 1.02 

242533.3 0.99 
H_ind 831.3 0.84 0.83 

S_ind dried 620.5 1.13 1.12 

H_ind dried 675.4 1.04 1.03 

15 

S_ind 712.2 0.98 0.98 

241864.7 0.99 
H_ind 666.8 1.05 1.04 

S_ind dried 584.5 1.20 1.19 

H_ind dried 567.5 1.23 1.22 

20 

S_ind 559.5 1.25 1.19 

251670.9 0.95 
H_ind 613.9 1.14 1.09 

S_ind dried 576.3 1.21 1.16 

H_ind dried 584.6 1.20 1.14 

25 

S_ind 628.0 1.11 1.13 

244538 1.01 
H_ind 773.7 0.90 0.91 

S_ind dried 620.8 1.13 1.14 

H_ind dried 584.8 1.20 1.21 
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Day Sample Mass, mg 

Mass 

Normalization 

Coefficient 

Final 

Normalization 

Coefficient 

Standard 

Intensity, 

a.u. 

Intensity 

Normalization 

Coefficient 

30 

S_ind 599.9 1.17 1.18 

237412.2 1.01 
H_ind 679.1 1.03 1.04 

S_ind dried 629.9 1.11 1.12 

H_ind dried 589.6 1.19 1.20 
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Table 5.4 Normalization coefficients for mass and incident beam X-ray intensity in PXRD 

experiments for 30 days period for bread samples baked from five base flours stored two years 

and two standard industrial flours stored three years in a freezer at -30˚C. Standard scan time 

was 2 min, 1D mode, at 40-55o 2θ range. 

Day Sample 
Mass, 

mg 

Mass 

Normalization 

Coefficient 

Final 

Normalization 

Coefficient 

Standard 

Intensity, 

a.u. 

Intensity 

Normalization 

Coefficient 

0 

H1 1135.9 0.62 0.60 

46673.7 0.98 

H2 1055.1 0.66 0.65 

H3 1182.7 0.59 0.58 

H4 1180.7 0.59 0.58 

S 1201.1 0.58 0.57 

H_ind 1256.0 0.56 0.54 

S_ind 1120.7 0.62 0.61 

1 

H1 1000.4 0.70 0.69 

46001 0.99 

H2 856.4 0.82 0.81 

H3 1164.5 0.60 0.60 

H4 1163.0 0.60 0.60 

S 976.9 0.72 0.71 

H_ind 1048.9 0.67 0.66 

S_ind 930.6 0.75 0.75 

3 

H1 889.0 0.79 0.77 

46345.5 0.98 

H2 1044.5 0.67 0.66 

H3 1083.8 0.65 0.64 

H4 1083.0 0.65 0.64 

S 979.9 0.71 0.70 

H_ind 941.9 0.74 0.73 

S_ind 888.8 0.79 0.77 

5 

H1 793.9 0.88 0.87 

46152.5 0.99 

H2 884.1 0.79 0.78 

H3 903.2 0.78 0.77 

H4 891.3 0.79 0.78 

S 878.1 0.80 0.79 

H_ind 640.6 1.09 1.08 

S_ind 698.6 1.00 0.99 
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Day Sample 
Mass, 

mg 

Mass 

Normalization 

Coefficient 

Final 

Normalization 

Coefficient 

Standard 

Intensity, 

a.u. 

Intensity 

Normalization 

Coefficient 

10 

H1 637.2 1.10 1.15 

43436.7 1.05 

H2 686.3 1.02 1.07 

H3 878.3 0.80 0.84 

H4 824.3 0.85 0.89 

S 773.7 0.90 0.95 

H_ind 673.8 1.04 1.09 

S_ind 834.5 0.84 0.88 

15 

H1 566.3 1.24 1.23 

45894.6 0.99 

H2 654.6 1.07 1.06 

H3 701.6 1.00 0.99 

H4 701.9 1.00 0.99 

S 760.7 0.92 0.91 

H_ind 682.2 1.03 1.02 

S_ind 606.5 1.15 1.15 

20 

H1 500.4 1.40 1.39 

45754.2 1.00 

H2 651.1 1.08 1.07 

H3 810.7 0.86 0.86 

H4 810.8 0.86 0.86 

S 752.8 0.93 0.93 

H_ind 634.4 1.10 1.10 

S_ind 687.2 1.02 1.01 

25 

H1 544.7 1.29 1.29 

45521.3 1.00 

H2 550.4 1.27 1.27 

H3 757.2 0.92 0.93 

H4 861.8 0.81 0.81 

S 797.8 0.88 0.88 

H_ind 543.8 1.29 1.29 

S_ind 639.3 1.09 1.10 

30 

H1 428.9 1.63 1.67 

44618.5 1.02 

H2 507.7 1.38 1.41 

H3 902.5 0.78 0.79 

H4 716.5 0.98 1.00 

S 734.3 0.95 0.97 

H_ind 578.0 1.21 1.24 

S_ind 696.1 1.01 1.03 
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Table 5.5 Normalization coefficients for mass and incident beam X-ray intensity in PXRD 

experiments for 30 days period for bread samples baked from the five base flours stored two 

years at room temperature. Standard scan time was 2 min, 1D mode, at 40-55o 2θ range. 

Day Sample Mass, mg 

Mass 

Normalization 

Coefficient 

Final 

Normalization 

Coefficient 

Standard 

Intensity, 

a.u. 

Intensity 

Normalization 

Coefficient 

0 

H1 1233.6 0.57 0.54 

47612.3 0.96 

H2 1209.6 0.58 0.55 

H3 1109.3 0.63 0.60 

H4 1146.2 0.61 0.58 

S 1189.7 0.59 0.56 

1 

H1 1085.4 0.64 0.65 

45384.8 1.00 

H2 1112.3 0.63 0.63 

H3 1117.8 0.63 0.63 

H4 1091.5 0.64 0.64 

S 1073.3 0.65 0.66 

3 

H1 991.4 0.71 0.71 

45459.3 1.00 

H2 1001.5 0.70 0.70 

H3 980.2 0.71 0.72 

H4 838.2 0.84 0.84 

S 747.5 0.94 0.94 

5 

H1 799.7 0.88 0.85 

46673.7 0.98 

H2 683.7 1.02 1.00 

H3 647.5 1.08 1.06 

H4 833.8 0.84 0.82 

S 703.0 1.00 0.97 

10 

H1 750.3 0.93 0.92 

46152.5 

 
0.99 

H2 757.0 0.92 0.91 

H3 739.9 0.95 0.93 

H4 786.6 0.89 0.88 

S 647.6 1.08 1.07 

15 

H1 799.2 0.88 0.92 

43436.7 1.05 

H2 628.4 1.11 1.17 

H3 798.5 0.88 0.92 

H4 790.5 0.89 0.93 

S 665.2 1.05 1.10 

20 

H1 698.9 1.00 0.99 

45894.6 0.99 

H2 735.8 0.95 0.94 

H3 715.1 0.98 0.97 

H4 773.2 0.91 0.90 

S 679.5 1.03 1.02 
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Day Sample Mass, mg 

Mass 

Normalization 

Coefficient 

Final 

Normalization 

Coefficient 

Standard 

Intensity, 

a.u. 

Intensity 

Normalization 

Coefficient 

25 

H1 658.7 1.06 1.06 

45754.2 1.00 

H2 639.5 1.09 1.09 

H3 770.9 0.91 0.90 

H4 655.8 1.07 1.06 

S 733.5 0.95 0.95 

30 

H1 625.5 1.12 1.12 

45521.3 1.00 

H2 649.3 1.08 1.08 

H3 633.3 1.11 1.11 

H4 658.3 1.06 1.06 

S 672.1 1.04 1.04 

 

 

 

 

Figure 5.1 PXRD Cu standard run with Height and Net Area calculated in “X'Pert Data 

Viewer” software.  
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Figure 5.2 TGA run with the empty 100 μl platinum pan. 

 

Figure 5.3 TGA run with the empty 250 μl high volume ceramic pan. 
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Figure 5.4 DSC of water (m=14.3 mg) for calibration. 
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Figure 5.5 DSC run of (a) benzophenone standard (m=10.39 mg); (b) stearic acid standard 

(m=9.07 mg). 

(a) 

(b) 
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Table 5.6 Data for determination of moisture and protein content values obtained by the standard AACCI method. 

Run # Moisture, % 
Average 

Moisture, % 
SD N, % 

Protein at 14% 

Moisture, % 

Average 

Protein, % 
SD 

Wheat A 

1 14.22 

14.38 0.14 

1.885 11.07 

11.12 0.07 2 14.42 1.901 11.17 

3 14.49  

Wheat B 

1 12.02 

12.06 0.11 

2.169 12.09 

12.11 0.04 2 12.19 2.169 12.09 

3 11.98 2.180 12.15 

Wheat C 

1 11.82 

11.84 0.11 

1.385 7.72 

7.77 0.05 2 11.96 1.393 7.77 

3 11.74 1.404 7.83 

Quinoa 

1 9.65 

9.56 0.09 

2.014 11.97 

11.97 0.10 2 9.47 2.031 12.07 

3 9.57 1.999 11.88 

Corn 

1 13.05 

12.72 0.34 

0.809 4.98 

4.98 0.02 2 12.73 0.812 5.00 

3 12.38 0.807 4.97 
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Run # Moisture, % 
Average 

Moisture, % 
SD N, % 

Protein at 14% 

Moisture, % 

Average 

Protein, % 
SD 

White Rice 

1 11.09 

11.07 0.14 

1.145 6.92 

6.93 0.05 2 10.92 1.139 6.88 

3 11.2 1.154 6.97 

Brown Rice 

1 10.66 

10.61 0.08 

1.301 7.82 

7.90 0.16 2 10.64 1.343 8.08 

3 10.52 1.296 7.79 

Arrowroot 

1 11.99 

11.73 0.23 

0.045 0.27 

0.22 0.04 2 11.64 0.032 0.19 

3 11.56 0.033 0.20 

S_ind 

1 10.95 

10.91 0.22 N/A 

7.63 

7.63 0.01 2 11.1 7.62 

3 10.67  

H_ind 

1 10.58 

10.71 0.17 N/A 

12.58 

12.56 0.02 2 10.66 12.55 

3 10.9  
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Table 5.7 Estimation of SEM (standard error of the mean) for crystallinity value, based on three trials of calculation method. 

Trial 1 Trial 2 Trial 3 Average 

Crystallinity, 

% 

SEM Integrated 

Peak Area 

Total 

Area 

Crystallinity, 

% 

Integrated 

Peak Area 

Total 

Area 

Crystallinity, 

% 

Integrated 

Peak Area 

Total 

Area 

Crystallinity, 

% 

H1 

1074 

80164 10.81 

1099 

80164 10.28 

1210 

80164 11.70 10.93 0.41 

1560 1554 1677 

1899 1859 2036 

1294 1310 1478 

384 222 395 

2454 2194 2580 

H2 

1294 

80556 11.71 

1209 

80556 11.58 

1271 

80556 12.13 11.81 0.16 

1857 1816 1886 

2219 2028 2118 

1376 1568 1515 

2689 2711 2981 

H3 

1160 

80382 10.47 

1066 

80382 11.25 

1104 

80382 10.21 10.64 0.31 

1815 35 1752 

1776 1688 1728 

1178 1744 1143 

134 1249 131 

2351 3261 2351 
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Trial 1 Trial 2 Trial 3 Average 

Crystallinity, 

% 

SEM Integrated 

Peak Area 

Total 

Area 

Crystallinity, 

% 

Integrated 

Peak Area 

Total 

Area 

Crystallinity, 

% 

Integrated 

Peak Area 

Total 

Area 

Crystallinity, 

% 

H4 

1353 

82719 11.39 

1284 

82719 10.81 

1040 

82719 9.57 10.59 0.54 

1841 1782 1559 

2207 2127 1858 

1270 1193 977 

327 300 238 

2422 2257 2240 

S 

1151 

83871 10.60 

1137 

83871 10.30 

1536 

83871 12.16 11.02 0.57 

1682 1659 1966 

1939 1902 2230 

1359 1300 1639 

2761 2645 2825 
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Table 5.8 Degree of crystallinity of the flour dough during the baking in polyimide capillary. 

 Crystalline 

Area, a.u. 

Total 

Area, a.u. 
Crystallinity, % 

Relative 

Crystallinity, % 

In-situ baking 

in PXRD 
H2 dough sample before baking 1486 7814 19.0 100.0 

12-28˚ 2θ scan 

H2 dough sample at 100
o

C 1009 5122 19.7 67.9 

H2 dough sample at 200
o

C 918 15917 5.77 61.8 

H2 dough sample after cooling 930 14508 6.41 62.6 

 Amorphous area 

change, % 

4-70˚ 2θ scan 

H2 dough sample in 16 h 5391 155461 3.47 100.0 

H2 dough sample in 3 days 6926 147713 4.69 93.8 

H2 dough sample in 8 days 7950 110495 7.20 68.3 

Baked in oven H2 dough sample before baking 16357 147006 11.1  

4-70˚ 2θ scan 
H2 dough sample after baking 1700 116359 1.46 100.0 

H2 dough sample in 2 days 1402 88002 1.59 75.5 

Baked in oven H3 dough sample before baking 15899 146271 10.9  

4-70˚ 2θ scan 
H3 dough sample after baking 1564 163983 0.95 100.0 

H3 dough sample in 2 days 1158 112065 1.03 68.3 
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Table 5.9 Retrogradation data for bread samples baked from the five base flours stored for half 

a year at room temperature, calculated on 5-30o 2θ range. 

Day of PXRD Scan Crystalline Area, a.u. Total Area, a.u. Crystallinity, % 

H1 

0 514 13505 3.81 

1 1297 15081 8.60 

5 974 7297 13.35 

15 1143 8387 13.63 

22 2621 17533 14.95 

30 2007 11026 18.20 

S 

0 777 16608 4.68 

1 1376 14039 9.80 

5 1708 11314 15.10 

15 1704 10613 16.06 

22 2505 14013 17.87 

30 3358 17994 18.66 

H2 

0 658 10508 6.26 

1 924 13016 7.10 

5 661 7809 8.47 

15 2003 13236 15.13 

22 1658 10290 16.12 

30 2717 16393 16.57 

H3 

0 830 10681 7.77 

1 1065 12247 8.69 

5 1232 8691 14.17 

15 996 6629 15.03 

22 1190 7779 15.30 

30 2072 11626 17.82 

H4 

0 773 19596 3.94 

1 531 7860 6.76 

5 919 8669 10.60 

15 2019 15801 12.78 

22 2121 15254 13.90 

30 1155 6145 18.80 
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Table 5.10 Retrogradation data for bread samples baked from the five base flours stored for half 

a year at room temperature, calculated on 4-70˚ 2θ range. 

Day of PXRD Scan Crystalline Area, a.u. Total Area, a.u. Crystallinity, % 

0 1690 72636 2.33 

1 2110 82660 2.55 

5 2578 53033 4.86 

15 3449 50669 6.81 

22 6543 78156 8.37 

30 5347 58651 9.12 

S 

0 2341 84598 2.77 

1 2466 77039 3.20 

5 3323 56306 5.90 

15 4377 58878 7.43 

22 5153 66584 7.74 

30 6604 66609 9.91 

H2 

0 1081 71331 1.51 

1 1665 68158 2.44 

5 1663 33076 5.03 

15 4684 51338 9.12 

22 5285 58010 9.11 

30 6417 70456 9.11 

H3 

0 1791 78463 2.28 

1 2314 68055 3.40 

5 statistical outlier 

15 2805 38401 7.31 

22 4121 50585 8.15 

30 4717 50096 9.42 

H4 

0 973 78094 1.25 

1 1271 49802 2.55 

5 1679 36637 4.58 

15 4585 64606 7.10 

22 5699 69235 8.23 

30 5365 47899 11.20 
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Table 5.11 Retrogradation data for bread samples baked from the two standard industrial flours 

stored for two years in a freezer at -30˚C, calculated on 5-30˚ 2θ range. 

Day of PXRD Scan Crystalline Area, a.u. Total Area, a.u. Crystallinity, % 

S_ind 

0 574 11908 4.82 

1 951 12285 7.74 

3 3202 23306 13.74 

5 2277 14999 15.18 

10 3312 20849 15.88 

15 2828 18700 15.12 

20 3268 21005 15.56 

25 3581 22395 15.99 

30 3439 21704 15.84 

H_ind 

0 470 8700 5.40 

1 733 11864 6.18 

3 1418 12869 11.02 

5 2549 17421 14.63 

10 3594 23400 15.36 

15 2450 14988 16.35 

20 1909 11281 16.92 

25 2343 14313 16.37 

30 2598 15822 16.42 

S_ind dried 

0 1142 33947 3.36 

1 2639 29997 8.80 

3 3937 35844 10.98 

5 3393 30504 11.12 

10 4108 29992 13.70 

15 4442 31354 14.17 

20 4361 30559 14.27 

25 3967 27871 14.23 

30 4256 30223 14.08 
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Day of PXRD Scan Crystalline Area, a.u. Total Area, a.u. Crystallinity, % 

H_ind dried 

0 974 35110 2.78 

1 2079 34772 5.98 

3 3405 30217 11.27 

5 3777 32658 11.57 

10 3325 29478 11.28 

15 3925 35476 11.06 

20 3815 31903 11.96 

25 3094 24708 12.52 

30 3513 30967 11.34 
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Table 5.12 Retrogradation data for bread samples baked from the five base flours stored for two 

years in a freezer at -30˚C, calculated on 5-30˚ 2θ range. 

Day of PXRD Scan Crystalline Area, a.u. Total Area, a.u. Crystallinity, % 

H1 

0 244 7284 3.35 

1 663 8692 7.62 

3 617 5867 10.52 

5 682 6068 11.24 

10 841 6737 12.48 

15 1283 9745 13.17 

20 1944 13828 14.06 

25 3288 20475 16.06 

30 3884 22792 17.04 

H2 

0 77 6546 1.18 

1 784 10865 7.22 

3 614 5511 11.15 

5 722 6106 11.82 

10 1604 12714 12.62 

15 1676 11134 15.06 

20 1968 12026 16.37 

25 2430 12606 19.28 

30 4507 21803 20.67 

H3 

0 366 7223 5.07 

1 538 6661 8.08 

3 831 8220 10.11 

5 883 8533 10.34 

10 1363 12659 10.77 

15 1608 12934 12.43 

20 1448 11966 12.10 

25 1567 11913 13.15 

30 1464 9473 15.45 
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Day of PXRD Scan Crystalline Area, a.u. Total Area, a.u. Crystallinity, % 

H4 

0 203 9341 2.17 

1 630 8340 7.55 

3 1130 13990 8.07 

5 1303 10377 12.56 

10 751 5419 13.85 

15 1158 8116 14.27 

20 2036 13218 15.40 

25 1954 11813 16.54 

30 1370 6908 19.83 

S 

0 328 7054 4.66 

1 987 11620 8.50 

3 1284 10830 11.86 

5 1161 8506 13.65 

10 1258 8495 14.81 

15 1278 8024 15.92 

20 1164 7265 16.02 

25 1912 11650 16.41 

30 1298 6781 19.14 
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Table 5.13 Retrogradation data for bread samples baked from the five base flours stored for two 

years at room temperature, calculated on 5-30˚ 2θ range. 

Day of PXRD Scan Crystalline Area, a.u. Total Area, a.u. Crystallinity, % 

H1 

0 257 7031 3.66 

1 594 9254 6.41 

3 706 6859 10.30 

5 650 5832 11.15 

10 1154 9293 12.41 

15 1699 13165 12.90 

20 1506 8691 17.33 

25 1578 9036 17.46 

30 2077 11680 17.78 

H2 

0 186 7762 2.40 

1 483 6155 7.85 

3 844 9588 8.80 

5 940 7386 12.73 

10 1662 11679 14.23 

15 1195 7904 15.13 

20 1156 6832 16.92 

25 1667 9760 17.08 

30 1492 8656 17.23 

H3 

0 219 8548 2.57 

1 600 8809 6.81 

3 913 9240 9.88 

5 825 8253 10.00 

10 699 6541 10.68 

15 1610 13527 11.90 

20 1340 10598 12.65 

25 2202 16561 13.29 

30 1800 11667 15.43 



111 

 

Day of PXRD Scan Crystalline Area, a.u. Total Area, a.u. Crystallinity, % 

H4 

0 334 8516 3.92 

1 762 9363 8.13 

3 874 7904 11.06 

5 918 8142 11.28 

10 823 5172 15.90 

15 1704 10520 16.20 

20 1868 11551 16.18 

25 1435 8325 17.23 

30 1848 10010 18.46 

S 

0 403 7983 5.05 

1 958 13558 7.07 

3 1585 10879 14.57 

5 1615 10150 15.91 

10 1193 7286 16.38 

15 1957 11293 17.32 

20 1783 9279 19.21 

25 2437 12440 19.59 

30 1629 8245 19.76 
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Table 5.14 Retrogradation data for bread samples baked from the two standard industrial flours 

stored for three years in a freezer at -30˚C, calculated on 5-30˚ 2θ range. 

Day of PXRD Scan Crystalline Area, a.u. Total Area, a.u. Crystallinity, % 

H_ind frozen 

0 318 7091 4.48 

1 819 7222 11.34 

3 1026 7243 14.16 

5 1697 9919 17.11 

10 1220 7042 17.33 

15 1459 8081 18.06 

20 1333 6687 19.94 

25 4820 24397 19.76 

30 2325 11832 19.65 

S_ind frozen 

0 475 12496 3.80 

1 434 4216 10.29 

3 839 7144 11.75 

5 1072 7368 14.54 

10 1104 6642 16.62 

15 1262 7599 16.60 

20 1455 7614 19.11 

25 3983 20150 19.77 

30 1680 8114 20.70 
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Table 5.15 Data for determination of ash content values obtained by the standard AACCI 

method. 

Run # 
Crucible 

Mass, mg 

Sample, 

mg 

Total 

Mass, mg 

Mass after 

Heating, mg 
Ash, % 

Average 

Ash, % 
SD 

Wheat A 

1 16570.15 5032.22 16592.72 22.57 0.45 

0.45 0.00 2 16642.11 5028.99 16664.56 22.45 0.45 

3 14582.70 5096.81 14605.52 22.82 0.45 

Wheat B 

1 15958.15 5046.39 15984.28 26.13 0.52 

0.52 0.01 2 15196.40 5033.20 15222.84 26.44 0.53 

3 15751.16 5028.62 15776.62 25.46 0.51 

Wheat C 

1 15747.57 5045.91 15771.09 23.52 0.47 

0.47 0.00 2 16763.87 5052.23 16787.49 23.62 0.47 

3 15439.04 5059.88 15462.85 23.81 0.47 

Quinoa 

1 15439.79 5051.31 15555.94 116.15 2.30 

2.30 0.01 2 16764.40 5046.84 16880.78 116.38 2.31 

3 16641.89 5079.22 16758.33 116.44 2.29 

Corn 

1 15196.68 5070.88 15224.00 27.32 0.54 

0.54 0.01 2 16571.44 5050.76 16598.36 26.92 0.53 

3 16642.64 5039.41 16670.55 27.91 0.55 

White Rice 

1 16708.06 5027.63 16726.47 18.41 0.37 

0.38 0.01 2 15959.53 5074.68 15979.12 19.59 0.39 

3 15748.52 5074.05 15767.58 19.06 0.38 

Arrowroot 

1 15959.09 5035.94 15968.17 9.08 0.18 

0.17 0.02 2 15197.49 5083.19 15206.64 9.15 0.18 

3 16764.55 5057.06 16771.70 7.15 0.14 
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Run # 
Crucible 

Mass, mg 

Sample, 

mg 

Total 

Mass, mg 

Mass after 

Heating, mg 
Ash, % 

Average 

Ash, % 
SD 

Brown Rice 

1 14602.20 5059.34 14636.90 34.70 0.69 

0.75 0.06 2 16707.69 5096.60 16747.14 39.45 0.77 

3 15439.77 5055.73 15480.15 40.38 0.80 

S_ind 

1 14595.64 5084.17 14619.92 24.28 0.48 

0.47 0.00 2 16642.47 5053.55 16666.29 23.82 0.47 

3 16707.73 5049.12 16731.63 23.90 0.47 

H_ind 

1 15439.11 5048.55 15472.37 33.26 0.66 

0.64 0.02 2 15197.36 5068.39 15229.23 31.87 0.63 

3 15197.12 5064.17 15228.92 31.80 0.63 
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Table 5.16 Determination of main parameters from TGA runs of flours in the 250 μl high volume 

ceramic pan. Point A corresponds to the starting point of the main decomposition step, B is the 

ending point of the main decomposition step (see section 3.3.2.3, Fig 3.16). Buoyancy correction 

was applied. 

Flour MC, % A, % B, % A-B, % Ash, % 
Average 

Ash, % 

SD for 

Ash 

Wheat A 
14.94 78.96 44.18 34.78 0.46 

0.47 0.01 
15.23 78.93 44.02 34.90 0.47 

Wheat B 
15.13 78.29 44.37 33.91 0.46 

0.49 0.05 
12.27 82.33 46.95 35.37 0.52 

Wheat C 
12.11 80.13 39.78 40.35 0.40 

0.42 0.02 
12.31 80.20 40.16 40.04 0.43 

Quinoa 
11.81 82.21 40.60 41.61 2.07 

2.08 0.00 
11.74 82.17 40.91 41.27 2.08 

Corn 
13.81 80.77 33.92 46.85 0.51 

0.49 0.03 
13.94 82.06 33.24 48.82 0.47 

White Rice 
11.84 82.64 39.07 43.58 0.39 

0.40 0.00 
11.69 82.73 39.26 43.47 0.40 

Brown Rice 
11.60 83.88 42.24 41.64 0.82 

0.81 0.03 
11.72 84.45 40.42 44.03 0.79 

Arrowroot 
12.20 84.20 29.46 54.74 0.11 

0.13 0.03 
12.17 84.20 29.39 54.81 0.15 

S_ind 
10.70 82.32 43.52 38.81 0.42 

0.40 0.03 
10.59 84.58 43.06 41.52 0.38 

H_ind 
10.93 82.95 47.64 35.30 0.63 

0.62 0.01 
11.41 80.97 47.68 33.28 0.62 
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Table 5.17 Determination of the Kst coefficient to determine flour composition from TGA in the platinum 100 μl pan. Point A 

corresponds to the starting point of the main decomposition step, B is the ending point of the main decomposition step (see section 

3.3.2.3, Fig 3.16). 

Moisture, % 
Average 

Moisture, % 

Average (A-B), 

100% 

14% Moisture 

Normalization Coefficient 

Normalized 

(A-B), % 

Starch 

Amount, % 

Kst for the 

Sample 
Kst 

10.74 
10.57 48.44 0.96 46.58 72.13 1.55 

1.56 

10.40 

11.76 
10.56 48.33 0.97 47.00 72.85 1.55 

11.39 

10.90 
10.67 51.52 0.96 49.59 74.39 1.50 

10.43 

10.89 
10.74 49.50 0.96 47.67 74.75 1.57 

10.58 

10.73 
10.65 49.35 0.96 47.49 76.73 1.62 

10.57 
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Table 5.18 Determination of the Kst coefficient to determine flour composition from TGA in the 250 μl high volume ceramic pan. Point 

A corresponds to the starting point of the main decomposition step, B is the ending point of the main decomposition step (see section 

3.3.2.3, Fig 3.16). 

A-B, (%) Average (A-B), % Average Moisture, % Normalized (A-B), % 
Starch 

Amount, % 

Kst for the 

Sample 
Kst 

34.08 
34.09 12.30 33.43 72.13 2.16 

2.06 

34.09 

34.32 
34.28 14.19 34.35 72.85 2.12 

34.23 

36.65 
36.79 13.19 36.45 74.39 2.04 

36.92 

36.49 
36.31 12.72 35.78 74.75 2.09 

36.12 

42.25 
42.10 11.92 41.11 76.73 1.87 

41.96 
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Table 5.19 Determination of protein amount from TGA run in the 250 μl high volume ceramic pan using the Kst coefficient. Point A 

corresponds to the starting point of the main decomposition step, B is the ending point of the main decomposition step (see section 

3.3.2.3, Fig 3.16). 

Flour 
Average 

(A-B,) % 

Average 

Moisture, % 

Normalized 

(A-B), % 

Calculated Starch 

Amount, % 

Calculated 

Protein (%) 

Real Protein 

Amount, % 

Wheat A 34.84 15.09 35.29 72.69 13.31 11.120 

Wheat B 34.64 13.70 34.52 71.12 14.88 12.111 

Wheat C 40.19 12.21 39.38 81.12 4.88 7.771 

Quinoa 41.44 11.78 40.39 83.21 2.79 11.974 

Corn 47.84 13.87 47.77 98.40 -12.40 4.984 

White Rice 43.52 11.76 42.42 87.38 -1.38 6.927 

Brown Rice 42.84 11.66 41.71 85.91 0.09 7.897 

Arrowroot 54.78 12.19 53.64 110.51 -24.51 0.223 

S_ind 40.16 10.65 38.65 79.63 6.37 7.626 

H_ind 34.29 11.17 33.20 68.40 17.60 12.564 

 


